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EXECUTIVE SUMMARY

Senate Bill 3 (SB 3) established the Brazos River and Associated Bay and Estuary area (Brazos),
the regional stakeholder committee (Brazos BBASC) and the regional expert science team
(Brazos BBEST), with the latter two playing key roles in the development of environmental flow
recommendations for the Brazos. During the SB 3 process, limitations in establishing ecological
responses between flow levels and biological components using best-available science arose as a
major source of uncertainty in setting environmental flow standards for the Brazos and other
basins. Typically, when data gaps or uncertainty arose, hydrological surrogates were used as
placeholders. Stream flow characteristics were quantitatively defined by a computer program
(Hydrology-Based Environmental Flow Regime [HEFRY]) for a river reach. Seeking to address
this limitation, the Texas Water Development Board (TWDB) commissioned environmental
flows validation projects with funds designated by the Texas Legislature to be used in support of
SB 3 activities.

The first round of these studies (Round One) took place in 2014-2015 and was targeted at
supplementing the available information on flow-ecology relationships in both the
Guadalupe/San Antonio (GSA) and Brazos River basins, and informing the development of a
methodology with potential future use in evaluating established flow standards. A key focus
from the outset of these studies was on determining and evaluating ecological responses to pulse
flows. A large amount of data was collected and information acquired along with the
development of a framework for testing environmental flow standards. However, the limited
time frame of study resulted in too much inadequate replication of ecological factors across flow
tiers and seasons to complete the analysis. As such, TWDB commissioned additional studies in
2016 in support of SB 3 flow validation activities in the Brazos, GSA, and Colorado/Lavaca
(Col/Lav) basins. With dynamic characters of stream flow defined in the standards and protected
among multiple river reaches, hypotheses about aquatic and riparian community dependencies on
stream flows (e.g., Natural Flow Paradigm) were developed and tested in this second round
(Round Two) with replication within and across basins.

Eighteen Brazos, GSA, and Col/Lav gage locations were selected for the aquatic assessment
specific to the Round Two study. The focus on pulse flows continued during the second round of
studies. Sites were selected to represent both tributaries and main-stem reaches. For both rounds
of this study, there were 18 sites with 153 visits during 2014-2017, resulting in the collection of
more than 43,000 fish and 115,000 macroinvertebrates. Additionally, as part of the investigation,
a readably available historical database was compiled from prior BIO-WEST instream flow
research across these three basins. The accumulated database served to independently parallel the
current research objectives being conducted as part of the SB 3 validation studies. The compiled
historical database encompassed 2004 to 2014 with 49 sites within the three basins represented.
A total of more than 160,000 fishes were observed from the three drainages with discharge
values ranging from 0 cubic feet per second (cfs) to 72,100 cfs.

When evaluating the flow tier analysis specific to this SB 3 study across basins for both fishes
and macroinvertebrates, certain ecological responses were evident. Fish community responses
were detected within riffle and run habitat while macroinvertebrate responses were detected
within riffle habitats. Responses involved changes in densities and/or relative abundance to the
entire community or specifically to fluvial specialists. Fish and macroinvertebrate species

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 E-1 TWDB Contract # 1600012009



responses were associated with specific flow tiers across basins including 1-per-season flow
pulses and >1-per-5-year events both having multiple detections of ecological response. The 1-
per season flow pulses are less than overbanking conditions, and thus within the range of flows
considered by the Texas Commission on Environmental Quality (TCEQ) when setting balanced
environmental flow standards. Flows that resulted in overbanking or higher levels of flooding
were typically not considered by TCEQ. Overall, the greatest shift in fish communities was
observed between pre-flood and post-flood in the lower Brazos River. Although a pre-flood and
post-flood evaluation using the historical dataset was not possible, certain ecological responses
of the fish community to flow were evident. Basins with swift-water fishes had positive
significant relationships with flow as did fluvial fishes in the Col/Lav drainage.

This riparian study confirmed that with the field and statistical techniques employed, community
assemblages could be well-characterized. Three sub-categories of testing (overall community
assemblages, Wetland Indicator [W1] class groupings, and canopy species) added rich
understandings and multi-faceted views of the riparian community. Additionally, community
assemblages were shown to differ in varying degrees with an increase in level height/distance to
stream. Importantly, this study independently verified Round One observations in the other two
basins: that in order to provide continued conservation and maintenance of the current riparian
spatial distributions at many Brazos sites the existing TCEQ, flow standards (spring and fall)
likely need adjustment. Floodplain connectivity investigations focused on the GSA basin in both
rounds with no work being conducted in the Brazos basin.

The Brazos estuary component built upon the database established in Round One and further
described water quality and nekton community patterns. It also quantified estuary salinity
regime, nutrients, suspended solids, and utilization by estuarine-dependent nekton. Discharge
data collected at Rosharon was used to initiate development of predictive models that relate
environmental conditions in the estuarine zone to flow tier recommendations. Discharge levels
measured at the site at river kilometer 42 agreed with upstream gage readings. The best use of
the estuary models described herein would involve conducting future sampling to assess
conditions within the lower estuary across all seasons and flow tiers, thereby increasing the
number of samples used to populate these predicted models. Once abiotic and biotic responses
are more fully understood, environmental flow recommendations can be validated or adjusted to
maintain a sound ecological environment within the estuary. Without these additional data, we
will continue to have an incomplete understanding of the response of the estuarine zone of the
Brazos River to the adopted environmental flow standards.

For intensive ecological data and responses to flow to have meaning to the SB 3 process, it
should be collected, analyzed and presented in the context of potential application to the existing
TCEQ environmental flow standards. The SB 3 process is by definition designed to be a balance
between environmental and human needs, and thus a validation approach is needed to test if
maintaining a sound ecological environment can be met over time, or if periodic adjustments to
standards may be required. The Draft Report identified key ecological components and described
a proposed validation process to assist the Brazos BBASC in the future. Examples of the
potential application of the validation process were provided in the Draft Report along with a
discussion of existing shortcomings and potential future enhancements. The validation
methodology assessment tool introduced in the Round One study, highlighted in Round Two
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Expert Workshops, and presented in detail in the Draft Round Two report was removed from this
final report as a TWDB requirement. It is TWDB’s professional judgement that insufficient data
is available to validate the tool, and thus any practical application of this tool at this time is
inappropriate. The project team acknowledges that it is early in the SB 3 adaptive management
process and any tools or validation approaches striving to test the scientific defensibility of
TCEQ environmental flow standards will need careful vetting and likely further refinement and
testing by the BBEST, BBASC, and TCEQ.

In conclusion, the second phase of this study has contributed to the understanding of flow-
ecology responses and taken a step towards addressing questions and concerns raised during the
SB 3 process. However, future work could enhance the ability of stakeholders, river managers,
and the TCEQ in their roles with respect to validation, application, and adaptive management.
Three key areas noted for enhancement include (1) continued evaluation of fish and
macroinvertebrate response to flow tiers; (2) distributional surveys and subsistence, base, and
pulse-flow requirement evaluations of freshwater mussels; (3) establishing direct ecological
responses between channel morphology changes and aquatic organism response; and (4)
continuation of flow-response driven characterization of the Brazos estuary ecology. Finally,
long-term monitoring remains essential to track ecological condition and more completely and
holistically answer this complex validation question over time.
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1 Introduction

Senate Bill 3 (SB 3), passed by the 80th Texas Legislature in 2007, amended the existing Texas
Water Code §11.1471 and instituted a public, stakeholder-driven, and region-specific process for
establishing environmental flow standards for major Texas rivers and bays. This process tasked
regional stakeholders and regional scientific experts with developing flow recommendations for
each of the 11 designated river drainage and bay regions based on existing data, which would
then be submitted to the state.

For the Brazos River basin and associated bay and estuary system (BRA), the regional
stakeholder committee (BRA BBASC) and the regional expert science team (BRA BBEST) were
formed in 2011. After numerous meetings and extensive data compilation and analysis, the BRA
BBEST submitted their environmental flow recommendations report to the BRA BBASC in
March 2012. Then, after a series of meetings and balancing discussions, the BRA BBASC
submitted their stakeholder recommendations report to the Texas Commission on Environmental
Quality (TCEQ) and the Environmental Flows Advisory Group (EFAG) in September 2012.
Following a public comment period, the TCEQ then adopted environmental flow standards for
the BRA, effective March 6, 2014.

During the SB 3 process, limitation in establishing ecological responses between flow levels and
biological components (e.g., instream, riparian, and estuary components) using existing data was
recognized as a major source of uncertainty in setting environmental flow standards for the BRA
and other basins. Specifically, findings for certain target components were unavailable at some
SB 3 sites, as some sites lacked primary site-specific instream flow and/or freshwater inflow
studies. To compensate for these data gaps, the calculations underlying the BRA BBEST
environmental flow recommendations necessarily involved various assumptions, as well as the
use of surrogate hydrological, ecological or water quality indicators for certain target
components. Consequently, the need for improving scientific understanding of key relationships
between BRA flow levels and lower Brazos basin ecology (thereby reducing the unwanted
uncertainty that these data gaps introduced to the BRA environmental flow standards) emerged
as a major point of emphasis following TCEQ rule development. This issue was acknowledged
by the Texas Environmental Flows Science Advisory Committee (SAC), the BRA BBASC, and
the Texas Water Development Board (TWDB).

Seeking to address these needs, the TWDB commissioned environmental flows validation
projects with funds designated by the Texas Legislature to be used in support of SB 3 activities.
The first round of these studies took place in 2014-2015 and was targeted at supplementing the
available information on flow-ecology relationships in both the BRA and Guadalupe-San
Antonio (GSA) river basins, and informing the development of a methodology with potential
future use in evaluating established flow standards. During this first round of studies (Round
One) environmental flow experts and biologists from throughout the state were brought together
in a series of expert panel workshops to assist the study team in selecting and refining hypotheses
to be tested as part of this flow validation process. Selection of final hypotheses was based on:
(1) the value of a given response variable (e.g. fish, macroinvertebrate, etc.) in indicating sound
ecological environments, (2) that response variable’s sensitivity to changes among flow tiers
(i.e., subsistence flows, base flows, and 4-per-season, 3-per-season, 2-per-season, 1-per-season,
and 1-per-year pulses), and (3) the length of time required to conduct field research. Following
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this initial phase of hypothesis selection, an intense period of data collection and analysis
focused on multiple ecological indicators (e.g. fish, macroinvertebrates, riparian saplings, etc.)
within aquatic, riparian, floodplain, and estuarine communities of these basins and was
conducted during fall 2014 and spring 2015. This analysis eventually culminated in detailed final
reports for each basin, which were submitted to the TWDB in summer 2015. These reports
summarized the hypothesis selection process, detailed the scientific investigations conducted,
and provided preliminary guidance on establishing a validation methodology to evaluate
environmental flow standards. However, one of the main limitations of Round One was the
limited time frame for data collection (6—9 months). As a result of this limited time frame, many
of the ecological indicators evaluated suffered from inadequate replication across flow tiers and
seasons.

In 2016, TWDB commissioned additional studies in support of SB 3 flow validation activities in
the BRA, GSA, and Colorado/Lavaca (Col/Lav) river basins. For this current second round of
studies (Round Two), a similar team of scientists focused on expanding upon previous work
done in the BRA and GSA basins in Round One, and also added the Col/Lav river basin to
further increase available data and replication. As before, expert panel workshops were held to
solicit input from academic experts, agency representatives, and others with pertinent expertise.
Because the GSA, Brazos, and Colorado / Lavaca basins environmental flows validation projects
shared not only the same goals and objectives, but many of the same researchers, as well, joint
expert panel workshops were conducted. Workshop agendas and participant lists are provided in
Appendix A with a synopsis of the Round two workshops presented below. As stated in the Final
Round One report, “the ultimate goal of the second round of workshops will be to refine and
finalize a validation methodology and engage scientists and stakeholders throughout the
development process.” It was envisioned that a series of three individual workshops be
conducted during the Round Two project, but delays in contracting exceeded the Spring and
Summer 2016 assumptions specified in the TWDB approved scopes of work for the Brazos and
Colorado/Lavaca projects, resulting in only two joint expert panel workshops being conducted
during this second round of study.

With a condensed schedule, the first and second workshops were combined and conducted on
September 8, 2016 at the Lower Colorado River Authority (LCRA) Dalchau Service Center in
Austin. The combined workshop focused on discussing the Round One report, introducing the
validation methodology, and soliciting feedback on other considerations for inclusion in focused
applied research and long-term monitoring. The attendees list and agenda are provided in
Appendix A. In summary, there were excellent comments and guidance provided from academic
experts and agency representatives. Several comments focusing on antecedent conditions and
aquatic sampling were noted and used to guide the project team in the sampling protocol and
determination / classification of flow tiers for analysis. Another major theme at the September
8th workshop was for the project team to focus heavily on additional data collection rather than
refinement of sampling methodologies or hypothesis development. There were no written
comments from the September 8, 2016 workshop provided by participants to the project team
principals.

A second expert workshop was conducted on June 29, 2017 at the San Antonio River Authority
main office complex in San Antonio. The attendees list and agenda for this second workshop are
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provided in Appendix A. The goal of the second workshop was provide a project update and to
present and solicit feedback on the development of the tiered validation methodology outlined in
the Round One final report and discussed at the September 2016 Expert Panel Workshop. Each
project lead (Brazos estuary, floodplains, riparian, and aquatics) provided a detailed project
update of methodologies, data analysis and preliminary results. An update presentation on the
instream flow validation tool was then given followed by group discussion. During this
discussion, it was highlighted that the condensed project schedule eliminated the possibility of a
separate validation methodology memorandum as described in the scope of work. However,
comments were repeatedly solicited from attendees (both verbal or follow-up written) during this
discussion period. It was also noted that the instream validation tool would be described in detail
in the Draft Final report submitted to TWDB in August. Finally, Mr. Webster Magnum of the
Trinity River Authority (TRA) presented on SB3 funded work that TRA had been conducting in
their respective basin. Following this presentation, there was an excellent group discussion on
how this additional type of work might be blended into the instream flow validation tool into the
future. As with the first workshop, there were no written comments from the June 29, 2017
workshop provided to the project team principals by workshop attendees. We sincerely thank all
participants of the two expert panel workshops for their thought-provoking verbal comments and
valuable suggestions.

This report provides an overview of Round Two of the environmental flow validation project
within the Brazos basin. Please note that while the focus of this report will be on the Brazos
basin, references to and results from other basins may be used in this report to support findings,
further develop discussions, and guide future recommendations. A brief introduction to each
major instream flow component evaluated is provided below. Section 2.0 provides detailed
descriptions of the exact sampling and analysis methods employed. Section 3.0 provides detailed
results and discussion related to each major component are provided in. Section 4.0 works
towards synthesizing all this information and describes a multidisciplinary evaluation method
with which to evaluate environmental flow standards. It is hoped this methodology will be useful
to BRA BBASC members by providing some guidance on ways to evaluate/refine environmental
flow standards at select sites. Finally, the report closes with recommendations for future applied
research and long-term monitoring for consideration by BBASC members and others.

1.1 Aquatic

General aquatic theory suggests that flow alterations cause shifts in fish and macroinvertebrate
communities. Typically, swift-water, large-river-type fishes become fewer and generalist fishes
become more abundant during periods of altered flow. In the lower Guadalupe River, habitat
generalist fishes dominate the fish community, whereas regionally endemic fishes and those with
fluvial-adapted spawning strategies decrease during periods of reduced flood frequencies (Perkin
and Bonner 2011). In the Brazos River during low flow conditions, large-river-type fishes, such
as smalleye shiners, sharpnose shiners, silverband shiners, and shoal chubs, are replaced with
tributary/generalist type fishes, such as red shiners, bullhead minnows, and centrarchids. This
generalization is based on historical analyses (Runyan 2007), but also on ecology of other similar
prairie streams. Increases in generalist fishes within main-stem rivers conform to the Native
Invader Concept (Scott and Helfman 2001), which states that the first indication of
environmental degradation is increases in native, generalists taxa (i.e., native invaders) and can
be easily applied to the Biological Gradient Concept (Davies and Jackson 2006), which describes
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initial resistance followed by rapid changes in fish community structure (i.e., native generalist
fishes replacing native specialist fishes) with increases in anthropogenic alterations.

1.1.1 Study Objectives

The aquatic study was structured to fill knowledge gaps by targeting aquatic mechanisms of high
value to environmental flow standard validation. To this end, we considered the full range of
flow tiers, from subsistence flows to high-flow pulses, and asked whether each flow tier benefits
river fishes. Aquatic organisms occur and persist in time and space because of a number of
interrelated and hierarchically-ordered abiotic and biotic processes. Stream flow and variations
within directly and indirectly influence occurrences and abundances of aquatic organisms on
multiple levels. The goal of the research presented here is to verify ecological services or
benefits of recommended flow tiers (i.e., subsistence, base, 4-per-season, 3-per-season, 2-per-
season, 1-per-season, 1-per-year, 1-per-2-year, and >1-per-5-year high-flow pulses) with a priori
predictions. A multitude of hypotheses and predictions from Round One were refined into three
main objectives:

e Objective 1. Quantify relative abundances and densities of fishes in riffle and run habitats
between pre-flood and post-flood periods and among flow tiers. Here after, pre-flood period
refers to the first year of our work (during a collectively low flow year) and post-flood period
refers to the second year of our work.

e Objective 2. Quantify densities of macroinvertebrates in riffle and run habitats between pre-
flood and post-flood periods and among flow tiers.

e Objective 3. Describe fish communities within pools and backwaters as these habitats were
not sampled during Round One studies.

Based on these three objectives, the following three predictions were made:

e Prediction 1. Flow tiers will be directly related to relative abundances and densities of riffle
fishes and fluvial fishes and inversely related to slack-water fishes in riffle habitats.

e Prediction 2. Flow tiers will be directly related to relative abundances and densities of fluvial
fishes and inversely related to slack-water fishes in run habitats.

e Prediction 3. Flow tiers will be directly related to densities of Ephemeroptera-Plecoptera-
Tricoptera (EPT) taxa and inversely related to total macroinvertebrates in riffle habitats.

1.2 Riparian

Round One suggested that spring and fall are critical times, particularly for the seedling stage of
woody riparian vegetation. Without seasonal flows, not only was seed dispersal lessened or lost,
but seedling germination and survival were also impacted. The methodology developed in Round
One for testing life stage responses to flow pulses worked well as a focused applied research
study by taking a quick survey of the riparian width and a count and spatial distribution of the
three age classes (seedling, sapling, mature) of indicator species. This information allows a river
manager to discern much about the health and status of the riparian zone, and provides a method
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for a quick analysis of projected riparian persistence with respect to inundation provided by the
flow standards. In light of the clear connections of riparian responses to within-season flows (or
lack thereof), we wanted to expand our work in Round Two to include additional field testing
techniques that could be used in comparison with Round One methodologies to further elucidate
and characterize riparian community dynamics. A benefit analysis of the permanently located
transect method of Round One was conducted and below are listed the pros and cons of this
method:

Pros

e Using 3—4 riparian indicator species allows for easy identification and quick, simplified field
sampling

e The multi-season approach of tracking individuals in established plots allows for direct
comparisons between life stages of individuals and unique flow pulses.

e The method provides for an easily-captured known riparian zone width and distribution of
indicator species age classes.

e |t provides a quick, easily-captured snapshot of the riparian health and indicates whether the
flow pulses are meeting the needs of the indicator species.

Cons
e The linkage of individuals (at various life stages) to unique flow events requires multiple
sampling events throughout the season.

e The use of an indicator species requires that the indicator species must be present in the zone
of interest.

e The method provides limited overall community characterization (including overstory,
understory and herbaceous species).

e Tracking community/species-composition temporal changes requires that personnel return to
the exact location and duplicate the plot sampling precisely. This can be problematic when
channel morphologies change following severe flooding and/or GPS equipment lacks
centimeter-resolution accuracy.

e Non-random selection of transects based on indicator species distribution limits statistical
analysis of community assemblages.

These limitations (several of which were discussed at the first expert panel workshop of this
current round of study) were the focal point for proposing an alternative methodology that would
contrast with and enhance the original methodology, one of those methods being the addition of
a community characterization of the full species composition present in the zone.

Several studies have used characterization of the understory/herbaceous species in riparian zones
to enhance understanding of these unigque ecosystems. Naiman et al. (2005) argued that woody
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plants are of high priority for riparian conservation because they provide sediment and bank
stabilization that allow the understory to exist. Azim et al. (2014) argued the disturbances that
occur in woody riparian communities create increased riparian habitat complexity and diversity.
Common methods for community characterization include cluster and multidimensional scaling
ordination analysis of sampled data. These methods lend themselves to comparisons of
community assemblages and abiotic variables in the riparian zone. Baker and Wiley (2004) used
non-metric multi-dimensional scaling (nMDS) ordinance statistics on forest samples to
demonstrate discrimination of forest types and tree species in correlation with selected
environmental variables. Nicol (2013) compared riparian understory and overstory vegetation
using cluster analysis to identify definite communities in relation to location and water resources,
but found a lack of differences because the most abundant species were too widespread. Bruno et
al. (2014) used these methods in conjunction with analysis of similarities (ANOSIM) and
similarity percentages (SIMPER) tests, and showed woody riparian species richness was mainly
influenced by flow conditions and valley shape, whereas herbaceous species were more
dependent on substrate features. Additionally, they used Bray-Curtis distance matrixes and
clustering procedures independently for woody and herbaceous species to characterize the
different species assemblages in order to determine within-community dissimilarities of those
different groups. Given these demonstrated statistical-based studies, the modifications and
refinements made in Round Two aimed at incorporating these techniques in a refined
methodology.

This current study marks a culmination of several flow vs. riparian response studies related to
this and other reaches along multiple basins. It was a goal of the researchers to draw from the
building knowledge of these studies, and expand to a multi-basin approach to test questions
related to river continuum dynamics, and determine whether these can be discerned in the
riparian zone. As streams flow from headwaters to mouth multiple aspects vary considerably
(Vannote et al. 1980). Among them are stream order, flow, sinuosity, soil types, channel width,
soil and nutrient deposition, soil and nutrient erosion, etc. This creates heterogeneity along the
basin that places unique, localized stressors on the biotic environment. Studying that
heterogeneity along a basin’s streams may provide clues to predicting riparian community
assemblages that respond to those localized conditions. Adoption of the described statistical
methods was intended to streamline a comprehensive characterization of overall riparian
communities and community dynamics.

In addition to discussion of the validation study conducted in 2014-2015 (SARA et al, 2015),
follow-up hypotheses for select sites were presented and discussed in detail at the first joint
Expert Workshop on September 8, 2016. Several study questions and hypotheses related to
monitoring the response of processes/characteristics in relation to stream flow were presented by
the riparian project team. Attendees discussed the pros and cons of using these variables. Based
on workshop discussions and suggestions from attendees, the riparian project team modified and
refined monitoring protocols and sampling techniques from the 2014/2015 validation study to
include randomization of plots and statistical analyses of results. In an effort to maximize
conceptual information derived from the two studies, when combined, the modifications below
were made.
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1.2.1 Study Questions and Hypotheses

Whereas Round One focused on riparian indicator species rather than the community as a whole
in order to best determine short-term responses to stream flow, Round Two focused on the
overall community composition. In order to compare the two methods, the key indicator species
concept was not entirely removed, and will be discussed in the results and conclusions sections.
Below is a list of the refined riparian questions considered for the second round of study.

Geomorphological Features
Question 1, Can we categorize sites by general geomorphological characteristics?

Hypothesis 1: Sites are distinguishable from one another based on unique features related to the

following:

. Steepness of bank

. Dominant soil class/type
. Local stream sinuosity

o Stream channel width

Biotic Features within Sites

Question 2: What community abundance percentages exist for various species classes?
Secondarily, what community abundance percentage of mature trees is riparian obligate (OBL)
and facultative wetland (FACW) vs. all other wetland indicator (W1) classes?

Hypothesis 2: Community assemblages can be characterized according to 1) overall plant
abundance and 2) mature tree abundance. Two sub-categories of testing will include the

following:
. Overall community (overstory and understory/herbaceous combined)
o Limited to mature trees

Question 3: Are there community differences between riparian level?

Hypothesis 3: Community assemblages will differ with an increase in tier height/distance. Three
sub-categories of testing will include the following:

. Overall community (overstory and understory/herbaceous combined)
. Grouped by WI classes
. Limited to woody vegetation

Question 4: Are there community differences between spring and fall (if data exist for seasons)?

Hypothesis 4: Community assemblages will differ between spring and fall. Three sub-categories
of testing will include the following:

° Overall community (overstory and understory/herbaceous combined)
. Grouped by WI classes
. Limited to woody vegetation
Instream Flows Research and Validation Methodology Framework August 2017

TWDB 2016-2017 7 TWDB Contract # 1600012009



Abiotic and Biotic Features between Sites within a Basin
Question 5: Are there community differences between sites across the basin?

Hypothesis 5: Community assemblages will differ between multiple sites within a basin.
Question 6: Do the community differences (if present) result from differences in site
characteristics?

Hypothesis 6: Community assemblage differences within a basin will correlate with abiotic
factors from Question/Hypothesis 1.

Comparisons across Basins

Question 7: Are there community differences between sites compared across multiple basins? If
S0, can those be correlated with abiotic features?

Hypothesis 7: Community assemblage differences across three unique basins will correlate with
abiotic factors from Question/Hypothesis 1.

Inundation into Sites

Question 8: What stream discharges (in cubic feet per second [cfs]) are needed to inundate the
level at each site?

Hypothesis 8: Stream discharges can be estimated using simple hydrological modeling for each
site’s level and riparian species.

Question 9: Do flow tier recommendations align with needed stream discharges in the riparian
zone?

Hypothesis 9: TCEQ flow standards meet the needs of riparian communities.
Comparison of the Two Validation Methods (Round One and Round Two)

Question 10: When comparing statistical (current) method to transect (previous) method, which
is more beneficial for long-term monitoring?

1.3 Brazos Estuary

Estuaries are classified based on multiple criteria including salinity regime, tidal influence,
freshwater inflow, and geomorphology (Savenije 2005, Day et al. 2013). Many of the Texas
Bays exhibit a lagoon-type morphology that contain rivers discharging near the upstream end,
shallow series of primary and secondary bays, oyster reefs, fringing wetlands, and several tidal
passes that connect them to the Gulf of Mexico. In contrast, the Brazos River estuary is unique in
that it is one of the few “riverine” estuaries found along the Texas coast (Palmer et al. 2011,
Orland01993, Savenije 2005, Engle et al. 2007). It also serves as a tidal inlet between the Gulf of
Mexico and coastal estuaries including adjacent waterbodies. Tidal inlets are a very important
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feature of coastal areas. The exchange of water between the ocean and the inner estuary
facilitates the exchange of sediment, nutrients and biota between the ocean and estuary.
Depending on the amount of freshwater inflow, depth, and tidal regime many riverine type
estuaries can experience large lateral (upstream to downstream) and vertical changes in salinity.
During low freshwater inflow, upstream density currents (reinforced by flood tides) can transport
far upstream bottom marine water that is more saline, colder, and denser (Orlando 1993).
Although tidal predictions are based on regional or global information, local geographical and
hydrological effects induced by storm systems, droughts, and floods can significantly alter the
manifestation of astronomical tides (Dwyer 1997). Water levels within estuaries along the
Texas Gulf coast are frequently more sensitive to meteorological and hydrological forces due to
the shallow depths and the small astronomical tides that normally occur in this region.

A useful conceptual model that describes the primary relationships between freshwater inflow
and geomorphology, physicochemistry, and biological attributes was first proposed by Alber
(2002). Similar to the natural flow paradigm and river continuum concept for rivers, the estuarine
model predicts that the discharge of freshwater under natural varying conditions creates a
predictable optimal salinity gradient for the assemblage of organisms that have evolved within an
estuary (Vannote 1980, Poff et al 1997, Alber 2002). This gradient is manifested both laterally
and vertically in tidal rivers in the form of physical variation in current speed and direction,
salinity, suspended solids, and nutrients that ultimately influences the geometry, stability, and
location of resulting pycnocline and turbidity maximum zone (Wolanski 2007). Interactions of
these processes result in additional ecosystem services including delivery of delta-forming
sediments and nutrients that support primary producers in estuaries (Alber 2002, Wolanski
2007). Lack of flow pulses and sustained periods of low freshwater inflow during warmer
months can lead to a stable pycnocline in tidal rivers like the Brazos River (Lin et al. 2006, Hagy
and Murrell 2007). Formation of a stable pycnocline limits vertical mixing and promotes the
formation of hypoxic or anoxic conditions along tidally influenced river bottoms (Kuo et al.
1991).

As with many estuarine systems, a significant amount of primary production in the Brazos River
and nearshore Gulf of Mexico is driven by the export of upstream nutrients and detritus
including high levels of nitrogen, phosphorus, and particulate organic matter (POM) (Day et al.
2013). These nutrients support both phytoplankton and benthic and planktonic heterotrophic
protozoa, which are in turn fed upon by larval and juvenile estuarine organisms immigrating into
the Brazos River (Day et al. 2013). However, if nutrient levels exceed the assimilative capacity
of the receiving marine waterbody, eutrophic conditions may develop that ultimately lead to
hypoxia and mortality of aquatic organisms. A classic extreme example of this phenomenon is
the “dead zone” in the central Gulf of Mexico that periodically develops during late spring and
summer months in response to excessive discharges of nutrients from the Mississippi River
(Rabalais et al. 2002, Diaz and Rosenberg 2008, Dodds 2006). There is now sufficient evidence
that Brazos River discharges have been associated with nearshore hypoxia events in the past
(DiMarco et al. 2008, DiMarco et al. 2012).

Hypoxia within Gulf Coast estuaries has been linked with (1) seasonally high temperatures that
increase biochemical oxygen demand, (2) neap-spring tidal cycles, (3) salinity and/or
temperature stratification that limit vertical mixing and reaeration, (4) eutrophication, and (5)
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diurnal cycling of dissolved oxygen (Engle et al. 1999). Increased vertical stratification is highly
correlated with incidents of hypoxia and anoxia resulting in loss of habitat and related fish kill
events. Park et al. (2007) in their study of Mobile Bay found that despite a large velocity shear,
stratification was strong enough to suppress vertical mixing most of the time. Bottom dissolved
oxygen was closely related to the vertical salinity gradient (AS). Hypoxia seldom occurred when
AS (over 2.5 m) was <2 practical salinity units (psu) and occurred almost all the time when AS
was >8 psu in the absence of extreme events like hurricanes (Park et al. 2007). Past studies of the
Brazos River have detected hypoxia in the lower tidal portion of the river (Kirkpatrick 1979,
Emitte 1983).

Riverine estuaries, such as the lower Brazos River, exhibit short hydrological residence times
and high turnover rates (Engle et al. 2007). The productivity of riverine estuaries or tidal rivers is
dependent on maintaining natural hydrographic variation because the majority of nutrient input is
dependent on upstream sources (Orlando et al. 1993, Engle et al. 2007). Part of this natural
variability includes alternating periods of drought that reduces bank vegetation and large, high-
flow pulses that are important for maintaining the river delta geomorphology (Orlando et al.
1993, Gibeaut et al. 2000, Fraticelli 2006). The current Brazos River delta is an arcuate, wave-
dominated delta that protrudes 2 km into the Gulf of Mexico (Gibeaut et al. 2000). Large flood
events are mostly responsible for deposition and delta enlargement (Rodriguez et al. 2000).
There is also evidence that these plumes of sediment and associated nutrients are responsible for
providing trophic subsidies (i.e., organic material and nutrients) to the nearshore environment
(Connolly et al. 2009). During large flood events, motile estuarine organisms unable to tolerate
low salinities can be displaced downstream into the Gulf of Mexico. These organisms will either
return as salinity increases or experience increased mortality. Less-mobile marine stenohaline
benthic organisms, such as brittle stars, cannot tolerate large declines in salinity and high
mortality is the likely outcome (Day et al. 2013). In contrast, some species of benthic organisms
such as Rangia cuneata will increase in number due to their preference for oligohaline conditions
(Montagna et al. 2008).

During drought conditions, bottom salinity in the Brazos River and other riverine estuaries can
increase significantly and extend far upstream (Orlando et al. 1993). During these periods,
estuarine and marine organisms can move far upstream displacing many freshwater species. If
drought conditions persist for an extended period, the structure and function of the estuary could
be altered resulting in sustained periods of vertical stratification, bottom hypoxia, reduced fishery
production and harvest, and shift to more marine species in the lower reaches of the estuary
(Orlando et al. 1993, Livingston 1997, Gillson 2011).

The ability to predict changes in salinity, water quality, and biota of the lower Brazos River
estuary has been limited due to the lack of routine biological monitoring. The Texas Parks and
Wildlife Department (TPWD) Coastal Fisheries (CF) Monitoring Program has not collected and
currently does not collect data within the lower Brazos River (Robinson pers. comm.). The
current TPWD CF independent monitoring program relies on the use of otter trawls, large bag
seines, gill nets, and oyster dredges (Martinez-Andrade 2015). With the exception of the otter
trawl, the other gear types are very inefficient or impossible to deploy in flowing rivers with
steep narrow shorelines.
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There have been very few studies of the aquatic biota of the lower Brazos River (Palmer et al.
2011; Emitte 1983; Kirkpatrick 1979). Kirkpatrick (1979) conducted water quality, hydrology
and biological sampling of the lower Brazos River during March 16-17, June 29, and August 17,
1977 at sites located at river miles 0.6, 6.2, 13.7 and 24.9 (river kilometers [rkms] 1, 10, 22 and
40 km). During these dates, average daily flow at the Rosharon gage was reported at 8,900,
4,290 and 1,170 cfs, respectively. Biological sampling on these dates included monitoring of
nekton with a 12-foot otter trawl towed for 10 minutes, and a 125x8-foot experimental gillnet
(with 0.75-2.5-inch bar mesh) deployed overnight. During the month of March, he reported that
otter trawl catches at rkm 22 and 40 were dominated by River Prawn (Macrobrachium ohione)
and Blue Catfish (Ictalurus furcatus). In contrast, he failed to capture any nekton with otter
trawls at rkm 22 or 40 during August 1977 (Kirkpatrick 1979). Gillnet capture rates were highest
in the lower river sites (rkm 1 and 10) during all three months. Nekton was not captured at rkm
22 or 40 during June or August 1977. Highest nekton diversity was observed at the lowest river
site. Kirkpatrick (1977) reported that the strong halocline and hypoxia observed during summer
months on the bottom of the river were the primary causes for the absence or low numbers of
nekton.

Emitte (1983) conducted a study of the nekton in the lower Brazos River during 1982. Bottom
nekton was collected using a 20-foot otter trawl towed three times at each site for a total of 10
minutes per site. During that study trawling was conducted at river miles 3, 6, 8 and 9.5 (rkms
4.8,9.7,12.9, and 15.3) during February, May, August, and November 1982. Although the
online website for the US Geological Survey (USGS) gage at Rosharon does not provide
discharge data for these dates, Emitte (1983) reported that river flows on these dates were 1,867,
5,656, 2,620, and 1,266 cfs, respectfully. During his study, he found that the highest diversity
and catch rates were generally observed during February. Higher diversity and numbers of
nekton were collected at the most downstream sites. Atlantic Croaker (Micropogonias
undulatus), Blue Crab (Callinectes sapidus), Blue Catfish (Ictalurus furcatus), White Shrimp
(Litopenaeus setiferus), Ohio Shrimp (Macrobrachium ohione), Threadfin Shad (Dorosoma
petenense), and Sand Seatrout (Cynoscion arenarius) represented the highest number of nekton
captured during his study (Emittee 1983).

A comparative study of Texas benthic communities between various types of estuaries was
conducted during 2001-2005 by Palmer et al. (2011). They found that the lower Brazos River
benthos exhibited similar community structure and responses to freshwater inflow as other river
(San Bernard and Rio Grande) and secondary bay (Lavaca Bay) estuaries. They further
concluded that much of the research performed on the benthic macrofauna of major bays of
Texas is directly comparable and thus of value in assessing the environmental flow needs of
rivers and lagoons.

The only historical comprehensive study that has been performed on the nekton of the lower
Brazos River was conducted by Johnson (1977) using otter trawls during February 1973 to
January 1975. He documented strong seasonal and latitudinal gradients in nekton influenced by
changes in freshwater inflow and resulting changes salinity. Unfortunately, little information was
provided on site by seasonal nekton community structure and individual species catch rates. No
information was provided on individual collections. Furthermore, little data was provided on
hydrological, water quality, or biological data collected for each individual collection. Replicate
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catch data is also lacking and the dates when collections were made are not provided in his
report. Therefore, it was impossible to directly compare his data with more recent studies using
more rigorous quantitative methods. The general lack of sufficient replication precludes the use
of formal statistical methods to compare seasonal and latitudinal trends.

More recent data on the nekton of the lower Brazos River was collected by Miller (2014) and the
first phase of this study reported in Bonner et al. (2015). Miller (2012) found that nekton
assemblages at the mouth of the Brazos River exhibited 60% similarity on an annual basis with
nekton communities sampled at the same site by during the 1970s (Johnson 1977). He also found
that nekton community diversity was highest near the mouth of the Brazos River. Nekton
communities sampled during 2014-2015 by Bonner et al. (2015) found that intrusion of
freshwater species into the lower river occurred in response to 1-per-season pulses. Both studies
relied primarily on otter trawls and shallow water beam trawls to sample the nekton population.
These studies also used the same amount of sampling efforts (replicates, time). Therefore, these
datasets are directly comparable and provide us with the opportunity to examine the influence of
season and hydrological conditions on nekton community structure. These past data were
incorporated into our current analysis and are discussed in more detail within this current report.

The primary objectives of the Brazos estuary study were as follows:

1. To use relevant historical and new data collected within the tidal portion of the lower Brazos
River to:

characterize flow regime and tidal dynamics,

describe the response of salinity regime to varying flow,

assess water quality and nutrient patterns, and

characterize nekton abundance, diversity, and community composition.

oo o

2. To investigate and begin development of potential models that predict the relationship
between discharge, flow tiers, seasonality, salinity, nutrients and nekton composition
including estuarine species within the lower tidal portion of the Brazos River.

It was hypothesized that at higher flow tiers and discharge:

salinity levels in the Brazos River estuary would decline rapidly;

the lateral extent and vertical stability of the pycnocline would decline;

nutrient and suspended solid levels would increase;

the occurrence and density of estuarine dependent species would decline; and

under moderately high flows, vertical mixing and reaeration would increase, leading to
higher abundances of nekton in trawl samples.

arwDE
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2 Methods and Materials

2.1 Aquatics

The Round Two Aquatic component involved two main subtasks. First, additional data collection
was conducted at multiple sites within all three drainages (GSA, Brazos, Col/Lav) methods
similar to those used in Round One. These specific field assessments were targeted following
specific flow tiers to establish flow-ecology responses with fish and macroinvertebrates and
build on the existing dataset from Round One. Additionally, a historical analysis of fisheries data
collected from all three basins by BIO-WEST for various projects over the last decade was also
conducted. Most of these data were collected for various instream flow studies which were not
designed in the same manner as the current study. However, these data were collected in a
habitat-specific fashion and could, in many cases, be linked back to a nearby gage location with
TCEQ environmental flow standards. The methodology for each subtask is described below.

2.1.1 Aquatic Field Studies

Eighteen Brazos, GSA, and Colorado gage locations were selected for the aquatic assessment.
Sites were selected to represent both tributaries and main-stem reaches (the numbers included in
the following reach names correspond to gage locations shown in Figure 1). Six of the 18 sites
sampled were from the Brazos River Basin: four tributaries (11-Leon River—Gatesville, 12-
Lampasas River—Kempner, 13-Little River—L.ittle River, and 17-Navasota River—Easterly)
and two main-stem sites (18-Brazos River—Hempstead and 20- Brazos River—Rosharon).
Seven of the 18 sites sampled were within the GSA basins: three tributaries (Medina River—
Bandera, San Marcos River—Luling, Cibolo Creek—Falls City) and four main-stem sites (San
Antonio River—Goliad and Guadalupe River—Comfort, Gonzales, and Cuero). Five of the 18
sites sampled were from the Col/Lav river basins: one main-stem Colorado River site (Colorado
River—Bend), two Colorado River tributaries (San Saba River—San Saba, Onion Creek—
Driftwood), and two Lavaca basin sites (Lavaca River—Edna, and Navidad River—Edna).

During each season (designated by BBEST recommendations), flows were monitored daily using
USGS gaging stations at or near each site. Peak flow (expressed in cfs) of the day
determined the classification of the peak flow event as one of following nine flow tiers:

subsistence
base
4-per-season
3-per-season
2-per-season
1-per-season
1-per-year
1-per-2-year
>1-per-5-year

CoNo~WNE

Each flow tier is assigned an ordinal number of 1 (subsistence) through 9 (>1-per-5-year),
respectively. Sites with subsistence and base tiers were visited seasonally or after 10-15 days of
continuously maintaining that tier. Sites with flow pulses were visited up to 15 days following
the event but with the condition that flows returned to the base tier or below lowest flow tier
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(e.g., 4-per-season on Brazos, and 2-per-season for GSA and Colorado; See Appendix B).
Therefore, abiotic and biotic samples were taken at subsistence or base flow conditions and not
during a high-flow event, preventing a dilution effect.

Figure 1. Reference map of locations within the Brazos River basin and associated bay and estuary
system (taken from BRA BBEST report). Specific sites used in this study are reported in the
prose.

For each site visit, one riffle and one or more shallow runs were sampled, except at main-stem
Brazos River sites (i.e., Hempstead and Rosharon), which lacked riffle habitats. In addition to
riffles and runs, one pool and one backwater were selected where available (Table 1).

Among riffle habitats, three subsections of the riffle were designated (approximately 30 m?) to
capture variability within each riffle habitat (e.g., near shore vs. middle, swifter vs. slacker
current velocities, shallower vs. deeper water) and sampled with a barge-mounted or backpack
electrofisher. A blocking seine was placed at the downstream end of the subsection with the
electrofisher positioned upstream, and the electrofisher was swept side-to-side within the width
of seine and moved downstream until coming in contact with the seine. The electrofished area
was inspected for any stunned fish. All fish were held in aerated containers, identified to species,
enumerated, and released, except for voucher specimens. Voucher specimens were euthanized
with MS-222 and fixed in 10% formalin. Following fish collections, a Hess sampler was used to
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quantify macroinvertebrate community within each riffle subsection. Hess sample contents were
preserved in 70% ethanol for subsequent identification in the laboratory. Length, width, standard
water quality parameters (water temperature, specific conductance, dissolved oxygen, pH),
percent substrate composition, substrate embeddedness (scored 1=<25% embeddedness to
4=100% embeddedness), and percent vegetation were recorded once per riffle subsection. Water
depth and current velocity were recorded from three locations within each subsection. At the
riffle or from a nearby riffle, up to five individuals of riffle or fluvial specialist species (i.e.,
Notropis, Macrhybopsis, Percidae, and juvenile Ictaluridae) were collected, euthanized with MS-
222, and fixed in 10% formalin for potential laboratory quantification of gut fullness, condition,
and hepatic-somatic index to be presented in future publications. Among run, pool, and
backwater habitats, downstream seining (common or bag seine, depending on water depths) was
used to quantify fish occurrence and abundance. Length was usually determined by length of
habitat but up to 300 m in long runs such as the lower Brazos River. Within the main-stem
Brazos River, seine hauls were taken from point-sand bar habitats. Fish and habitats were
quantified identically to those described for riffle habitats, except Hess samples were not taken
and embeddedness was not recorded.

Table 1. Fish and macroinvertebrate data collection per habitat type across basins.
Combination / Individual Sites Fish Macroinvertebrates
per basin Riffle | Run |Pool |Backwater Riffle
GSA

Medina River—Bandera and Guadalupe River—Comfort \ R \ \
Guadalupe River—Gonzales and Cuero N N N N N
and San Antonio River—Goliad

Cibolo Creek—Falls City \ \ \
San Marcos River—Luling \ v A \ \
Brazos

Leon River—Gatesville and Lampasas River—Kempner \ \ \ \
Little River—Little River \ R \ \
Navasota River—Easterly \ v A \ \
Brazos River—Hempstead and Rosharon \ \

Colorado / Lavaca

San Saba River—San Saba \ VLA \ \
Colorado River—San Saba \ R \ \
Onion Creek—Driftwood \ R \ \
Lavaca River—Edna \ R \ \
Navidad River—Edna \ VLA \ \

In the laboratory, benthic samples were rinsed using a 250 um sieve, sorted to order, and
enumerated. Total number and density of macroinvertebrates and total number and density of
fishes were calculated for each subsection of a riffle and for each run. Total number of
macroinvertebrates and fishes and mean density of macroinvertebrates and fishes were calculated
from the three subsections and multiple runs (if applicable) to generate a total number and a
mean density estimate for one riffle or one run at each site and visit. The riffle or run is the
experimental unit that represents the macroinvertebrate community and fish community at each
site and visit. Abiotic factors were averaged among subsections or runs to generate an estimate
per parameter for one riffle and one run. Therefore, 339 riffle subsections were reduced to 130
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riffles, and 240 runs were reduced to 153 runs. Abiotic and biotic variables of experimental units
were used in subsequent analyses.

Among riffle habitats, total density macroinvertebrates were across flow tiers and before and
after the largest flood. Likewise, EPT index was calculated for each riffle by summing densities.
Similarly, fishes were grouped along a gradient of swift-water to slack-water specialists
following methodologies of Leavy and Bonner (2009). Categories were riffle fishes, fluvial
fishes, and slack-water fishes. Density per category per riffle was calculated by summing species
within each category. Relative abundance of each category was calculated by summing species
abundances within the category, divided by total numbers of fish taken, and multiplied by 100.
Among run habitats, density and relative abundance were calculated for each run by the same
methodology and similar categories as riffle species. Summaries of abundant species were
provided for pool and backwater habitats.

Consequently, two abiotic datasets (one for riffles and one for runs) and three biotic datasets
(macroinvertebrates in riffles, fishes in riffles, and fishes in runs) were developed with each row
representing an experimental unit and labeled by assigned flow tier (hereafter, “tier”), drainage,
season, and peak flow. A series of three-factor analysis of variance was used to test the
relationship among response variables (e.g., swift-water fish relative abundances, EPT) and tier
(up to nine levels), drainage (GSA, Brazos, Col/Lav), and season (four seasons in GSA, three
seasons in Brazos were converted to a four-seasons scale). With no significant differences in the
overall model for swift, moderate, and slack-water fish abundances and densities, tier effects
were assessed within sites or a combination of sites (e.g., upper GSA — Medina and Comfort).
Replication was deemed adequate if each tier had at least three replicates. Treatment levels with
<3 replicates were deleted prior to analyses (e.g., Col/Lav basin). Each one-factor analysis
(x=0.05) was followed with a Fisher’s LSD test. In addition, one-factor analysis was used at each
site or combination of sites to assess relative abundances and densities between pre-flood and
post-flood periods (GSA and Brazos riffle and runs only).

2.1.2  Aquatic Historical Analysis

As part of the investigation into the relationship between instream flow and associated ecological
communities, data from prior instream flow studies conducted by BIO-WEST was compiled and
analyzed keeping a priori predictions data separated by data used for retrospective analysis. This
initial dataset included 161,620 fishes collected from 2004 to 2014 and represented 49 sites from
the three basins of interest (GSA, Brazos, and Colorado). This dataset was refined to match the
current study in terms of similar units and response variables. Through this process data were
culled due to lack of information (e.g., no gauge data or abiotic parameters). The resulting
refined dataset contained seven GSA basin sites, nine Brazos basin sites, and seven Colorado
basin sites, and contained 252 distinct sampling units (i.e., riffle, run pool, backwater) dispersed
among drainages (Brazos: 48, Colorado: 8, GSA: 196). For this analysis, percent exceedance
flow levels were evaluated instead of flow tiers to evaluate responses to discharge. Using percent
exceedance based on the period of record at each USGS gage allowed for comparisons of
discharge levels across sites with varying magnitudes. To evaluate a lag time similar to the
current study, we assigned each sampling unit the maximum percent exceedance value from the
discharge 15 days prior to the sampling event. This refined dataset was more appropriate and
similar to the current study while retaining all pertinent data.
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Fishes were grouped along a gradient from swift-water to slack-water specialists accordingly to
Leavy and Bonner (2009). Relative abundance of each fish category was calculated by summing
species abundances within the category and divided by total numbers of fish. Four datasets were
consequently created for analyses: run, riffle, pool, and backwater for each of the three basins.
Each row in the dataset represented an experimental unit and labeled by percent exceedance,
drainage, and fish group. Initially, the overall variation in the three drainages (GSA, Brazos, and
Colorado) was investigated with the multivariate ordination technique: non-metric
multidimensional analysis. We also plotted nMDS ordinations for each of the habitat units (run,
riffle, pool, and backwater) for the three river drainages. Subsequently, we used a measure of
similarity/dissimilarity (SIMPER) to explore which species were contributing any differences to
the observed nMDS plot or overall community structure. Secondly, as performed in the current
fish community study, a series of three-factor analysis of variance was used to test the
relationship among response variables (e.g., swift-water fish relative abundances) and
explanatory variables (e.g., percent exceedance and drainage). If necessary, we explored further
using a linear regression model within each basin for the groups of fishes (slack water,
moderately swift water, and swift water). Abundance of the most dominant fish species were also
plotted vs. percent exceedance values to parallel the current fish study. All analyses were
performed using PRIMER v7 software (Clarke and Gorely 2015) and RStudio (2016).

2.2 Riparian

The Brazos River drains nearly 45,000 square miles from New Mexico to the Gulf Coast. The
basin can be divided into two distinct halves. The northern half, generally considered the area
from Waco, Texas, northwestward, is characterized by an arid environment. Upstream of Possum
Kingdom Reservoir multiple major tributaries provide combined inflows to create the main stem
of the Brazos River. In this portion of the basin, flows for the Brazos River rely heavily on runoff
from the surrounding watershed, with only minor input from groundwater or springs. Typically,
most minor tributaries are seasonal. Below Possum Kingdom Reservoir the river flows become
heavily manipulated from the multiple major reservoirs along this stretch (Baldys and Schalla
2016).

The southern half of the Brazos River basin is very different. South of Waco, the watershed is
much more temperate with larger perennial tributaries. Gaining reaches become more common
as the river passes over several major aquifers, with the most notable being stretches of the river
that run across the Carrizo-Wilcox aquifer in Milam County and Robertson County and the Gulf
Coast aquifer (Turco et al. 2007). For Round Two riparian studies, data collection was focused at
two sites on the lower Brazos River with well-developed riparian zones.

The Brazos Bend site is located on the property of Brazos Bend State Park in southern Fort Bend
County approximately 7.3 km upstream from the USGS gage (#08116650) on the Brazos River
near Rosharon (see Figure 1 for general location of gage). The land use around the site is mostly
rural with small-acreage home sites, small farms, and some cropland, though urban development
in this area is increasing. River width along the study site generally ranges from 77 to 88 meters.
The exclusive soil type within the study site is sandy alluvial deposits. This soil is characterized
by steep sloping gradients, and soil that is moderately erodible, occasionally flooded, and
somewhat poorly drained. This soil historically supported a changing composite of vegetation
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due to its highly erodible characteristic. The community ranges from tallgrass prairie to densely
wooded forest.

The Hearne riparian site is located on private property along the main stem of the Brazos River
in eastern Milam County approximately 5 km upstream of the USGS gage (#08108700) near
Bryan, Texas (see Figure 1 for general location of gage). The land use around the site is entirely
dedicated to large-scale commercial farming of corn, sorghum, and cotton. Most fields are
irrigated, with water being produced from the underlying Carrizo-Wilcox aquifer. River width
along the study site generally ranges from 70 to 82 meters. The exclusive soil type within the
study site is Gaddy fine sandy loam. This soil is characterized as having 0 to 1% slope and is
excessively well drained, yet frequently flooded. This soil historically supported a
wildrye/switchgrass complex savannah community with cottonwood interspersed, but as fire and
grazing have been suppressed, the community has quickly transformed into a woodland complex
dominated by green ash, elm, and pecan, with remnants of cottonwood. Shade-tolerant and mesic
grasses and forbs such as seaoats, ironweed and various sedges dominate.

Initial site visits were made to get a general idea of the layout and habitat quality of the site.
After initial field visits to the area DEMs/aerial photos and overall site coordinates were used to
create three parallel-to-stream corridor transects per site. Although the topography varied at each
site, in general a lower level (Level 1) was placed along the stream edge, a middle level (Level 2)
was placed along the rising bank and an upper level (Level 3) was placed at the slope crest. Each
level was formed based on field and image observations; and though they did not necessarily
cover the same amount of area, the total area of each of the survey sites was kept similar. The
boundaries of each level were digitized in ArcGIS to create shapefiles. Using the random point
generator in ArcGIS a shapefile of 75 random points was created for each level and for each
sampling period (Figure 2). These shapefiles were then loaded onto a Trimble GPS unit.
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Figure 2. An example site showing 75 random points selected within each level. Image source: Google
Earth.

2.2.1 Field Sampling

Riparian sites in the Brazos basin (Brazos Bend State Park [May 10, 2017] and Hearne [June 8,
2017]) were sampled only in 2017 for *“verification” since these sites already had two or more
years of ongoing riparian sampling conducted by the project team. Verification data was
compared back to previous years’ data and all data was incorporated into this research. In the
field, the point shapefile for each level was loaded onto the Trimble GPS unit so that the
randomly generated points could be viewed. From the 75 random points, 35 points were located
within each level for data collection. Once a point was located with the Trimble GPS unit, a 2x2
m quadrat constructed of PVVC was set in place with the Trimble GPS unit located in the middle
of the quadrat. The latitude and longitude of the point were recorded using the Trimble GPS unit
while biological data were recorded on data sheets.

Woody vegetation individuals were counted, classed into WI (see wetland indicator explanations
below) and grouped according to the following noted size classes:

e Seedling. Just sprouted or less than 1 cm diameter and less than 50 cm in height
e Sapling. 1-5 cm in diameter and greater than 50 cm in height
e Overstory (mature). >5 cm

The wetland indicator (W1) classes are as follows:

e Wetland obligate, almost always found in very wet locations—symbol: OBL
e Facultative wetland, usually found in wet locations—symbol: FACW
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e Facultative, found in both wet and non-wet locations—symbol: FAC
e Facultative upland, usually found in non-wet locations—symbol: FACU
e Upland, almost always found in upland, non-wet locations—symbol: UPL

The woody species in this basin that fall into the OBL class are buttonbush and water hickory.
Those considered FACW are green ash, bald cypress, black willow, box elder, Possomhaw holly,
sycamore, and swamp oak.

For mature trees the Diameter at Breast Height (DBH), which is measured approximately 1.37 m
from the ground) was recorded using an arborists’ thinline and recorded for each trunk larger
than 5¢cm. Understory/herbaceous vegetation were identified to genus (or to species if possible),
counted, and classed into wetland indicators. Herbaceous species were limited to the six most-
prevalent species in the 2x2 m quadrats.

A second, independent mature tree sampling recorded overall riparian mature tree counts. It was
conducted within circular plots with a radius of 11.27 m measured from a random point within
each level. Within these plots all mature trees (those with a DBH of 5 cm or greater) were
identified to species and their DBH was recorded. If a multi-trunked tree had more than one
trunk larger than 5 cm in diameter, each DBH measurement was recorded as well. The latitude
and longitude of each tree were recorded using a Trimble GPS unit.

After field visits the collected biological data were combined with the GPS coordinates to create
an attribute table for each plot. Five-foot DEM contours downloaded from the Texas Natural
Resource Information System (TNRIS 2017) were combined to provide elevation data for each
plot. The distance to each plot from the river’s edge was calculated from the mapped water’s
edge collected at the time of field visits (Figure 3).
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Figure 3. Example GIS screenshot showing water’s edge, quadrats, mature trees, and elevation
contours.
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Each site’s general geomorphological features were recorded, including the following variables:

e Steepness of bank, calculated as the perpendicular rise (m) over run (m) from water’s edge to
the riparian outer boundary.

e Dominant soil order. National Resources Conservation Service (NRCS) Soil Orders of
Texas was used for mapping (NRCS 2017).

e Dominant soil type (sandy, clay, loam), categorized as: Silty=1, Sandy=2, Clay=3,
Silt/Sand=4, Silt/Clay=5, Clay/Sand=6, Loam=7 (equal mix of all). Web Soil Survey (2017)
was used for mapping soil types.

e Local stream sinuosity, categorized as straight=1, low (cutbank side)=2, low (point bar
side)=3, high (cutbank side)=4, high (point bar side)=5.

e Stream channel width, recorded in meters.

2.2.2 Estimate of Inundation

Flood inundation values were estimated using the available DEM data available for each site.
These data ranged temporally from 2007-2014. Utilizing the USGS Rating Curve tool (USGS
2017), a rating curve was created using the nearest upstream USGS gauge for each site. This
rating curve was then applied respectively to each site for level and individual point calculations.
The highest point of elevation within each level was calculated (using field GPS points) and then
applied to the rating curve, using the shoreline elevation as the start of the curve. The rating
curve was also applied to the elevation of each mature tree or quadrat elevation, again using the
shoreline elevation for each site as the starting elevation. Discharge levels were estimated using
the rating curve and provided an approximate discharge amount needed to inundate the
associated elevation of each level, quadrat, and mature tree.

Statistical Analyses

Questions 3 through 7 were designed to be tested statistically. Plymouth Routines In Multivariate
Ecological Research (PRIMER) statistical software was used for analysis of data related to these
questions (Clarke and Gorley 2015). To answer Question 3 an ordinate (nMDS) test based on
Bray-Curtis matrix and clustering techniques was run for each site’s level and plots to visualize
species composition differences. A first run included the entire community assemblage by
individual species, a second run included the entire community grouped by WI class, and a third
run included the mature-trees-only dataset by individual species. This test was followed by an
ANOSIM for each site/level, duplicating each of the three runs above, and a SIMPER test was
used to show which species were most contributing to similarities and/or dissimilarities between
groups. Question 4 was removed from analysis because ultimately only one seasonal sampling
event was permitted in the study. To answer Question 5, these same tests were run by combining
each site’s entire community and testing each against the other. Additionally, Level 1 of one site
was compared against Level 1 of all other within-basin sites, etc.

Question 6 was addressed by testing the outcomes of Question 5 against abiotic factors in
Question 1 using principal component analysis (PCA) of the correlation variance between the
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abiotic factors and riparian communities. In addition to overall community assemblages, this
analysis was performed on the riparian canopy, using the mature tree datasets from each site.

To answer Question 7, the same tests for Questions 5 and 6 were repeated for all sites across
basins. The basins of interest and their respective sites were: GSA Basin, with Goliad and
Gonzales sites; the Brazos Basin, with Hearne and Brazos Bend sites; the Colorado-Lavaca
Basin with Onion Creek, Colorado Bend, Sandy Creek, and Navidad River sites.

2.3 Brazos Estuary

2.3.1 Study Area

The tidal portion* (TCEQ segment 1201) of the Brazos River is classified as the first 25 miles
(40.2 km) from its confluence with the Gulf of Mexico in Freeport, Texas, to a point about 100
m upstream of SH 332 in Brazoria County (TCEQ 2004). The tidal portion of the Brazos River
can be described as a riverine or deltaic type estuary (Dyer 1997, Savenije 2005). The lower
Brazos River exhibits oligohaline (low salinity-freshwater) conditions with significant variation
associated with freshwater inflow (Orlando et al. 1993). The tidal portion of the Brazos River is
currently classified as an unimpaired waterbody with a high rating for aquatic life use (State of
Texas 2014a). The riparian ecosystem of the lower Brazos River is defined by low coastal plain
vegetation transitioning from freshwater bottomland hardwoods in the upper reach to primarily
saltmarsh vegetation in the lower reach (Vines 1984, Dahm et al. 2005). The channel is relatively
wide (>50 m along most of its length) with the average depth gradually increasing from the
mouth (4.65 m) to the upper reach (42 km) of the sampling area (7.23 m) (Miller 2014, Bonner et
al. 2015).

During November 2014 to May 2015 and December 2016 to May 2017, we conducted a total of
eight and six sampling events, respectively, in the lower Brazos River at multiple monitoring
sites (Figure 4). This included five primary monitoring sites located (approximately) at river
miles 0.6, 6.2, 13.7 and 24.9 (rkms 1, 10, 22, 31, and 42) upstream from the mouth (sites BO1,
B10, B22, B31, and B42, respectively (Table 2). Most of these sites corresponded with locations
of the previous nekton surveys of the lower Brazos River conducted in 2012 (Miller 2014) and
1974-1975 (Johnson 1977). In general, during each sampling event, each primary site was
sampled for water quality, nutrients, and nekton. Additionally, four secondary monitoring sites
were established at approximately 5, 15, 25, and 35 rkm upstream from the mouth (sites B05,
B15, B25, and B35, respectively). Instantaneous water quality variables were recorded at each
secondary site during every sampling event. Collection of data was conducted over a 2-day
period during each sampling event as described below. In addition, continuous monitoring sites
were established at rkms 10, 21, and 35 upstream of the mouth.

! The term “lower” is used interchangeably with “tidal” in this report unless noted.
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Figure 4. Site map of the lower Brazos River depicting the locations of continuous, primary, and
secondary sampling sites.
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Table 2. Sampling sites including distance from mouth of river at Gulf of Mexico (rkm), GPS
coordinates, and type of data collected at each site on the lower Brazos River from
November 2014 to May 2015 and December 2015 to May 2016.

Distance Water Quality? Nekton
Site From Gulf | Latitude | Longitude - Historical Sampling
(rkm) WQ |Nutrients| HOBO | ES | BT | OT
BO1 1 28.88368 | -95.38227 | X X X X | X Miller (2014)
B05 5 28.92592 | -95.38534 | X
Lower 10 28.96457 | -95.37428 X
B10 10 28.96682 | -95.37464 | X X X | X | X Miller (2014)
B15 15 28.98117|-95.41979 | X
Middle 21 29.00054 | -95.44773 xd
B22 22 29.00908 | -95.45314 | X X X | X | X Miller (2014)
B25 25 29.02987 | -95.48269 | X
B31 31 29.03473 | -95.50422 | X X X | X
B34 34 29.03582 | -95.53136 X
Upper 35 29.04218 | -95.53557 X
B36 36 29.04785 | -95.53343 | X
B42 42 29.07288 | -95.57167 | X X X | X | X Miller (2014)

2 WQ=field measurement of water temperature, specific conductance, salinity, pH, dissolved oxygen, and Secchi
disk transparency. HOBO=stationary temperature, conductivity and dissolved oxygen sondes including water depth
at middle site.

b ES=electroshocking. BT=beam trawl. OT=otter trawl.

¢ Electroshocking conducted at BO1 when conductivities were <18,000 uS/cm. Sampling was not conducted during
2016-17.

dRelative water depth was also measured at this site during February to August 2015 and December 2016 to May
2017 using paired Level Troll and BaroTroll pressure transducers.

¢ Otter trawl sampling for B31 conducted at B34 due to snags at original location

2.3.2 Hydrology and Water Quality

In order to assess the potential influence of flow regime and adopted environmental flow tiers for
the lower Brazos River, we downloaded continuous (15 minute recording interval), daily
average, and monthly average stream flow estimates from USGS gage #08116650 in Rosharon,
Texas, for the duration of the study (2014-2017) and previous (2011-2012) historical data
(Table 3). Daily average values were used to estimate monthly values for more recent months
(post October 2016). Top of the hour (e.g. 8:00, 9:00, 10:00 etc.) measurements or those closest
to top of the hour values were extracted from the continuous data to facilitate direct comparison
with similarly extracted hourly data generated from automated water quality monitors that record
at intervals that differ from the USGS gage. Since the intent of these comparisons was to
illustrate potential co-variation between variables at the sub-day recording interval it was
necessary to reduce the data set to comparable time intervals. However, it was not necessary to
examine sub-hourly variation. We also utilized data from the USGS gage #08114000 located at
Richmond, Texas. Discharge data from the Richmond site was used as an independent variable in
a linear regression model that was developed to estimate discharges at the Rosharon gage
(dependent variable) during long periods when the gage was not in operation.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 24 TWDB Contract # 1600012009



Independent estimates of river discharge were also made at site B42 (river kilometer 42) during
surveys conducted in 2014-15 and 2016 and 17. Estimates of net river discharge were made at
site B42 using a RiverSurveyor S5/M9 Acoustic Doppler Current Profiler (ADCP) (Sontek 2011).
The ADCP was deployed according to standardized protocol by attaching to a floating
hydroboard and towing it across the river roughly perpendicular to the flow multiple times to
estimate the net river discharge at the point of measurement (SonTek 2011; TCEQ 2012). These
measurements were conducted to determine if significant differences in flow occurred between
the Rosharon gage and the upper part of the tidal portion of the Brazos River.

Table 3. Automated hydrological and meteorological monitoring data sources used during this study.
Station 1D ?:'ége Latitude |Longitude |Data Acquired |Agency Sources and Comments
www.wunderground.com/personal-
PKE;;AKEJ? PW 29.035 -05.462 daily Weather weather-station/dashboard
Weather Gage ' ' precipitation  |Underground |?ID=KTXLAKEJ7#history/s2017060
g 1/620170701/month
42019 TABS
Buoy 60 wind speed and |NOAA www.ndbc.noaa.gov/station_histor
nautical miles [WI 27.907 -95.352 direction National Data TP g yP
hp?station=42019
south of (hourly) Buoy
Freeport
8772447 Tide . .
water level and tidesandcurrents.noaa.gov/stationhom
Gage at TG 12894333 1-98.3017 1 oicted tide | NOAA e.htmI?id=8772447
Freeport
waterdata.usgs.gov/nwis/nwismap/?sit
08114000 annual, e_no=08114000&agency_cd=USGS
BrazosR.  |RI  |20.58222 |-95.7575 |monthly, daily, f,;c o Upstream of Rosharon. Used to
- and 15 minute estimate Rosharon discharge using
at Richmond - : . .
discharge regression model during periods of
missing data.
annual https://waterdata.usgs.gov/nwis/dv/?sit
08114000 monthl’ dail e_no=08116650&agency cd=USGS&
Brazos River |RO 29.34944 |-95.5822 Y. 8dlly, | yses amp;referred_module=sw
and 15 minute - .
at Rosharon di Environmental Flow Compliance
ischarge point

Sampling events were classified as occurring during the winter, spring, and summer seasons and
classified by flow tier according to adopted environmental flow standards for the lower Brazos
River and methods outlined in State of Texas (2014b). Sampling events were assigned a flow-tier
status ranging from subsistence flow to various flow pulses (Table 4). The assignment of flow
tiers begins with the determination of the season of the sampling event, which is defined and
illustrated in Table 5 (State of Texas 2014b). Once the season is determined, a weighted Palmer
Hydrologic Drought Index (PHDI) is calculated from the individual PHDI estimates for the
various climatic divisions of Texas, and the geographic weight assigned to these estimates based
on where a USGS gage is located (e.g. upper, middle, or lower basin). These data are obtained
for the last month of the previous season (winter, spring, summer). The PHDI data were obtained
from the TWDB Water for Texas website located at:

(https://waterdatafortexas.org/drought/phdi/monthly?time=2017-01).
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Table 4. Environmental flow standards for Brazos River estuary based on flow at the United States
Geological Survey Gage (USGS) 08116650, Brazos River near Rosharon. Source: (State of
Texas 2014b) Figures 30 TAC §298.470(b); 30 TAC §298.470(c); TAC §298.480(19).
. . Average .
Season Subsistence Lo ro_Ic_)glc Base oy canellon Condition UHEC CEme e
Condition Seasonal Pulse Seasonal Pulse
Seasonal Pulse
1-per-season | 3-per-season | 2-per-season
Dry 1,140 cfs Trigger: 9,090 Trigger: Trigger:
Winter cfs 9,090 cfs 13,600 cfs
(Nov.—Jun.) 430 cfs? Average 2,090 cfs Volume: Volume: Volume:
' ' 94,700 af 94,700 af 168,000 af
Wet 4700 cfs Duration: 12 | Duration: 12 | Duration: 16
days days days
1-per-season | 3-per-season | 2-per-season
Dry 1,250 cfs Trigger: Trigger: Trigger:
Sprin 6,580 cfs 6,580 cfs 14,200 cfs
(Marr) —Jgn ) 430 cfs Average 2,570 cfs Volume: Volume: Volume:
' ' 58,500 af 58,500 af 184,000 af
Wet 4.740 cfs Duration: 10 | Duration: 10 | Duration: 18
days days days
1-per-season | 3-per-season | 2-per-season
Dry 930 cfs Trigger: Trigger: Trigger:
Summer 2,490 cfs 2,490 cfs 4,980 cfs
(Jul—Oct.) 430 cfs Average 1,420 cfs Volume: Volume: Volume:
' ' 14,900 af 14,900 af 39,100 af
Wet 2,630 cfs Duration: 6 Duration: 6 Duration: 9
days days days
Weighted Palmer Hydrological Drought Index (PHDI)=sum of (geographic weight * climatic division PHDI value
from last month of previous season)
= (0.619 * North Central PHDI) + (0.147*East Texas PHDI) + (0.057*Edwards Plateau PHDI) + (0.132 * South
Central PHDI) + (0.045* Upper Coast PHDI).
Resulting Assigned Hydrologic Condition:
Lower Basin Dry=Weighted PHDI<-1.73
Lower Basin Average=Weighted PHDI=-1.73- 2.13
Lower Basin Wet=Weighted PHDI>2.13

Data source: waterdatafortexas.org/drought/phdi/monthly?time=2017-01
acfs=cubic feet per second.

b af=acre-feet.
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Table 5. Texas Council on Environmental Quality (TCEQ) adopted environmental flow tiers for the
Brazos River estuary that were sampled in the past and during the current study. Events 1-
12 (Miller 2014); Events 13-20 (Bonner et al. 2015); Event 21 was an independent survey
conducted by coauthor G. Guillen EIH lab; Events 22-27 current study. Dates represent
primary date of sampling. In some cases, data was also collected 1-2 days before or after the
primary date. Biological data from events 1, 4 and 5 were not used due to data being
collected over a wide range of dates vs. 1 or 2 dates.
Avg. Otter
Daily Lag Field and
Flow Time Water Beam
Event Date Season cfs? Flow Tier (days) Quality | Nutrients | Trawl
1 01/18/12 | Winter 1280 | Dry-Base® 8 X X
2 02/14/12 | Winter 7,470 Dry-Base 6 X X
3 03/12/12 | Spring | 11,500 | Dry-Base 19 X X
4 04/11/12 | Spring | 10,400 | Dry-1ps° 16 X X
5 05/08/12 | Spring 1,390 Dry-1ps 43 X X
6 06/12/12 | Spring 304 Dry-Sub® 2 X X
7 07/10/12 | Summer 380 Dry-Sub 59 X X
8 08/14/12 | Summer 475 Dry-Sub 21 X X
9 09/11/12 | Summer 710 Dry-Sub 58 X X
10 10/16/12 | Summer 920 Dry-Sub 94 X X
11 11/13/12 | Winter 275 Dry-Sub 122 X X
12 12/13/12 | Winter 350 Dry-Sub 152 X X
13 11/11/14 | Winter 1,220 Avg-Sub 55 X X X
14 12/09/14 | Winter 1,050 Avg-Sub 11 X X X
15 01/06/15 | Winter 4,230 | Avg-Base 14 X X X
16 02/04/15 | Winter 5,740 | Avg-Base 8 X X X
17 02/18/15 | Winter | 2,090 Avg-Sub 22 X X X
18 04/01/15 | Spring 7,080 Avg-3ps 18 X X X
19 04/29/15 | Spring | 13,100 | Avg-3ps 10 X X X
20 05/07/15 | Spring 9,280 Avg-3ps 18 X X X
21 8/12/15 | Summer | 6,120 Wet-2ps 73 X X
22 12/1/16 | Winter | 3,250 Wet-Sub 16 X X
23 12/20/16 | Winter 3,670 Wet-Sub 13 X X
24 1/31/17 Winter 9,670 | Wet-Base 9 X X
25 3/15/17 Spring 6,200 | Wet-Base 20 X X
26 5/1/17 Spring 9,650 | Wet-Base 14 X X
27 5/24/17 Spring 3,150 Wet-sub 37 X X

2 Avg. daily flow = discharge at Rosharon gage

b Base=base flow
¢ ps=pulse/season

4 Sub=subsistence flow
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Factors that can influence streamflow, water level, and vertical stratification include
astronomical tides, meteorology, and estuarine/river geomorphology (Ward and Montague 1996;
Savenijie 2005). To document the potential influence of these factors on streamflow and
discharge we also collected information on predicted astronomical tide levels and observed water
level data from the NOAA tide station FCGT2-8772447 located at the US Coast Guard station in
Freeport, TX. The site is owned and maintained by NOAA's National Ocean Service. The gage is
located at 28.943 N 95.302 W (28°56'36" N 95°18'9" W). The water surface level and predicted
tides were obtained via electronic download from the web link below.
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8772447.

These data were used to evaluate overall changes in water level due to the combined effects of
astronomical tides, wind speed and direction, and freshwater inflow. Available hourly data was
used to estimate average, minimum, maximum, and ranges in daily tide levels. Meteorological
data (wind speed and direction, precipitation) was not consistently reported at the NOAA tide
gage. Therefore, we supplemented readings at this site with wind speed and direction data
collected from the Weather Underground private meteorological monitoring network website
available through the website below. https://www.wunderground.com/personal-weather-
station/dashboard?ID=KTXLAKEJ7#history/s20141225/e20150101/mweek. We selected this
precipitation site for a couple of reasons including prior use by Miller (2014) and the location
close to sites B22, which is near the middle of our study area. These data were only used as a very
coarse measurement of precipitation patterns in the lower watershed. It was not used in any
hydrological modeling or analysis.

Vertical profiles of water temperature (expressed in degrees Celsius [°C]), salinity (expressed in
psu), dissolved oxygen (expressed in mg/L), pH, and turbidity (expressed in nephelometric
turbidity unit [NTU]) were recorded at the thalweg of each primary and secondary sampling site
using a YSI 600XLM multiprobe sonde (YSI, Inc., of Yellow Springs, Ohio). Prior to and after
sampling, the sonde was calibrated according to TCEQ Surface Water Quality Monitoring
quality assurance standards (TCEQ 2012). The value of each water-quality variable measured at
the surface (0.3m), 25% of total depth, 50% of total depth, 75% of total depth, and bottom (0.3m
above the bottom substrate) was recorded while conducting water quality profiles. Additionally,
total depth was recorded at each site and Secchi disk transparency (depth m) was recorded at all
primary sites.

Surface water grab samples were collected at primary sites during each sampling event. These
samples were submitted to Eastex Environmental (of Houston, Texas). Nitrate and nitrite
nitrogen (Nitrate+Nitrite; mg/L) were analyzed using EPA method SM 4500-NOs E &F. Total
Kjehldahl nitrogen (TKN) measured in mg/L was analyzed using US Environmental Protection
Agency (EPA) methods SM4500 SM 4500-Norg B or C and SM 4500-NH3 B. Total phosphorous
(total P) measured in mg/L was analyzed using EPA method SM 4500-PE. Total suspended
solids (TSS) measured in mg/L were analyzed using EPA method SM 2540 D. During 2016 and
2017 samples were submitted to Eastex Environmental laboratory for quantitative determination
of chlorophyll-a levels at the primary sites.

Continuous monitoring sites were equipped with temperature and conductivity U26-001 HOBO
data loggers (Onset Computer Corporation of Bourne, Massachusetts) (Table 2 and Figure 4).
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Data loggers were downloaded monthly and checked for battery life, fouling, and damage.
Conductivity values were converted to salinity using HOBOware (v3.7.2), which implements the
practical salinity scale (PSS-78) algorithm (Lewis and Perkin 1978).

Automated paired pressure transducer sensors were used to collect barometric pressure
compensated measurements of water depth relative to the position of the submerged depth
sensor. Paired In-Situ model Level TROLL 300 and BaroTROLL instruments were deployed at
the middle site (Figure 4 and Table 2). The water depth probe, Level TROLL 300, was deployed
near the bottom of a pier, while the barometer, BaroTROLL was deployed above the water
surface at the same location. These units were deployed in a 1-inch PVC tube attached to 4-inch
PCV piling with a zip tie. The Level TROLLS were equipped with a long metal cable and
wrapped in household plastic wrap while deployed. The Level TROLL 300 instrument uses
barometric pressure readings from the co-located BaroTROLL thermometer and barometer to
correct depth readings obtained with the Level TROLL 300 (In-Situ 2013). This was conducted
using WinSitu BaroMerge software.

Water quality variables from vertical profiles (surface and bottom) were summarized by mean +1
standard error (SE), range, and number of samples (N) across all sites by flow tier. Results of
visual and statistical analyses conducted on water quality and hydrological variables were
compared against the current environmental flow hypotheses and conditions predicted by
conceptual models with regard to critical functions (e.g., nursery habitat, salinity regime,
nutrients) provided by various components of the flow regime. Regression and ANOVA models
were used to describe potential relationships between river inflow and water quality, and primary
production as measured by chlorophyll-a.

Linear regression models that utilized daily average discharge and river kilometer and first order
interactions as independent variables and water quality variables including surface and bottom
salinity and dissolved oxygen, chlorophyll-a, nitrate-nitrite nitrogen, TKN, TSS and total P) as
dependent variables were utilized to test for relationships between flow regime and location in
the estuary and these variables. A two-factor analysis of variance (ANOVA) with interaction
term was used to test for differences (a=0.05) in surface and bottom salinity and dissolved
oxygen concentrations as well as nutrients (NOs., NO»., TKN, Total P), chlorophyll-a and TSS
between flow tiers and river kilometer sites. If significant differences were detected between
flow tiers or sites, then a post-hoc multiple comparison test was performed to identify individual
differences between tiers or sites. Tukeys multiple comparison test was used post-hoc to assess
pair-wise differences among tiers and sites when statistically significant.

Interpolated salinity contours for the entire river reach were created by plotting percent total
depth of vertical profile salinity measurements by site (rkm). Additionally, salinity values for
surface, middle, and bottom readings were plotted against flow tier and discharge to assess the
relationship of salinity to instream flow recommendations. Dissolved oxygen concentrations
were grouped by surface, middle, and bottom readings and graphed by site to describe spatial
relationships of water profiles. Continuous salinity values for the upper, middle, and lower reach
were compared against the hydrograph and tide data to visually assess the relationship of
freshwater inflow and tides on salinity regime.
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2.3.3 Nekton

Demersal nekton were collected in the thalweg at all primary sites with an otter trawl (3.1 m
wide, 38.2mm stretch mesh, 6.1mm net fitted within cod end) towed for 5-minutes per replicate.
A total of three replicate tows were made. Trawls were performed counter to flow (facing
upriver) at an average speed of 2.5 knots and equipped with a 30-m tow line. In instances where
snags prevented the full trawling allotment, catch was released and the trawl was redeployed
upstream of the hazard (snag) location.

Shoreline nekton were collected at all primary sites using a modified 6.4 mm mesh Renfro beam
trawl manufactured by Sea-Gear Corporation of Melbourne, Florida (Renfro 1963). Triplicate
hauls were pulled parallel to shore for 15.2 m/haul on one bank per site (alternating sides during
each sampling event and at each site).

As previously described during 2014-2015, larger nekton were collected using a boat-mounted
9.0 GPP electrofishing unit (Smith-Root of VVancouver, Washington) for a total of 20 minutes
shock time per site (Bonner et al. 2015). Electrofishing was conducted at sites B10, B22, B31,
and B42, and opportunistically at site BO1 depending on surface conductivity. Due to difficulties
and reduced sampling efficiency associated with high conductivity, turbidity, and flows, this type
of sampling was not conducted during 2016-2017. Electrofishing catch data from 2014-2015 is
therefore not discussed or presented in much detail.

Collected nekton was identified to the lowest possible taxonomic level and counted. Nekton
includes mobile finfish and invertebrates such as shrimp, swimming crabs, and squid. Any
specimen unidentifiable in the field was anesthetized in MS-222, preserved in 10% formalin and
brought back to the lab for subsequent identification and enumeration. Laboratory and field
identification was conducted using expert knowledge and taxonomic keys and reported using
common and scientific names from most current nomenclature adopted by the American
Fisheries Society (Hoese and Moore 1998, Turgeon et al 1998, Turgeon et al. 2005, Cairns et al.
2003, Hubbs et al. 2008, Thomas et al. 2007, Merrit et al. 2008, Merryman et al. 2012, Page and
Burr 2011, Page et al. 2013, Voshell 2002, Rothschild 2004, Heard 1979, Perry and Larsen 2017,
Felder 1973, Williams 1984, Price 1982, Perry and Larsen 2017, Ditty and Alvardo-Bremer
2011, Wallus and Simon 2008, Richards 2005, Balcer et al. 1984, Auer 1982). All sampling
techniques were reviewed and approved by the UHCL Institutional Animal Care and Use
Committee (IACUC protocol #14.002-S) and are covered under Texas Parks and Wildlife
Scientific Collection Permit #SPR-0504-383 and subsequent revisions.

The number of individuals per taxa was tallied for each gear type and replicate sample. Nekton
taxa were further categorized into life history salinity preference groups of freshwater, estuarine,
or marine based on published literature (Nelson 1992, Hoese and Moore 1998, Kells and
Carpenter 2011). Species classified as estuarine were those that regularly utilize estuaries to
fulfill a significant portion of at least one stage of their life cycle. This data was used to
construct various nekton community metrics. The total number of nekton, and nekton taxa
richness, total number of nekton classified as estuarine or marine, and total number of
estuarine/marine taxa richness were calculated for each replicate sample (Magurran 1998 and
2004). We analyzed each sampling gear data set separately with statistical models due to
differences in habitat and sampling gear efficiency. A two-way analysis of variance with
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interaction terms was used to test for differences in total catch, number of taxa, total catch of
estuarine taxa, number of estuarine taxa by gear type between flow tiers and sites. Tukeys
multiple comparison test was used post-hoc to assess any pair-wise differences among flow tiers
and/or sites. Linear regression models were used to describe potential relationships between
daily average discharge measured at the Rosharon gage and river kilometer including
interactions as independent variables and the multiple nekton community metrics by gear type as
dependent variables.

Spatial and flow tier mediated effects on nekton community composition were analyzed using
PRIMER 7 statistical package (Clarke and Warwick 2001). We compared each sampling gear
data set separately due to differences in habitat and sampling gear efficiency. Prior to analysis
nekton abundance data were square root transformed. A Bray-Curtis resemblance matrix was
constructed on the transformed data to measure the similarity of nekton community composition
between collections (sites X dates). Subsequently, classification and ordination of the
communities were conducted using cluster analysis and non-metric multi-dimensional (nMDS)
scaling using the default program settings (exception: 50 restarts, minimum stress=0.001). One-
way ANOSIM was conducted to test for significant (¢=0.05) differences in species assemblages
between collections reclassified into flow tiers and river kilometer site.

2.3.4 Historical Data

A pilot study was performed in 2012 on the lower Brazos River following many of the same
protocols as described above (Miller 2014). Data collected by Miller (2014) included nekton
captured with identical trawl gear and with the original design beam trawl (Renfro 1963, Guillen
and Landry 1979) using the same effort. The original beam trawl design included a plankton net
0.2 m diameter wide by 0.6 m long, constructed of 0.38 mm nitex netting in the cod end. As a
result, a smaller range of nekton would likely be captured in comparison to our modified beam
trawl, which has a 6.4 mm bar nylon netting. The species composition should be very similar.
Because these data were compared using square root transformed data, the effect due to gear
differences should be trivial.

Water quality (temperature, salinity, and dissolved oxygen data from vertical profiles) and nekton
data collected by Miller (2014) were combined with our dataset to expand the scope of our
assessment. This allowed us to better examine the relationships to discharge, flow tier, water
quality, and nekton communities (otter trawl and beam trawl data) by increasing our sample size.
These data were subjected to the same univariate and multivariate methods previously described,
which increased our replication of flow tiers and allowed us to include other tiers not sampled
during the 2014-2017 study period. Site B31 was not sampled and nutrient samples were not
collected at any site during 2012 study period. Historical events 9, 12, and 13 were excluded from
nekton analysis due to prolonged time lapses between samples collected for the same event. A
complete summary of methods used to monitor water quality and nekton is provided in Miller
(2014).
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3 Results, Discussion, and Interdisciplinary Assessment
3.1 Aquatics

3.1.1 Aaquatic Field Studies

Aquatic sampling as part of Round One of this study occurred from summer 2014 through spring
2015 following a multi-year period of relatively dry conditions throughout most of Texas.
During much of this period, most of the state was in an extreme drought condition. This dry
pattern had a strong influence on hydrologic conditions and resulted in few pulse-flow events
being captured during Round One of this study. The lack of pulse-flow events leading up to and
during Round One is evident in the example hydrograph below from the Brazos River at
Hempstead (Figure 5; hydrographs from other sites are provided in Appendix C). However, in
late spring 2015, as Round One data collection was winding down, intense and relatively
widespread rain events brought massive flooding to many areas of central Texas. The remaining
portion of 2015 was wet, with another large flood event experienced in fall 2015. Although
variable across basins and sites, this wet pattern generally continued through 2016. Data
collection for Round Two began in late summer 2016 during a much wetter period following the
large flood events of 2015/16. Although this allowed for capturing additional pulse-flow
conditions at some sites, relatively continuous high flows hampered sampling at others.
However, this also allowed for a comparison of pre-flood to post-flood conditions in addition to
flow-tier analysis, as presented in the results below.
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Figure 5. Hydrograph from US Geological Survey (USGS) gage # 08111500 on the Brazos River at
Hempstead from 2011 to 2017 showing Round One (dashed line) and Round Two (dotted
line) sampling periods.
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Overall Fish Community

Totals of 59 species and 43,804 fishes were recorded from Brazos (N of species=48), GSA (40),
and Colorado (31) basins among all habitats between 2014 and 2017 (Table 6). Total number of
site visits was 153. Among the 153 site visits, flow tiers were subsistence (N=4), base (48), 4-
per-season (6), 3-per-season (9), 2-per-season (25), 1-per-season (40), 1-per-year (10), 1-per-2-
year (2), and >1-per-5-year (9) (Table 7). A total of 362 habitats was sampled (130 riffle, 153
run, 23 pool, and 56 backwater). Although the analysis below focuses on response to hydrologic
parameters, a summary of habitat parameters for riffle, runs, pools, and backwaters are provided
in Appendix D.

In Round Two of the study (2016-2017), total number of sites was 18, and total number of site
visits was 84. Among the 84 site visits, flow tiers were base (12), 4-per-season (4), 3-per-season
(9), 2-per-season (17), 1-per-season (27), 1-per-year (5), 1-per-2-year (2), and >1-per-5-year (8).
A total of 224 habitats was sampled (66 riffle, 79 run, 23 pool, and 56 backwater). Results of
Round One and Round Two are combined below for riffle and run habitats.
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Table 6.

Fishes taken from all habitats and basins 2014 through 2017.

2014-2017 GSA Brazos River Colorado River

Species Name Fluvial Category | Relative Abundance | Relative Abundance | Relative Abundance | Relative Abundance

(%0) (%0) (%) (%0)
Atractosteus spatula Slack <0.1 <0.1 <0.1
Lepisosteus oculatus Slack <0.1 <0.1
Anguilla rostrata Slack <0.1 <0.1
Brevoortia patronus Slack 0.14 0.24 <0.1
Dorosoma cepedianum Slack 0.23 0.42
Dorosoma petenense Slack 1.8 3.3
Anchoa mitchilli Slack <0.1 <0.1 0.14
Campostoma anomalum Swift 1.3 2.9 0.55 <0.1
Carpiodes carpio Slack <0.1 <0.1 <0.1
Cyprinella lutrensis Moderate 40.0 30.5 46.0 40.1
Cyprinella hybrid Moderate <0.1 <0.1 <0.1 <0.1
Cyprinella venusta Moderate 174 8.1 19.3 38.1
Hybognathus nuchalis Slack <0.1 <0.1
Lythrurus fumeus Slack 0.43 0.77 <0.1
Macrhybopsis hyostoma Swift 0.87 1.6
Macrhybopsis marconis Swift 0.26 0.75 <0.1
Notropis amabilis Swift 8.4 24.3
Notropis buchanani Slack 2.3 1.1 3.5
Notropis shumardi Swift 2.9 <0.1 5.3
Notropis texanus Slack <0.1 0.30
Notropis volucellus Moderate 6.1 15.8 0.97 1.1
Pimephales vigilax Moderate 5.7 24 7.9 5.3
Moxostoma congestum Moderate <0.1 0.20 <0.1 <0.1
Astyanax mexicanus Swift <0.1 0.21 <0.1
Ictalurus furcatus Swift 0.33 <0.1 0.60
Ictalurus punctatus Swift 1.2 1.1 1.4 0.60
Noturus gyrinus Slack <0.1 <0.1 <0.1 <0.1
Pylodictis olivaris Swift 0.16 0.25 <0.1 0.45
Mugil cephalus Slack <0.1 <0.1 0.13
Labidesthes sicculus Slack <0.1 <0.1
Menidia audens Slack <0.1 <0.1 <0.1 <0.1
Fundulus notatus Slack 0.38 0.69
Gambusia affinis Slack 3.1 1.7 2.7 9.2
Poecilia formosa Slack <0.1 0.13
Poecilia latipinna Slack <0.1 0.16 <0.1
Morone saxatilis Moderate <0.1 <0.1
Lepomis auritus Slack 0.11 0.11 <0.1 0.22
Lepomis cyanellus Slack <0.1 <0.1 <0.1 <0.1
Lepomis gulosus Slack <0.1 <0.1 <0.1
Lepomis humilis Slack <0.1 <0.1 <0.1
Lepomis macrochirus Slack 0.15 0.15 0.12 0.34
Lepomis megalotis Slack 0.69 0.45 0.61 1.9
Lepomis microlophus Slack <0.1 <0.1 <0.1
Lepomis miniatus Slack <0.1 <0.1
Micropterus dolomieu Moderate <0.1 <0.1
Micropterus punctulatus Slack <0.1 0.16 <0.1 <0.1
Micropterus salmoides Slack <0.1 <0.1 <0.1 0.19
Micropterus treculii Moderate <0.1 0.13 <0.1
Pomoxis annularis Slack <0.1 <0.1 <0.1
Etheostoma chlorosoma Slack <0.1 <0.1
Etheostoma gracile Slack 0.18 <0.1 0.32
Etheostoma lepidum Swift 0.19 0.56
Etheostoma spectabile Swift 2.9 4.3 25 0.22
Percina apristis Swift 0.24 0.68
Percina carbonaria Swift 0.45 1.0 <0.1 0.60
Percina sciera Swift 0.18 0.24 0.43
Percina shumardi Swift 0.71 2.0
Aplodinotus grunniens Slack <0.1 <0.1
Herichthys Slack
cyanoguttatus 0.14 0.40 <01
N of species 59 40 48 31
N of individuals 43,804 15,121 24,037 4,645
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Table 7. Number of sites and visits conducted during Round One and Round Two (2014-2017) with a
breakdown per flow tier.

GSA Brazos Colorado Total

Sites 7 6 5 18
Visits 59 68 26 153
Subsistence 1 3 0 4
Base 21 16 11 48
FlowPulses 37 49 15 103
4 [ season - 6 - 6
3/season - 9 - 9
2 [ season 5 12 8 27
1/season 22 14 4 40
1/year 5 2 3 10
1/2year 1 1 0 2
1/5year 4 5 0 9

Riffle Habitats

Patterns in relative abundances for slack-water fishes, moderately swift-water fishes, and swift-

water fishes in riffle habitats were not detected (P >0.05) among flow tiers or discharge (Figure

6). Subsequent analyses were made at a site or at a combination of sites, grouped by geographic,
hydrologic, or community similarity. Only results for the Brazos basin sites are presented in this
section, with results from across all basins summarized in Section 3.1.1.7.

Leon River—Gatesville and Lampasas River—Kempner

A total of 3,313 fishes was recorded from 22 sampling events and seven flow tiers (subsistence
to >1-per-5-year). One riffle was censored from relative abundance analysis because only one
fish was captured. Most abundant fishes were Cyprinella lutrensis (N=1,833), Cyprinella
venusta (674), Ictalurus punctatus (243), Pimephales vigilax (156), Etheostoma spectabile (147),
and Campostoma anomalum (96).

Relative abundances decreased for C. anomalum (F 1,19 =4.7, P=0.04) and were not different for
C. lutrensis, C. venusta, P. vigilax, and E. spectabile (P>0.05) between pre-flood and post-flood
periods (Figure 7). Relative abundances were not different (P>0.05) among flow tiers for C.
lutrensis, C. venusta, P. vigilax, E. spectabile, and C. anomalum.

Densities decreased for E. spectabile (F 1,20 =5.0, P=0.04) and were not different (P>0.05) for
total fishes, C. lutrensis, C. venusta, P. vigilax, and C. anomalum between pre-flood and post-
flood periods (Figure 8). Densities were not different (P>0.05) among flow tiers for total fishes,
C. lutrensis, C. venusta, P. vigilax, E. spectabile, and C. anomalum.
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Little River—L.ittle River

A total of 1,135 fishes was recorded from 14 sampling events and six flow tiers (base to >1-per-
5-year). Most abundant fishes were Etheostoma spectabile (N=-442), Cyprinella venusta (309),
Cyprinella lutrensis (240), Ictalurus punctatus (48), Pimephales vigilax (32), and

Campostoma anomalum (23).

Relative abundances increased for C. lutrensis (F 1,12 =22.9, P<0.01), decreased for C. anomalum
(F 1,12 =7.4, P=0.02), and were not different for E. spectabile, and C. venusta between pre-flood
and post-flood periods (Figure 9). Relative abundances were not different (P>0.05) among flow
tiers for E. spectabile, C. lutrensis, C. venusta, and C. anomalum.

Densities decreased for E. spectabile (F 1,12 =14.1, P<0.01), decreased for C. anomalum (F 1, 12
=8.1, P=0.01), and were not different for total fishes, C. lutrensis, and C. venusta between pre-
flood and post-flood periods (Figure 10). Densities were not different (P>0.05) among flow tiers
for total fishes, E. spectabile, C. lutrensis, C. venusta, and C. anomalum.

Navasota River—Easterly

A total of 1,470 fishes was recorded from 12 sampling events and seven flow tiers (base to >1-
per-5-year). Most abundant fishes were Cyprinella venusta (N=792), Pimephales vigilax (397),
Dorosoma petenense (72), Etheostoma gracile (62), Cyprinella lutrensis (55), and Percina sciera
(37).

Relative abundances were not different (P>0.05) for C. venusta, P. vigilax, D. petenense, and P.
sciera between pre-flood and post-flood periods (Figure 11). Flow tiers lacked sufficient
replication to assess differences in relative abundances.

Densities increased for total fishes (F 1, 10 =8.5, P=0.02), increased for C. venusta (F 1,10 =6.4,
P=0.03), and were not different (P>0.05) for P. vigilax, D. petenense, and P. sciera between pre-
flood and post-flood periods (Figure 12). Flow tiers lacked sufficient replication to assess
differences in densities.

Run Habitats

Patterns in relative abundances for slack-water fishes, moderately swift-water fishes, and swift-
water fishes in run habitats were not detected (P>0.05) among flow tiers or discharge (Figure
13). Subsequent analyses were made at site or at a combination of sites.

Leon River—Gatesville and Lampasas River—Kempner

A total of 6,414 fishes was recorded from 22 sampling events and seven flow tiers (subsistence
to >1-per-5-year). One run was censored from relative abundance analysis because no fish was
captured. Most abundant fishes were Cyprinella lutrensis (N=3,336), Cyprinella venusta (2,195),
Pimephales vigilax (464), Notropis buchanani (129), Gambusia affinis (98), and Notropis
volucellus (88).

Relative abundances were not different (P>0.05) for C. lutrensis, C. venusta, P. vigilax, N.
buchanani, G. affinis, and N. volucellus between pre-flood and post-flood periods or among flow
tiers (Figure 14).
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Densities increased for C. venusta (F 1, 20 =4.5, P=0.047), increased for N. volucellus (F 1, 20 =6.0,
P=0.02), increased for total fishes (F 1,20 =5.5, P=0.03), and were not different for C. lutrensis, P.
vigilax, N. buchanani, and G. affinis between pre-flood and post-flood periods (Figure 15).
Densities were not different (P>0.05) for C. lutrensis, C. venusta, P. vigilax, N. buchanani, G.
affinis, and N. volucellus among flow tiers.

Little River—Little River

A total of 268 fishes was recorded from 13 sampling events and six flow tiers (base to >1-per-5-
year). One run was censored from relative abundance analysis because no fish was captured.
Most abundant fishes were Cyprinella venusta (N=171) and Cyprinella lutrensis (48).

Relative abundances and densities were not different (P>0.05) for C. venusta and C. lutrensis
between pre-flood and post-flood periods and among flow tiers (Figure 16). Densities were not
different (P>0.05) for total fishes between pre-flood and post-flood periods (Figure 17).

Navasota River—Easterly

A total of 1,146 fishes was recorded from 12 sampling events and seven flow tiers (base to >1 —
per-5-year). Most abundant fishes were Dorosoma petenense (N=597), Cyprinella venusta (224),
Lythrurus fumeus (128), and Pimephales vigilax (118).

Relative abundances were not different (P>0.05) for D. petenense, C. venusta, L. fumeus, and P.
vigilax between pre-flood and post-flood periods (Figure 18). Flow tiers lacked sufficient
replication to assess differences in relative abundances.

Densities increased for C. venusta (F 1, 10 =6.9, P=0.03) and were not different (P>0.05) for total
fishes, D. petenense, L. fumeus, and P. vigilax between pre-flood and post-flood periods (Figure
19). Flow tiers lacked sufficient replication to assess differences in densities.

Brazos River—Hempstead and Rosharon

A total of 7,944 fishes was recorded from 20 sampling events from seven flow tiers (subsistence
to >1-per-5-year). Most abundant fishes were Cyprinella lutrensis (N=5,275), Notropis shumardi
(647), Notropis buchanani (604), Pimephales vigilax (598), Macrhybopsis hyostoma (349).

Relative abundances decreased for C. lutrensis (F 1,18 =51.4, P<0.01), increased for N. shumardi
(F 1,18 =21.0, P<0.01), increased for M. hyostoma (F 1,18 =8.5, P<0.01), and were not different
(P>0.05) for N. buchanani and P. vigilax between pre-flood and post-flood periods (Figure 20).
Relative abundance differed among flow tiers for C. lutrensis (F 3, 13 =4.8, P=0.02) with relative
abundances at base and 3-per-season less than those at 2-per-season and 1-per-season. Relative
abundances were not different (P>0.05) among flow tiers for N. shumardi, N. buchanani, P.
vigilax, and M. hyostoma.

Densities decreased for C. lutrensis (F 1,18 =10.3, P<0.01), increased for N. shumardi (F 1,158 =6.9,
P=0.02), increased for M. hyostoma (F 1, 18 =5.3, P<0.03), decreased for total fishes (F 1,18 =5.7,
P<0.03), and were not different (P>0.05) for N. buchanani and P. vigilax between pre-flood and
post-flood periods (Figure 21). Densities were not different (P>0.05) among flow tiers for total
fishes, C. lutrensis, N. shumardi, N. buchanani, P. vigilax, and M. hyostoma.
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Pool Habitats

Across all sites and basins, a total of 759 fishes was recorded from 25 sampling events and seven
flow tiers (base, 4-per-season, 3-per-season, 2-per-season, 1-per-season, 1-per-year and >1-in-5-
year). Most abundant fishes were Cyprinella lutrensis (N=345), Cyprinella venusta (172),
Notropis volucellus (73) and Lythrurus fumeus (53).

Pool habitats were not present at all sampling sites. During Round One (2014-2015), pool
habitats were not assessed; therefore, insufficient replication and lack of pre-flood condition
preclude analyses of fish community response to flow tiers within pool habitats. Below, we
provide a summary of fish collections from pool habitats within the Brazos basin.

Leon River—Gatesville and Lampasas River - Kempner
Pools were not available.

Little River—L.ittle River Academy

A total of 73 fishes was recorded from three sampling events and three flow tiers (4-per-season,
2-per-season, and >1-per-5-year). Most abundant fishes were Notropis volucellus (N=31),
Cyprinella venusta (29), and Cyprinella lutrensis (12).

Navasota River—Easterly

A total of 156 fishes was recorded from six sampling events and six flow tiers (base, 4-per-
season, 3-per-season, 2-per-season, 1-per-season, and >1-in-5-year). Most abundant fishes were
Cyprinella venusta (N=76), Lythrurus fumeus (N=53), and Pimephales vigilax (N=17).

Brazos River—Hempstead and Rosharon
Pools were not available.

Backwater Habitats

Across all sites and basins, a total of 3,744 fishes was recorded from 58 sampling events and
seven flow tiers (base, 4-per-season, 3-per-season, 2-per-season, 1-per-season, 1-per-year and
>1-in-5-year). Most abundant fishes were Gambusia affinis (N=987), Notropis shumardi (629),
Cyprinella venusta (247), and Pimephales vigilax (210).

Backwater habitats were not present at all sampling sites. During Round One (2014-2015),
backwater habitats were not assessed; therefore, insufficient replication and lack of pre-flood
condition preclude analyses of fish community response to flow tiers within backwater habitats.
Below, we provide a summary of fish collections form backwater habitats within the Brazos
basin.

Leon River—Gatesville and Lampasas River - Kempner

A total of 392 fishes was recorded from four sampling events and three flow tiers (2-per-season,
1-per-season, and >1-in-5-year). Most abundant fishes were Gambusia affinis (N=169),
Fundulus notatus (121), Cyprinella lutrensis (57), and Pimephales vigilax (25).
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Little River—L.ittle River Academy

A total of 169 fishes was recorded from six sampling events and four flow tiers (4-per-season, 3-
per-season, 1-per-season, and >1-per-5-year). Most abundant fishes were Gambusia affinis (76),
Cyprinella lutrensis (44), and Cyprinella venusta (19).

Navasota River—Easterly

A total of 468 fishes was recorded from eight sampling events and six flow tiers (base, 4-per-
season, 3-per-season, 2-per-season, 1-per-season, and >1-per-5-year). Most abundant fishes were
Cyprinella venusta (N=132), Gambusia affinis (81), and Pimephales vigilax (71).

Brazos River—Hempstead and Rosharon

A total of 1,081 fishes was recorded from eight sampling events and four flow tiers (3-per-
season, 2-per-season, 1-per-season, and >1-per-5-year). Most abundant fishes were Notropis
shumardi (N=629), Gambusia affinis (145), Cyprinella lutrensis (126), and Notropis buchanani
(88).

Macroinvertebrates

Totals of nine orders and 115,228 individuals were recorded from Brazos (N of
individuals=51,442), GSA (41,990), and Colorado (21,796) basins among all habitats between
2014 and 2017 (Table 8). In Round Two (2016-2017), totals of nine orders and 65,000
individuals were recorded. Macroinvertebrate abundances by site are provided in Appendix E.

Table 8. Macroinvertebrates taken overall from 2014 through 2017.
Species Total N Mean density ZZ;‘;?F;
Coleoptera 18,762 49.63 16.33
Diptera 20,159 53.19 17.49
Ephemeroptera 44,502 117.42 38.62
Hemiptera 819 2.16 0.71
Lepidoptera 290 0.77 0.25
Megaloptera 485 1.28 0.42
Odonata 2,169 5.72 1.88
Plecoptera 1,318 3.48 1.14
Tricoptera 26,724 70.51 23.19
Total 115,228 304.03

Leon River—Gatesville and Lampasas River—Kempner

A total of 9,749 macroinvertebrates was recorded from 21 sampling events and seven flow tiers
(subsistence to >1-per-5-year). Densities increased for total macroinvertebrates (F 1,19 =15.5,
P<0.01) and EPT (F 1,10 =16.2, P<0.01) between pre-flood and post-flood periods. Densities
were not different (P>0.05) among flow tiers for total macroinvertebrates and EPT.
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Little River—Little River

A total of 4,483 macroinvertebrates was recorded from 13 sampling events and six flow tiers
(base to >1-per-5-year). Densities were not different (P>0.05) for total macroinvertebrates or for
EPT between pre-flood and post-flood periods and among flow tiers.

Navasota River—Easterly

A total of 2,899 macroinvertebrates was recorded from nine sampling events and five flow tiers
(base to >1-per-5-year). Densities were not different (P>0.05) for total macroinvertebrates or for
EPT between pre-flood and post-flood periods. Flow tiers lacked sufficient replication to assess
differences in densities.

Across-Basin Summary

Although only data from the Brazos basin are presented above, the following section summarizes
results of flow-tier analysis across Brazos and GSA basins for both fishes and
macroinvertebrates. As described in the Methods section, with no significant differences in the
overall model for swift-water, moderately swift-water, and slack-water fish abundances and
densities, tier effects were assessed within sites or a combination of sites (e.g., lower Brazos,
Brazos River—Hempstead and Brazos River—Rosharon). Table 9 shows the sites or
combination of sites evaluated and available data collected per habitat type at each site used in
the flow tier analysis.

Table 9. Fish and macroinvertebrate data collected per habitat type in the GSA and Brazos basins used
in flow tier analysis.
o o ) ) Fish Macroinvertebrates
Combination/Individual Sites per basin Riffle RUN Riffle
GSA
Medina River—Bandera and Guadalupe River—Comfort \ \ \
Guadalupe River—Gonzales and Cuero and San Antonio River—Goliad \ \ \
Cibolo Creek—Falls City \ \ \
San Marcos River—Luling \ \ V
Brazos
Leon River—Gatesville and Lampasas River—Kempner \ \ \
Little River—Little River \ \ \
Navasota River—Easterly \ \ \
Brazos River—Hempstead and Rosharon \

As shown in Table 9, seven sites/combinations had riffle data for both fish and
macroinvertebrates with data collected for run habitats at eight sites/combinations. Ecological
responses were detected within riffle habitats among all sites or combination of sites (N=7) and
were detected within run habitats among four of the eight sites or combination of sites. Table 10
summarizes where ecological responses were documented relative to base-flow conditions for
fish and macroinvertebrate communities or individual species. Ecological responses of both
community and individual species were documented between pre-flood and post-flood
conditions, whereas only species-specific responses were noted per individual flow tiers.
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Table 10. Fish and macroinvertebrate community or species response to flow tier and pre-flood vs. post-
flood (S=season, Y=year).

Fish and Macroinvertebrate response (Community or species)
Pre-flood
vs. post-flood

Combination / Individual Sites per
basin 4/S | 3/S | 2/S s | 1Y | 12y | 1/5Y

GSA
Medina River—Bandera and Guadalupe N N
River—Comfort
Guadalupe River—Gonzales and Cuero N
and San Antonio River—Goliad
Cibolo Creek—Falls City

San Marcos River—Luling \
Brazos

Leon River—Gatesville and
Lampasas River—Kempner
Little River—Little River
Navasota River—Easterly
Brazos River—Hempstead and Rosharon \ \

<2 <]

<
22 ]2] <2

Species responses were associated with flow tiers in five of the eight sites or combination of sites
(Table 10). Within the upper GSA, the >1-per-5-year flow tier was associated with greater
relative abundances of C. venusta and lower relative abundances of C. anomalum in riffles, when
compared to base flow. Within the lower GSA, the 1-per-season flow tier was associated with
greater densities fluvial specialist M. marconis and lower relative abundances of fluvial specialist
Percina in riffles, when compared to base flow. Within the San Marcos River, the 1-per-season
flow tier was associated with greater abundances and densities of C. lutrensis in riffles, greater
abundances of C. lutrensis in runs, and greater densities of P. vigilax in runs, when compared to
base. With the lower Brazos River, the 2-per-season and 1-per-season flow tiers were associated
with lower relative abundances of C. lutrensis in runs, when compared to the base and-3-per-
season flow tiers. Among predications, M. marconis response (densities positively associated
with flow tiers) and C. lutrensis response (relative abundances negatively associated with flow
tiers, in the lower Brazos River only) were predicted a priori. Negative association with flow
tiers observed with C. anomalum and Percina were opposite of predictions. Positive association
with flow tiers observed for C. lutrensis (i.e., San Marcos River), C. venusta, and P. vigilax were
opposite of predictions. Macroinvertebrate response was associated with flow tiers within lower
GSA with total macroinvertebrate densities being greater at base than 1-per-season.

Analysis of pre-flood and post-flood conditions revealed that densities of total fishes decreased
at upper GSA sites (riffle) and lower Brazos River (run), increased in Navasota River (riffle),
Leon and Lampasas rivers (run), and San Marcos River (run). Relative abundances or densities
of at least one riffle specialist (i.e., C. anomalum, Etheostoma, and Percina) decreased at four of
the seven sites or combination of sites. Relative abundances or densities of at least one
Cyprinella increased within riffles at five of the seven sites or combination of sites. Relative
abundances or densities of Cyprinella increased in runs among three of the eight sites or
combination of sites and decreased in the lower Brazos River. Relative abundances and densities
of fluvial specialists (i.e., N. shumardi and M. hyostoma) increased in runs of the lower Brazos
River. Densities increased for N. volucellus and P. vigilax each within one site or combination of
sites.
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Greatest shift in fish communities was observed between pre-flood and post-flood lower Brazos
River. Pre-flood fish community was dominated by C. lutrensis and P. vigilax (mean relative
abundance: 85%, + 1 SE: 7.0) and few fluvial specialists N. shumardi and M. hyostoma (1.1% +
0.25). Post-flood fish community was dominated, as predicted, by fluvial specialist N. shumardi
and M. hyostoma (60% + 8.7) and fewer C. lutrensis and P. vigilax (20% % 4.9). Mechanisms
underlying the shifts are being assessed but likely represent two factors: displacement of C.
lutrensis and P. vigilax and increase reproductive success of N. shumardi and M. hyostoma
during an extended period of high flows. Shift in the lower Brazos River community was not
detected among flow tiers, except for C. lutrensis. Combining N. shumardi and M. hyostoma
relative abundances and densities among flow tiers pre-flood and post-flood periods produces
large variation within treatment. As such, separating communities between pre-flood and post-
flood periods and then assessing differences among flow tiers, when observations are available
into the future, would provide a more logical assessment of the flow tiers.

In the Navasota River, a “wash-in” event was observed. Dorosoma petenense was not observed
at the Navasota River—Easterly site between August 2014 and March 2017. Following a >1-per-
5-year event, D. petenense comprised 94% of the fish community. Source of the wash in was
likely Lake Limestone, located upstream of the Navasota River site. The observation is relevant
for tier validation methodologies in that displacement of some fishes (e.g., wash-out of slack-
water fishes) is expected with high flow pulses but might be compensated by increases of some
slack-water fishes by a wash-in.

Macroinvertebrate responses were detected within riffle habitats among three of seven sites or
combination of sites. Total macroinvertebrate densities decreased within lower GSA and
increased in Leon and Lampasas rivers between pre-flood and post-flood periods. Densities of
EPT increased at Leon and Lampasas rivers and at Cibolo Creek between pre-flood and post-
flood periods.

3.1.2  Aquatic Historical Analysis

A total of 105,151 fishes representing 67 species were recorded in the final historical dataset.
Run habitats were sampled 77 times, riffle habitats 55 times, pool habitats 53 times, and
backwater habitats 67 times. The most abundant species in the dataset were Red Shiner
Cyprinella lutrensis, (n=49,326), Bullhead Minnow Pimephales vigilax (13,839), Western
Mosquitofish Gambusia affinis (10,160), and Blacktail Shiner Cyprinella venusta (n=5,903).

The nMDS multivariate ordination plot shows the Colorado drainage fish community to be
distinct from the GSA and Brazos drainages within this dataset (Figure 22). A SIMPER analysis
showed that the Colorado drainage had higher abundance of several species including River
Carpsucker Carpiodes carpio, Gizzard Shad Dorosoma cepedianum, Guadalupe Bass
Micropterus treculii, Texas Logperch Percina carbonaria, Blue Sucker Cycleptus elongatus, and
Dusky Darter Percina sciera compared to the other drainages that contributed to the observed
differences in the overall community analysis. However, it should be pointed out that sampling
methodologies differed slightly among collections, and these data were not collected to evaluate
differences in fish communities between the basins.
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Figure 22. An n-MDS ordination plot for the three river drainages fish communities.

Using the full dataset, abundance of the four dominant species listed above were evaluated vs.
percent flow exceedance level. As described in the methods section, percent flow exceedance
levels were evaluated instead of flow tiers to evaluate responses to discharge. Using percent
exceedance based on the period of record at each USGS gage allowed for comparisons of
discharge levels across sites with varying magnitudes. An example graph for Red Shiner is
provided in Figure 23. No significant relationships were observed for the four species.

Among basins, swift-water fishes were more abundant in the Colorado dataset (Figure 24). Using
the complete dataset from all basins, swift-water fish abundance increased with percent
exceedance level (F 3,248 =3.843, P=0.01025) (Figure 25). No other differences were detected
among or within basins for each habitat type (riffle, run, pool, and backwater) using the three-
factor analyses.

Linear regression within each basin revealed that the proportion of moderately swift water fishes
to the total number of fishes increased with percent in the Colorado drainage (F 1,6 =7.527,
P=0.03358) (Figure 26). No other relationships were noted among fish groupings within basins.
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Figure 23. Red Shiner abundance across percent exceedance levels.
Figure 24. Swift-water fishes abundance by drainage.
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Figure 25. Abundance of swift-water fishes across percent exceedance levels.
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Figure 26. Proportional abundance of moderately swift-water (fluvial) fishes plotted as a response to
percent exceedance in the Colorado drainage (F 1, 6=7.527, P=0.03358) showing best fit line
for linear regression model.
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3.2 Riparian
Results and discussion of outcomes will be discussed by individual site first and then by
community, with basin-wide results to follow.

3.2.1 Brazos Bend Site

Data at this location were collected in May 2017 as a spring sampling event. There were
noticeable differences in the vegetation communities between level (Figure 27). Level 1
consisted mostly of a wide, flat sand bar that was mostly devoid of vegetation, with only a few
small herbaceous species emerging and some woody riparian tree (e.g., black willow) seedlings.
During very high flows from June 2015 to November 2016, all of Level 1 was completely
submerged numerous times. This submergence scoured vegetation that was previously
established, and it also relocated sediment and soils. Only recently have water flows been low
enough for the re-establishment of pioneer vegetation.

Level 2 was located on a steeply rising sandy slope, which rose nearly 8 vertical meters in
elevation from Level 1. As Level 2 increased in elevation the presence of vegetation increased.
While a majority of Level 2 was submerged along with Level 1 during the floods, the duration of
submergence was possibly less, allowing for herbaceous vegetation to survive or recolonize
quickly. Level 2 was mostly dominated by cocklebur and other weedy herbaceous species with
black willow saplings numerous at the highest elevations within the level.

Figure 27. Overview of the Brazos Bend site showing the three level boundaries (in blue).
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Level 3 was situated well above Level 1. Its topography was flat with some small berms and
shallow depressions. Level 3 was dominated by large, mature trees such as box elder and
sycamore along with numerous seedlings of these and other tree species. In Level 3 the woody
canopy was quite dense with very little understory vegetation. It was evident that even this level
has been flooded recently because of an observed layer of newly deposited silt on the forest

floor.

A representative profile (Figure 28) shows that while Level 1 and Level 3 are nearly horizontal,
the slope in Level 2 is a steep ~0.40 (meters rise/meters run). When taken together the overall
site steepness factor is 0.13 (Table 11). The overall sampled community included 2721
individuals and the canopy tree sampling had 80 trees (Table 12). The most prevalent species in
the site was cedar sedge at 41% abundance. Three riparian species also topped the community
species’ composition: sycamore at 15%, black willow at 14% and box elder at 11%. Dominating
the mature trees were box elder at 76%, which contributed largely to the 80% dominance of
FACW species in the canopy.

Tier 1 Tier 2 Tier 3

o

2

o

(%)

o

N

o

o

Figure 28. Brazos Bend Site profile showing general level locations.
Table 11. General site characteristics for sites studied during 2016-2017.
Steepness Dominant Dominant Sinuousity Channel

Site Basin of Zone Soil Type Soil Order Factor Width (m)
Onion Creek COLN 0.03 5 Mollisol 1 17
Colorado Bend COLN 0.11 4 Alfisol 1 88.5
Sandy Creek COLN 0.03 284 Vertisol 3 36.52
Navidad River COLN 0.01 5 Vertisol 1 24.67
Brazos Bend Brazos 0.13 2 Alfisol 3 50.45
Hearne Brazos 0.04 7 Alfisol 3 73.23
Gonzales GSA 0.05 7 Alfisol 5 41.87
Goliad GSA 0.10 7 Mollisol 1 25.29
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Table 12. Brazos Bend community and mature tree abundances.

Plots Mature Trees

Species % of Total Species % of Total
Cedarsedge 40.7 Box elder 76.3
Sycamore 154 Sycamore 10.0
Black willow 14.1 Cottonwood 7.5
Box elder 10.8 Blackwillow 3.8
beakedcornsalad 2.9 Pecan 2.5
Virginia wildrye 2.5 N=80

Cowitchvine 2.5

Obedientplant 2.4 FAC 20.0
Fiddledock 1.5 UPL 0.0
Greenbriar 1.2 FACU 0.0
Roughleaf dogwood 1.1 FACW 80.0
Waterhyssop 1.0 OBL 0.0
Switchgrass 1.0 Invasive 0.0
Horseweed 0.4

Creeping burclover 0.4

Carolina sedge 0.3

Oxalis sp. 0.2

Salt cedar 0.2

Crabgrass 0.2

Goldencrown grass 0.2

Bermuda grass 0.1

Black medick 0.1

Hackberry 0.1

Gamma grass 0.1

Johnson grass 0.1

Brazilian verbena 0.1

Mexican hat 0.1

N=2721

An nMDS ordination plot of the site’s level shows a distinct dissimilarity between Levels 1 and
3, but much overlap of each with Level 2 (Figure 29). This is verified by the ANOSIM statistics
in the figure. For the riparian assessment, these two statistical approaches were chosen for a
visual representation of variation (nMDS) as well as an investigation of the significance of the
differences (ANOSIM) in vegetation community. An examination of the species resulting in
dissimilarities between those levels (Appendix F, Table 1) shows that other than clover in Level
3, the species present in both 1 and 3 are similar, just in different abundances. Interestingly, the
pattern of riparian woody vegetation shows only black willow (in low abundance) exists in Level
1, while Level 2 includes that as well as box elder and sycamore. Level 3 still shows heavy
dispersal. So rather than the riparian canopy diminishing with increasing levels, it is still present
and even flourishing with higher elevation. One explanation may be the very broad point bar at
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this site. Because of the spring floods, much of the existing canopy was removed; skewing the
abundances by level (personal observation from previous studies). Another explanation is that
even though these are very high elevation slopes, the shear amount of water coming through this
stretch (so near the river mouth) inundates well up into those reaches. When grouped by W1
classes (Figure 30), the differences between Level 1 and Level 3 become less distinguishable.
The differences that do exist between the levels is the already-noted increased in FACW species
with increasing level number, as well as the presence of FACU species in Level 3 (see Appendix
F, Table 2).

Pairwise Tests
R Significance
Tiers Statistic Level %
1, 2 0.491 0.1
1, 3 0.796 0.1
2, 3 0.563 0.1
Figure 29. An nMDS analysis of Brazos Bend levels’ community differences. The inset box shows

ANOSIM results; p=.1%.

Analysis of the separate mature-trees-only dataset (Figure 31) shows all three levels are
distinctly dissimilar to one another, as shown by the nMDS ordination; however, the small
sample size in Level 1 was problematic when ANOSIM statistics were attempted (Figure 31).
Because of this, no SIMPER tests could be performed, but in general the mature-tree dataset
reflects a similar increase in riparian species similar to the overall community assemblages
(sparse in Level 1 and increasing in upper levels). This site’s biological community does not
reflect an expected riparian distribution, which again is being influenced by the shallow point bar
and recent scouring. This would be an excellent candidate site to monitor riparian re-
establishment and community succession through time.

The discharge estimated to inundate all of Level 1 is more than approximately 35,500 cfs (Table
13). Level 2 inundation would require approximately 42,500 cfs, and Level 3 would require
approximately 43,500 cfs to fully inundate. Table 14 shows that all TCEQ flow standards fall
well short of these approximate inundation levels.
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Pairwise Tests
R Significance
Tiers Statistic Level %
1, 2 0.627 0.1
1, 3 0.768 0.1
2, 3 0.087 0.2
Figure 30. An nMDS analysis of Brazos Bend levels’ WI class differences. The inset box shows
ANOSIM results; p=.1%.
Pairwise Tests
R  Significance
Groups Statistic Level
1, 2 -0.5 100
1, 3 1 33.3
2,3 1 33.3
Figure 31. An nMDS analysis of Brazos Bend levels’ WI class differences. The inset box shows

ANOSIM results; significance=.1%.
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Table 13. Stream discharge estimated to inundate Riparian site level based on USGS gage rating

curves.
Riparian Site Strata Estimated Inundation Flow Rate (cfs)
1 35,500
Brazos Bend State > 42.500
Park

3 43,500

1 700

Hearne 2 5,000

3 8,500

Table 14. TCEQ flow standards for selected sites in the Brazos Basin. Source: TCEQ 2014.

Gauge Study Season / Subsistence Hydrologic Base Dry Pulse  Average Pulse = Wet Pulse
Location Site Time Period (cfs) Condition (cfs) (cfs) (cfs) (cfs)
Rosharon Brazos Bend Winter 430 Dry 1,140 9,090 9,090 13,600

Winter 430 Avg 2,090 9,090 9,090 13,600
Winter 430 Wet 4,700 9,090 9,090 13,600
Spring 430 Dry 1,250 6,580 6,580 14,200
Spring 430 Avg 2,570 6,580 6,580 14,200
Spring 430 Wet 4,740 6,580 6,580 14,200
Summer 430 Dry 930 2,490 2,490 4,980
Summer 430 Avg 1,420 2,490 2,490 4,980
Summer 430 Wet 2,630 2,490 2,490 4,980
Bryan Hearne Winter 300 Dry 540 3,230 3,320 5,570
Winter 300 Avg 860 3,230 3,320 5,570
Winter 300 Wet 1760 3,230 3,320 5,570
Spring 300 Dry 710 6,050 6,050 10,400
Spring 300 Avg 1260 6,050 6,050 10,400
Spring 300 Wet 2460 6,050 6,050 10,400
Summer 300 Dry 630 2,060 2,060 2,990
Summer 300 Avg 920 2,060 2,060 2,990
Summer 300 Wet 1470 2,060 2,060 2,990
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3.2.2 Hearne Site

Data at this location were collected in May 2017 as a spring sampling event. Level 1 was a flat,
mostly bare point bar (Figure 32). Due to high water levels from June 2015 to November 2016,
this level was completely inundated for prolonged periods of time, which led to removal of
established vegetation. Level 2 was a little higher in elevation and located on a sandy bank.
Portions of Level 2 showed evidence of recent and prolonged inundation, but pioneer species
including cocklebur, ragweed, and Johnson grass were prevalent. The wooded portions of Level
2 were dominated by large, mature trees including box elder and black willow, with a shrubby
understory of roughleaf dogwood and woody vines. Level 3 was located near the same elevation
as Level 2 but consisted of a dense, woody community dominated by hackberry and dogwood
species. Giant cane was prevalent, forming dense colonies in both Level 2 and Level 3.

.
\
i
D Hearne Tiers
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Imagery: NAIP 2016
Projection: NAD 1983 UTM Zone 14N

Date Created: 7/7/2017

Hearne
Riparian Tiers

- 10-WES 5

1812 Central Commerce Ct
Round Rock, TX 78664
Phone: (512) 990-3954

Figure 32. Overview of Hearne Site showing the three level boundaries (in blue). At the time of the
aerial photo, the river had risen to cover the exposed sand bar.
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A representative profile (Figure 33) shows the slope from river’s edge to the uppermost extent
has a site steepness factor of 0.04 (see Table 11). Table 15 shows the overall community species’
and mature trees’ abundances. Cedar sedge, gamma grass, switch grass, and horseweed,
collectively comprised 55% of the community. Because of the large presences of these grasses
and forbs, the most abundant woody riparian species was box elder at 4% and black willow was
a sparse 0.3% of the community. Hackberry was the most prevalent woody species, at 47%
abundance, which also explains why FACU species show this same dominance in the site. Box
elder was second-most prevalent at 18%, and the total FACW abundance was 28%.

Figure 33. Hearne Site profile showing general level locations.
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Table 15.

Hearne community and mature tree abundances.

Plots

Species % of Total
Cedar sedge 22.1
Gamma grass 11.3
Switchgrass 11.3
Horseweed 10.1
Water pepper 8.4
Roughleaf dogwood 6.0
Hackberry 4.4
Box elder 4.1
Inland seaoats 3.6
Giant cutgrass 3.4
Swamp sweetscent 2.3
Hellers rosettegrass 2.1
Oxalis sp. 2.0
Coralberry 1.6
Indian grass 1.1
Slippery elm 0.9
Creepingburclover 0.9
Snailseed 0.7
Green ash 0.6
Shade betony 0.4
Black willow 0.3
Cottonwood 0.3
Soapberry 0.3
Agarita 0.3
Beakedcornsalad 0.3
Horse briar 0.3
Maxamillion sunflower 0.3
American elm 0.2
Goldencrown grass 0.2
Mexican hat 0.2
Gum bumelia 0.1
Pecan 0.1
Trumpetcreeper 0.1
N=1126

Mature Trees

Species % of Total
Hackberry 47.4
Box elder 18.4
Slippery elm 7.9
American elm 6.6
Green ash 6.6
Cottonwood 3.9
Roughleaf dogwood 3.9
Blackwillow 2.6
Pecan 2.6
N=76

FACU 47.4
FACW 27.6
FAC 25.0
UPL 0.0
OBL 0.0
Invasive 0.0

An nMDS ordination plot of Hearne’s levels shows a progression of moderate dissimilarities
with increasingly higher and distant levels, supported by the ANOSIM R values (Figure 34). The
major contributors to similarity indicate that cocklebur is prevalent throughout the site as is
hackberry (see Appendix F, Table 3). Very similar to Brazos Bend, Level 1 of this site
experienced considerable scouring and vegetation removal in 2015 and 2016. Many species
present in Levels 2 and 3 are missing or virtually nonexistent in Level 1 (see Appendix F, Table

4). Some box elder was found in Level 1 but most were located in Level 2.
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Pairwise Tests
R Significance

Tiers Statistic Level %
1, 2 0.394 0.1
1, 3 0.52 0.1
Figure 34. An nMDS analysis of the Hearne Site levels’ community differences. The inset box shows

ANOSIM results; p=.1% (Levels 2,3 stats not shown).

Grouping species by W1 classes does little to refine community assemblages, though it does
indicate there are a number of distinctly unique plots in all levels (Figure 35). These results
expose one of the drawbacks to using a randomized method for sampling in riparian zones. There
were so few FACW and OBL species randomly sampled, that they are lacking from statistical
analyses of those assemblages (see Appendix F, Table 5). Additionally, the overwhelmingly high
number of understory grasses obscures the variability of the lower-numbered species. This is a
distinct disadvantage when using randomized vs. riparian-targeted sampling techniques. Despite
this limitation, there are other, obvious explanations for the low dissimilarities. The FACU
species pervaded all levels, though they showed increasing abundance values from Level 1 to
Level 3. The FACW and OBL species’ sampled counts were so low that they are completely
absent from similarity and dissimilarity rankings at this site.

There are apparent differences among the mature trees in the two levels (Figure 36), but the
sample size was too low to produce significant ANOSIM results. Level 1 is lacking from the
ordination plot because it had no sampled mature trees; Level 2 was mostly slippery elm and
American elm, while Level 3 consisted largely of cottonwood, box elder, green ash, and
hackberry. This would indicate that at this point bar location, the established riparian species are
further up the bank and rely on periodic flow pulses that scour the bar and bring water up into the
upper reaches of the zone.

Overall community assemblages at this site showed much overlap between levels and significant
encroachment into all levels by non-riparian-associated species. The mature-tree sampling lacked
FACW and OBL classes, which would indicate that the herbaceous/understory assemblages are

so diverse and abundant that woody riparian species’ contribution cannot be discerned within the
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larger community. The high abundance of these herbaceous/understory species also made
distinguishing level community assemblages difficult.

Pairwise Tests
R Significance

Tiers Statistic Level %

1, 2 0.467 0.1

1, 3 0.566 0.1

2, 3 0.086 0.1

Figure 35. An nMDS analysis of the Hearne Site levels’ WI class differences. The inset box shows
ANOSIM results; p=.1%.
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Figure 36. An nMDS analysis of the Hearne Site levels’ mature-tree differences.

The discharge estimated to inundate all of Level 1 is approximately 700 cfs (Table 13). Level 2’s
inundation requires approximately 5,000 cfs, while Level 3 would require roughly 8,500 cfs to
fully inundate. Table 14 shows that the TCEQ spring wet pulses do meet these elevations, though
all other flow pulses fall short. This finding is in opposition from the Round One study (Bonner
et.al 2015), which found that no TCEQ flow pulses reached full coverage of the riparian zone.
This may indicate that either much stream channel geomorphology and biotic community
alteration occurred in this site with the 2015 and 2016 floods, or it may indicate that the two
differing methods of channel and stream elevations gave different estimated values.

3.2.3 Community and Basin Assessments

One of the important questions this study aimed to explore was the homogeneity of sites within
the basin, or the lack thereof. Even though this study had a sample size of two sites, it marks an
important beginning to exploring the river continuum as another aspect of riparian community
influencers. A detailed community assessment within the Brazos basin is provided in Appendix
F.

Another important question for consideration regarding validation and monitoring methodologies
being developed by this study was, “Are there riparian community differences related to unique
site characteristics that could be applied across basins?” If such a scenario were to exist, this
would provide yet one more methodology for river managers to employ when considering rivers,
and stretches of rivers, outside the scope of this study. A detailed across-basin assessment
evaluating riparian habitats within the GSA, Brazos, and Col/Lav basins is provided in Appendix
F.
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Overall, data indicate that currently there is a lack of distinct correlation by community
groupings, by site, or by basin to any one abiotic factor that would allow easily distinguishable
community assemblage responses to known variables. However, this is a first effort, and
improvements can be made to the methodology. Given there were distinct differences in this
study’s outcomes, further investigation of these relationships, using increased sampling sites and
sampled plots/trees within those sites, is warranted. Suggestions for further refinement are given
in the following section.

3.2.4 Comparison of Methodologies

Returning to the discussion of the pros and cons of the “transect methodology” that was
previously employed in SB3 flow studies, there were clear advantages and disadvantages to that
method (as shown in the Introduction section). The current study’s alternate technique, the
“corridor methodology,” sought to address some of the previous methodologies’ short-comings
while also exploring new techniques that could be applied to riparian flow investigations. Below
are the pros and cons of the corridor methodology as discovered through this study.

Pros

e Studying the overall community assemblages gives a more robust understanding of
community species composition with a statistically significant number of repeat sample
events, rather than focusing only on riparian woody indicators.

e Having a secondary mature-tree sampling remedies the problematic difficulty of randomly
selecting sites that may completely miss riparian species.

e As long as future samplings are scheduled in a comparable season, this method will allow for
comparison of community dynamics from previous studies and also increase
characterizations with subsequent visits.

e Coupled with site channel properties and USGS gauging information, the method can
provide a quick (though generalized) snapshot of whether the flow needs are meeting the
needs of the indicator species.

e Ease of use and freedom from a known transect provide beneficial versatility to field
sampling.

e Randomization allows for statistical analysis of data.

e A potential benefit (though not yet realized with the initial attempt) is that community
assemblages may exhibit responses to localized stream characteristics, enabling river
managers to more broadly apply these methods to future stream reaches.

Cons
e The linkage of individuals (at various life stages) to unique flow events cannot be described
with this method.
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e The corridor sampling technique requires a secondary mature-tree sampling (see above) to
ensure riparian species are captured in analysis, and so that riparian functioning can be
quantified. The lack of mature-tree sample sizes made statistics problematic for many sites.
This was even more problematic when trying to analyze woody riparian species only.

e The methodology needs to be further refined and modified if the final “pro” bullet point
above is to be realized.

e Using general level boundaries to estimate inundation needs is not recommended; instead,
known indicator species are necessary to more accurately estimate flow needs.

Overall, this technique worked well in some selected riparian areas, and less so in others. Overall
it did bring increased understanding to riparian sites within this basin, and even across basins. It
holds promise as a methodology that can continue to build on this ever-increasing knowledge
base if refinements are made to ensure that the riparian community and full distribution can be
better represented and extrapolated for analysis. Below are some recommendations for future
improvement.

Rather than select one or the other technique (transect vs. corridor) a hybridized methodology
would circumvent some problematic issues with each individual technique. While employing the
randomized sampling, modification of the secondary mature-tree sampling is recommended to
include seedlings and saplings, and to increase sampling size. The small number of random plots
chosen was often inadequate in achieving samples sizes large enough to ensure robust statistical
analysis. Increasing this sampling better facilitates a subtest in which the “noise” of
understory/herbaceous plants are removed to examine the canopy component; current datasets
are severely limited here. This also allows statisticians to extrapolate by age classes—a very
valuable component that may yield much in riparian characterization.

Including a perpendicular-to-stream assessment of OBL and FACW species distributions with an
added size class attribute is recommended. Size-class analyses will allow for the detection and
monitoring of the spatial aspect of ongoing riparian species recruitment. The characterization of
OBL and FACW species ensure that the full extent of those stream-constricted species is
included in long-term monitoring datasets, allowing for future detection of encroachment,
constriction, and/or expansion studies, etc. Having known distributions of riparian-restricted
species also allows for greater accuracy in estimating needed inundation of flow pulses into the
zone. If full distributions of the riparian vegetation are not included in estimated inundation
needs, then there is very real danger that modifications based on erroneous flow needs could do
harm to these already fragile systems.

Future statistical tests should add a level that removes from analyses pervasive species that may
be obscuring less-prevalent but more keystone-functioning species that, if detected, could bring
success to the early attempts at creating community assemblages linked to localized
environmental variables. As mentioned, Nicol (2013) compared riparian understory and
overstory vegetation using cluster analysis to identify definite communities in relation to location
and water resources, but found a lack of differences because the most abundant species were too
widespread. An example of this scenario within the current study may be the wide-spread
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hackberry in these basins. Their seedlings dominated datasets and analyses, yet offered little
useful assemblage-distinguishing value. With their exclusion, it may allow for the detection of
distribution patterns in the less-prevalent species. There were a number of species (e.g., cherry
laurel seaoats, ragweed) to which this may apply. These plants may be transient pioneer residents
(or early seedlings) that temporarily flourish between flow cycles, yet obscure datasets aimed at
monitoring persistent species. Using statistical analyses to detect their effects when included vs.
removed may lend valuable insight that is missing in this round.

3.2.5 Conclusions

Several questions and hypotheses were considered in this study. In response to the first
hypothesis that sites would be distinguishable from one another based on unique features related
to various abiotic features: the study showed that steepness of bank, dominant soil class/type,
local stream sinuosity, and stream channel width were candidates for consideration because these
did vary across sites and basins. The limitation to this was that with only 2—4 sites per basin and
eight total sites across three basins, variation in this small sample size was also limited, which is
problematic when larger variation is necessary in order to make sound conclusions.

This study confirmed that with the field and statistical techniques employed, community
assemblages could be well-characterized. Three sub-categories of testing (overall community
assemblages, WI class groupings, and canopy species) added rich understandings and multi-
faceted views of the riparian community. Additionally, community assemblages (using the same
three sub-categories) were shown to differ in varying degrees with an increase in level
height/distance to stream.

Community assemblages were confirmed to show heterogeneity between multiple sites within a
basin, and though there were sometimes strong correlations to various abiotic factors no clear
direct response of community assemblage-to-environmental variable could be inferred.
Correspondingly, similar conclusions were made regarding community assemblage differences
across the three unique basins. There are commonalities between all sites. There is heterogeneity.
Whether and how that heterogeneity can be linked to local environments remains undescribed at
this time and certainly warrants further investigation.

A simplified estimation of stream discharges allowed general approximation of each site’s level
and riparian species inundation needs, and a comparison of those to TCEQ flow standards
showed:

1. Using level boundaries gives a gross estimation that often over-estimates needed discharges.
Individual species’ distributions need to be quantified to refine the needs-assessment.

2. The TCEQ flow standards are inconsistent in meeting the needs of the riparian zone.
Furthermore, additional research is recommended to clarify riparian needs so that managers
can make the most-informed decisions possible regarding the future of these zones.

Importantly, this study independently verifies Round One outcomes: that in order to provide
continued conservation and maintenance of the current riparian spatial distributions at many
sites (excluding the Goliad site) the existing TCEQ flow standards (spring and fall) may need
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adjustment based on existing information and future research. Without seasonal flows along
the Guadalupe and San Antonio Rivers, the already-impacted riparian zones will likely face
further longitudinal and perpendicular constriction in most cases. Management decisions must
consider carefully the potential ecological loss of this important ecotone.

Finally, one limitation of this (and previous studies) is the extremely truncated (and awkward,
from a riparian perspective) time period. Because no investigations have spanned an entire
(intact) growing season, little can be said about the summer season or the seasonal changes that
occur from spring to fall in a single season.

3.3 Brazos Estuary

3.3.1 Hydrology Meteorology and Flow Tiers

Data collected from historical and study periods spanned a range of hydrological conditions
(Table 17 and Figure 37). Quick visual examination of the hydrograph shows that in general the
amount and distribution of freshwater inflow differed during each study period. Overall flows
were comparable in 2012 and 2017, but they were lower compared to levels in 2015. The
sustained high May peak flows made it impossible to sample the river during the May 2015 time
period. The distribution of high-flow peaks also varied between study periods. During 2012,
peak flows occurred more frequently during winter and spring months (Figure 37). In contrast,
peak flows occurred in late spring and early summer during 2015. Smaller peak flows have been
more evenly distrusted during the 2016-2017 study period. The distribution of sampling effort
also differed between 2012 and the other two study periods. During 2014-2015 and 2016-2017
sampling effort was primarily limited to winter and spring months. Although the Brazos River
was not sampled during late 2015 through 2016, extremely high peak flows occurred in
December 2015 and even higher peak flows resulting in extensive flooding occurred during early
June 2016. This pattern is easily visualized in the monthly average discharge hydrograph (Figure
38). Based on visual examination of stream banks and the Brazos River delta, the large June
2016 flood altered the channel and delta geomorphology and generated significant sediment
loading to the estuary and nearshore Gulf of Mexico that will influence aquatic and wetland
habitat.

Miller (2014) collected water quality and nekton data at four sites in the lower Brazos River once
a month during January to December 2012 (Table 2 and 5, and Figure G1). During 2012, the
highest (>20,000 cfs) daily average flows were observed during the winter and spring, with
highest peaks occurring in March and April (Figure G1). This data was combined with
information collected during the current study to expand our scope and include more flow tiers.
Each collection was classified by season and flow tier using the methodology outlined in State of
Texas (2014b) (Table 5 and Appendix G). Surveys conducted during 2012 were classified into a
total of six flow tiers including: winter dry base (N=2); spring dry base (N=1), spring dry 1ps
(N=2), spring dry subsistence (N=1); summer dry subsistence (N=4); and winter dry subsistence
(N=2) (Tables 5 and 17).

During the first phase of our project we collected nekton during eight sampling events during the
months of November 2014 through May 2015 (Table 17 and Figure G2). During the majority of
the study period, the daily average flow at the Rosharon gage seldom exceeded 10,000 cfs
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(Figure G2). Smaller peak flows were observed during January, March, and April. Field

sampling had to be terminated during most of the month of May extending through July due to
an extreme flood that started around May 15, 2015. Daily discharge rates continued to rise to a
maximum discharge of 67,500 cfs on June 4, 2015 (Appendix H). A total of four flow tiers

include winter average subsistence (N

(N

=2), and spring average 3 ps

3), winter average base (N

3) (Table 5 and 17).
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Figure 38. Monthly average discharge estimated from data collected at the Rosharon gage during
January 2011 to May 2017.
Table 16. Summary of flow tiers sampled during this and other historical surveys cited and analyzed
in this report.
Group Season? Hydrc_)l_og|c Flow Tier N
Conditions
1 Spring Average 3ps 3
2 Spring Dry Base 1
3 Spring Dry 1ps 2
4 Spring Dry Subsistence 1
5 Spring Wet Base 2
6 Spring Wet Subsistence 1
7 Summer Dry Subsistence 4
8 Summer Wet 2ps 1
9 Winter Average Base 2
10 Winter Average Subsistence 3
11 Winter Dry Subsistence 2
12 Winter Dry Base 2
13 Winter Wet Base 1
14 Winter Wet Subsistence 2

a“Season” refers to hydrologic condition and flow tiers defined in Environmental Flow Standards Brazos River (State
of Texas 2014b).

The field sampling for the first phase of the project in 2015 officially ended in May. However,
EIH conducted one additional limited survey in August 2015 as part of an effort to retrieve
instrumentation (e.g., depth gage) that had been deployed prior to the high-flow pulse conditions.
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The gage had been left in May prior to the onset of one of the largest peak flows on the Brazos
River that started in early May and extended to early August 2015. This event occurred during a
summer wet 2-per-season flow tier (Table 5). During this survey, field water quality and nekton
collections were completed.

During the current phase of field sampling a total of six additional surveys were conducted in the
lower Brazos River estuary between December 2016 and May 2017 (Figure G3). Four distinct
pulse flows were observed during the study period—in December, January, February, and April.
The highest (37,900 cfs) peak flows were observed during April 17, 2017. During this time, we
collected data during two seasons and two flow tiers including winter wet subsistence (N=2),
winter wet base (N=1); spring wet base (N=2), spring wet subsistence (N=1) (Table 5). The use
of data from all three study periods (2012, 2014-2015, 2016-2017) allowed us to sample 13
distinct combinations of season, hydrologic conditions and flow tiers.

The daily and monthly precipitation patterns in the study area as measured at the Plantation
Lakes gage are illustrated in Figures E4 and E5. Local precipitation generally concurs with
overall freshwater inflow patterns discussed earlier. In addition, local rainfall also indicates that
2012 was a generally dry year in the lower basin. Based on previous water budget studies, direct
local rainfall contribution to the lower Brazos River has not been defined (Schoenbaechler et al.
2011). This is primarily due to a lack of a formally recognized “open bay area surface” that is
used to estimate direct precipitation input to the receiving water body surface. Furthermore, local
and regional ungaged freshwater inflow that would capture runoff from rain events in the lower
basin are considered to be minimal compared to gaged inflows as measured at the Rosharon
gage. During 1977-2009, gaged inflow from the Brazos River accounted for approximately 93
percent of the combined inflow into the lower river (Schoenbaechler et al. 2011).

Hourly and daily averaged water surface levels measured at the Freeport tide gage are displayed
in Figures E6 and E7. The Freeport gage is not located within the main channel of the Brazos
River but instead several miles west within the ICWW near the town of Surfside. Therefore, it
would probably only respond to large river discharges. We also calculated the deviation in
successive hourly water surface level measurements (Aft/hr). Examination of tidal data for the
Brazos River provides evidence to support the hypothesis that the influence of astronomical tides
is overwhelmed by meteorological events such as strong cold fronts that occurred during the
study period and high flow events. During the winter months of our study water levels would
often drop rapidly during passage of cold weather fronts or “blue northers” (Ward and Montague
1996). The lowest water levels were consistently observed during the months of December-
February when cold weather fronts are common (Figure G7). The passage of cold weather fronts
possessing strong north winds would effectively increase the outgoing stream velocity as coastal
waterbodies drained. This reinforces the export and movement of freshwater into the lower
portions of the estuary. This would also expose extensive stretches of the shoreline. This is
potentially a significant bottleneck in the life history of any small juvenile fish living along the
river shoreline. These fish would essentially be exposed to additional predation risk as water
receded from brushy and vegetated areas. The interaction between river discharge, astronomical
tides and weather can be seen in Figures E8 and E9. Water level fluctuations were more
variable and more influenced by daily average discharges above 400 cfs. In addition, extremely
low and declining water levels were encountered each winter when strong high pressure storms
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descended from the north. Higher water levels were observed in the spring and fall month when
strong southerly winds occur preceding northerly cold fronts.

During each sampling period in 2014-2017 we also monitored water levels and flow in the lower
river with a Sontek River Surveyor to determine if there were any significant differences
between inflow levels measured at the most upstream site (B42) located at river kilometer 42 and
the Rosharon gage. Previously in 2015 we found good agreement between our pressure
transducer gage located at rkm 21 and the recorded water levels at the Rosharon gage (Figure
G8). Due to the greater width of the lower downstream portions of the river the water levels
would only rise approximately three meters in comparison to concurrent river stage rises of more
than 14 meters at the Rosharon gage during the same period. Our estimates of river discharge
also correlated well with the estimated discharges recorded at Rosharon (Figure G9). Greater
deviation between our measurements and estimated flows at Rosharon occurred at lower (<8,000
cfs) discharge levels. Data collected during the 2016-17 study period provided additional
information on how the lower river responds to flood pulses recorded at the Rosharon gage
(Figure 39). These data generally support observations made in 2015 at river kilometer 21.
These data indicate that depending on the magnitude and duration, high flow pulses recorded at
Rosharon ranging up to 11 meters over base flows had diminished to 2.8, 2.6 and 1.4 meters at
river kilometer 35, 21 and 10 respectively as they moved downstream.

The salinity regime within the lower Brazos River was strongly influenced by the amount of
freshwater inflow. Salinity levels generally oscillated out of phase with fluctuations in freshwater
inflow. Generally, as water levels increased due to higher flows the salinity would rapidly
decline due in part to dilution and hydraulic forcing of the salt wedge downstream. The change
in salinity could be very quick and rapid especially in the lower river below river kilometer 10
(Figure 40). During these periods of rapid rises in river stage, surface salinity measured at river
kilometer 10 could increase or decline by as much as 25 psu within a few days. In contrast, less
deviation was observed at river kilometer sites 21 and 35 (Figure 40). During these same
periods, wide fluctuations in dissolved oxygen were also observed (Figure 41). These
fluctuations were less predictable. In some cases, it appears that dissolved oxygen would
decline during base flow periods perhaps due to less mechanical mixing or the establishment of a
stable halocline that reduced vertical mixing. In addition, oxygen production due to suspended
plankton would vary with other factors including the amount of suspended solids that when
elevated would increase shading and reduced photosynthesis.

3.3.2 Water Quality

Summary statistics in surface and/or bottom measurements of total depth, water temperature,
salinity, DO, pH, turbidity, Secchi disk transparency, chlorophyll-a, TSS, nitrate and nitrite
nitrogen, total phosphorus are presented in Table 18 and Appendix I. Combined nitrate+nitrite-
N levels exhibited a significant difference in concentration between tiers (Appendix J, see Model
3). During wet events nitrate-nitrite levels were significantly lower than during all other tiers
(Appendix J Model 3). We did not detect any difference in this variable between sites. Total
Kjeldahl nitrogen (TKN) concentrations exhibited statistically significant differences between
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flow tier groups with the lowest values being recorded during wet base spring and winter events
(Appendix J, Model 6). We did not detect any difference in TKN between sites.

124 Gage
€ e Rosharon
gt ® rkm 35
O>J 10- ¢ rkm 21
O e rkm 10
-
o
o
c 8-
=
©
c
(] 6
=
o
[
a
S 4'
o
©
=
e
3
(O]
x .
12/01/2016 1/01/2017 2/01/2017 3/01/ 2017 4/01/2017 5/01/ 2017 6/01/2017
Date & Time
3.0 Gage
¢ rtkm 35
& km 21
2.5+ ¢ rkm 10
€ 20
<
+—
Q.
8 15-
(0]
=
< 10-
04
0.5-
0.0-
12/01/2016 1/01/2017 2/01/2017 3/01/2017 4/01/2017 5/01/2017 6/01/2017
Date & Time
Figure 39. Comparison of river stage at Rosharon gage and relative water depth measured by InSitu
pressure transducers deployed at river kilometer 10, 21, and 35.
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May 24, 2017.
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Table 17. Summary statistics for nitrate + nitrite nitrogen NO2+3 (mg/L-N), total Kjeldahl nitrogen
TKN (mg/L-N), total phosphorus (mg/L-P), total suspended solids TSS (mg/L), and
Chlorophyll-a Chl-a (ppb) measured over multiple flow tiers.

Total
Variable Flow Tier Count N Mean SE Mean Minimum Maximum
NO2+z mg/L Avg-3ps S 15 15 1.3407 0.0910 0.7800 1.9600
Avg-Base W 10 10 0.9420 0.0815 0.6400 1.2600
Avg-Sub W 15 15 0.873 0.106 0.160 1.370
Wet-3ps Su 10 10 0.3710 0.0232 0.2600 0.4700
Wet-Base S 5 5 0.8700 0.0110 0.8300 0.8900
Wet-Base W 5 5 0.9200 0.0249 0.8500 0.9900
Wet-Sub W 10 10 0.964 0.132 0.230 1.610
TKN mg/L Avg-3ps S 15 15 1.893 0.203 0.600 3.700
Avg-Base W 10 10 1.0570 0.0958 0.6000 1.3400
Avg-Sub W 15 15 1.267 0.213 0.200 2.600
Wet-3ps Su 10 10 1.220 0.190 0.300 2.000
Wet-Base S 5 5 0.980 0.220 0.600 1.800
Wet-Base W 5 5 0.660 0.169 0.300 1.300
Wet-Sub W 10 10 1.570 0.226 0.800 2.900
TP mg/L Avg-3ps S 15 15 0.671 0.123 0.120 1.900
Avg-Base W 10 10 0.3178 0.0361 0.1280 0.4800
Avg-Sub W 15 15 0.2817 0.0470 0.0600 0.7800
Wet-3ps Su 10 10 0.1340 0.0229 0.0300 0.2700
Wet-Base S 5 5 0.22200 0.00860 0.20000 0.25000
Wet-Base W 5 5 0.660 0.173 0.290 1.150
Wet-Sub W 10 10 0.3660 0.0483 0.2100 0.7600
TSS mg/L Avg-3ps S 15 15 193.4 31.7 24.5 454 .0
Avg-Base W 10 10 120.0 16.4 38.5 204.0
Avg-Sub W 15 15 36.69 7.94 9.40 114.00
Wet-3ps Su 10 10 33.89 6.39 11.20 66.50
Wet-Base S 5 5 88.2 15.0 53.0 125.0
Wet-Base W 5 5 279.9 56.6 83.5 392.0
Wet-Sub W 10 10 54.18 6.29 18.40 85.00
Chl-a ppb Avg-3ps S 15 0 * * * *
Avg-Base W 10 0 * * * *
Avg-Sub W 15 0 * * * *
Wet-3ps Su 10 0 * * * *
Wet-Base S 5 5 11.460 0.175 10.800 11.800
Wet-Base W 5 5 3.0200 0.0200 3.0000 3.1000
Wet-Sub W 10 10 13.19 2.21 5.30 24 .80
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Highest total phosphorus concentrations were observed during 2ps events (Appendices G-H).
We did not detect any difference in total phosphorus between sites, although the lowest average
reported values usually occurred during wet-3ps summer pulses (Appendix J, Model 9).

In comparison to other variables, total suspended solids (TSS) exhibited the widest variation in
individual measurements (Appendix I). The lowest TSS levels generally occurred during low
flow dry tiers, although low values were also reported during wet-3ps-summer tiers (Appendix J,
Models 10-12). The average TSS concentrations within the upper river sites (rkm 31-42) were
also higher than the lower river site (rkm 1) (Appendix J, model 12). During the study period, we
found that chlorophyll-a generally declined with increasing flow (Appendix | and Appendix J,
Models 13-14). However, we were not able to detect any difference in chlorophyll-a between
flow tiers or river kilometer distance (Appendix | and Appendix J, Model 15).

At all sites, surface and bottom water temperatures exhibited normal seasonal fluctuations
(Figure 42, Appendix ). Water temperature varied seasonally but exhibited only slight
differences in levels due to depth (Figure 42 and Figure G12). Water temperature near the
bottom of the river was only slightly different from the surface readings. This lack of a strong
thermocline is probably due to the heavy suspended solids that shades the majority of the water
column and the dynamic nature of the river that under all but low flows insures some physical
mixing that leads to more thermal homogeneity (Figure G13). Slightly cooler temperatures were
generally observed during higher flows, although there may be some bias associated with more
high flow events usually occurring in cooler months. However, some of the lowest water
temperatures reported was observed during base flow periods (Figure G14).

The surface and bottom pH readings at all sites remained relatively stable throughout the study
period and are not discussed further (Appendix I). Across all flow tiers, Secchi disk transparency
generally declined and turbidity (NTU) increased as flow tiers increased from subsistence to 2p-
3p conditions (Appendix I). This pattern is similar to the previously reported patterns in TSS.
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Figure 42. Water temperatures measured in surface and bottom waters at all sites during the study

period.

Surface and bottom salinity exhibited significant fluctuation during the various studies including
major differences between sites, flow tiers and significant interactions between sites and flow tier
categories (Figures 43, and E15-E17). However, it appeared that bottom salinity was more
variable and responded more rapidly to changes in river flow (Figures E15-E16). We therefore
focused our modeling efforts primarily on bottom salinity only. Regression and ANOVA models
and multiple comparisons of sites and flow tiers indicated that bottom salinity generally declined
as discharge increased (Appendix J, models 16 and 17). In addition, the bottom salinity
generally increased the closer the observation was to the river mouth. However, the regression
models indicated there was significant interaction between the influence of daily average
discharge and river kilometer on bottom salinity. Sites rkm 1-15 almost consistently displayed
higher bottom salinities than sites rkm 31-42 (Appendix J, Model 18; Figure G15). The highest
bottom salinities overall generally occurred during spring and winter dry subsistence flows
(Figure G17). These patterns in bottom salinity suggest greater site heterogeneity in the salinity
regime during low freshwater inflow regimes. This heterogeneity in the physicochemical
environment can lead to the creation of multiple habitat niches and potentially cause organisms
to migrate to more favorable salinity concentrations.

The existence of a halocline (salt wedge, salinity wedge) was clearly visible in our salinity
measurements and calculated A (surface-bottom) salinity measurements obtained from vertical
profile deployments (Figure 44, Figures E18-E19). The greatest differences between surface and
bottom readings (large - A salinity) occurred at sites rkm 1-22 (Figure G18). The highest salinity
readings were measured by Miller (2014) in 2012 when salinities approached 40 psu within the
lower portion of the study area. Minimal A salinity was consistently observed during the Avg-
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3ps S flow tier which indicates high flow pulses almost always reduced the magnitude of the salt
wedge throughout the lower Brazos River (Figure G19).

Ultimately the upstream extent of the salinity wedge was influenced by the amount of freshwater
inflow and the physical upstream extent of the sampling location. Areas located far upstream are
less likely to experience salt intrusion except during drought periods and/or tropical storm events

that can transport considerable amounts of salt water upstream during to storm surge and

prevailing southerly winds. Although the salinity in the lower river was higher than the upper
sites as expected, it also exhibited considerably more vertical variability, especially at sites rkm 5
and 15 (Figure 40 and E18). However, site tkm 26 also exhibited wide variation in A salinity,
including sometimes exhibiting and inverse vertical gradient (Figure G18). These data illustrate
the more dynamic environment found in the lower river that is influenced more by wind driven
water movement, tides and varying freshwater inflow.
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Figure 44. Delta (surface-bottom) salinity values calculated based on the difference between surface

and bottom salinity measurements made at each site and river kilometer (rkm) versus
various river discharges recorded at the Rosharon gage.

Based on examination of surface, bottom, and delta salinity values, the upstream extent of the
salinity wedge was on average found approximately 25-42 rkm upstream of the Gulf during
subsistence flows. The upstream extent of the salinity wedge along the sampling reach was
influenced by the size of the inflow event and timing within the hydrograph (Figure 40). Bottom
salinities seldom fell below 10-20 psu when average daily flows declined below 3,000 cfs
(Figure G16). The broad-scale patterns in observed salinity gradients are heavily dependent on
the timing of the sampling event and the magnitude and duration of the flow pulse. The highest
bottom and surface salinities were observed most frequently during wet-subsistence winter and
dry-subsistence winter and spring tiers (Figure G19).

Continuous and instantaneous monitoring of salinity in the upper, middle and lower reach of the
Brazos River also documented salinity concentrations that were generally lowest upstream and
highest downstream near the Gulf (Figure G13). However, prior to and during high flow pulse
events, a decline in salinity was first observed upstream which then progressed downstream.
After high flow pulse events, salinity increased first downstream which progressed upstream.
Flow thresholds existed at which the salinity wedge did not return to the upper reach (2-3,000
cfs) and the middle reach (3-4,000 cfs) (Figure 26). When flows remained below these levels a
very strong (A -25 ppt) salinity wedge could occur up to 15 rkm upstream (Figure 44).

As stated previously the presence of any density layer (pycnocline) caused either salinity
(halocline), temperature (thermocline) gradients or both can influence the amount of dissolved
oxygen present within the parcel of water entrained within the deeper higher density water mass.
In many cases there were distinct differences in surface and bottom dissolved oxygen
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measurements (Figure G20). This may be due to poor mixing caused by a stable halocline.
Surface dissolved oxygen measurements were in general higher than bottom readings and seldom
fell below 4-6 mg/L (Figure G22). As previously noted the influence of the halocline was more
evident in the lower river where the difference between surface and bottom salinities, i.e. delta
(A) was greatest indicating there was a very stable salinity wedge (Figure G18). Lower bottom
dissolved oxygen levels were observed in the lower and middle portions (rkm 5 to 22) of the
river where the halocline was more stable (large -A salinity) (Figures E15 and E21). The
variation between surface and bottom dissolved oxygen readings was dependent on the daily
average discharge levels (Figure G22). At flows below 2,000 cfs the difference between surface
and bottom dissolved oxygen levels increased with a higher percentage of the bottom readings
falling below 4.0 and sometimes even 2.0 mg/L. In contrast hypoxia (< 2.0 mg/L) was never
observed at flows above 10,000 cfs (Figure G22).

Dissolved oxygen values from all depths, differed across flow tiers and only exhibited significant
differences between sites depending on the depth of measurement (Appendix J, Models 22-25
and Figure G23). As described earlier the variation in surface dissolved oxygen was generally
less than bottom measurements and usually exhibited a higher concentration (Figure G21). The
results of regression and ANOVA models supports this hypothesis since we failed to find any
statistically significant differences in surface dissolved oxygen across measured discharges or
sites (Appendix J, Model 22). We did however detect a significant difference in surface
dissolved oxygen between flow tiers (Appendix J, Model 23). Tukeys multiple comparison test
however failed to clearly define flow tier groups that followed any recognizable pattern in
surface dissolved oxygen associated with flow intensity. Fluctuations in dissolved oxygen
appeared to be more correlated with seasonality. For example, the higher average surface
dissolved oxygen occurred during the winter flow tiers. This is consistent with the known
solubility of dissolved oxygen which has a higher solubility in colder water. We also constructed
regression and ANOVA models of bottom dissolved oxygen versus average daily discharge, site
(rkm) and flow tiers (Appendix J, models 24-25). We failed to detect any significant relationship
using the linear regression model between average daily discharge, river kilometer and bottom
dissolved oxygen. However, we did detect significant differences in bottom dissolved oxygen
and flow tier and river kilometer using the two-way crossed ANOVA model. Similar to surface
dissolved oxygen readings we found that the higher dissolved oxygen readings were found to
occur during winter flow tiers (Appendix J, model 25). However, the Tukeys multiple
comparison tests failed to generate clearly separable groups of flow tiers based on bottom
dissolved oxygen.

3.3.3 Nekton

We combined the nekton data collected from this study with historical information to increase
our ability to detect and evaluate the response of these organisms to changing hydrology and
water quality. A total of 8,967 individuals representing 49 different taxa were captured by beam
trawl and otter trawl during 2016-17. The composition of the entire species assemblage
collected during 2016-17 is provided in Appendix L. A total of 43,813 organisms with an
overall diversity of 121 taxa was collected during 2012, 2014-15, and 2016-17 (Table 19).
Based on the combined catch of otter trawls and beams trawls, the Atlantic croaker,
Micropogonias undulatus, was most abundant (N = 15,677, RA = 35.7%) followed by the Gulf
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Menhaden, Brevoortia patronus (7,339, 17.6%). Overall estuarine and marine nekton
numerically represented 92.0% (otter trawl) and 97.4% (beam trawl) of the total catch. Only 13
out of the 77 taxa (17%) collected with the beam trawl were considered freshwater species.
Similarly, only 13 out of the 85 taxa (18%) collected with the otter trawl were considered
freshwater species. Some taxa such as Sand Seatrout, Cynoscion arenarius which were
relatively common in the demersal river nekton were absent from shoreline habitats and beam
trawl collections.

We observed a statistically significant relationship in total nekton catch in otter trawls between
sites and discharge (Figure G42 and G43, Appendix J, Model 26). However, the model
explained little of the variation in total catch (r? = 3.47%). We found a statistically significant
difference in total nekton abundance in bottom trawls between sites and flow tiers (Figure G44
and Appendix J, Model 27). Site rkm 1 and rkm 42 exhibited statistically different catch rates
with the lowest rate occurring at the site rkm 42 and the highest at the site rkm 1. The highest
total catch per bottom trawl tow generally occurred at the lower site rkm 1 when salinity
exceeded 20 psu and dissolved oxygen was above 6 mg/L (Figure 45). This is supported by the
regression model that indicated a significant positive effect overall between increasing salinity
and dissolved oxygen and increasing total trawl catch (Appendix J, models 28 and 29). Once
again however the strength of this relationship was very weak (r> < 3). In summary, these
models and observed data suggest that there is a weak yet discernible trend of increasing
numbers of nekton with increasing salinity and dissolved oxygen coupled with a slight increase
in numbers downstream during lower flows.

We did not generate detailed graphics to evaluate the number of estuarine and marine nekton
collected, since this group composed over 92% of the total catch. However, careful examination
of statistical models showed that in fact they did behave similarly to total catch in respect to their
response to average daily discharge, river kilometer, flow tier, salinity and dissolved oxygen
(Appendix J, Models 30-33).

The number of nekton taxa collected by otter trawls appeared to decline with increasing average
daily discharge and distance upstream from the mouth of the river (Figure G45 and G46). This
observed trend is supported by the regression model that indicated a weak inverse relationship
between flow and river kilometer versus number of taxa (Appendix J, Model 34, r?= 33%). The
ANOVA model also indicated significant differences in number of nekton taxa collected by otter
trawls (Appendix J, Model 35). It was difficult to detect any pattern in number of taxa related to
flow tiers (Figure G47). Number of taxa was most variable during dry-subsistence flow
conditions in the spring season. However, the Tukeys multiple range tests indicated that sites
rkm 1 and 10 exhibited a higher average number of taxa collected with otter trawls than rkm 22,
31 and 42. These patterns in number of nekton taxa between sites, discharge levels and flow
tiers are also supported by the regression model that indicated a significant but weak positive
relationship between salinity and total number of trawl captured nekton taxa (Figure 46 and
Appendix J, Model 36, r? = 20.3). We failed to detect any relationship between bottom dissolved
oxygen and number of nekton taxa captured in otter trawls (Figure 46 and Appendix J, Model
37).
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The patterns observed for number of estuarine taxa collected by otter trawl were very similar to
those exhibited by the number of taxa (Figures 47-49 and Figures G48; Appendix J, Models 38-
41) and therefore is not discussed in great detail. Based on close examination of the regression
model it appears that highest number of estuarine taxa can be expected in the lower river under
lower flow rates. Evaluation of ANOVA table output and Tukey’s test results suggest that the
number of nekton taxa exhibits a strong gradient related to river kilometer with three groups
identified. One difference that was observed was the significant relationship between number of
estuarine nekton taxa and dissolved oxygen (Figure 47 and Appendix J, Model 41). This
relationship was however very weak (r> = 2.0%). Similar to trawl captured nekton we observed
gradients in the number of shoreline nekton (total catch) collected with the beam trawl that
mimics patterns exhibited in our trawl landings. Although detailed graphics are not provided we
have provided tabular output from the statistical models that are discussed below.

Catch rates of shoreline nekton collected with the beam trawl increased during periods of lower
flow and were generally highest at the downstream sites, although the model failed to explain
much of the variation in total shoreline nekton abundance (r? = 2.5%) (Appendix J, Model 42).
Based on the two-way ANOVA model we observed significant differences in the abundance of
shoreline nekton with the highest catches occurring at the downstream site (rkm 1) (Appendix J,
Model 43). Although significant, salinity and dissolved oxygen exhibited only a very week (r?
<6.7) relationship with the number of shoreline nekton taxa (Appendix J, Models 44-45).

As expected the number of estuarine shoreline nekton exhibited very similar spatial and temporal
patterns in abundance and relationships with discharge, river kilometer, flow tier, salinity, and
dissolved oxygen when compared to overall shoreline nekton catches (Appendix J, Models 46-
49). This is not too surprising since the vast majority (97.4%) of specimens collected from the
shoreline nekton community in the lower Brazos were classified as estuarine or marine taxa.

The number of shoreline nekton taxa exhibited trends similar to nekton catch rates, with the
highest number of taxa occurring lower in the river (Appendix J, Models 50-53). This spatial
trend was however weak (r? = 5.9%). However, we failed to detect any significant difference in
number of shoreline taxa versus average daily flow (Model 50). We did observe significant
differences in the number of shoreline taxa between flow tiers and river kilometer (Appendix J,
Model 51). The Tukeys multiple comparison test did not provide a clear interpretable pattern of
flow tiers (dry-wet). The lowest average number of shoreline taxa generally occurred at the
upstream site (rkm 42). The number of shoreline estuarine nekton taxa exhibited a significant but
very weak relationship (r* < 1) with salinity and dissolved oxygen levels (Models 52-53). This
suggests that salinity and dissolved oxygen may not have varied sufficiently over the range of
number of shoreline nekton taxa values observed. As expected, the number of shoreline estuarine
nekton taxa displayed similar spatial and temporal trends exhibited by the number of shoreline
nekton taxa (Appendix J, models 54-57). This pattern is probably due to the majority (85%) of
the shallow-water nekton taxa being classified as marine or estuarine.
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Table 18. Summary statistics for nekton collected during 2012 (Miller 2014), 2014-15 and 2016-17 with
otter trawls and shoreline beam trawls.

Gear Taxa Number Percent
Otter Trawl Atlantic Croaker 14,926 46.5
Micropogonias undulatus
Bay Anchovy 6,585 20.5
Anchoa mitchilli
Brown shrimp 2,254 7.0
Farfantepenaeus aztecus
Blue Catfish 1,457 4.5
Ictalurus furcatus
White shrimp 1,272 4.0
Litopeneaus setiferus
Star Drum 1,195 3.7
Stellifer lanceolatus
Ohio Shrimp 830 2.6
Macrobrachium ohione
Sand Seatrout 734 2.3
Cynoscion arenarius
Gulf Menhaden 407 13
Brevoortia patronus
Subtotal Number 32,081
Subtotal Number of Taxa 926
Beam Trawl Gulf Menhaden 6,932 59.1
Brevoortia patronus
Bay Anchovy 1,231 10.5
Anchoa mitchilli
White shrimp 780 6.5
Litopenaeus setiferus
Atlantic croaker 751 6.4
Micropogonias undulatus
Clown Goby 183 1.6
Microgobius gulosus
Daggerblade grass shrimp 181 1.5
Palaemonetes pugio
Ohio shrimp 174 1.5
Macrobrachium ohione
Subtotal Number 11,732
Subtotal Number of Taxa 76
Grand Total (both gears) 43,813
Number of Taxa (both gears) 121
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Figure 45. The total number of nekton (all replicates combined) collected with trawls at each site and
date versus bottom salinity and dissolved oxygen.
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Figure 46. The total number of nekton taxa (all replicates combined) collected with trawls at each site

and date versus bottom salinity and dissolved oxygen.
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Figure 47. The total number of estuarine nekton taxa (all replicates combined) collected with trawls at
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Individual standard deviations are used to calculate the intervals.

Figure 48. Confidence interval plot for the number of estuarine and marine nekton taxa collected with
otter trawls during 2012 through 2017 per flow tier.

Figure 49. Confidence interval plot for number of estuarine and marine nekton taxa collected with
otter trawls at each site during 2012 through 2017.
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We combined data from 2012, 2014-2015 and this current phase (2016-17) in order to increase
our ability to discern patterns in community composition that may be due to the varying
hydrology including relatively dry conditions (2012) and wetter conditions (2014-2015). We
analyzed our shoreline beam trawl nekton data separately from our demersal otter trawl nekton
data due to the dissimilar habit and sampling bias associated with each gear type. Prior to
classification and ordination, we generated total catch per species estimates based on the sum of
catches from each replicate tow. This was done to reduce the number of sampling units and ease
the interpretation of sample analysis output.

The cluster dendrogram generated from the cluster analysis of otter trawl collections generated
15 groups based on the similarity of species composition (Figure 50). When we examined the
classification produced based on the nekton community similarity of trawl collections we found
that there were some groups that consisted of only one collection (singletons). We also
conducted an ordination of the community data using nMDS in order to better describe the
describe patterns in the nekton community structure collected by otter trawl. The dendrogram
also showed that the 15 smaller groups appeared to segregate into two large group clusters. This
was also exhibited by the nMDS plot that showed a high number of sites exhibiting very short
multidimensional distance in terms of similarity and therefore appearing to be grouped close
together (Figure 51). This could be an artifact of the excessive number of zeros in the data
matrix which sometimes generates groups of collections containing few individuals from a few
taxa and many zero counts. However, the collections made in 2012 at site rkm 42 appeared to be
very different from the majority of other collections. These collections were mainly from
summer months during a relatively dry period compared to later years. These “outlier”
collections were mainly obtained during March, July, August and September 2012. The common
trait they possessed was the fact they were almost all composed of zero catches. We are still
examining the patterns of classification to determine if there is some other common trait that
might assist us in identifying potential key habitat needs for each species. In the future, we may
reduce the number of traits (species) to only include numerically dominant or common taxa that
could be used in subsequent classifications and ordinations. This would reduce the influence of
many zero counts.

The cluster analysis and nMDS conducted on the beam trawl data generated even more (19)
groups based on the species similarity of the different collections (Figures G49 and G50). Once
again, the “outlier” collections were obtained in 2012. However, this time the majority of the
2012 sites were collected from spring months. They also all had very low or non-existent (zero)
catches. Even though the patterns generated from the community composition data were
difficult to interpret, it is clear that varying salinity and the upstream extent of the salt wedge has
a profound influence on the species composition of the lower river.

We conducted an analysis of similarity test (ANOSIM) to determine whether sites that belong to
different flow tiers or physical location (e.g. rkm) would exhibit significant differences in
community similarity based on the Bray-Curtis similarity matrix. The test was run on the
previously generated resemblance matrix created during cluster analysis. The results of these
tests are listed in Tables 20-23. The way the table is interpreted is that low sig. % levels (< 5%)
are similar to low alpha values (e.g. < 0.05) indicating there is a low probability of the observed
differences in patterns in species composition within each paired collection occurring by chance.
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The ANOSIM results did provide evidence to suggest that the physical location differences
between site river kilometer 1 and 42 as well as the hydrological differences associated with wet
and dry tiers were associated with observed differences in the associated nekton communities.
For example, the most significant difference between the community compositions of beam trawl
collections was generally observed between peaks and other categories or subsistence and other
categories (Table 20). This suggests that hydrology is a major driver in predicting community
composition in beam trawl collections. This is partially supported by observed significant
differences in beam trawl collections across sites (Table 21). The most significant differences in
community composition occurred between the lower (rkm 1-10) and upper (rkm 31 and 42) sites.
These sites also experienced distinct differences in salinity regime that were primarily caused by
changing hydrology.

The ANOSIM results generated for otter trawl collections also provided evidence of differences
in community composition associated with different flow regimes (Table 22). The most
significant differences in community composition between tiers were observed between
collections obtained during subsistence flows versus other tiers, and/or between collections
obtained during peak flows and other tiers. The ANOSIM results for comparisons of collections
from different sites suggest that the greatest difference in community composition occurred
between the lower river (rkm 1-10), and upper river (22-42) sites (Table 23). The differences
observed between the beam trawl and otter trawl comparisons most likely reflect the greater
variation in physical attributes (e.g. bottom salinity) in the bottom of the river which influenced
the demersal nekton more so than the less variable shallow salinity which shoreline nekton were
exposed to.
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Table 19. Results of ANOSIM analysis used to determine statistical significance of differences in
community composition of nekton collected with the beam trawl within each flow tier. Low
significant values indicate the two sites exhibit different species compositions. Shaded
comparisons are considered significant.

Beam Trawl - Flow Tier Pair Wise Comparisons - ANOSIM
Flow Tier Flow Tier Sig % Flow Tier Flow Tier Sig %
Dry-Base W Avg-3ps S 0.1 Dry-Sub Su Avg-3ps S 0.1
Dry-1ps S Avg-3ps S 0.1 Dry-Sub Su Wet-Base S 0.1
Dry-1ps S Avg-Sub W 0.3 Dry-Sub W Avg-3ps S 0.1
Dry-Base S Avg-3ps S 0.4 Avg-Sub W Avg-3ps S 0.1
Dry-Base S Dry-Sub W 1.2 Avg-3ps S Wet-Sub W 0.1
Dry-Base S Avg-Base W 1.2 Avg-3ps S Wet-Base W 0.1
Dry-Base S Avg-Sub W 2.1 Avg-3ps S Wet-Base S 0.1
Dry-Base W Avg-Sub W 3.0 Avg-3ps S Wet-Sub S 0.2
Dry-Base S Wet-Sub W 3.7 Dry-Sub S Avg-3ps S 0.4
Dry-1ps S Dry-Sub W 5.9 Avg-Base W Wet-Sub W 0.4
Dry-Base S Dry-Sub Su 6.1 Avg-Base W Wet-Base W 0.4
Dry-Base W Dry-Sub W 6.2 Avg-Base W Wet-Base S 0.8
Dry-Base W Avg-Base W 7.4 Dry-Sub S Avg-Sub W 1.0
Dry-Sub S Dry-Sub Su 8.0 Dry-Sub S Dry-Sub W 1.2
Dry-1ps S Avg-Base W 10.4 Dry-Sub S Avg-Base W 1.2
Dry-Base W Wet-Sub W 12.3 Dry-Sub W Avg-Base W 1.2
Dry-1ps S Wet-Sub W 14.8 Dry-Sub W Wet-Base W 1.2
Dry-Base W Dry-Sub Su 16.0 Dry-Sub W Wet-Sub S 1.2
Dry-1ps S Wet-Base S 20.0 Avg-Base W Avg-3ps S 1.3
Dry-1ps S Wet-Base W 25.0 Avg-Sub W Wet-Sub W 1.8
Dry-1ps S Dry-Sub Su 29.8 Dry-Sub Su Wet-Base W 1.9
Dry-1ps S Wet-Sub S 30.6 Avg-Base W Wet-Sub S 2.1
Dry-Base W Wet-Base S 38.3 Dry-Sub W Wet-Sub W 2.5
Dry-Base S Wet-Base S 51.9 Dry-Sub S Wet-Sub W 3.7
Dry-Base W Dry-1ps S 54.4 Wet-Sub W Wet-Base S 4.5
Dry-Base W Dry-Sub S 55.6 Avg-Sub W Wet-Base S 4.9
Dry-Base W Wet-Base W 55.6 Avg-Sub W Wet-Sub S 5.5
Dry-Base W Wet-Sub S 55.6 Wet-Sub W Wet-Sub S 7.4
Dry-1ps S Dry-Sub S 66.7 Wet-Sub W Wet-Base W 8.6
Dry-Base W Dry-Base S 77.8 Dry-Sub W Wet-Base S 9.9
Dry-Base S Dry-1ps S 88.9 Dry-Sub W Avg-Sub W 10.7
Dry-Sub Su Avg-Sub W 24.5 Dry-Sub S Wet-Base S 11.1
Dry-Sub Su Wet-Sub W 26.1 Dry-Sub Su Avg-Base W 15.7
Wet-Base S Wet-Sub S 45.7 Avg-Sub W Wet-Base W 18.0
Dry-Sub Su Dry-Sub W 46.0 Dry-Sub Su Wet-Sub S 22.2
Wet-Base W Wet-Base S 77.0 Avg-Sub W Avg-Base W 90.9
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Table 20. Results of ANOSIM analysis used to determine statistical significance of differences in
community composition of nekton collected with the beam trawl within each river kilometer
site. Low significant values indicate the two sites exhibit different species compositions.

Shaded comparisons are considered significant.

rkm rkm Sig %
1 10 5.3
1 22 34.9
1 42 2.3
1 31 3.7
10 22 17.9
10 42 5.2
10 31 1.3
22 42 66.2
22 31 17.4
42 31 49.8
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Table 21. Results of ANOSIM analysis used to determine statistical significance of differences in
community composition of nekton collected with the otter trawl within each flow tier. Low
significant values indicate the two sites exhibit different species compositions. Shaded
comparisons are considered significant.

Otter Trawl Flow Tier Pair wise tests - ANOSIM

Flow Tier Flow Tier Sig % Flow Tier Flow Tier Sig %
Dry-1ps S Avg-3ps S 0.10 Dry-Sub Su Avg-3ps S 0.10
Dry-Base W Avg-3ps S 0.30 Avg-Sub W Avg-3ps S 0.10
Dry-Base W Dry-Sub W 1.11 Dry-Sub W Avg-3ps S 0.20
Dry-Sub S Avg-3ps S 1.17 Avg-3ps S Wet-2ps Su 0.40
Dry-Base S Wet-Sub W 1.23 Avg-3ps S Wet-Sub W 0.40
Dry-Sub S Wet-Sub W 1.23 Avg-Sub W Wet-Base S 1.10
Dry-Sub S Avg-Sub W 2.34 Wet-Sub W Wet-Base S 1.23
Dry-Base W Wet-Sub W 2.47 Dry-Sub Su Wet-Base S 1.30
Dry-Base S Avg-Sub W 3.13 Dry-Sub W Wet-Sub W 1.48
Dry-Base W Dry-Sub Su 6.00 Avg-3ps S Wet-Sub S 1.50
Dry-1ps S Wet-Sub W 7.41 Dry-Sub Su Avg-Base W 1.60
Dry-Sub S Avg-Base W 7.41 Dry-Sub W Wet-Base S 2.22
Dry-Base S Dry-Sub W 8.33 Avg-Base W Wet-Sub W 2.47
Dry-Base S Dry-Sub Su 8.80 Avg-Base W Avg-3ps S 2.60
Dry-1ps S Dry-Sub W 13.70 Dry-Sub W Avg-Base W 2.96
Dry-Base W Avg-Sub W 14.70 Dry-Sub Su Avg-Sub W 3.50
Dry-Base S Avg-3ps S 15.63 Avg-3ps S Wet-Base W 4.40
Dry-Base W Wet-Sub S 18.52 Dry-Sub W Avg-Sub W 5.70
Dry-1ps S Avg-Sub W 21.30 Avg-Base W Wet-Sub S 6.17
Dry-Base W Wet-Base S 22.22 Avg-Sub W Wet-Base W 6.90
Dry-1ps S Wet-Base S 27.16 Avg-3ps S Wet-Base S 7.00
Dry-1ps S Dry-Sub Su 27.80 Avg-Sub W Wet-Sub S 7.40
Dry-1ps S Avg-Base W 28.40 Wet-Sub W Wet-Base W 8.64
Dry-Sub S Dry-Sub W 31.48 Avg-Sub W Avg-Base W 9.50
Dry-Base W Dry-1ps S 39.51 Dry-Sub W Wet-Sub S 10.19
Dry-Sub S Dry-Sub Su 43.20 Wet-Base S Wet-Sub S 16.87
Dry-Base S Avg-Base W 44.44 Wet-2ps Su Wet-Base S 20.99
Dry-Base W Wet-2ps Su 45.68 Dry-Sub Su Wet-Sub W 21.20
Dry-Base S Dry-1ps S 53.09 Dry-Sub W Wet-Base W 22.22
Dry-Base W Dry-Sub S 55.56 Avg-Base W Wet-Base S 25.93
Dry-1ps S Dry-Sub S 61.73 Dry-Sub W Wet-2ps Su 34.26
Dry-1ps S Wet-2ps Su 61.73 Avg-Base W Wet-2ps Su 39.51
Dry-1ps S Wet-Sub S 61.73 Wet-Sub W Wet-Sub S 39.51
Dry-Sub Su Dry-Sub W 65.80 Dry-Sub Su Wet-Base W 45.76
Dry-Base S Wet-Base S 74.07 Dry-Sub Su Wet-Sub S 47.20
Dry-Base W Avg-Base W 77.78 Avg-Sub W Wet-Sub W 51.10
Dry-Sub S Wet-Base S 81.48 Avg-Base W Wet-Base W 52.67
Dry-Base W Dry-Base S 85.19 Wet-2ps Su Wet-Sub W 60.49
Dry-Base W Wet-Base W 88.89 Dry-Sub Su Wet-2ps Su 71.20
Dry-1ps S Wet-Base W 93.83 Wet-Base W Wet-Base S 79.01

Avg-Sub W Wet-2ps Su 84.20
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Table 22.

Results of ANOSIM analysis used to determine statistical significance of differences in
community composition of nekton collected with the otter trawl within each river kilometer
site. Low significant values indicate the two sites exhibit different species compositions.

Shaded comparisons are considered significant.

River Kilometer Pair wise Test Sig. Level %

1 10 2

1 22 0.6
1 42 0.1
1 31 0.1
10 22 2.3
10 42 0.4
10 31 0.1
22 42 26.5
22 31 2

42 31 3.8
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4 Multidisciplinary Evaluation

As previously reported, for intensive ecological data and responses to flow to have meaning to
the SB 3 process, it must be collected, analyzed and presented in the context of potential
application to the existing TCEQ environmental flow standards. The SB 3 process is by
definition designed to be a balance between environmental and human needs, and thus, a
validation approach is needed to test if the environmental goal of maintaining a sound ecological
environment can be met over time or if periodic adjustments may be required. This section
provides a summary of key ecological components that have been studied in detail via this effort.
It is acknowledged that it is early in the SB 3 adaptive management process and any tools or
validation approaches striving to test the scientific defensibility of TCEQ environmental flow
standards will need careful vetting and likely further refinement and testing by the BBESTS,
BBASCs and TCEQ.

4.1 Summary of Key Instream Ecological Components

4.1.1 Aquatics

The flow tier analysis completed across the GSA and Brazos basins for both fishes and
macroinvertebrates revealed certain ecological responses (defined as statistical differences in
relative abundance or diversity caused by flow) were evident. Fish community responses were
detected within both riffle and run habitat and macroinvertebrate responses were detected within
riffle habitats. Responses involved changes in densities and/or relative abundance to the entire
community or specifically to fluvial specialists. Fish and macroinvertebrate species responses
were associated with specific flow tiers across both basins as described in the results section
above. In summary, 1-per-season flow pulses and >1-per-5-year events had multiple detections
of ecological responses of fish and/or macroinvertebrates at the community or species level. The
1-per-season flow pulses are within the range of the TCEQ flow standards, whereas the >1-per-
5-year event consists of an overbanking event not captured in the TCEQ standards.

Overall, the greatest shift in fish communities was observed between pre-flood and post-flood in
the lower Brazos River. As such, separating communities between pre-flood and post-flood
periods and then assessing differences among flow tiers, when observations are available into the
future, proffers a logical assessment of the flow tiers. Although a pre- and post-flood evaluation
using the historical dataset was not possible, certain ecological responses of the fish community
to flow were evident. Basins with swift-water fishes had positive significant relationships with
flow which lends supports to flow-ecology relationships described during this SB 3 study.

4.1.2 Riparian

This riparian study confirmed that, with the field and statistical techniques employed, community
assemblages could be well characterized. Three sub-categories of testing (overall community
assemblages, wetland indicator class groupings, and canopy species) provided multi-faceted
views of the riparian community. Additionally, community assemblages (using the same three
sub-categories) were shown to differ in varying degrees with an increase in level height/distance
to stream. Importantly, this study independently verifies Round One outcomes in the Brazos and
GSA basins: that in order to provide continued conservation and maintenance of the current
riparian spatial distributions at many sites the existing TCEQ flow standards (spring and fall)
likely need adjustment.
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4.1.3 Floodplains

As previously discussed, there were no floodplain connectivity studies conducted during either
round of sampling in the Brazos basin. As such, any reference to floodplain connectivity below
should be referenced back to the GSA report (SARA et al. 2017).

4.1.4 Ecological Response Summary
Overall, Round Two field investigations coupled with Round One preliminary results led to the
detection of ecological responses specific to flow categories (Table 24).

Table 23. Summary of Ecological Responses for future validation consideration. Check marks indicate
an ecological response detected during this project relative to specific TIFP flow categories.

Texas Instream Flow Program (TIFP)

Ecological Component Flow Categories

Subsistence Base Pulses Overbank
Main Channel—Fish
and Macroinvertebrates v v v v
Riparian Community \ l
Floodplain Connectivity \ l

The Round Two effort expanded our understanding of ecological responses (statistical
differences in relative abundance or diversity caused by flow) of main-stem fish and
macroinvertebrates and flow pulses. Ecological responses to fish and macroinvertebrate
communities and fluvial specialists were detected with respect to flow tiers in the 1-per-season
and >1-per-5-year-event categories. It was evident that major flooding shaped the aquatic
communities at several locations, but the flows required to do this were well above any TCEQ
environmental flow standard. Time ran out on this study before it could be seen if flows within
the range of the TCEQ environmental flow standards may serve as protective flows to maintain
these reshaped aquatic communities into the future. However, at this point, it is premature to
treat the previous statement in any way other than a hypothesis for future testing as the SB 3
process moves forward. It is also important to note that a considerable amount of work is
presently being conducted for freshwater mussels in the State of Texas. It may very well be that
freshwater mussels will offer a main-stem aquatic response to pulse-flow validation within the
range of TCEQ standards. Again, this may be another topic for future evaluation, as freshwater
mussels were not studied during this effort.

At present, fish and macroinvertebrate community data from this study is recommended for use
in assessing subsistence, base, and pulse-flow standards. We recommend focusing on native fish
assemblages and fluvial specialists. The floodplain connectivity and riparian data are
recommended for use in evaluating pulse-flow standards both in terms of timing, frequency, and
duration. We again recommend focusing on native fish communities in the floodplains as well as
native tree species in the riparian zone.
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4.1.5 Validation Methodology Assessment Tool

The validation methodology assessment tool introduced in the Round One study, highlighted in
Round Two Expert Workshops, presented in detail in the draft Round Two report, and
subsequently presented to both the Brazos and GSA BBASC’s upon completion of the draft
report has been removed from the final report as a TWDB requirement. It is TWDB’s
professional judgement that insufficient data is available to validate the tool, and thus any
practical application of this tool at this time is inappropriate.

4.2 Brazos Estuary

During this study we were able to achieve the primary objectives of the Brazos estuary study
including

a. Characterization of the flow regime and tidal dynamics,

b. Description of the response of the salinity regime to varying flow throughout the tidal

portion of the river,

Assessment of the response of water quality variables to varying flow,

Characterization of the nekton community composition, diversity, and abundance

e. Began development of potential models that predict the relationship between discharge,
flow tiers, seasonality, salinity, nutrients and nekton composition including estuarine
species within the lower tidal portion of the Brazos River.

o o

Salinity and water levels values throughout the lower Brazos River estuary exhibited a
significant inverse relationship with river discharge and associated flow tier (Appendix J). Those
relationships that were tested frequently exhibited a fairly weak response (r*> < 0.7). However, the
general trends in discharge, river kilometer and depth versus salinity and dissolved oxygen were
characterized and confirmed. They also conform to the conceptual model of an estuarine system
(Alber 2002). Furthermore, we were able to describe the response of the nekton community to
varying river discharge in more complete detail for the first time. The emerging pattern that was
documented is, how unlike other estuaries, the Brazos estuarine zone can rapidly change due to
high freshwater turnover. During the higher flow events, we found that the salinity and related
physical characteristics can change rapidly, often within a day, depending on the amount and
duration of freshwater. The Brazos River estuary is a dynamic ecosystem dominated by species
with a wide tolerance or ability to adapt or behaviorally respond to a wide range of flow regimes
and salinity. Due to the wide fluctuation in salinity possible in the lower estuary it is not unusual
to find strictly marine species during one visit and later capture freshwater catfish.

Since initiation of this project and including past studies we have observed a wide range of
salinity values ranging from subsistence flows to massive floods. In addition, the interaction of
tides on transport of larval fish and the presence of small juvenile fish in the shoreline zone of
the river is still not fully understood given the high discharge volumes that are possible.
Somehow many of these juvenile species of estuarine (e.g. Brown Shrimp, Atlantic Croaker) and
freshwater (Macrobrachium ohione) survive in the highly variable hydrology of the lower
Brazos River. In addition, we did not exhaustively explore various linear (e.g. quadratic, cubic)
or nonlinear models that might better describe the relationship of discharge and multiple
response variables. Additional exploration of these models is needed upon collection of
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sufficient data to support them. Serious consideration should be given to multimetric predictors
using multiple variables and/or the use of time lagged variables that capture the influence of past
events that may influence the variability in numbers and types of organisms. Additional work is
needed during the summer months to better characterize the hydrology, water quality and use of
the Brazos River by immature fish and shellfish. The increased frequency of hypoxia during low
discharge years (e.g. 2012) can potentially have serious negative impacts on the survival of
future cohorts of fish and shellfish if they are prevented from immigrating into the system or are
exposed to stressful conditions. Based on our analysis of the hydrology of the lower river during
low flows the halocline or salt wedge would be able to extend past the upper most site and
expand the estuarine portion of the Brazos River further inland.

During this phase of the study we observed relatively weak (r’< 0.7) but significant relationships
between key nutrients to flow tier and/or river discharge and river kilometer (Appendix J). Total
suspended solids appeared to have the strongest positive relationship with river discharge.
Nutrient concentrations exhibited weak positive relationships (r><0.12) between flow tier and
discharge. Nutrient levels might not have fully conformed to the conceptual model predictions
due to the fact that we had a low sample size (14 events during 2014-17). This can problematic
in the case of sampling transient properties that are highly dependent on the timing of and shape
of the hydrograph. As stated in our earlier report the timing of sampling along the hydrograph
can strongly influence the levels of expected suspended and dissolved substances including
whether nutrients are being measured during the ascending or receding arm of the hydrograph
(Hudson 2003; Brandes et al. 2009). The timing between storm events also influences the
availability of fine-grained sediment from the watershed, such that an initial runoff flow
following relatively dry conditions contains greater suspended and dissolved solids than
subsequent flows of similar magnitude. In addition, certain nutrients like phosphorus binds
strongly to clay particles under aerobic conditions (Day et al. 2013; Anderson 2007; Bianchi
2007). However, under subsequent anaerobic conditions that exist in buried sediments in the
summer, phosphorus is liberated back into soluble forms that are available to support estuarine
phytoplankton populations. Nutrient pulses such as nitrogen, phosphorous and chlorophyll-a can
benefit the estuary by supporting primary producers in the downstream estuary and adjacent Gulf
of Mexico (Anderson 2007; Bianchi 2007; Olsen et al.2011; Gillson 2011; Livingston 1997).

The number of estuarine dependent organisms exhibited a statistically significant but moderate
inverse relationship (r? < 0.45) with increasing discharge. These weak relationships were most
likely due to several factors including 1) incomplete sampling of the river during the entire year,
2) lack of monitoring of adjacent waterways that may serve as refugium for nekton during high
flows. For example, we currently do not have a clear understanding of the role of the
intracoastal waterway (ICWW) and nearshore Gulf of Mexico for species that may not be able to
tolerate prolonged high or low flow conditions and discharge. For example, several well studies
species that are known to exhibit a strong response to freshwater inflow (e.g. Spotted Seatrout,
Pinfish) were not encountered in high numbers during their seasonal peak periods during our
study period. Additionally, each sampling event provides only a snap-shot at rather short
temporal scale of the current physicochemical and biological conditions.

We feel that additional work is needed to evaluate short term variation within flow tiers caused
by tidal fluctuation and diel (day vs. night) fluctuations in water quality, hydrology and

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 108 TWDB Contract # 1600012009



biological communities. The types of species found in the estuary during a sampling event (i.e.,
specified flow tier) is also probably more dependent in part on the previous long-term conditions
that existed in the estuary rather than conditions that exist only during the day of collection. Past
studies by Purtlebaugh and Allen (2010) on the Suwanee River, Florida using 9 years of
monitoring data have reported positive relationships between river discharge and the relative
abundance of age 1 Spotted Seatrout, Sand Seatrout, and Red Drum, and negative relationships
between Pinfish and river discharge. The incorporation of multiple years of monitoring data
reflecting various flow tiers and hydrographs is necessary to fully characterize the response of
nekton to varying freshwater inflow in this highly variable and dynamic estuary. Furthermore,
we feel that it is necessary to monitor the nearshore Gulf of Mexico for potential feedback
mechanisms such as larval transport, temporary displacement of marine fish during floods, and
transport of nutrients.

One of the primary objectives of this study was to use new and historical data collected on the
tidal portion of the lower Brazos River to develop and test predicted relationships between
salinity, sediments, nutrients, and proportions of estuarine species against flow tier and
discharge. To accomplish this, we compared these variables using graphical methods and
preliminary linear models to evaluate relationships between streamflow and flow tiers estimated
from the Rosharon gage and data collected in the lower river (0-42 km). We supplemented our
data with data previously collected in 2012 by Miller (2014). One of the important
accomplishments of the project team during the last several years is the detailed documentation
of the hydrological behavior of the lower river in relation to measured stage and discharge at the
upstream Rosharon gage. This was done using several approaches including 1) installation of an
expanded in-situ monitoring network consisting of water level, temperature, salinity, and
dissolved oxygen meters, 2) extensive use of the ADCP meters to estimate flow in the lower
river while adjusting for flood tide effects and 3) sampling of shoreline habitats to document how
these areas serve as habitat during the critical early life of estuarine nekton.

The Brazos River “estuary” has not been consistently defined either by hydrological,
geomorphological, or biological criteria. This is likely a result of the fact that unlike most other
Texas estuaries the Brazos River estuary is more properly defined as a riverine estuary
possessing both a short hydrological residency period and deltaic mouth which extends into the
Gulf of Mexico and is formed by the deposition of river sediment (Orlando1993, Savenije 2005,
Engle et al. 2007). The definition we continue to use as a reasonable definition of the Brazos
River estuary is the tidal segment of the Brazos River (segment 1201), which is a reasonable
description of the estuarine zone of the watershed.

The flows at Rosharon gage are therefore intended to serve as an “index” of the flow regime in
the lower estuary as measured at the beginning of the tidal segment at river kilometer 38 (51 km
downstream) or the mouth of the estuary (89 km downstream). We were able to successfully
measure actual stream flow at near the upstream portion of the Brazos River tidal zone at river
km 42. We were able to assess the relationship between streamflow measured at the Rosharon
gage and estimated discharges at the upper end of the tidally influenced portion of the river
(estuarine zone). We found that the Rosharon gage was a good conservative predictor of water
delivery to the estuary.
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The patterns in salinity, TSS, N-NO2-+3, total P, and estuarine nekton observed during this phase
of the study appeared to agree with previously defined relationships between these variables and
freshwater inflow. However, there was a large amount of variation in values within flow tiers.
Future redefinition of flow tiers may be necessary to reflect this variability. Further research is
needed to evaluate the relationship and statistical properties observed between actual flow values
and flow tiers and the dependent variables. We did not exhaustively explore all possible linear or
nonlinear models that might better describe the relationship of discharge and multiple response
variables. Additional exploration of these models is needed upon collection of sufficient data to
support them. Serious consideration of multimetric predictors using multiple variables or the use
of time lag variables that captures the influence of past events that may influence the viability of
organisms (e.g. inclusion of not just current flow data but past data (e.g. 30-day average flow)
that reflects the full impacts of the hydrological regime on target species and community
composition is needed.

Another confounding factor that limits interpretation of data collected during this study is the
similar to before, a lack of an entire annual period of data. Since the study did not span the entire
year we were unable to evaluate the influence of freshwater inflow during the summer (July-
October) and a portion of the spring (June) season. It is important to note that given the
documented seasonality of estuarine organisms, this represents a major limitation in using this
data for evaluating the effect of the existing freshwater inflow standard for the estuary. Estuarine
nekton exhibit significant seasonal variation in abundance and composition (Nelson 1992). This
variation is driven primarily by the migration of sensitive juvenile stages (Nelson 1992). For
example, data collected during this study cannot be used to evaluate potential effects on summer
nekton assemblages, which is very different form winter and early spring communities. Due to
the fact that the summer season was not sampled, it is critical that a future study be conducted to
address this data gap. During summer months when flows are normally low and the weather is
hot there is also a higher risk of hypoxia. We were fortunate to have some limited summer data
from an earlier study in 2012 (Miller 2014). However, the hydrological conditions were much
different during that year compared to 2014-2017.

Prior to our study we generated several hypotheses regarding the influence of high discharge
rates. These are listed below along with our conclusions regarding these hypotheses.

1. Salinity levels in the Brazos River estuary would decline rapidly. This was observed and
confirmed starting at the upstream sites and progressing downstream. Generally sustained
(> 3 days) flows above 5-10,000 cfs induced the greatest decline in salinity.

2. The lateral extent and vertical stability of the pycnocline would decline. This was also
observed concurrent with the general decline in salinity.

3. Nutrient and suspended solid levels would increase. This prediction was confirmed for
total phosphorus and TSS.

4. The occurrence and density of estuarine dependent species would decline. This was
confirmed for upper sites located above 30 rkm.

5. Under moderately high flows, vertical mixing and reaeration would increase, leading to
higher abundances of nekton in trawl samples. This prediction was not totally confirmed.
Although vertical mixing occurred, i.e. less salinity stratification, the number of nekton
did not always increase.
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5 Recommendations for Future Applied Research or Long-term

Monitoring
The second phase of this study has contributed to the understanding of ecological responses to
flow, a key question raised during the SB 3 process. However, it is acknowledged that future
work could enhance the ability of stakeholders, river managers, and the TCEQ relative to
validation, application, and adaptive management. This section describes recommendations for
additional focused research as well as the establishment of targeted locations for long-term
monitoring. Focused applied research remains necessary to answer questions or provide guidance
in the short-term relative to establishing ecological linkages to flow and informing the continued
development of the validation methodology. Additionally, long-term monitoring is needed to
track ecological condition over time in a way amenable to “validate” said short-term answers.

Focused applied research
Focused applied research into the future should include the following key topics:

e Post-flood aquatic community shift dynamics. An evaluation of post-flood fish and
macroinvertebrate shifts would focus on the sites that exhibited discernible changes during
the first two rounds of study. Aquatic applied research would build on existing data and focus
on documenting baseline conditions and sampling after flow pulses over the course of the
upcoming Round 3 efforts.

e Freshwater mussels. Evaluate subsistence, base, and pulse-flow requirements of freshwater
mussels in the context of water quantity needs. It is anticipated that this work would build
upon the ongoing SB 2 and other state-funded initiative currently evaluating freshwater
mussels.

e Channel morphology. Establishing direct ecological responses between channel morphology
changes per flow tier.

e Brazos estuary. Future applied research should focus on several aspects (water quality,
sediment transport, and biological communities) of validating and if appropriate refining
relationships between adopted flow tiers and the response of water quality and biological
variables that define the estuarine ecological health. Studies should be extended to
encompass the entire year including missed seasons not sampled during this study in order to
more accurately assess the response of water quality, biological resources and other
ecological services associated with freshwater inflow.

Long-term Monitoring

Because aquatic components are quite dynamic, it is recommended that long-term monitoring
occur at select sites at least annually in the spring, with an additional trip considered during high,
summertime temperatures. It is recommended that all habitat types (riffle, run, pool and
backwater) be monitored.

A major limitation of both rounds of riparian studies was the extremely truncated (and awkward,
from a riparian perspective) time periods. Because no investigations have spanned an entire
(intact) growing season, little can be said about the summer season or the seasonal changes that
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occur from spring to fall in a single season. It is recommended that a few representative sites be
selected to track riparian conditions over time (including the full growing season) using a
combination of the community and indicator approach. Long-term monitoring of select
floodplain features is recommended on an annual or every other year basis to assess the
maintenance of ecological function and establish the range of variability in connection elevation
anticipated in the unique floodplain features.

Estuarine long-term water quality and biological monitoring similar to what was deployed during
this study should be maintained on a monthly to quarterly basis for a period of 3 to 5 years at the
same locations with a focus on collection additional data during summer months to capture and
describe the complete annual cycle of biological communities that utilize the lower river and
their respective response to varying flow regimes and the adopted flow tiers.

6 Acknowledgements

The project team would like to thank the numerous property owners throughout the Brazos basin
that made this study possible. Stakeholders such as these allow for protection of natural
resources that are important for people and natural systems. A sincere thank you goes out to
TWDB for managing this contract and for their support and guidance during this accelerated
process. We graciously thank all participants of the two expert panel workshops for their
thought-provoking comments and valuable suggestions. Acknowledgments would not be
complete without recognizing the resource agency scientists and Brazos BBEST and BBASC
members who provided time, guidance, and sharing of expertise both in front of and behind the
scenes during this exciting project.

7 References

Anderson, R.O., and Neumann, R. M., 1996, Length, weight, and associated structural indices, in
Murphy, B.R., and Willis, D.W., eds., Fisheries Techniques: Bethesda, Md., p. 283-300.

Auer, N.A. 1982. Identification of Larval Fishes of the Great Lakes Basin, with Emphasis on the
Lake Michigan Drainage (Special Publication 82-3). Great Lakes Fishery Commission.

Azim U. Mallik, A.U., D. P. Kreutzweiser, C. M. Spalvieri. 2014. Forest regeneration in gaps
seven years after partial harvesting in riparian buffers of boreal mixed wood streams.
Forest Ecology and Management 312: 117-128.

Baker, M.E. and M. J. Wiley. 2004. Characterization of woody species distribution in riparian
forests of lower Michigan, USA using map-based models. Wetlands. 24(3): 550-561.

Balcer, M.D., N. Korda, S.I. Dodson. 1984. Zooplankton of the Great Lakes: A Guide to the
Identification and Ecology of the Common Crustacean Species. University of Wisconsin
Press.

Baldys, S., Ill, and F.E. Schalla. 2016. Base flow (1966-2009) and streamflow gain and loss
(2010) of the Brazos River from the New Mexico—Texas State line to Waco, Texas (ver.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 112 TWDB Contract # 1600012009



1.1, June 2016): U.S. Geological Survey Scientific Investigations Report 2011-5224, 53
p., http://dx.doi.org/10.3133/sir20115224

Bonner, T., J. Duke, G. Guillen, K. Winemiller, BIO-WEST (2015). Instream Flows Research and
Validation Methodology Framework — Brazos River and Associated Bay and Estuary
System. Final Report to Texas Water Development Board. Contract #1400011722.
September 24, 2015. 159 pages plus appendices.

Brazos BBASC. 2013. Work plan for adaptive management. Brazos River and Associated Bay
and Estuary System Basin and Bay Area Stakeholders

Brazos BBEST. 2012. Brazos River Basin and Bay Expert Science Team Environmental Flow
Regime Recommendations Report. Austin, TX.

Bruno, D., O, Belmar, D. Sa'nchez-Ferna'ndez, J. Velasco. 2014. Environmental determinants of
woody and herbaceous riparian vegetation patterns in a semi-arid Mediterranean basin.
Hydrobiologia 730:45-57. DOI 10.1007/s10750-014-1822-8

Cairns, S.D. et al. 2002. Common and scientific names of aquatic invertebrates from the United
States and Canada: Cnidaria and Ctenophora. Special Publication 28. 2" edition.
American Fisheries Society, Bethesday, MD. 126 pp.

Clark, J.S., E. Macklin, and L. Wood. 1998. Stages and spatial scales of recruitment limitation in
southern Appalachian forests: Ecological monographs 68 (2): 213-235

Clarke, K.R.; R.N. Gorley. 2015. "PRIMER v7: User Manual/Tutorial". PRIMER-E.

CLA BBEST [Colorado and Lavaca Rivers and Matagorda and Lavaca Bays Basin and Bay
Expert Science Team], 2011, Environmental Flows Recommendations Report—Final
submission to CLA BBASC [Colorado and Lavaca Rivers and Matagorda and Lavaca
Bays Basin and Bay Area Stakeholder Committee], EFAG [Environmental Flows
Advisory Group], and TCEQ [Texas Commission on Environmental Quality]: Austin,
Tex., Texas Commission on Environmental Quality, 497 p.

Connolly, R.M., T.A. Schlacher, and T.F. Gaston. 2009. Stable isotope evidence for trophic
subsidy of coastal benthic fisheries by river discharge plumes off small estuaries. Marine
Biology Research 5:164-171.

Cook, H.L. 1966. A generic key to the protozoan, mysis, and postlarval stages of the littoral
Penaeidae of the northwestern Gulf of Mexico. Fishery Bulletin. P. 437-447.

Davies, S.P. and Jackson, S.K., 2006, The biological condition gradient—a descriptive model for
interpreting change in aquatic ecosystems: Ecological Applications v. 16, 1251-1266.

Day, J.W., B.C. Crump, W.M. Kemp, and A. Yanez-Arancibia. 2013. Estuarine Ecology. 2"
edition. John Wiley and Sons, Hoboken, NJ.

Diaz, R.J. and R. Rosenberg. 2008. Spreading dead zones and consequences for marine
ecosystems 321:926-929.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 113 TWDB Contract # 1600012009


http://dx.doi.org/10.3133/sir20115224

DiMarco, S.F., T. Dellapenna, D. Shormann, W. Denton, and M.K. Howard. 2008. Hypoxia
formation along Coastal Texas due to Brazos River Flooding: Summer 2007. 2008 Ocean
Sciences Meeting. Abstract. Orlando, FL. American Geophysical Union.

DiMarco, S.F., J. Strauss, N. May, R. Mullins-Perry, E. Grossman, and D. Shormann. 2012.
Texas Coastal Hypoxia linked to Brazos River Discharge as Revealed by Oxygen
Isotopes. Aquatic Geochemistry 18:159-181.

Ditty, J.G., and J.R. Alvarado-Bremer. 2011. Species discrimination of postlarvae and early
juvenile brown shrimp (Farfantepenaeus aztecus ) and pink shrimp (F. duorarum)
(Decapoda: Penaeidae): coupling molecular genetic and comparative morphology to
identify early life stages. J. Crustacean Biology 31(1) :126-137.

Dodds, W.K. 2006. Nutrients and the “dead zone”: the link between nutrient ratios and
dissolved oxygen in the northern Gulf of Mexico. Frontiers in Ecology and the
Environment 4(4):211-217.

Dyer, K. R. 1997. Estuaries: a physical introduction, Second edition. Wiley, New York, NY. 195
Pp.

Engle, V.D., J.K. Summers and J.M. Macauley. 1999. Dissolved oxygen conditions in Northern
Gulf of Mexico estuaries. Environmental Monitoring and Assessment 57:1-20.

Engle, V.D., J.C. Kurtz, L.M. Smith, C. Chancy and P. Bourgeois. 2007. A classification of U.S.
estuaries based on physical and hydrologic attributes. Environmental Monitoring and
Assessment. 129:397-412.

Emitte. J. 1983. A comparative study of two river estuaries. Technical Report. 46 pages. Dow
Chemical USA. Texas Division.

Felder, D.L. 1973. An annotated key to crabs and lobsters (Decapoda, Reptantia) from coastal
waters of the northwestern Gulf of Mexico. LSU. Sea Grant Public. No. LSU-SG-73-02.

Fraticelli, C.M. 2006. Climate forcing in a wave-dominated delta: the effects of drought-flood
cycles on delta progradation. Journal of Sedimentary Research 76: 1067-1076.

Gibeaut, J.C., W. A. White, T. Hepner, R. Gutierrez, T. A. Tremblay, R. Smyth, and J. Andrews,
R. Waldinger, D. Sassen, L. Xu and Y. Qiu. 2000. Texas Shoreline Change Project Gulf
of Mexico Shoreline Change from the Brazos River to Pass Cavallo. A Report of the
Texas Coastal Coordination Council. Bureau of Economic Geology. The University of
Texas at Austin. Austin, Texas 34 p.

Gillson, J. 2011. Freshwater flow and fisheries production in estuarine and coastal systems:

where a drop of rain is not lost. Review in Fisheries Science. 19(3):168-186.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 114 TWDB Contract # 1600012009



Glysson, G.D., J.R. Gray and L.M. Conge. 2000. Adjustment of total suspended solids data for
use in sediment studies. Proceedings of the ASCE 2000 Joint Conference on Water
Resources Engineering and Water Resource Planning and Management.

Gray, J.R., G.D. Glysson, L.M. Turcios, and G.E. Schwarz. 2000. Comparability of suspended-
sediment concentration and total suspended solids data. WRIR 00-4191. USGS.

GSA BBEST [Guadalupe, San Antonio, Mission, and Aransas Rivers and Mission, Copano,
Aransas, and San Antonio Bays Basin and Bay Expert Science Team], 2011,
Environmental Flows Recommendations Report—Final submission to GSA BBASC
[Guadalupe, San Antonio, Mission, and Aransas Rivers and Mission, Copano, Aransas,
and San Antonio Bays Basin and Bay Area Stakeholder Committee], EFAG
[Environmental Flows Advisory Group], and TCEQ [Texas Commission on
Environmental Quality]: Austin, Tex., Texas Commission on Environmental Quality, 427
p.

Hagy, J.D. and M.C. Murrell. 2007. Susceptibility of a Gulf of Mexico estuary to hypoxia: an
analysis using box models. Estuarine, Coastal and Shelf Science 74:1: 239-253.

Harris, C.J., M. R. Leishman, K. Fryirs, G. Kyle. 2012. How does restoration of native canopy
affect understory vegetation composition? Evidence from riparian communities of the
Hunter Valley Australia. Restoration Ecology 20(5): 584-592

Heard, R.W. 1979. Guide to common tidal marsh invertebrates of the northeastern Gulf of
Mexico. Mississippi Alabama Sea Grant Consortium. MASGP -79 — 004. Ocean Springs,
MS. 87 pp.

Hudson, P.F. and J. Mossa. 1996. Suspended sediment transport effectiveness of three large
impounded rivers, U.S. Gulf Coastal Plain. Environmental Geology 32(4): 263-273.

Hunt., B.B., A.S. Broun, D.A. Wierman, D.A. Johns, and B.A. Smith, In Press, Surface and
Groundwater Interaction Along Onion Creek, Central Texas: Gulf Coast Association of
Geological Societies Transactions, 66th Annual Convention, September 18-20, 2016,
Corpus Christi, Texas.

In-Situ. 2013. Operator's manual: Level Troll 300, 500, 700, 700H Instruments. In-Situ Inc., Fort
Collins, CO.

Johnson, W.S. and D.M. Allen. 2012. Zooplankton of the Atlantic and Gulf Coasts: A Guide to
Their Identification and Ecology. 2nd edition. Johns Hopkins University Press. 472 pp.

Kells, V., and K. Carpenter. 2011. A Field Guide to Coastal Fishes: From Maine to Texas. The
John Hopkins University Press, Baltimore, Maryland. 447 pp.

Kirkpatrick, J. 1979. Intensive survey of the Brazos River, Segment 1201 (Hydrology, field
measurements, water chemistry, sediment chemistry, biology). I1S-4. Texas Department of
Water Resources. Reprinted 1983. 94 pages. Austin, TX.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 115 TWDB Contract # 1600012009



Kuo, A.Y., K. Park, and M. Z. Moustafa. 1991. Spatial and temporal variability of hypoxia in
the Rappahannock River, Virginia. Estuaries 14(2):113-121

Leavy, T.R., and Bonner, T.H., 2009, Relationships among swimming ability, current velocity
association, and morphology for freshwater lotic fishes: North American Journal of
Fisheries Management, v. 29, no. 1, p. 72-83.

Lewis, E.L. and R.G. Perkin. 1978. Salinity: its definition and calculation. Journal of geophysical
research. 83: 466-478.

Lin, J., L. Xie, L.J. Pietrafesa, J. Shen, M.A. Mallin, M.J. Durako. 2006. Dissolved oxygen
stratification in two micro-tidal partially-mixed estuaries. Estuarine, Coastal and Shelf
Science 70:423-437.

Livingston, R.J. 1997. Trophic response of estuarine fishes to long-term changes of river runoff.
Bulletin of Marine Science 60(3):984-1004.

Magurran, A.E. 1988. Ecological diversity and its measurement. Princeton University Press
Princeton, MA. 179 pp.

Magurran, A.E. 2004. Measuring biological diversity. Blackwell Publishing. Malden, MA. 256
Pp.

Merrit, R.W., K.W. Cummins and M.B. Berg. 2008. An introduction to the aquatic insects of
North America. 4" edition. Kendall Hunt.

Martinez-Andrade, F. 2015. Marine Resource Monitoring Operations Manual. Texas Parks and
Wildlife Department. Coastal Fisheries Divisions. Austin, TX. 127 pp.

Miller, A. V. 2014. Characterization of the Brazos River Estuary. Master’s Thesis. University
of Houston-Clear Lake, Houston, Texas.

Montagna, P.A., E.D. Estevez, T.A. Palmer, and M.S. Flannery. 2008. Meta-analysis of the
relationship between salinity and molluscs in tidal river estuaries of southwest Florida,
USA. American Malacological Bulletin 24:101-115.

Naiman, R. J., H. Décamps, M. E. McClain. 2005. Riparia: ecology, conservation and
management of streamside communities. Elsevier, San Diego, California, USA. 430 pp.

Nicol, J.M. 2013. Characterization of the in stream and riparian plant communities in the Barossa
Prescribed Water Resources Area. Data and methods report. South Australian Research
and Development Institute (Aquatic Sciences), Adelaide. SARDI Publication No.
F2013/000413-1. SARDI Research Report Series No. 745. 25pp.

NRCS for soil orders of Texas. 2017. Last accessed [7/6/17]
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/tx/home/?cid=nrcs144p2_003094

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 116 TWDB Contract # 1600012009



Orlando, S.P., R., L.P. Rozas, G.H. Ward, and C.J. Klein. 1993. Salinity characteristics of Gulf
of Mexico Estuaries. Silver Spring, MD: National Oceanic and Atmospheric
Administration, Office of Ocean Resources Conservation and Assessment. 209 pp.

Osting, T.D.; Furnans, Jordan; and Mathews, Ray; 2004, Surface connectivity between six
oxbow lakes and the Brazos River, Texas: Texas Water Development Board Report,
Surface Water Resources Division, 148 p.

Page, L.M. and B.M. Burr. 2011. Peterson Field Guide to Freshwater Fishes of North America
North of Mexico. 2" edition. Houghton Mifflin Harcourt. Boston, MA. 661 pp.

Page, L. M., H. Espinosa-Perez, L. T. Findley, C. R. Gilbert, R. N. Lea, N. E. Mandrak, R. L.
Mayden, and J. S. Nelson. 2013. Common and scientific names of fishes from the United
States, Canada, and Mexico, 7" edition. American Fisheries Society, Special Publication
34, Bethesda, Maryland.

Palmer, T.A., P.A. Montagna, J.B. Pollack, R.D. Kalke, and H. R. DeYoe. 2011. The role of
freshwater inflow in lagoons, rivers, and bays. Hydrobiologia 667:49-67.

Park, K., C. Kim, W.W. Schroeder. 2007. Temporal variability in summertime bottom hypoxia
in shallow areas of Mobile Bay, Alabama. Estuaries and Coasts 30: (1): 54-65.

Parsons Engineering Science. 1999. Surface Groundwater interaction evaluation for 22 Texas
River Basins. Prepared for Texas Natural Resource Conservation Commission, Austin,
Texas.

Perkin, J. S. and Bonner, T.H., 2011, Long-term changes in flow regime and fish assemblage
composition in the Guadalupe and San Marcos rivers of Texas: Rivers Research and
Application, v. 27, p. 566-579.

Perry, H. and K. Larsen. 2017. A picture guide to shelf invertebrates from the northern Gulf of
Mexico. SEAMAP Web Document.

Poff, N.L, J.D. Allan, M.B. Bain, J.B. Karr, K.L. Prestegaard, B.D. Richter, R.E. Sparks, J.C.
Stromberg. 1997. The natural flow regime. BioScience 47(11) pp. 769-784.

Price, W. 1982. Key to the shallow water Mysidacea of the Texas coast with notes on their
ecology. Hydrobiologia 93: 9-21.

Rabalais, N., R. E. Turner, and W.J. Wiseman, Jr. 2002. Gulf of Mexico Hypoxia, a.k.a. “The
Dead Zone”. Annual Review of Ecology and Systematics 33:235-263.

Renfro, W.C. 1963. Small beam net for sampling post larval shrimp. U.S. Fish and Wildlife
Service Circular 161. P. 86-87.

Richards, W.J. editor. 2005. Early Stages of Atlantic Fishes: an identification guide for the
Central North Atlantic. 2 volumes. CRC Press. Boca Raton, FL.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 117 TWDB Contract # 1600012009



Rodriguez, A.B., M.D. Hamilton, and J.B. Anderson. 2000. Facies and evolution of the modern
Brazos delta, Texas: Wave versus flood influence. Journal of Sedimentary Research
70:283-295.

Rood, S.B; J.H. Braatne, L.A. Goater. 2010. Responses of obligate versus facultative riparian
shrubs following river damming. River Res. Applications 26: 102-117

Rothschild, S.B. 2004. Beachcomber’s Guide to Gulf Coast Marine Life: Texas, Louisiana,
Mississippi, Alabama and Florida. 3" edition. Taylor Trade Publishing. 179 pp.

Runyan, D. T., 2007, Fish assemblage changes in Gulf Slope drainages; a historical
perspective—Master’s Thesis: San Marcos, Tex., Texas State University.

RStudio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL
http://www.rstudio.com/.

SAC 2006. Recommendations of the Science Advisory Committee. Presented to the Governor’s
Environmental Flow Advisory Committee. Austin, TX.

SAC. 2009. Methodologies for establishing a freshwater inflow regime for Texas estuaries,
within the context of the Senate Bill 3 Environmental Flows Process. SB3 Science
Advisory Committee. Report # SAC-2009-03. Austin, Texas.

San Antonio River Authority (SARA), T. Bonner, J. Duke, BIO-WEST (2015). Instream Flows
Research and Validation Methodology Framework - Guadalupe, San Antonio, Mission, and
Aransas Rivers and Mission, Copano, Aransas, and San Antonio Bays Basin. Final Report to
Texas Water Development Board. Contract #1400011709. September 24, 2015. 153 pages
plus appendices.

San Antonio River Authority (SARA), T. Bonner, J. Duke, BIO-WEST (2017). Instream Flows
Research and Validation Methodology Framework (2016-2017) - Guadalupe, San Antonio,
Mission, and Aransas Rivers and Mission, Copano, Aransas, and San Antonio Bays Basin.
Draft Report to Texas Water Development Board. Contract #1600011937. August 15, 2017.

Savenije, H.H. 2005. Salinity and tides in Alluvial Estuaries. Elsevier Press. Amsterdam,
Netherlands.

Schoenbaechler, C. 2011. Coastal hydrology for the Brazos River estuary. Texas Water
Development Board. Bay Estuaries Program. Austin, TX.

Scott, M. C. and Helfman, G. S., 2001, Native invasions, homogenization, and the mismeasure of
integrity of fish assemblages: Fisheries v. 26, 6-15.

Solis, D. and G. Powell. 1999. Chapter 2. Hydrography, mixing characteristics, and residence
times of Gulf of Mexico estuaries. In Bianchi, T.S. , J.R. Pennock and R.R. Twilley.
Biogeogchemistry of Gulf of Mexico Estuaries. John Wiley and Sons, New York, NY.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 118 TWDB Contract # 1600012009



SonTek. 2011. RiverSurveyor S5/M9 System Manual. SonTek and YSI Inc. San Diego, CA. 151
Pp.

State of Texas. 2007. Tex. Water Code 811.1471(a)(1).

State of Texas (Office of the Texas Secretary of State). 2014a. Title 30 Part 1 Chapter 307 Texas
Surface Water Quality Standards. Austin, TX. 205 p. Available at: http://texreg.sos.
state.tx.us/public/readtac$ext.ViewTAC?tac_view=4&ti=30&pt=1&ch=307&r1=Y

State of Texas (Office of the Texas Secretary of State). 2014b. Title 30. Texas Administrative
Code Title 11 Part 147 Chapter 298 Environmental Flow Standards Subchapter G: Brazos
River and its Associated Bay and Estuary System. Austin, TX.

Strom, K. 2013. Suspended sediment sampling and annual sediment yield on the lower Brazos
River. University of Houston. Final Report to TWDB. Houston, TX.

TCEQ. 2002. Texas Water Quality Inventory. Texas Commission on Environmental Quality.
Austin, Texas.

TCEQ. 2004. Atlas of Texas Surface Waters: Maps of the classified. GI-316. 31 p. Austin, TX.
Available online at: http://www.tceq.state.tx.us/publications/gi/gi-316/index.html.

TCEQ. 2012. Surface Water Quality Monitoring Procedures, Volume 1: Physical and Chemical
Monitoring Methods. Texas Commission on Environmental Quality, Austin, Texas.

TCEQ. 2014. Brazos River and its Associated Bay and Estuary System [online]. Austin: Texas
Commission on Environmental Quality. Environmental Flow Standards for Surface
Water. Available from
https://www.tceq.texas.gov/assets/public/legal/rules/rules/pdflib/298g.pdf

TNRIS. 2017. https://tnris.org/data-download/#!/statewide. Last accessed [7/6/17]

Turco, M.J., J.W. East, and M. S. Milburn. 2007. Base flow (1966-2005) and streamflow gain
and loss (2006) of the Brazos River, McLennan County to Fort Bend County, Texas:
U.S. Geological Survey Scientific Investigations Report 2007-5286, 27 pp.

Thomas, C., T.H. Bonner, B.G. Whiteside. 2007. Freshwater fishes of Texas. Texas A&M
University. College Station, TX. 202 pp.

USGS. 2017. WaterWatch website. https://waterwatch.usgs.gov. Last accessed [7/6/17]
Vannote, R.L, G.W. Minshall, K. W. Cummins, J.R. Sedell, C.E. Cushing. 1980. Canadian

Journal of Fisheries and Aquatic Sciences. 37(1): 130-137, https://doi.org/10.1139/f80-
017

Voshell, J.R., Jr. 2002. A guide to common freshwater invertebrates of North America. The
McDonald and Woodward Publishing Company. Blacksburg, VA. 442 pp.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 119 TWDB Contract # 1600012009


https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017

Ward, G.H., Jr. and C.L. Montague. 1996. Chapter 12. Estuarines. In: L.W. Mays ed. Water
Resources Handbook. McGraw-Hill. Washington, D.C.

Wallus, R. and T.P. Simon. 2008. Reproductive Biology and Early Life History of Fishes in the
Ohio River Drainage VVolume VI, Elassomidae and Centrarchidae. CRC Press.472 p.

Water Monitoring Solutions, 2012. Lavaca-Navidad River Authority Basin Summary Report.
92pp.

Web Soil Survey. 2017. Soil Survey Staff, Natural Resources Conservation Service, United
States Department of Agriculture. http://websoilsurvey.sc.egov.usda.gov/. Last accessed
[7/6/17]

Williams, A.B. 1984. Shrimps, lobsters, and crabs of the Atlantic Coast of the Eastern United
States, Maine to Florida. Smithsonian Institution Press. Washington, D.C. 752 pp.

Winemiller, K.O., Tarim, Soner, Shormann, David, and Cotner, J.B., 2000, Fish assemblage
structure in relation to environmental variation among Brazos River oxbow lakes:
Transactions of the American Fisheries Society, v. 129, no. 2, p. 451-468.

Wolanski, E. 2007. Estuarine ecohydrology. Elsevier Press. Amsterdam, Netherlands pp. 157.

Zeug, S.C., Winemiller, K.O., and Tarim. Soner, 2005, Response of Brazos River oxbow fish
assemblages to patterns of hydrologic connectivity and environmental variability:
Transactions of the American Fisheries Society, v. 134, p. 1389-13909.

Instream Flows Research and Validation Methodology Framework August 2017
TWDB 2016-2017 120 TWDB Contract # 1600012009



Appendix A. Expert Panel Workshop
Agendas and Participant List






GSA /BRAZOS / COLORADO ENVIRONMENTAL FLOWS VALIDATION PROJECT
2016 WORKSHOP #1 AGENDA
September 8, 2016

9:00 to 9:15 Welcome and Introductions — LCRA

9:15t0 11:00 Overview of Previous Studies

INTRO - Oborny

AQUATIC - Bonner
RIPARIAN - Duke
FLOODPLAIN - Littrell
BRAZOS ESTUARY - Guillen
APPLICATION - Oborny

11:00 to 11:15 Break

11:15to 12:00 BRAZOS ESTUARY - Guillen

e Proposed Plan
o Site Selections (maps and pictures)
o Sampling Protocols and Procedures
e Expert Panel Feedback

12:00 to 1:00 Lunch: On-site

1:00 to 1:30 FLOODPLAIN - Littrell

e Proposed Plan
o Site Selections (maps and pictures)
o Sampling Protocols and Procedures
e Expert Panel Feedback

1:30 to 2:00 RIPARIAN - Duke

e Proposed Plan
o Site Selections (maps and pictures)
o Sampling Protocols and Procedures
e Expert Panel Feedback

2:00 to 2:30 AQUATIC - Bonner

e Proposed Plan
o Site Selections (maps and pictures)
o Sampling Protocols and Procedures
e Expert Panel Feedback

2:30to 3:00 PROJECT SCHEDULE - Team
3:00 to 4:00 EXPERT PANEL DISCUSSION

4:00 Adjourn
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GSA /BRAZOS / COLORADO ENVIRONMENTAL FLOWS VALIDATION PROJECT

10:00 to 10:15

10:15 to 10:30

10:30 to 11:00

11:00 to 11:30

11:30 to 12:00

12:00 to 1:00

1:00 to 1:30

1:30 to 1:45

1:45to 2:00

2:00 to 3:00

3:00

2017 WORKSHOP AGENDA
June 29, 2017

Welcome and Introductions — SARA

Introduction - Oborny

Expert panel interaction and feedback welcome throughout
Study Goals and Objectives

Project Components and Researchers

Validation Framework Methodology

BRAZOS ESTUARY - Guillen
e Sites and Methods
e Results and Conclusions
e Paths forward

FLOODPLAIN - Littrell
e Sites and Methods
e Results and Conclusions
e Paths forward

RIPARIAN — Duke
e Sites and Methods
e Results and Conclusions
e Paths forward

Lunch - on site

AQUATIC - Bonner
e Sites and Methods
e Results and Conclusions
e Paths forward

Instream Flow Validation Tool — Oborny
e Work in progress — general framework
e Ecological components
e Additional components for consideration

Invited Presentation on Trinity River Activities — Webster Mangham
EXPERT PANEL DISCUSSION

Adjourn
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Appendix B. Flow (CFS) on Day of
Subsample per Site
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