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This study investigates the downstream controls of alluvial sediment
composition and river channel adjustment in the Llano River watershed, Central Texas,
USA. The Llano River watergd is characterized by a highlariable, floodprone
flow regime and a complex lithology of Cretaceous carbonate rock, Paleozoic
sedimentary rock, and Precambrian igneous and metamorphic $achmentary
variablesfor this studyinclude particle sizesorting, carbonate content, and magnetic
susceptibility. Channel adjustmentludes the planform dimension and crssstional
dimensions of bankfulland macrechannelsNineteen sites along the Llano River and
selected tributaries were visited to measwrosssectional channel geometignd
sample bed, dnk, and overbank sedimentaboratory analyses of sediment and
hydraulic analyses of cross sections were accompanied by analysadiafduration

flood frequency,flow resistancehydrography, digitaklevation modelsandstatistical
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correlation Findings include: (1) channbkd material reduces in size with downstream
distance, despite increasing valley confinement &medirock exposure(2) the
downstream decrease article sizeis more evident fochannelbar deposits than for
low-flow-channel (thalweg) deposits; (8n abrupt graveo-sand transition occurs
about 20 kilometerslownstream of the PaleozeRyrecambrian contact; (4) an abrupt
coarse to fine-gravel transition occurs between 75 afidklometers downstream the
North Llano and South Llano Rivers; (5) chanhahk material increases downstream,
contrasting with decreases inbed material; (6) carbonate content and magnetic
susceptibility ofalluvial sediment are inversely related, withrisonate content peaking
near Junction; (7) four general categories to classify reaches of the North Llano, South
Llano, and Llano Rivers are based on hydrology, planform morphology, lithology, and
valley confinement(8) mean depth increasingly compensdta bankfull discharge in

a downstream direction; (9) mean depth compensates more than width for macro
channels; and (10) the return periods for bankfull and relzaonels are about 1 to 2
years and greater than 10 years, respectively. The resulis sfutly will contribute to
fluvial geomorphic theorypf downstream trends sediment composition and channel
adjustmentas well as inform applied efforts related to aquatic biology, flood hazards,

infrastructure design, and riparian and waigssource ranagemenin the region
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Chapter 1. Introduction

River channel adjustment has long been a fundamental topic of fluvial
geomorphology. Two primary dimensions of channel adjustraepattern (planform
geometry) and shape (cressctional geometry). Discharge and sediment commonly are
referenced as the controls aftuvial channel adjustment for timescales ranging from
decades to centuries. The most common index of discheube (meers per seconds
bankfull dischargewhich isrelated to the scale of size of channel features. Indices of
sediment commonly include bedload (tqres day), bedmaterial size rfillimeters, or
bank material (siftlay percentagge all commonly related tothe shape of a river
channel (Schumm 1960, 197/nighton 1998. Much of our knowledge on the topic of
channel adjustment derives from studies in humid settings. Recent studies, however,
have shown that specific indices controlling channel morpholeayy regionally
especially in settings dominated by highly variable flow regirfeeg., Bourke and
Pickup 1999; Gupta 1999; Hexge, Broadhurst, and Birkhe&001; Kale and Hire
2007) This is particularly important when considering spatial variability ianciel
adjustment along transition zones in hydrology and litholegynmonly observed in
drainage systenia Central Texas.

This study examines thdownstream (headwaters to outletntrols of alluvial
sediment composition andutual adjustment of channghttern and shape the Llano

River watershed (11,568 square kilometerghich drains the Edwards Plateau and



Llano Uplift of Central Texas (Figurell). Thestudy areaepresents an opportunity to
examine the controls of channel adjustment in a sattingue from th&knowledge base

on this topic (Baker 1977; Tinkler 20Q1yhich mostly includes investigations in humid

or snowmekdominated settingslhe regional climat®ef the Llano River watershed
characterized by a transition from western semiarigastern subhumid conditions, and

the hydrologic regime of the region i®ted forlow perennial flows punctuated by
extremeflash floods. Channel reaches commonly alternate between bedonéked

and alluvial, and a continuum of associated cont®lsvident throughout channels in

the watershed Additionally, river sediment abruptly varies as a resulthogéedistinct
lithologies, Cretaceous carbonate rocks associated with the Edwards ,Fratieazoic
sedimentary rocks forming a transition zonand Recambrian igneous and
metamorphiaocks associated with the Llano Uplift. The flashy hydrologic regime has
important implications to river channel adjustment in the region, particularly in
examining the validity of bankfull discharge as a controlcbannel geometry. The
ubiquitous presence of bedrock, especially that comprising the channel bed, exerts
control on hydraulic and sediment transport processes, and thereby channel adjustment.
Moreover, the sharply contrasting lithology provides an oppdstito observe how

changes in sedimentary characteristics affect channel shape and pattern.
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Figure 1.1. Surface lithology(Barnes 1981)hydrography, and county boundaries in
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1.1 Current Model of Channel Adjustment

Channel geometry can be described in three modes of adjustment: (1) planform
(pattern), (2) crossection (shape), and (3) longitudinal (profile). Common indices used
to describe channel pattern include radius of curvatoee(s, channel widthrheters,
curvature (adius of curvature/ width), meander wavelengthmeéter$, sinuosity
(channel length / vallegxis length, andvarious braiding measure€hannel shape is
defined by the ratio of bankfull channel widtin€ter3 to depth (neter$, the presence
of bars or islands, and the symmetry of these components. Channel profile is
characterized by a bivariate plot of bed elevatiometers)and channel distance
(kilometers) along a reach of interest. These three modes of chaadjastment
typically are studied as distinct topics (e.g., Leopold and Maddock 1953; Leopold and
Wolman 1957; Schumm 1963; Ferguson 1987; Rosgen 1994), precluding a
comprehensive understanding of alluvial channel dynamiaiditionally, fluvial
geomorpholgistsfor decades havassociated channel geometry either with energy or
sediment characteristics, but neglected to integrate the two controls to understand
mutual channel form adjustment. The classic work of Leopold and Maddock (1953)
emphasized the impt@amnce of discharge on channel morphology through the concept of
hydraulic geometry, and established that width, degutld velocitymeters per second)
are related to discharge by a power function. A hydraulic approachvatsadapted to

consideration othannel pattern by Leopold and Wolman (1957). Figu2eshows the



relation proposed by Leopold and Wolman (1957), a threshold above which braiding
occurs:

"Y= 0.0120 %44, where

"Yis dimensionless channel slope abdis bankfull dischargeén cubic meters per
second.

Most of the data used to generate the plot were derived from rivers in the humid
eastern and midvestern United States and the northern Rocky Mountains. Few data
points were from riverwith highly variable flow regimes

The hydraulic threshold approach used by Leopold and Wolman (1957) was
effective at discriminating broad categories of channel pattern (e.g., meandering,
braided, straight). Other research@g., Schumm 197'Have employed a sedimentary
approach to predict eimnel pattern adjustment. Although the channel patterns are not as
distinct within the study area, such an approach holds promise because of abrupt
changes in lithology and sediment size between the Edwards Plateau and Llano Uplift
regions. For example, maden Berg (1995) used the Leopold and Wolman (1957)
hydraulic approach integrated with an index of sediment size to effectively distinguish
between singleand multithread channels.

Alternatively, Schumm (1960) has endorsed an apprdéacpredict channel
shape that primarily considers sediment. Schumm (1960) found that inctease
percentages of silt and clay channel boundaries are associated with low wildpth

ratios for rivers in the North American Great Plains (FiguB3 and that channel shape



is independent of dischargelowever the linear relation shown in Figure 1.3 violates
the requirements of independence for regreskamsed analysis because Mdactor is
computed from width and depth, to which it is subsequently related in th&phatomm
(1963) further advocates for sedimentary controls by showing a relag¢itveen sikt

clay percentagand sinuosity, and Schumm and Khan (1972) argue that fine sediment is

required before meandering develops in laboratory flume channels.
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Further lack of understanding of channel adjustment is attributed to the diversity
and contrast among quantitative indices for both discharge and sediment. For example,
bankfull discharge commonlpas been considered to be the flow responsible for
observed channel morphology and ofteapproximated by the flowhat occursevery
one to two years (Leopold and Wolman 1957; Wolraad Miller 1960). Howeverhe
link between channel geometry, sediméansport, and bankfull discharge occurring
every one to two years is problematic. First, banidtafeis not always readily defined
in field situations. Further, no consistent methods have been developed to determine
bankfull stage(Williams 197&). Another problem associated with bankfull discharge is
that it does not always have a common frequency of occurrence (Williama) 18vén
within the same watershed (Pickup and Warner 1976; Andrews 1980). Bankfull
discharge has been reported to occur eréety of return periods, including 1.5 years
(Leopold, Wolman, and Miller 1964; Dury 1973), theeanannual flood (Richards
1982), or 4 to 10 years (Pickup and Warner 1976). Further problems associated with
bankfull discharge consider its lack of asstorato some aspects of channel form and
sediment transport (Carlston 1965; Emmett and Wolman 2001).

The generalconcept of bankfull dischargaight be problematic in the Llano
River watershed because channel geometry and sediment transport are assihiated
infrequent extreme floods. Wolman and Gerson (1978) argue that channels in more arid
climatic settings are likely to adjust to higher flows than those in humid settings.

Validation of this idea is provided by Baker (1977), who discusses the clinmatic a



physiographic setting of the Texas Hill Country and concludes that extreme flood
events control channel morphology. Others have shown thafrémuency, high
magnitude flows are responsible for observed channel morphology in arid tarsgmi
regions Huckleberry 1994; Heritage, Broadhurst, and Birkhead 2001; Tinkler 2001).
However, the importance of flow variability has also bgetgedimportant in wetter
climates. Gupta (1995), for example, found thegérs in the seasonal tropics of India
display achannelin-channel morphology, where a maatannel has developed to
accommodate largmagnitude floods and a lewater channel conveys moderate
magnitude floods and baseflow for the majority of time.

A number of scientists hauesedsedimentary indiceso discriminate channel
patterns, but there is no consensus as to which index is most appropriate. For example,
Schumm (1960) advocates that-silty percentage in the channel banks controls €ross
sectional shape. Alternatively, others have utilized -inatkrial parameters to
differentiate planform and crosectional morphology (Howard 1987; van den Berg
1995; Xu 2004). Clearly, further research in unique settings is necessérsthier
elucidate the controls of river channel adjustment. Rivers thatuetero abrupt
downstream changes in lithology are good candidates to study the influence of

sedimentary controls on channel morphology (Ferguson 1987).



1.2 Research Questions

The unique characteristics of the study area dgftdistantiallyfrom the studies
comprising the base of knowledge aownstream trends in alluvial sediment
composition and channel adjustmghtiminating severatesearclguestions

1. What downstreantrends emerge in the sedimeaamposition (particle
size, sorting, cadnate, and magnetic susceptibility) of instream and
overbank deposits in watersheds with complex lithologic and flood
prone hydrologic conditions?

2. Because of problems associated with bankfull discharge, what discharge
controls hydraulic geometrgf rivers characterized by flashy, flde
dominated hydrologic regimes?

3. How does channel geometry adjust to the downstream continuum of

bedrock exposures and alluvial surfates

1.3 Hypotheses

A summary of predicted controls and influences on mutual channel adjustment
is presented in Table 1.1. The hypothesized controls and influences are based on
previously published theories and qualitative observations. Further, a model of

hypothesized downstream channel morphology is provided in Figure 1.4.
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Table 1.1. Author-basedhypotheses of downstream sedimentary and morphologic
trends in the Llano River watershed, Central Texas, USA.

Control

Hypothesized influence

1. Flow regime

2. Lithology

3. Alluvial
sediment
composition

4. Locally geep
channel slope

5. Bedrock
exposure
(valley
confinement)

= -4 —8_9_8a_-2

Highly variable flow regime results in chanfelchannel
morphology

Extreme flood magnitudes result in bankfull stagtn return
periodsgreaterthanl to 2yeas

Cretaceous carbonate and Paleozoic sedimentary zones assoc
with high percentage of silt and clay in banks and graizeld bed
material;Precambrian igneous and metamorphic zone associat¢
with higher percentages of sand in both bed and bank material
Cretaceous carbonate and Paleozoic sedimentary zone with
relatively high carbonate content; Precambrian igneous and
metamorphic zone with refaely low carbonate content
Cretaceous carbonate and Paleozoic sedimentary zone with
relatively low magnetic susceptibility; Precambrian igneous and
metamorphic zone with relatively high magnetic susceptibility
Relatively resistant rocks associated witbajer degree of valley
confinement

Gravelsized bed material results in relatively wide and shallow
channels; sandized bed material with relatively deep and narro\
channels

High percentage of siltlay in channel bank®sult in relatively
narrow channels; high percentage of sand in channel banks res
relatively wide channels

Higher stream power per unit area
Coarsebedmaterial

Relatively wide channel

Braided channel pattern

Greater proportion of bedrock exposure increases channel widt
Highly variable bank morphology

More bedrock exposures associated with complexity in channel
planform

Resistance of bedrock inversely related to alluvial channel
development (i.e., weak bedrock promotes wider and deeper
floodplains to develop) and meandering patterns

Bedrock joints control valley and channel position

11
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Figure 1.4. Author-based kipothesized model of downstream channel adjustment of
the LlanoRiver, Central Texas, USA.
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1.4 Implications

The proposed study is expected to contribute to theoretical understanding in
fluvial geomorphology by examining the controls of channel geometry for river systems
that areunderrepresented in the literature. The combination of the dynamic hydrologic
regime, mixed alluvial and bedrock characteristics, and sharp lithologic transition
between the carbonate and igneous rocks provides a unigue setting to test concepts of
dominantdischarge and the influence of sediment type on channel adjustment. Further,
this study will contribute to a broader understanding of equilibrium concepts pervasive
in fluvial geomorphology.

The findings will also be of applied value to an audience efsirecologists,
engineers, and hydrologists. Stream ecologists in government agemcesther
organizationsare concerned with geomorphiait composition and channel stability as
related to aquatic habitat within the study area because most mufdetzannel
adjustmenbriginatefrom humid or snowmeltlominated regions of the eastern United
States, Rocky Mountains, Pacific Northwest, or the United Kingddmincreased
understanding of the geomorphic role of highgnitude flows in hydrologicaly
variable rivers could enhanceinvestigations of habitat availability and viability
(Brierley and Fryirs 2005; Doyle et al. 2005). Additionally, state emahty highway
departments are concerned with the structural integrity of roads, bridgesatew
crossimgs, and culverts associated with rivers in Central Texas. High rates of channel

adjustment or the episodic transport of gravel lotesdamage such infrastructure.
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Further, river planning agencigg.g., Lower Colorado River Authoritydlso have
expressedconcerns about channel adjustment, and are especially concerned with
understanding sediment transport associated with reservoir sedimentation. Finally, the
ability to predict changes in channel geometry for a given suite of hydraulic and
sedimentary condis is important for riparian restoration effortghich is a topic of

increasing importance to Central Texas communities.

1.5 Dissertation Scope

This study utilizes field surveys and sediment samples, laboratory analyses of
sediment, geographignformationsystem (GlS)analyses, floodrequency analyses,
and statistical analyses to examine the combined roles of the hydrologic regime and
channel bed and bank material characteristics in controlling mutual channel adjustment
of the Llano River and selected wiiaries in Central Texas. Between December 2004
and February 2008, variodield-surveytrips were made to the study area to collect
data (Table 1.2). Field, laboratory, and statistical methods include established
techniqgues and equipment common to geommoigmists and hydrologists. Field
methods include crossectional surveys of channel morphology; surveys of-higte-
mark elevations following higimagnitudeflows in 2007 and sediment sampling of
channel bed, bank, and floodplain material. ParS8ite, carbonateontent, and
magnetic susceptibility analyses of sediment were done at the Applied Geomorphology

and Geoarchaeology Laboratory at the Department of Geography and the Environment,

14



The University of Texas at Austin. GIS analyses oinidler digial elevation models
(DEMSs), hydrography, and digital orthophoto quarter quadrangles (DOQQs) were done
in ESRIArcGIS 9. Statistics and flood frequency were analyzed using a combination of

Microsoft Excel 2007 and R version 2.§R Development Core Teand@4)
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Table 1.2. Field-surveytrips to the study arday the authar

Approximate date of trips

Purpose

1.
2.

3.

December 2004
June to August 2006

November 2006

April 2007
May 2007

June 2007

July 2007
February 2008

Crosssectional channel survey of North Llano River near Junc

Crosssectional channel surveys and sediment samplisg e
near Junction

Crosssectional channel surveys and sediment samplisgexd
near Junction

High-water marksalong Llano River

Crosssectional channel surveys and sediment samplisged
near Mason and Llano

Crosssedional channel surveys and sediment sampling of site:
near Llano

High-watermark elevations establishatbng Llano River
High-watermark elevationsurveyed for Llano River
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1.6 Dissertation Outline

The dissertatioms organized intesevenchapters, four of which have inddal
abstracts and conclusions and er@ant to serve as staatbne documents. Formatting,
including citations,bibliography and other details of the document is based on the
Annals of the Assdation of American GeographelfSome material is presented more
than once in different chaptersjtiredundancyis kept to a minimum and used only
when deemed necessdry the autharThe chapters are described below:

1. INTRODUCTIONGS The introduction is this chapter, whictescribes the
background, research questions, hypotheses, implications, and dScdpe o
dissertation project.

2. LITERATURE REVIEWO The chapter reviewstheory, techniques, and
applications of a@station hydraulic geometry, downstream hydraulic
geometry, and dominarand effective discharge. A primary objective of the
literature review igo0 summarize contemporary trends and findings associated
with the reviewedluvial geomorphic concepts.

3. PHYSICAL SETTINGAND PALEOENVIRONMENTAL HISTORY OF THE
EDWARDS PLATEAW) The chapter provides details on the presatdy
climate, geology physiography, r@d biota of the Edwards Plateam Central
Texas, but the majority of content i® review of the literature documenting
environmental change ithe plateawsince theLast Glacial Maximum (20,000

yearsB.P.). The chronology ofdte Quaternaryenvironmentachangeservesas
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5.

important context for the preseday physcal setting in the study are#
considerable portion of this chapter is devoted to changes in-cinzemel
behavior and characteristics.

RESEARCH DESIGN The chapter summarizethe research appachesused

to elucidate the controls of alluvial sedimentology and channel adjustment in the
Llano River watershed.

ALLUVIAL SEDIMENTOLOGY OF THE LLANO RIVER WATERSHED®

The chapter presents and discusses results associated with alluvial sediment
deposits m the Llano River watershed, including downstream trends in particle
size, carbonate content, and magnetic susceptibility of chéedebnd bank
deposits. Techniques include field sampling, laboratory sediment analyses, and
statistical analyses. Variousethods and characteristics of the physical setting
are embeddeih the chapter

CHANNEL ADJUSTMENT IN THE LLANO RIVER WATERSHEDB The
chapter presents and discusses results associated with the downstream
adjustment of channel pattern and shape related tmlogic, lithologic, and
sedimentary controls in the Llano River watershed. Techniques include GIS
analyses, floodrequency analyses, -atstation hydraulic geometry, and
downstream hydraulic geometry. Various methods and characteristics of the

physical gtting are embedded the chapter
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7. SUMMARY AND CONCLUSIONS The chapter summarizes the results of
the dissertationsynthesizes the findings, narrows the findings down to a few
conclusive statementand poses further research questitnpoentially guice

future endeavors
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Chapter 2. A Review of Contemporary Applicationsthat Use
Hydraulic Geometry and Dominant or Effective
Discharge: Implications for Environmental Assessments of
Fluvial Systems

2.1 Abstract

Hydraulic geometry and fluvial geomorphic applications traditionally have
relied on identification of a dominant or effective discharge. The increasing awareness
thatvariousflows areresponsible for fluvial and ecological processes, operating within
river channels and overbank, provides an alternative line of inquiry for these concepts to
be utilized. Whereasmany investigations have shown that channel geometry and
cumulative sediment transport are associated with bankfull conditions- ao®-year
retun period, other studies in more dynamic systems have disassociated dominant or
effective flows from those restrictions. In general, the traditional effective discharge
concepts outlined by Wolman and Miller (1960) are most valid in humid or snowmelt
driven fluvial systems, have mixed results in seasothlixen systems, and become
less predictive for small watersheds, incised channels, or in systems with highly
variable flow regimesAt-a-station and downstream hydraulic geometry analyses used
to assesshe environmental condition of fluvial and riparian ecosystems should not
solely rely on identification of one formative discharge, but would benefit from an
assessment of: (1) the discharges and stages at which certain sdchmspurt

processes initiat(e.g., critical shear stress) or operate (e.g., effective discharge) and (2)
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the discharges and stages at which particular physical features occur (e.g., channel bars,
succinct breaks in bank slope, perched flood channels, etc.). Further, accurate
interpretations of sedimesttansport processes and channel formation are likéligwis

are analyzedvith respect to antecedent conditions, timiagd typical durations of

flow.

2.2 Introduction

The tenets of steaestate equilibrium and uniformitarianism aesponsible for
a number of concepts pervasive in applied fluvial geomorphology today, including
hydraulic geometry and dominant, or effective, discharge. In many publications,
hydraulic geometry and dominant discharge have been investigated or applied
seprately, but both concepts largely infer that flow egercontrols channel
morphology. Ths chapteintroduces the concept§ hydraulic geometry and dominant
dischargediscussegheir strengths and limitations, and reviews the relevant literature
prior to the mid1990s.The findings of this review are expectedpimvide context and
comparative examples useful faquiries of crossectional channel adjustment and the
relation of channel geometry to discharge.
2.2.1 Hydraulic Geometry

Hydraulic geometry, a lgely empirical technique introduced by Leopold and
Maddock (1953), quantifies the cressctional morphology of stream channels in

relation to their flow regime. The three factors of discharge (width, depth, and velocity)
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are plotted in log space with disgrge on the abscissa axis, such that three slope
dependent exponents, (f, andm) of the regressioffitted lines satisfy continuity by
summi ng to the val b&andnexporiems regpresert the ratd of . The
change of width, depth, and velocityith discharge The fundamental hydraulic
geometry equations are:
0 =60
Q=@ °
0="MBY%, where
0 is watersurface width, in meter§)is mean depth, in meters;is mean velcity, in
meters per second) is discharge, in cubic meters per secony;cy and Qare
empirically-derived coefficients; and) "Q andé are empiricallyderived exponents.
Hydraulic geometry can be applied to the range of flows at one crossnsectio
t e r meagstatiora or along a channel reach for a uspecified index of discharge at
mul tiple Cross sect i OAt-astationt leydranlec dgeorietiyo wn st r e
commonly has three phases in most river channels: (1¥ltawconditions that are
incapable of entraining bed and bank materialnf@ylerateflow or active conditions
associated with entrainment and transport of bed (and possibly bank) material, and (3)
high-flow or overbank conditions (Knighton 199&reaks in line slope onflectiors in
the loglinear relations of width, mean depth, and mean velocity to discharge are

associated with transitions between the three phases.

22



08151500 Llano River at Llano, Texas, 1997 to 2007
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Figure 2.1. Example of afa-station hydraulic geometry using discharge measurements

at U.S. Geological Survegreamflowgagingstation 0815300 Llano River at Llano,
Texasfor hydrologic years 1997 to 2007.
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For downstream hydraulic geometry, the choice of a discharge index is relegated
to the practitioner. For downstream investigations specific to suater hydrology,
mean annual discharge or another statistiagllgvant flow is chosen, but
investigatios specific to channel geometry mostly use bankfull discharge (e.g., Xu
2004; Wohl and Wilcox 2005). Leopold and Maddock (1953), using data from a limited
collection of rivers, computed average values of €ne'Q and & exponents for
downstream hydrawdigeometrywhich are 0.5, 0.4, and 0.1, respectively. The values,
closely confirmed by Knighton (1987), indicate that: (1) channel width, mean depth,
and mean velocity all increase with downstream distance, and (2) channel width
increases at a greatereahan mean depth and mean velocity. In contrast, it was shown
that mean depth increases at a greater rate than-sumfece width for ag-station
analysesln the time sincehe introduction of hydraulic geometry, other factors have
been similarly relad to discharge and its factor components, including channel slope,
flow resistance, and suspended sediment load (e.g., Leopold and Maddock 1953;
Rhodes 1977; Knighton 1998), and interpretive downstream applications often require
simultaneous relations tbe developed between these variables and -sexggonal
geometry (Ferguson 1986).

Hydraulic geometry stems from equilibrium theory because it suggests-that at
station crossectional form and downstream adjustment to chanihapes are
maintained by a dmable hydrologic regime. A hydrologic regime can be defined by

the unique relations of flow magnitude and frequency, and essentially represents flow
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variability. For example, the ofnentioned flashylow regime displays relatively low
baseflow for the ast majority of time, punctuated by extreme events with peak
discharges that are magnitudes larger than the mean annual flow. Quantifiable measures
of a hydrologic regime are computed through various statisics) adlow-duration
curves, ratios of peak discharge to mean annual discharge (Lewin 1989), flood
frequencyanalyses(Stedinger, Vogel, and Foufou(aeorgiou 1993), and zefftow
days (Smakhtin 2001), among many others. In essence, a hydrologic regime is defined
by flow statistics for the lumpegeriod of recordandthe definitiontherefore, does not
consider hydrologic change during that timeframe or thpeebed morphologic
consequencegKnighton 1975; Knighton 1977). Only when hydraulic geometry is
analyzed for subdividosiodndg her pfeanvapatons f wirrecow
in the flow regimebe identified and subsequently usedrnestigate the tendency of a
fluvial system to exhibit steaestate equilibrium. Hydraulic geometry applications are
inseparable from equilibrium theory, éiit is a circuitous argument to suggest that a
stream channel exhibits steashate equilibrium because of similarities in the hydraulic
geometry relations to a known stable channel, especially when considering possibilities
for multiple modes of adjustme(Phillips 1991).

Further, ata-station exponentsave large variatiofPark 1977)which suggests
to some that crossectional geometry is inherently unstable (Phillips 1990; Fonstad and
Marcus 2003). Even more problematic is application of downsthgaimaulic geometry

because: (1) the choice of a discharge index is highly subjective, chosen to suit the
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needs of a particular investigaticend (2) morphologic indices, such as bankfull, can
be difficult to determine (Williams 1978a). In general, botl-atation and downstream
hydraulic geometry techniques are not particularly insightful for infrequent flow events
above bankfull stage along rivers with extensive floodplains, because substantial
changes in width, mean depth, and mean velocity no lorayepare with flows below
bankfull. For geomorphic investigations of alluvial channgtsactitioners now
recognize that a range of flows and their sequential order are responsible for
maintenance of channel geometry (Pickup and Rieger 1979; Yu and Wol@@n 19
Knighton 1998; National Research Council of the National Academies 2005), not just
one dominant discharge.

Aside from complications that exist because of the dependence on equilibrium
theory and variability, a#&station hydraulic geometry can be ayweaseful technique to
associate the hydrologic regime of a stream to its channel shape. If applied in
conjunction with floodfrequency analysis, itself a problematic technique (Kidson and
Richards 2005), much can be learned about the relation of vargiusaim geomorphic
surfaces to the magnitude and frequencyhigh-flow events (Gregory and Madew
1982). For example, @tstation hydraulic geometry could identify a threshold mean
velocity thatoccurs at a particular frequenayhich effectively limits the vertical extent
of channel bars at that location.

At-astation hydraulic geometryanalyses can be especially insightfiar

practitioners who operatstreamflowgaging stations civil engineers who design
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instream structuresand aquatic biologists who nivestigate habitat structure and
function. Possibly more useful to fluvial geomorphologists, especially those operating at
the watershed scale, is downstream hydraulic geometry, bechaseel morphology
facilitates the choice ad morphologiedependentridex of discharge, usually the value

at bankfull stage. In this manner, downstream trends in channel width and depth are
identified, and inflections in the lelinear relations highlight the influence of other
controls, possibly sedimentary, anthropogenic, vegetation, among otherghe
variation in downstream hydraulic geometry data, as a proxy for the predictability of
channel shape, coufdrtherindicate if other variables are influential (Wharton 1995),
or that another discharge index would be maqpelieable. Finally, another widely
utilized application of downstream hydraulic geometry is the development of regional
at-a-station regression equations to predict channel shapeRetgan 1979; Castro and
Jacksor2001).

Previous investigations that rggeted or utilized hydraulic geometry have
highlighted the opportunities and disadvantages of the technique. Langbein (1964) and
Langbein and Leopold (1964), in developing their theoretical explanation for probable
energy distribution and channel equiliom, deduced that minimization of the sum of
squares of th&) "Q and& exponents, termed the theory of minimum variance, is an
internal goal of a river channel, in addition to thasic physicalrequirements of
continuity, flow resistance, and sediméransport. Williams (1978b) udalata from a

variety of rivers in the United States to generally support the theory, finding that
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predictions of width exponents are mgsedictive and velocity exponents are least
predictive.

The theory of minimum varianckas been refuted from a number of angles,
including negligence of a physical explanation (Ferguson 1986), disregard for sediment
transport (Knighton 1998), indeterminacy and equifinality (Thornes 1977), and reliance
on loglinear relations of hydraulic genetry (Richards 1973), which should not be
expected because of ndinear changes in roughness with discharge. Further, a number
of researchers have noted that channel boundary composition (e.g., Parker 1979;
Osterkamp and Hedman 1982; Knighton 1987; Kuamd Warner 1995) and vegetation
(e.g., Hey and Thorne 1986) substantially affect hydraulic geometry relations,
especially where cohesive banks (Schumm 1960) and dense vegetation effectively
reduce channel width, complicating the simple association wgbhdrge. Other
dimensions of stream channel geometry influence hydraulic geometry relations,
including pootriffle sequences (Figure.?) (Richards 1976) and channel pattern
(Knighton 1974; Knighton 1982). Finally, others have either graphically reprdduce
hydraulic geometry relations, such as the triang@dt) andd diagram (Figure2.3)
(Rhodes 1977; Rhodes 1987), or introduced new models of hydraulic geometry,
including logquadratic regression (Richards 1973), dimensionless relations (Parker
1979) piecewise linear regression (Bates 1990), compositional data analysis (Ridenour
and Giardino 1991), among others (Rhoads 1992). For further detail about the

advantages, disadvantages, and alternative uses of hydraulic geometry, excellent
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reviews are give in Richards (1977), Ferguson (1986), and Knighton (1998); and an

appreciable set of equations are provided in Wharton (1995).
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Figure 2.2. Example of downstream hydraulic geometry of channel width separately
considered for reaches associated with pools and riffles (from Richards 1976).

f

Figure 2.3. The@ "Qandé diagram is used to distinguish ten different channel types
based on loserved relations of width, mean depth, and mean velocity (from Rhodes
1977).
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2.2.2 Dominant Discharge

Hydraulic geometry and other techniques used to quantify channel morphology
often are applied to stream channels with the assumption of a dominahtarorel
forming, discharge(Table 2.1) The concept of dominant discharge was originally
proposed by Inglis (1941), who states that a single flow exists that, if continuous and
constantthrough time would generate the same channel geometry as the niéduval
regime. Wolman and Miller (1960) expanded and popularized this idea in the landmark
paper on effective dischardg&able 2.1) in which they conclude that moderate floods
are responsible for the majority of sediment transpbrough time (Figure 2.4).
According to theirmoderateflood theory, the effective discharge is large enough to
generate the power necessary to mobilize and transport sediment, and occurs frequently
enough to cumulatively transport the largest volume of sedir@atiectively, hemore
extreme floods simply do not occur frequently enough to exceed the moderate floods in
terms of cumulative sedimetransporthrough time. Essentially, the relatively frequent
moderate floods are those that maintain the geomorphic equilibrium o&lnstitgam
channelslt is interesting to note that Wolman and Miller (1960) acknowledged that
relatively highly variable flow regimes are more likely to experience the effective
discharge on a more infrequent basis, but this documented caveat was oveeshaylo
the moderatdlood theoryand, therefore, has generally been neglected in geomorphic

assessments.
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Table 2.1. Definitions of dominant and effective discharge.

Term

Definition

Bankfull discharge
Dominant discharge

Channelforming discharge

Effective discharge

The discharge that fills the channel to the tofisobank8

The theoretical discharge that if maintained indefinitely would
result in the same channel geometry as the existing channel si
to the natural range of flow evefts

Equivalent di scifdomgiedant

The discharge responsible for the cumulative majority of sedir
transport over time; the maximum product of the sediment
transport rate and frequency of a given discharge for a range ¢
flows at a channel cross section

2 Definition from Biedenharn et al. (2000)
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Figure 2.4. Conceptual diagram of effective discharge (modified from Wolman and
Miller 1960), which is the maximum product of flow frequency and its associated
sediment transport rate.
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Using channel morphology as a guide, dominant discharge often is equated to
bankfull discharge (e.g., Wolman and Leopold 1957; Leopold, Wolman, and Miller
1964). Theoretically, the channel dimensions have adjusted over time to fully
accommodate the flow #h cumulatively transports the most sediment over time. Using
various rivers in the United States, Wolman and Miller (1960) documented that the
frequency of bankfull discharge occurs, on average, between one and two years.
However, other studies have showat the bankfull (Pickup and Warner 1976) and
effective discharges (Baker 1977) can be less frequent, especially in river systems
characterized by highly variable flow regimdsurther, it has been proposed that
bankfull and effective discharges havefeliént return periods for some rivers (Pipku
1976; Pickup and Warner 197&hd for sites with different drainage areas in the same
watershed (Wolman and Gerson 1978; Ashmore and Day 1988).

In the time sinceghe general acceptance of Wolman and Miller )9&arious
studies have explored the application of dominant or effective discharge, and the
association with bankfull conditions. Invariably, those studies either confirmed or
undermined the general claim that bankidischarge is dominareind has a return
period of 1 to 2 years. Whereas crssstional shape possibly is most indicative of
dominant discharge, some researchers have shown that planform geometry also can be
explained bythe dominandischarge concepfCarlston 1965; Ackers an@harlton

1970; Ackers 1982).
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In an assessment of rivers in the USA from Barnes (1967), Dury (1973)
computes that bankfull discharge has an average return period of 1.58 years, and further
suggests that underfit rivers complicate the association of chgewoshetry with
contemporary dominant discharge. Gupta and Fox (1974) document the reduction of
channel width by small and moderate events following a series of large floods in the
humid, eastern United States, but also acknowledge that more variableogiarol
regimes maintain relatively wide channels. Further support to Gupta and Fox (1974) is
provided by Patton (1988b) and Pitlick and Thorne (1987), who document recovery of
rivers following rare, extreme floods in the New England region and a moun&amstr
in Colorado, respectively. Combining measured suspeséeuainent loads with bedload
transport estimates in the Yampa River basin, Colorado and Wyoming, USA, Andrews
(1980) finds that the effective discharge matches the bankfull discltangf@medby
Leopold (1992)and has a return period between 1 and 1.5 years.

Some case studies have retained a more neutral sentiment regardingpte 1
year bankfull association of dominant discharge. Only considering bedload transport,
Pickup (1976)suggestsretun periods between 1.1 and 1.5 years for maximum
cumulative bedload transport in selected streams of southeastern Australia, but also
shows that bankfull discharge substantially exceeds the optimal discharge for bedload
transport. To slightly modify previs conclusions and emphasize geomorphic form
instead of sediment transport, Wolman and Gerson (1978) find that less frequent, high

magnitude events become more effective as aridity increases and drainage area
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decreases. Pickup and Rieger (1979) proposaltamative model that associates the
sequential nature and variability of flows to observed channel characteristics, avoiding
acceptance of a singular dominant discharge. Baker (1977) submits that catastrophic
response of stream channels to highgnitudeevents are expected in small watersheds
in highly variable flow regimes, but does not claim that the largest events transport the
most sediment over time, essentially segregating a flow that controls channel geometry
from one that cumulatively transportse most sediment. Similarly, Church (1988)
suggests that relatively frequent events control cumulative suspeadedent loads of
rivers in cold climates, but more powerful and less frequent flows might control gravel
transport and channel morphology.

Others have highlighted deviation of dominant discharge from theitefi - to
2-year return period. Schick (1974), in one of the first refinements of Wolman and
Miller (1960), shows that aridhannel geometry reflects the work done by large,
infrequent fbods, because the lack of vegetation limits boundary resistance and
moderate events rarely occur to restore previous conglitioury (1980) summarizes
various pieces of evidence indicating that catastrophic fluvial events have operated in
the past, and ggests that sudden shifts in global or regional climate increase the
likelihood of highly-effective, but lowfrequency, events. Walling and Webb (1987),
focusing on suspended sediment, find that some fluvial systems can only access sources
during extreme high-magnitude events, such that 50 percent of the total load was

transported only 0.2 percent of the time in one strieaBngland Focusing on bedload,
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Komar (1988) suggests that large floods can transport tremendous quantities of bed
material, and als@oints out that the largest clasts, which can greatly influence long
term channel morphology (Harvey 1987), can only be transported by extreme velocities.
Gupta (1988) explores the frequency and effectiveness of large floods in humid tropical
environmentsconcluding that a suite of alluvial forms in the valley are maintained at
stages above bankfull, and events with a return period greater than 10 years are
responsible for more cumulative work than depicted in Wolman and Miller (1960). In a
review of progess associated with the concept of dominant discharge, Kochel (1988)
argues that some rivers displaying highly variable flow regimes, steep slopes, abundant
bedload, erodible banks, or narrow bedrock cross sections only adjust during extreme
events with reurn periods exceeding 50 years. Operating at larger spatial scales and
temporal scales, Patton (1988a) suggests that drainage basin morphometry, including
network extension, becomes increasingly controlled by-highnitude, lowfrequency

events when rec@ry times are sufficiently long.

As a result of these often conflicting studies, the most controversial topic in
fluvial geomorphology surrounds the role of thigh-magnitudeevent in controlling
sediment transport and channel form (Baker 1988), aisituabt unheard of since the
debates on the Channeled Scablasfdbe Pacific Northwest, US@Bretz 1923). Some
have even suggested that magnitfréguency analysis is not as appropriate as other
techniques, including distribution of stream power duflogds (Magilligan 1992), in

assessing the ilnfence of floods on morphology.
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In summary, much of the research prior to contemporary environmental
assessmenigirca 1995)show that rivers in humid mithtitude environments or those
that experience annuanowmelt events are likely to experience a dominant and
effective discharge at bankfull stage occurring, on average, every 1 to 2 years. Rivers
that experience more variable flow regimes in sand to arid climates (Schick,
Lekach, and Hassan 1987; GrH#88), rivers that require extreme erosive power to
modify their boundaries (e.g., bedrock channels) (Kochel 1988), or streams with
relatively small drainage areas (Baker 1977; Wolman and Gerson 1978) are likely to
experience a dominant or effective disgje less frequently. Further, others have
suggested that sediment transport and channel form are more reliant on the chronologic
sequence of events (Pickup and Rieger 1979; Yu and Wolman 1987) than a particular
return period. Because downstream hydrauiorgetry, and some interpretations of at
astation hydraulic geometry, requires a geomorphically significant discharge to be
established, it can be problematic if the practitioner does not adequately address the
linkages between flow magnitude, frequenayradion, and observed channel geometry
or rates of sediment transport.

Currently, a variety of environmental applications at widely variable spatial
scales rely on fundamental geomorphic assessments of fluvial systems. Ubiquitous to
many of these applicains is the identification of a dominant discharge and the use of
hydraulic geometry to quantify channel geometry, patterns of downstream adjustment,

connectivity to overbank riparian environments, and comparison to other stream
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channels. The original dowmeam hydraulic geometry plots in Leopold and Maddock
(1953) used the mean annual discharge as the index flow, but numerous geomorphic
investigations since Wolman and Miller (1960) specifically use bankfull discharge. The
close association between dominafischarge and the quantification of channel
geometry has influenced and saturated fluvial geomorphic literature for decades. It is
not surprising to note that most fluvial geomorphic applications employ these
theoreticallymotivated, empiricallytested tehniques. While many geomorphologists
now acknowledge that a variety of flows occurring at various return periods are
responsible for observed channel geometry and floodplain construction processes (Day
and Hudson 2001; Brierley and Fryirs 2005; Nationas&arch Council of the National
Academies 2005; Poff et al. 2006), very influential papers, handbooks, and applications
are being published that fail to adequately address the limitations of both hydraulic
geometry and dominant discharge (Rosgen 1994; Dsgpartment of Agriculture
Natural Resources Conservation Service 2007). From the broad spatial perspectives of
instream flow programs to focused rehabilitation efforts along channel reaches, a review
of contemporary hydraulic geometry applications and thkance on dominant
discharge is provided below with the goal of distinguishing the appropriate use and

limitations of these fundamental geomorphic concepts.
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2.3 Contemporary Hydraulic Geometry Applications

Hydraulic geometry remains a popular technique to quantify the association
between channel form and the hydrologic regime, although its contemporary use
deviatesfrom more traditional applications. Some researchers have continued to focus
on theoretical isues and mathematical derivation of hydraulic geometry techniques, and
others have applied traditional techniques to innovative lines of questioning. The
assortment of contemporary hydraulic geometry applications provided below represents
research since ¢mid1990s (Table2.2, 2.3).

Continuing with the loginear critique of Richards (1973), Hickin (1995)
highlights discontinuities in atstation hydraulic geometry relations when thresholds
of scour are exceeded in the sandy gréesl Fraser River in ish Columbia,
Canada, showing that log transformation of hydraulic geometry obscures these-process
driven discontinuities and suggests that data should not be transformed for
investigations of instream geomorphic units and processes. Revisiting extremal
hypotheses of optimal channel configuration for continuity, flow resistance, and
sediment transport, Millar (2005) and Singh and Zhang (2008a, 2008b) derive
theoretical solutions for hydraulic geometry. Assuming that maximum sediment
transport efficiencydefines the optimum state of channel geometry, Millar (2005)
develops theoretical dimensionless equations for width, depth, slopetoAdigpth
ratio, and the meanderifgaiding transition of artificiallygenerated gravdded rivers.

The equations requa that (1) a dominant (channébrming) discharge is known
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(assumed to be bankfull discharge), (2) a value for channel slope or sediment
concentrationis representatiyeand (3) a parametdhat describegshe comparative
resistance of bed and bank maikaxists Results show that exponents derived from
the theoretical equations compare well with previously published empirical results.
Singh and Zhang (2008a) emphasize temporal variation in stream power, channel form,
and hydraulic variables with varyirdjscharge; the distribution of stream power; and
various extremal hypotheses (maximum entropy and minimum stream power) leading to
a mathematical derivation of eleven-aastation hydraulic geometry relations. The
authors then calibrate and verify thosuations using various data sets and a split
sanpling approach (Singh and ZhaR@08b), generallgonfirming their applicability.

Yet another modification of traditional hydraulic geometry formulae is provided
by Stewardson (2005), which recognizes thegachbased form of hydraulic geometry
could minimize crossectional variability along the length of a given stream channel.
Stewardson (2005) assesses resudie hydraulic geometry of streams in Victoria,
Australia, through repeated surveys of multigl®ss sections and straightforward
computation of reach parameters for mean width, hydraulic depth, and the coefficients
of variation of width, hydraulic depth, and cressctional velocity. Stewardson (2005)
concludes that five cross sections are appatgiior reackmean width, but ten or more
are necessary for hydraulic depth. Ultimately, variation is reduced when compared with
ata-station exponents, but it is unknown how the application will perform in larger

rivers or for high flows, because the simes used in this study are not large (all mean
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discharges are less than 25 cubic meters per second) and flows used were less than
bankfull stage.

Traditional forms of hydraulic geometry analysis have besedto discern
channel pattern, infer historicabjastments of channel shape, quantify channels in
diverse settings, and calibrate regional applications. In a traditional analysis of
downstream hydraulic geometry using bankfull discharge for over 200 rivers, Xu (2004)
guantitatively discriminates betwe@ombinations of meandering, braided, shed,
and gravebed rivers.Xu (2004) fndings include: (1) sanded rivers are wider than
gravelbed rivers, (2) santed rivers generally are deeper than grédesl rivers, (3) the
difference in channel slope taeeen sandand gravebed rivers is greater than the
difference in channel slope between meandering and braided rivers, and (4) the
threshold between meandering and braided streams is better defined by comparing
crosssectional geometry as opposed to sloflso focusing on channel pattern, Burge
(2004) assesses-atstation hydraulic geometry variables, including bankfull width and
depth, to statistically distinguish differences between wandering,-thtdd channels
and confined, singkthread channels southeastern Canada, and shows little difference
between the main channels for each pattern, but side channels in thehreatdi
reaches are statistically different. Specifically focusing ora-sthtion hydraulic
geometry for large alluvial riverg,atrubesse (2008) shows that the width exponent is
generally low and the depth exponent is larger for sinuous dimglad channels than

for low-sinuosity anabranching rivers.
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Hydraulic geometry analyses of rivers in diverse settings are needed to
adequatly characterize the continuum of fluvial forms, and a number of researchers
have recently responded to this gap in the literature. Deodhar and Kale (1999)
technically investigate atstation hydraulic geometry at sites along monsoon
dominated rivers inndia, but compare exponents in an analysis of downstream trends.
The authors find that widtepth ratios decrease during large floods to compefmate
dischargethereby providing evidence that morphology is controlled by-mgignitude
events. Furtherupport of this is provided by Gupta (1999), which shows that at
station hydraulic geometry values of the annual peak discharge along the Narmada
River of central India explain the behaped channel, associated with higagnitude
floods. Kale and Hire2007) apply a&-station hydraulic geometry on the monseon
dominated Tapi River in central India, showing that a-bloaped channel results from
the seasonal flow regime. Merritt and Wohl (2003) assess downstream hydraulic
geometry of Yuma Wash, an ariggheemeral channéh Arizona USA, for a flood that
increased in magnitude downstream, finding that a substantial increase in width was
made possible by nectohesive boundary materials and decreasing valley confinement.

Others have investigated the appiica of hydraulic geometry on neftuvial
channel systems. Based on a working hypothesis that trunk river stage and flow controls
stage, flow direction, and sediment flux of small, tropical tributary mouths, Kennedy
(1999) draws comparison between theatation hydraulic geometry of those streams

and mesotidal inlets along coastal shorelines. Only considering discharge of the
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tributaries,Kennedy (1999) showthat no predictable relation exists between depth and
flow and a negative relation exists betweeidth and flow, enabling the comparison to
tidal systems where peak flow occurs at +tdte, rather than bankfull. Similarly,
Williams, Orr, and Garrity (2002use hydraulic geometry to predict cresectional
characteristics of tidal channels from contributing marsh area and tidal prism along San
Francisco Bay.

Finally, a large number of investigations utilizing hydraulic geometry have
focused on mountain riversor example, Merigliano (1997) usesaadtation hydraulic
geometry to investigate the role of historical floods, dam construction, andasubur
fill processes along the Snake River in Idaho, USA. Torizzo and Pitlick (2004), to
accompany a study on effea bedload discharge, also examine downstream hydraulic
geometry of mountain streams in Colorado, USA, and attribute the minimal increase in
depth to inherited glacial coarse sediment. Wohl and Wilcox (2005), in another
traditional downstream analysis, vea well developed morphological relations to
bankfull discharge, in spite of complexities introduced by colluvial inputs and
discontinuous bedrock exposureBhey concludethat relatively frequent hydraulic
forces are sufficient to overcome the resistirsgrfework of the channel boundary. In
order to investigate the effects of inherited glacial morphology and lakes on stream
geomorphology, Arp et al. (2007) apply-astation and downstream hydraulic
geometry techniques to mountain rivers in Idaho. Thesulte show that weakly

developed relations highlight the importance of sediment source and sink locations in
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the region. Wohl (2004) clarifies the limitations of downstream hydraulic geometry by
concluding that welbleveloped relations are associated witbuntain rivers with a
stream power ( q) ( Wisgm(mm) tradio gseater ithare hOt000 s i z e
kilograms per cubic second, and poedgveloped relations are evident for mountain

rivers less than 10,000 kilograms per cubic second. Finally, to denedop accurate

regional hydraulic geometry models, Wilkerson (2008) concludes thatyhar2eturn

period predicts bankfull geometry better than drainage area.
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Table 2.2 Summary of contemporary publications utilizinggedtation hydraulic

geometry.
. e . . Hydraulic geometr
Publication Main findings Location or setting y g y
exponents
Discontinuities in ab-station Fraser River. British
1. Hickin (1995) relations as bedcour threshold is Columbia.Canada: snowmelt width = 0.07; depth = 0.47;

10.

11.

12.

Merigliano
(1997)

Deodhar and
Kale (1999)

Gupta (1999)

Kennedy
(1999)

Burge (2004)

Millar (2005)

Stewardson
(2005)

Kale and Hire
(2007)

Latrubesse
(2008)

Singh and
Zhang
(20084, b)

Wilkerson
(2008)

exceeded; obscured by log
transformation of data

At-a-station hydraulic geometry/f
ratios provide insight to scoand

fill processes and presence of pool
riffle sequences; historical
assessment of peshpoundment
conditions

At-a-station hydraulic geometry
shows decreasing widiepth ratios
with increasing discharge; evidence
for highrmagnitude floods
controlling geometry

High-magnitude floods in a
monsoordominated river generates
a boxshaped geometry;-atstation
analysis of annual peak discharge

Finds similarities between-at
station geometry of small tributary
mouths and mesotidal inlets

Statistical analysis of hydraulic
geometry variables show that small
side channels in muithread reaches
are distinct, but main channels are
similar to singlethread reaches

Theoretical dimensionless regime
equations developed

Develops reacibased hydraulic
geometryrelations to reduce @&
station variability

At-a-station analyses show box
shaped channel of monseon
dominatedriver

At-a-station analyses for large rivers
are characterized by low width
exponents, and depth increases mc
for singlethread sinuous rivers than
for anabranching rivers

Derive eleven a#-station hydraulic
geometry equations, emphasizing
temporal variation in stream power
and extremal hypotheses

2-year return period predicts
bankfull geometry better than
drainage area for regional hydraulic
geometry models

dominated

Snake River, Idaho, USA;
snowmeltdominated

Allochthonous (decreasing
inputsof discharge with
downstream distance) rivers,
western India; monsoen
dominated

Narmada River, central India;
monsoordominated system

Smalltributary mouths at
confluences of a larger river ir
monsoordominated Sri Lanka

Humid rivers in continental
glaciated terrain in
southeastern Canad

Avrtificial gravel-bed rivers

Mostly gravelbed streams in
southeastern Australia

Seasonal monsoon river in
central India

Large alluvial rivers in South
America

Theoretical

Various systems in the United
States

velocity = 0.46

1950 to 1956 width = 0.08;
depth = 0.54; velocity = 0.38
1957 to 199 width = 0.08;
depth = 0.55; velocity = 0.37

Twenty-one ata-station
values provided in
publication; variable

width = 0.04; depth = 0.46;
velocity = 0.50

Relations graphically shown,
but no exponents provided; n
log-linear association betweel
depth and discharge; negativ:
association between width
and tributary discharge

Not included

width = 0.5; depth= 0.37
(both modified by additional
particlesize parameter)
width = 0.11; depth = 0.23;
velocity = 0.52 (mean of all
streams used)

width = 0.21; depth = 0.46;
velocity = 0.33

Various; width usually less
than 0.1; depth and velocity
relation associated with
singlethread or anabranching
channels

Various; compared to other
data sets

Various; used numerous data
sets
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Table 2.3 Summary of contemporary publications utilizing downstream hydraulic

geometry.

_— Lo , , Hydrauli metr

Publication Main findings Location or setting ydraulic geometry

exponents
Uses a form of downstream
1. Williams, hydraulic geometry (using ) Cortributing marsh area

Orr, and increasing marsh area or tidal pris E‘;ilc?sh;nggs %31}?02?2 width = 0.55; depth =0.20
Garrity instead of discharge) to predict USA Y, ’ Tidal prism width = 0.46;
(2002) equilibrium morphology of tidal depth = 0.18

2. Merritt and
Wohl (2003)

3. Torizzo and
Pitlick
(2004)

4. Wohl (2004)

5.  Xu (2004)
6. Wohland
Wilcox
(2005)

7. Arpetal.
(2007)

channels

Downstream hydraulic geometry
during a flood that increased in
magnitude downstream; width

increased as a result of ron

cohesive boundamnaterials and
decreasing valley confinement
Downstream hydraulic geometry
displays minimal increase in depth
attributed to glaciasources of

coarse sediment
Well-developed downstream

hydraulic geometry relations for

stream power

(ds.) ratio greater than 10,000 k§/s
poorly-developed relations less

than 10,000 kgfs

Downstream hydraulic geometry
used to discriminate between
meandering/braiding and sand
bed/gravebedrivers worldwide

Downstream hydraulic geometry
shows weldeveloped relations at
bankfull discharge for rivers with

substantial colluvial inputand
bedrock outcrops

Weak downstream hydraulic
geometry relationkighlight

Yuma Wash, Arizona, USA;
arid, ephemeral channel

Steep, gravebed streams in
Colorado, USA

. Mountain rivers in USA,

Panama, Nepal, and New
Zealand

Various settings worldwide

Steep, stejpool, gravelbed
rivers in New Zealand

Mountain rivers in formerly
glaciated terrain in Idaho,

importance of sediment sources al USA

sinks, including lakes

width = 0.78; depth = 0.15;
velocity = 0.14

width = 0.56; depth = 0.26

Various; used numerous
data sets

width = 0.52; depth = 0.40
for braidedmeandering
transition

Eastern stream: width =
0.50; depth = 0.33; velocity
=0.17

Western stream: width =
0.52; depth = 0.43; velocity
=0.07

Downstream Warm
Springs Creek: width =
0.47; depth = 0.45; velocity
=0.83

Sawtooth Mountain Lake
District: width = 0.56;

deph = 0.11; velocity =
0.24




2.4 Contemporary Dominant or Effective Discharge Applications

There are two distinct terms used to describe the flow driving the majority of
fluvial work and the observed channel geometry. Biedenharn et al. (2000) distinguish
the dominant discharge as the flow that is associated with channel geometry, and the
effective discharge is associated with transport of-rhaterial load, but could be
considered sediment transport in gengfBhble 2.1) Contemporary research and
applicdions have thoroughly explored the concepts of dominant or effective discharge,
indicating that debates surrounding magnitude and frequency are both applicable and
lively (Tables 2.4, 25, and 26). A few researchers have investigated theory of
dominant oreffective discharge, but most have applied the theory in diverse settings
either to confirm or refute the general concept of Wolman and Miller (1960). Discussed
below are publications that have focused on the concepts and applications of dominant
or effedive discharge since the mi®90s.
2.4.1 Contemporary Theoretical Applications

Assuming lognormal distributed discharge frequency and sediment transport as
a power function of discharge to predict the frequency of effective discharge, Nash
(1994) finds pooagreement between observed and predicted effective discharges of 55
streams in the United States. Nash (1994) also mathematically solves for the effective

discharge as:
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0g= ' ** , where

Oqis the effective discharge, in cubic meters per sec@agiproximatelyis 2.718 wis

an empirically derived exponent of the relation #nthe sediment transport rate and

discharge; and and{ are the mean and standard deviation of the logarithm of

discharge, respectivelAdditionally, Nash (1994) fids that the frequency of effective

discharge greatly varies from place to place, underscoring the difficulty of predicting

effective discharge using a universally applicable flow frequency or bankfull discharge.
In a review provided in Biedenhaet al. (2000), there are three approaches to

establish the dominant discharge: (1) bankfull discharge, (2) flow of a given return

period, and (3) effective discharge; it is recommended that all three are employed to

ensure consistency and reduce uncertainty. Detydd. (2007), however, only supports

the use of effective discharge for channel restoration applications. The methodology to

determine effective diharge used byBiedenharnet al (2000) usesa flow-duration

curve and a sedimexischarge rating curvepth requiring considerable data collection

throughtime. Recognizing that total load transporteshstitutes a complete analysis of

effective discharge, Vogel, Stedinger, and Hooper (2003) propose a more valid half

load discharge indexyhich is defined aghe flow at which half the total cumulative

load is transported, and is identical to that of Nash (1994), although it was derived

through alternative mathematics. Usithg halfload discharge indexhe authors find

that flows responsible for most cumiile sediment transport are larger and less
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frequent than previously shown by traditional effective discharge technifiueseturn
periods for haHload dischargeften on the order of decades to centuries.

2.4.2 Contemporary Applications Supporting Frequent Dominant Discharge
Events

Aside from deterministic evaluations of dominant discharge, a number of
contemporary case studies support the original findings of Wolman and Miller (1960).
Batalla and Sala (1995) claim that bedload transport in a humid Medgarrasandy
gravelbed river is dominated by frequent events of moderate magnitude that fill the
channel to bankfull stage. However, empirical plots show considerable variation in the
relation between bedload transport rates and discharge. Hudson and M&5§docus
on the duration of effective flows responsible for suspended sediment transport in three
large, impounded rivers in the USA Gulf Coastal Plain, and conclude that the majority
of cumulative transport occurs during moderate events. Biederilitl®, and Thorne
(1999) perform a magnituefeequency analysis of sediment transport at three-teng
streamflowgagingstations along the lower Mississippi River, finding that the effective
discharge has a return period slightly more frequent than yeae and closely
corresponds to bankfull geometry. Further, an extreme event was specifically addressed
and the authors conclude that its geomorphic effects and long return period are offset by
more frequently occurring moderate floods. Additionally, & fevestigations of very
|l arge rivers show that -fedlflectstvageas sichatr gad
stages (Thorne, Russell, and Alam 1993; Biedenharn and Thorne 1994; Latrubesse

2008), which occurs on a relatively frequent basis.
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Notably, many investigations of dominant discharge are for mountain rivers or
systems with floods contingent on annual snowmelt. For giaeelrivers in the Rocky
Mountains of the United States, Andrews and Nankervis (1995) generally reinforce
earlier findings fron Andrews (1980) that effective discharge closely approximates
bankfull discharge and occurs, on averagleout 16days per year. Whitingt al.
(21999), working in snowmeliominated streams of Idaho, USA, find that the effective
discharge of bedload habaut a 1.4year return period, and is about 80 percent of the
bankfull discharge. Also working in the Pacific Northwest of the United States, Castro
and Jackson (2001) show only minor differences in bankfull discharge between
relatively humid (1.2year retirn period) and dry areas (1# 1.5year return period).
Torizzo and Pitlick (2004) investigate the relations between bedload transport,
hydraulic geometry, and effective discharge inumain streams in Colorado, USA.
Those authorsorcludethat the efective flows occur about 4 days per yegurther, the
effective discharge closely matches the bankfull discharge, and its flow duration does
not tend to increase with drainage area.

2.4.3 Contemporary Applications Neutral on Frequent Dominant Discharge
Events

A variety of investigations tend to have a neusahtimenton Wolman and
Miller (1960), either because magnitufitequency is considered less important than

flow duration or other hydraulic considerations, or because variation from the original

modelisnot sufficient to refute the concept.

of shortduration floods resulting from two dam failures, support show that flow
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duration is more important for geomorphic effectiveness than magnitude, as evidenced
by minimd adjustments to the downstream channels and floodplains. The authors also
suggest that streapower graphs have more explanatory power for geomorphic
consequences of individual floods than simple magniftetguency analysis. Fuller
(2007), constrainingik analysis to one flood with a return periodatiout150 years,
contrasts the geomorphic responses of three streams in New Zealand and finds that
some reaches exhibited catastrophic chavigereasthers were not greatly affected. In
general agreement thi Magilligan (1992), Fuller (2007) argues that altered reaches
were more sensitive to extreme flows because of their local channel and valley floor
configuration, especially at channel bends, where channel width was confined, or where
bounding terracesniited flood extent.

Hey (1998), in commentary on management and restoration of gradeivers,
advocates for the use of bankfull discharge as a design flow for rivers displaying steady
state equilibrium, but warns practitioners about the associatibateeen dominant or
effective and bankfull discharge. Further, Simon and Darby (1999) state that dominant
and bankfull discharge should not be associated for recently incised river channels,
because crossectional area has increased and allows greatews flavithout
approaching bankfull conditions.

Linking concepts of effective discharge to ecological functions, Pitlick and Van
Steeter (1998) investigate alluvial reaches of the Colorado River near Grand Junction,

Colorado, and conclude that flows slightlgltsw bankfull stage carry the majority of

52



cumulative sediment load. Further, the authors show that the dominant (ehannel
forming) discharge produces a shear stress about 1.5 times greater than that required for
initial bedmaterial entrainmentEmmettand Wolman (2001) compute the effective
discharges of five streams in the northern Rocky Mountains, USA, finding that
armoring effects and a steep relation between bedload and discharge result in higher
return periods for effective flows that occurstagegreater than bankfull.

Applying the conceptof effective discharge, Heritage and Milan (2004)
investigate the role of excess stream power in the maintenance epafflssequences
in a small, gravebed stream in northern England. In their investigatiba, sediment
transport rate in the popular conceptual plot of Wolman and Miller (1960) is substituted
with excess energy to distinguish the discharge at which a transfer of excess energy
from riffles to pools occurs with increasing discharge. The reshlbsv a reversal in
excess energy between about 20 and 50 percent of bankfull discharge, but challenge the
idea that a reversal is required to maintain gegsiilibrium of the rifflepool sequence.

Using historical discharge and suspendediment data abver 2,900 sites
across the United States to infer effective flows, Simon, Dickerson, and Heins (2004)
argue that flows of a given recurrence interval (theygar return period itheir study)
are more appropriate to define the effective discharge flbars at bankfull stage.
Further, the authors are able to produce regional curves for tyedr.3low and show
that disturbed sites generally yield an order of magnitude more suspssaigtent

than stable sites.
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A variety of studies along seasonadlygive fluvial systems have highlighted
discrepancies associated with the assumption of @ P-year dominant discharge.
Focusing on ephemeral channels with highly variable flow regimes in southeastern
Spain, Garcia (1995) defines three classes of effefttiwes and one ineffective flow.

The first class of extreme events modifies the overall system, including the floodplain,
and generally has return periods between 2 and 6 years. The second class controls
channel geometry at bankfull stages, commonly osuyirmore than once per year to
every 1.5 years. Finally, more frequently occurring flows are capable of bedload
transport. Garcia (1995) empirically shows that most sediment is transported by the
extreme events, but offers that the streams still @ysptyilibrium-like conditions.

Gupta (1999) explores the role of higiagnitude events in alternating bedrock
confined and alluvial reaches of the Narmada River in central India, and concludes that
very extreme floods sculpt a maearbannel and transport vagtiantities of sediment
whereasthe inner channel is associated with moderate floods developed during the
seasonal monsoon wet period. Kale and Hire (2007) point out that it is unknown if the
cumulative effects of lovirequency extreme floods are more impaot than seasonal
monsoon events. Further, the fact that an inner channel is maintained by seasonal
monsoon flows indicates the effectiveness of tht P-year flow event. In seasonally
dominated highland South Africa, van Nieketkal.(1999) investjate the morphology
of the Sabie River, a bedrock anastomosing system (Figure 2.5). Results show that a

large macrechannel is inundated on a very infrequent basis, without any flow
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breaching its boundaries in approximately 50 years. However, individuafldo
channels easilyransport the available sedimeKiemp (2004), in an investigation of a
flood-prone river system in southeastern Australia, shows that floodplain morphology,
including swirl pits and zones of stripping, is dominated by Imgiynitudesvents with

return periods greater than 1 to 2 years, but probably less than 10 years. However, the

river channel within the floodplain is modified more frequently.
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Figure 2.5 A bedrockanastomosing river systeisicharacterized by a series of
bedrock core bars that are frequently inundated and a higher floodplain that is not
frequently inundate@from van Niekerk et all999 scanned from Brierley and Fryirs
2009.
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In an application that might be the first of its kind, Dogteal.(2005) make the
step from effective discharge in geomorphology to flows that drive ecological processes
in river systems, including organic matter transport, algal growth, nutrient ogtenti
macroinvertebrate disturbance, and habitat availability. Using the effective discharge
equation produced in Nash (1994) and Vogel, Stedinger, and Hooper (2003),eDoyle
al. (2005) show that flow variability is most important for various processes. For
example, nitrate loads in a Maryland stream and pool and riffle availability in an
Arkansas stream are dominated by base flows, and cumulative organic matter loads are
transported by moderate floods in a New Hampshire stream.
2.4.4 Contemporary Applications Refuting Frequent Dominant Discharge Events

Finally, a number of studies refute the general concept of Wolman and Miller
(1960), mostly for rivers in dynamic environments or when associating the concept with
processes other than sediment transport or chémmeing hydraulics. Similar tahe
investigationswith a neutral sentiment on Wolman and Miller (196&3cussed above,
seasonalbactive fluvial systems offer an alternative model of dominant discharge not
observed along humid or snowmdtiven rivers.Gupta (1995) finds that river systems
in seasonal tropical environments commonly have a chamuoélannel morphology
(Figure 2.6), where the maeohannel conveys higmagnitude flows with return
periods of ten or more years and the inset channel defipestasonally high flows.
Deodhar and Kale (1999) confirm that channel geometry of mordmmmated rivers

in India is controlled by large, infrequent floods. Grams and Schmidt (1999), working
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on the regulated Green River in the canyon country of Dindsational Monument in
northwestern Colorado and northeastern Utah, USA, show thaegu&ation channel
morphology was maintained by the -8ar discharge. Heritage, Broadhurst, and
Birkhead (2001) specifically examine the role of discharge on diffelienia surfaces

and features along the Sabie River, finding three distinct suites of discharge that affect
channel adjustment at successively higher stages: (1) active channels, bars, and levees
controlled by the 4to 1.5year discharge, (2) secondaryaonels and associated bars

and levees controlled by the @ 10year discharge, and (3) ephemeral channels and
associated features controlled by extreme events greater thanykarl@turn period.
Focusing on ephemer al A r agiob lofaSpdin, Liopez t h e
Bermudez, Cones@arcia, and Alons&arria (2002) associate three types of events,
including flash floods, single peak floods, and multiple peak floods, with morphologic
impacts such as bank erosion, floodplain sedimentation, charidehing, among
others. Bankfull discharge of Spanish ephemeral streams is estimated to have return

periods ranging betweeghand6 years.
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1. Complete set of channel forms.

- High~magnitude flood

2. River at High-magnitude flood stage:

erosion of channel forms and sediment transport

3. Post High-magnitude flood stage

4, End of the wet monsoon

Figure 2.6. Sequence of flows that contribute to the formation of a chanreiannel
morphology (from Guptd999).
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It is well established that arid riversljast during infrequent flash floods, and
numerous contemporary studies are confirmatory. Huckleberry (1994) claims that large,
infrequent floods greatly modify chaels in arid environments bfibod duration is of
greater importance than magnituyde a f i ndi ng supported. by Cost
Bourke and Pickup (1999), examining fluvial forms in arid central Australia, claim that
largescale geomorphic forms, including sand sheets, overflow clarieeée deposits,
and avulsions, result from extreme floods that are estimated to occur about once in
every 1,000 years. Smaliscale forms and processes are engaged during moderate
floods with more frequent return periods. Still, they&ar return pead is the lowest
flow consideredresponsiblefor some localized instream erosion and deposition.
Scheepers and Rust (1999) confirm that arid rivers are controlled by infrequent, high
magnitude floods, in their investigation of the Uniab River of Namibia, and highlight
the role of dunefield barrier danrsreleasing shotluration floods.

Additionally, fluvial processes and channel morphology of bedoocKined
rivers typically are associated with léwequency, highmagnitude floods. Baker and
Kale (1998) show examples of bedrock river channels thacaitpted by rare, extreme
flood events, often finding that inner channels or gorges are inset within wide, shallow
surfaces. Wende (1999) examines the role of rare;magnitude floods in the erosion
of instream jointeeébedrock slabs and deposition obubder clusters, which greatly
contribute to the overall geometry of some river channels. Continuing with the focus on

bedrockdominated rivers with highly variable flow regimes, Erskine and Livingstone
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(1999) associate depositionatehannel benches witthverse return periods. Although
the lowest depositional bench is associated with flows occurring at to#eaft1.5 to
2-year return period, adjustment of higher benches required highefrdgaent flows

with return periods between about 4 and &@rg.

61



Table 2.4 Summary of contemporary dominant or effective discharge publications that

generally agree with the concepts outlined in Wolman and Miller (1960).

Publication

Main findings

Location or setting

Basis for support

1.

Batallaand Sala
(1995)

Effective discharge of bedload
transport is a frequent, bankfull

event

Effective discharge ajravetbed

Humid Mediterranean
stream in northeast Spail

Effective discharge occurs
relatively frequently at
bankfull stage

Relatively frequent events

= Andrews_ and rivers approximates bankfull Gravetped rivers in transport the majority of
Nankervis 3 mountainous western .
(1995) discharge and occurs about 15.6 United States sediment at bankfull
days per year stages
Relatively frequent events
3. Hudson and Moderateevents _cumulatively Large, impounded_ rivers of mo_derate magnitgde
’ Mossa (1997) transport the majority of of the Gulf of Mexico constitute the effective
suspended sediment Coastal Plain discharge of suspended
sediment transport
Effective discharge
4. Biedenharn Effective discharge occurs, on - associated with relatively
: Little. and ’ average, about every year and Lower Mississippi River, frequent, moderate flow
Thor}le (1999) closely corresponds to bankfull United States events analosely
channel geometry approximates bankfull
conditions
Effective discharge of bedload . Effectiveflows have a
5. Whiting et al. transport has an approximate ﬁggx/rzggg? e”;?;zci'n 1.4-year return period and
(1999) return period of 1.4 years, and is are only slightly less than

Idaho, USA

80 percent of bankfull discharge bankfull

Evaluate return periods of bankfu

discharge for humid (1-gear) and U] U A

6. Castro and Bankfull discharge

Jackson (2001)

relatively dry (1.4 to 1.5year)

rivers in the Pacific Northwest

Effective bedload discharge occul
during moderate flows for about 4

driven rivers in the
Pacific Northwest, USA

Gravelbed mountain

between 1and 1.5year
return period

Effective discharge occurs

7. Torizzo and days/year and closely ; 3
Pitlick (2004) approximates bankfulfuration of lthrge:ms in Colorado, aLbaanlﬂchll conditions for
effective discharge does not about 4 days per year
increase with drainage area
Effective discharge of large Mostly large rivers in Effective discharge occurs
8. Latrubesse alluvialriverso f t en o c-c South America; also at stages less than bankft
(2008) full &6 condi ti on Brahmaputraandlower and controls channel

event than bankfull conditions

Mississippi Rivers

geometry
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Table 2.5 Summary of contemporary dominant or effective discharge publications that

generally are neutral about the concepts outlined in Wolman and Miller (1960).

Main findings

Location or setting

Basis for support

Publication

1. Costaand
O6Conn
(1995)

2. Garcia
(1995)

3. Hey (1998)

4. Pitlick and
Van Steeter
(1998)

5. Gupta
(1999)

6. Simon and
Darby
(1999)

7. van Niekerk
et al. (1999)

8. Biedenharn
et al. (2000)

9. Emmettand
Wolman
(2001)

10. Heritageand
Milan

(2004)

11. Kemp

(2004)

Flow duration more important
than magnitude for channel
adjustment

Defines three classes of
effective flows; most extreme
flows exert overall control on
fluvial system

Advocates for the ussf

bankfull discharge in design
flows for rivers displaying
steadystate equilibrium, but
warns of the association
between dominant and bankfull
discharge

Effective discharge occurs
slightly below bankfull stage;
dominant discharge has a shee
stress ~1.5 times greater than
initial bedmaterial entrainment

Largemacraechannelnd
tremendous sediment transpori
loads associated with extreme
floods; inner channel associate
with seasonal monsoon

Dominant discharge and
bankfull discharge not an
appropriate association for
incised river channels

Largemacrachannebf
bedrock anastomosing rive
system rarely overtopped; lew
flow channels easily transport
sediment supply

Develop a practical technique t
compute effective discharge
using flowduration curves and
sedimentdischarge rating curve

Effective discharge is slightly
greater thatvankfull conditions

Substitute excess energy for
sediment transport rate in
effective discharge analysis of
pootriffle sequences

Low-energy channel contrasts
with floodplain morphology,
including areas of stripping anc
swirl pits, that is controlled by
extreme flows

Humid Pacific
Northwest United States

Semtarid, ephemeral
streams in southeast
Spain

Gravelbed rivers

Gravelbed Colorado
River in mountainous
western United States

Narmada River, central
India; seasonal,
monsoordominated
tropics

Incised river channels

Annually and seasonally
variable flow regime of
bedrock river in South
Africa

Theoretical; example
applications in humid
settings

Armored gravetbed
rivers in snowmeit
dominated streams of the
northern Rocky
Mountains, USA

Small, gravebed stream
in humid, northern
England

Meandering river in
southeastern Australia
with highly variable flow
regime

High-magnitude events not
effective if shortlived; flow
duration more important than
magnitude

Return periods of effective flows
are not much greater than 1 to 2
years; emphasize range of flows

Supports bankfull discharge as
dominant or effective flow only for
systems displagg steadystate
equilibrium

Effective discharge shown to have
return period ~1.5 years, but
bankfull discharge has a return
period between 4 and 6 years

Macro-channel formed by low
frequency extreme events; inner
channel mimtained by seasonal
monsoon development

Dominant discharge will not be
bankfull discharge fonon-
equilibrium streams

Macro-channel formed by extreme,
low-frequency events, but sedimen
transport easily transported throug|
system by lower flows

Technique that is developed relies
on fundamental principles, but
authors acknowledge limitations

Effective discharge for bedload
transport is only slightly greater
than bankfull conditions; average
return periods around 3 years

Authors apply effective discharge
concept to investigate riffipool
sequencenot full channel geometry

Although bankfull channel
morphology is controlled by
frequently occurring flows,
floodplain morphology is
dominated by less frequent extrem
flows
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Table 2.5(continued). Summary of contemporary dominant or effective discharge

publications that generally are neutral about the concepts outlined in Wolman and

Miller (1960).
Publication Main findings Location or setting Basis for support
. Effective discharge of The 1.5year return period is
12. Simon, ] / .
) suspended sediment should be , . . used to assess regional effectiv
Dickerson, ; Arid to humid systems : ;
. based on flows of a given retur . discharge, but authorssdigree
and Heins 8 across the United States "
period, not at bankfull that bankfull conditions
(2004) - ; . .
conditions approximate effective discharge
13. Doyle et al. A_ssouate the effectl\_/e Mostly humid streams in ~ Various flows responsible for
discharge concept with . . ;
(2005) " 3 North America different ecologicaprocesses
ecological processes in stream
Agreement of effective and
Claim that effective discharge i: bankfull discharge is best for
14. Doyle etal. the only index that should be  Numerous rivers in snowmeltdriven,nortincised,
(2007) associated with channel diverse settings gravetbed rives; agreement is
forming discharge poor for highlyvariable flow
regimes
Contrasts the geomorphic
responses of streams to an
extreme event; most Effectiveness of events
15. Fuller geomorphic work accomplishec Humid, alluvial rivers in controlled by reaciscale spatial
(2007) along reaches characterized by New Zealand configuration and event
meander bends, terrace magnitude
confinement, or low channel
width
Although substantial work is
accomplished by extreme _ Admitted uncertainty regarding
16. Kale and eventsuncertainty remains Seasonal monsoon river it cumulative effects of extreme
Hire (2007)  about cumulative effects when central India

compared with seasonal
monsoonrgenerated events

and frequent floods
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Table 2.6. Summary of contemporary dominant or effective discharge publications that

generally disagree with the concepts outlined in Wolman and Miller (1960).

Publication Main findings Location or setting Basis for support
1. Huckleberr Flow duration ohigh-magnitude events Arid river in High-magnitude floods control
’ (1994) y important to modify channels in arid southwestern United channel geometry, provided
settings States their duration is sufficient
Failure of power function of
Mathematically solves for effective ; q . discharge to predict sediment
2. Nash (1994) dischargerecurrence interval of el 19 20fe) SR i transport rate at high flows;

10.

11.

12.

Gupta (1995)

Baker and
Kale (1998)

Bourke and
Pickup(1999)

Erskine and
Livingstone
(1999)

Grams and
Schmidt
(1999)

Scheepers anc
Rust (1999)

Wende(1999)

Heritage,
Broadhurst,
and Birkhead
(2001)

Lépez
Bermudez,
Conesa
Garcia, and
Alonso-Sarria
(2002)

Vogel,
Stedinger, and
Hooper

(2003)

effective flow highly variable

Rivers in seasonal tropics dependent o
high-magnitude, lowfrequency floods to
maintain a channéh-channel geometry

Bedrock rivers in highly variable flow
regimes only altered by rare, extreme
floods; display inner channels or gorge:
within a broad, shallow surface

Largescale alluvial features engaged
about once in every 1,000 years:yar
return period the minimal flow
considered for minor instream erosion
and deposition

Adjustment of lowest irchannel
depositional bench requires flows with i
1.5 to 2-year return period; higher-in
channel benches require flows withtd
10-year return periods or greater

Preregulation channel morphology was
maintained by flows with a 2gear
return period

Hyperarid channel morphology
controlled by infrequent, higlmagnitude
floods; describe role of dunefield
barriers acting as dams to floods

Instream jointeebedrock slabs eroded
and deposited as imbricated boulder
clusters by rare, higmagnitude events;
form considerable part of channel
geometry

Three suites of dominant flows for
features at successively higher stages:
(1) active channel ¢ito 1.5yearreturn
period); (2) seasonal channel (@ 10
year return period; (3) ephemeral
channel (>16year return period)

Three events in ephemeral channels: (
flash floods, (2) single peak floods, and
(3) multiple peak floods. Morphologic
impactsinclude bank erosion, floodplain
sedimentation, and channel widening.

Develop rationale for halbad index as
the effective discharge

the United States

Seasonal tropical rivers

Bedrock channels with
highly variable flow
regimes

Arid, central Australia

Bedrock-confined rivers

with highly variable flow
regimes in southeastern
Australia

Green River, canyon
country; western USA;
flow regulated by
upstream reservoir

Uniab River, extreme
arid conditions of
Skeleton Coast, Namibia
Africa

Bedrock channels in
rivers with highly
variable flow regimes in
northwestern Australia

River with highly
variable flow regime in
South Africa

Ephemer al i
(channels) in
Mediterranean Spain

Theoretical; one
application on
Susquehanna River in
humid United States

highly variable return periods
for effective flows

High-magnitude, low
frequency floods important

Only the rare, higlmagnitude
floods contribute to overall
channel geometry

Avrid river sediment transport
and morphology controlled by
very rare, extreme events

Adjustment of inchannel
depositional benches mostly
requires flows with return
periods greater than 2 years

Preregulation dominant
discharge with a return period
of ~25 years

Arid river systems dominated
by infrequent, highmagnitude
events

Consderable proportion of
geomorphic work and channel
geometry produced during
rare, highmagnitude floods

Range of flows important to
successively higher inhannel
geomorphic surfaces, some o
which require extreme flows
with return periods greater tha
10 years

Bankfull discharge occurs
between 2 and 6 years, the
upper limit being associated
with highly variable flow
regimes

High-magnitude, low
frequency flows responsible
for most cumulative sediment
transport
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2.5 Implications

The number of environmental applications focused on river channels and
riparian zones are increasing in both rural and urban settings, including rehabilitation
projects, instream flow studies, and various engineering and ecological endeavors.
Many practitionerswho generally arespecialized in various disciplinebave finally
come to rely on fundamental concepts introduced by geomorpholomisisding
hydraulic geometry and dominant or effective discharge. The utility of these concepts
can provide further insight into the controls of channel agfe and other physical
features However, afailure to realizeconceptualimitations, especially the frequency
of dominant, effective, or bankfull discharge, can mislead-imt#hded investigations.

Contemporary applications involving fluvial geomorphology are gradually
acknowledgingthat a range of flows are required to maintain physical elements of
stream channels on which structures are engineered and ecological processes are
contingent. Theacknowledgmeno f a fdAwor king fl ow regi mebo
expand the applications of hydraulic geometry, bothstation and downstream, and
dominant or effective dischargdlodern practitionersare no longercompelledor
constrained by the litenaite to emphasize bankfull discharge or the flow occurring
every 1 to 2 years to characterize fluvial or ecological processes that operate in diverse
hydrologic and sedimentary settings, and at various spatial and temporal scales. In
general, the conceptsitined by Wolman and Miller (1960) are most valid in humid or

snowmeltdriven fluvial systems (Doyle et aR007), have mixed results in seasonally
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driven systems, and become less predictive for small watersheds, incised channels, or in
systems with highyl variable flow regimes.

Hydraulic geometry and other applications contingent on a dominant or effective
discharge, as witnessed by contemporary research activity, provide merit to
environmental management applications in rivers and riparian corridogiraie
interpretations of hydraulic geometry require acknowledgment that: (1) a range of flows
contributes to the maintenance of various fluvial processes and forms in most natural
channels, (2) sediment transport processes can occur at stages above tmab&full,
and (3) observed channel characteristics and geomorphic units might not be associated
with one dominant discharge, especially in fluvial systems with highhable flow
regimes.

In more specific terms, hydraulic geometry analyses, bo#stdtion and
downstream, would benefit from an assessment of -s@sonal data, in order to
identify: (1) the discharges and stages at which certain sediment transport processes
initiate (e.g, critical shear stress) or operate (e.g., effective discharge) and (2) the
discharges and stages at which particular physical features occur (e.g., channel bars,
succinct breaks in bank slope, perched flood channels, étarjher, accurate
interpretatons of sedimenrtransport processes and channel formation are likely if flows
are analyzed with respect to antecedent conditions, timing, and typical durations of

flow.
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Chapter 3. Physicaland PaleoenvironmentalSetting of the Edwards
Plateau, Central Texas, USA, since the Last Glacial
Maximum

3.1 Abstract

The paleoenvironmental record of the Edwards Plateau, Texas, for the last
20,000 years has been established through evidence from fluvial deposits, pollen
records, faudaemains, and isotopic dating techniques. Six distinct episodes based on a
pre-existing scheme are used to conceptualize prevailing environmental conditipns:
full glacial (about 20,000 to41000 years B.P.)2) late glacial (about 14,000 to 10,500
years B.P.),(3) early to middle Holocene (about 10,500 to 5,000 years B4).)ate
Holocene | (about 5,000 to 2,500 years B.(),late Holocene 1l (about 2,500 to 1,000
years B.P.), an(b) modern (abaul,000 years B.P. to present).

The full-glacial episode is characterized by the coolest, wettest climatic regime
in the past 20,000 years. Average summer
present, indicating reduced seasonality. The presence of boreal genera and megafauna
highlight biotic desdptions of the Last Glacial Bximum. A gradual increase in
temperature and decrease in precipitation occurred during thgldatal episode, as
evidenced by channel incision, the disappearance of spruce and fir trees, increase in C
plant species, replament of mesic microfauna with xeric forms, and reduced rates of
speleothem growth. Megafauna become extidating the late glacial episode

Expression of the Younger Dryas cooling epis@a®ut 10,750 years B.Rs)absent in
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the region, and minor flugations in overall climatic trends are related to glacial
meltwater pulses into the Gulf of Mexico. Desiccation and warming continued through
the early to middle Holocene, culminating with the Altitherratlabout 5,500 years

B.P. Fluvial systems slowly agaded during this time, but later incised deeply after
5,000 years B.P. Grasslands steadily replaced woodlag@hu@idance increased, and

xeric species dominated the faunal assemblage. By about 5,000 to 2,500 years B.P., the
landscape consisted mostly of short grasses and desert scrub. A relatively wet cycle
occurred between about 2,500 to 1,000 years B.P.; flsygtems aggraded to levels
above former terraces; and hickory trees and mesic faunal species increased in
abundance. Finally, increasing warmth and aridity during the last 1,000 years have

resulted in stream incision, open oak woodlands, and dominati@Tiofspecies.

3.2 Introduction

An increasing level of concern about patterns of extreme weather, climatic
change, and associated spatial and temporal adjustments of the biosphere has generated
much interest within the natural scientific community (Intergoweental Panel on
Climate Change 1990; Neilson and Marks 1994; Elsner, Liu, and Kocher 2000). The
complexity of these problems is aggravated by the rapid rate at which humans are
influencing atmospheric circulation processes and the hydrologic ¢yutter, direct
human impact on the landscape through Jeoder change has dramatically altered

distributions and densities of life on EartAs a context to discern natural and
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anthropogenic controls, and the relative impact of predaytand previous condns
on the landscape, numerous efforts to describe environmental change over time have
been published.

Investigations of environmental change during the Quaternary period provide
Earth scientists with a history of natural adjustments to various conditspgcially
pertinent toward our understanding of current conditions and predictions of future
adjustments are reviews of environmental change during the Late Pleistocene and
Holocene, a period of time marked by frequent changes in climate (Butzer 199%4; K
1995; Williams et al. 1998and one which humankind rapidly developed and began to
impact natural systems. Quaternary research uses different lines of evidence to
reconstruct previous environmental conditions. Evidence derived from-sdeep
sediment ores; ice cores; fluvial, lacustrine, glacial, and aeolian sedimérgsil
pollen; fossils; anthropogenic artifacts; and isotopic dating techniques all contribute to
understanding Quaternary environments, changes in climate, and the distribution of life
on Earth.

Three goals seem to emerge from the extensive body of Quaternary re€arch:
reconstructing environments localities or regions, including biotic, geomorphic, and
climatic characteristics; accompanied by inferences of the processes rdgpéorsib
those conditions(2) modeling of global atmospheric and oceanic circulation patterns;
and(3) tracing the origins and dispersal of humans and determining their impact on the

environment.Paleoenvironmental reconstructions of regions are commordg ts
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make conclusions about global dynamics and, in turn, provide information about
regional climatic regimes. Interrelationships are often developed between oceanic and
atmospheric circulation dynamics, including ElI Niouthern Oscillation (ENSO),
global dynamics and regional climatic characteristics, and among regions themselves.

This chapterexplores the body of evidence used to reconstruct environments of
the Edwards Plateau, TexaBlSA, since the Last Glacial &kimum. A rather
substantialvolume of literature provides evidence for environmental conditions and
change across the Edwards Plateau during the Late Pleistocene and Holocene. Evidence
is derived from cave sediments, fluvial deposits, pollen, fossils, and isotopic signatures.
These lines of wdence are organized to populate a definitiveetine of conditions
since the Last Glacial Bkimum. Additionally, it isuseful to examine relationsnd
discrepancies between the different lines of evidence.

Specifically, this review of paleoenvironmehteonditions in the Edwards
Plateau could serve as a platform for interpretation of alluvial deposits and
contemporary channel morphology in the region. Sediment sampling strategies and the
ability to distinguish inactive terrace deposits from late Holedeemks and floodplains
should benefit from an understanding of landscape and channel evolution in the
Edwards Plateau through time. Further, it is vitally important to correddmtify

contemporary deposits if associating wtle presentay hydrologiaegime.
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3.3 The Edwards Plateau

The Edwards Plateau of Central TexdBSA is located at the southern edge of
the Great Plains physiographic province of North America (Osterkedrap 1987) and
covers about 75,000 square kilometers (Fidui¢. At the eastern edge, it is separated
from the Texas Blackland Prairies of the Gulf Coastal Plain by the abrupt Balcones
Escarpment, which also forms the southern border with the South Texas Brush Country.
For most of the western edge, the Pecos Rieparates the Edwards Plateau from the
arid Chihuahuan Desert ecoregion, more specifically the Stockton Plateau. The Edwards
Plateau grades into the Southern High Plains in the northwest and the Rolling Plains to
the north, although locally sharp demarcasi@ccurjncludinglow-relief escarpmenst
Although considered a separate natural subregion based on different surface geology,
soils, and vegetation types (Lyndon B. Johnson School of Public Affairs 1978), the
Llano Uplift will be included in the discuss based on its proximal location and

similar responses to environmental change.
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Figure 3.1. The Edwards Plateau in Central Texas, USKe regions about 75,000
square kilometers, and occurs at a transition betweenag@htlimatic conditions in
the west to dry subtropical conditions in the east.
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The Edwards Plateau is classified as dry subtropical in the east to semiarid in the
west. Average annual precipitation decreases from east to west across the plateau,
ranging from 35 to 85 centimeters pgegar, the western decrease attributed to the
relaxation of available moisture from the Gulf of Mexico (Bomar 19&3infall,
however, is not uniform over space and time, and it is common for years of severe
drought torapidly transition intorelatively we conditionswithin a few monthgBomar
1983) Hydrologically, tre region is noted fatremendouslash flooding Beard1975;
Bomar 1983 Burnett 2008 A number of historic floods in the Edwards Plateau have
peak flows exceeding 10,000 cubic meters peoseé (Burnett 2008).

Geologically, the Edwards Plateau is a tableland uplifted during the Cenozoic
era (65.5 million years ago to presengxpressed at the surface, the northern and
western sides of the Balcones Escarpnag@mroximately range frorh00to 320 meters
higher than the downthrown side. Lithologically, it is dominated by le@retaceous
limestones and dolomites deposited by a shallow, inland sea. Over time, rivers and
streams have incised valleys into the Edwards Plateau, creating -aisseited
landscape. Additionally, dissolution of carbonate rock is responsible for the formation
of cave systems, condwdbminated aquifer systems, and numerous springs throughout
the plateau.

Tertiary tectonic activity associated with the Llano Uplift wasitered in the
preservday eastern Llano River watershed. The uplift forced overlying Cretaceous

strata upward, resulting in increased rates of erosion that exposed the underlying
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Paleozoic sedimentary and Precambrian igneous and metamorphic formations.
Expressed attheguon d s ur f ac e t oiglaadyaof olderHithologicxuhits ime d A
surrounded by an elevated Cretaceous rim.

The Edwards Plateau is divided into four subregions based on topography,
surface geology and soils, and vegetation types (twyr8. Johnso School of Public
Affairs 1978;Frye,Brown, and McMahari984):(1) the Balcones Canyonlandg) the
central Plateau(3) the Lampasas Cut Plain; afd) the Llano Uplift. The Balcones
Canyonlands are characterized by the deeply disseotgtiern and eastern margins of
the plateau, creating a rugged landscape with numerous springs and streams. Scrub
forests of Ashe juniperd@niperus ashéi stunted live oakQuercus fusiformis Texas
oak Quercus texana black cherry Prunus seroting Texas ashHraxinus texens)s
and some endemic plants dominate on the shallow soils near the escarpment (Amos and
Rowell 1988; Riskind and Diamond 1988). The central Platsatharacterized by
rolling plains located on broad divides between river valléjsese uplands have
slightly deeper soils covered by grassland and groves of oak, juniper, and honey
mesquite Prosopis glanduloga The Lampasas Cut Plain, not included in the
boundaries of the Edwards Plateau by Griffith et al. (2004) (Fgtjeis daracterized
by mature, broad river valleys and less relief than the Balcones Canyonlands.
Grasslands occur in the alluvial valleys and woodlands of oak, juniper, and mesquite
exist throughout the plain. Finally, the Llano Uplift displays rolling topogyaph

surrounded by an elevated rim of Cretaceous carbonate rocks. This region contains oak,
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hickory (Carya texan® and mesquite trees within grassland, often described as a
savanna. Ashe juniper is notably absent in the Llano Uplift, because of the lack of
limestonederived solls.

Biotically, the Edwards Plateau covers an area noted for its transition from
mesic to xerictolerant species and from temperate to subtropical species (Blair 1950;
Riskind and Diamond 1988). A highly generalized vegetation deserifRiskind and
Diamond 1988) is that of deciduous forests or woodlands on floodplains and moist
slopes, evergreen woods and grasslands on drier slopes and uplands, and evergreen and
deciduous shrublands mixed with shortgrasses further west. Blair (@&®Q)orizes the
Edwards Plateau as the Balconian biotic province, and concludes that out that of fifty
seven known species of mammals in the region, none are restricted to the province. All
alsoarefound in at least one of the bordering biotic provineesich testifiesto the

transitional nature of the Edwards Plateau.

3.4 Environmental Conditions and Change since the Last Glacial
Maximum

The Edwards Plateau, and the Great Plains in general, is noted for dramatic
environmental responses to shifts in cliemduring the Late Quaternary (Osterkaatp
al. 1987). Responses to shifts in climate across the plateau are associated with episodes
of soil erosion, hydrologic change and associated fluvial activity, and fluctuation in the

range limits and density of plaand animal species. A number of studies in the plateau
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have used macrofossils, fossil pollen, cave sediments, fluvial deposits, and isotopic

signatures and dating techniques to reconstruct environments for the last 20,000 years.
A comprehensivehronolagical framework since the Last&gial Maximum for

the Edwards Plateau has been developed by Toomey, Blum, and Valastro (1993), and is

based on fossil vertebrates, cave fill sediments, and previously published Quaternary

research. Their interpretati®isuggests six unique environmental conditio) full

glacial (about 20,000 to 14,000 years B.R2); late glacial (about 14,000 to 10,500

years B.P.){(3) early to middle Holocene (about 10,500 to 5,000 years B4).Jate

Holocene | (about 5,000 to 2®&@ears B.P.)5) late Holocene 1l (about 2,500 to 1,000

years B.P.); an@6) modern (about 1,000 years B.P. to present). These timeframes will

be used in this chapter to organize evidence for environmental condihdndimatic

changes since the LastaGial Maximum. Some evidence for environmental change in

surrounding regions will also be included to provide a regional context.

3.4.1 Full-Glacial Environmental Conditions (about 20,000 to 14,000 years B.P.)
Fluvial geomorphic evidence of paleohydrological conditionshen Edwards

Plateau during the d4 Glacial Maximum are derived from Pleistocene river terrace

deposits (Figur8.2). Blum, Toomey, and Valastro (1994) conducted a detailed study of

Quaternary terrace and fill deposits of the Pedernales Riéch is a majotributary

of the Colorado River (Figur8.3). Radiocarbon ages of orgamich sediments and

soils and stragjraphic position of diagnostic archaeological artifacts were used to

determine the chronology of the alluvial sequences. Of two identified Late Pleistocene

77



terraces, the younger was determinech&awe been deposited during the Last Glacial
Maximum. This etensive terrace is composed of horizontally and estisdified
gravel and sand overlain by interbedded sand and mhith suggesta channel
related origin. These stratigraphic facies indicate a period of channel aggradation,
lateral migration, and sadient storageSuch characteristics are indicative afless
flashy, more consistent flood regime and a large supply of sediment from tributary
networks. Soils of the fulfjlacial terrace near the junction of the Colorado and Concho
Rivers at the northernxegent of the Edwards Plateau are similar to those of the
Pedernales River withespect to morphologic structuand display extensive soll
development during this time (Blum and Valastro 1992). Mature, argillic, calcic, silty
soils are found iriull-glacid terraces of the Sabinal River valley at the southern extent
of the plateau, and some terraces have calcrete horizons in the upper 3 to 4 meters of the
soil (Mear 1995). The thickness of fglacial terraces in the Edwards Plateau ranges
from 4.3 to 12.2meters (Mear 1995).

Late Wisconsin terraces of the lower Colorado River just downstream of the
Balcones Escarpmentalled the Eagle Lake Alloformatiomdicate that coarse sand
and gravel aggradation was followed by the deposition of finer sedimentdnjarged,
high sinuosity channel (Baker and Pente&@iellana 1977). The terragzare composed
of point bar and abandoned channel facies, suggesting floods were mostly contained in
the channel banks (Blum and Valastro 1994). Waters and Nordt (1995)essobe

thick crossbedded gravel and sand deposits in-fléicial terraces along the Brazos
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River in eastentral Texas, presumably deposited as point bars of a laterally migrating
river. Nordt et al. (1994) report the same stratigraphic unit in thephaas Cut Plain. In
summary, fullglacial terraces indicate a less flashy, higher frequency flood regime
associated with more humid conditions.

In addition to fluvial deposits, the presence of pluvial lakes in West Texas
testifies to the relatively msi regional climate during the Last Glacialakimum.
Reeves (1973), in a study of a small playa lake, estimatedperdént runofto-
precipitation rate in West Texas during the-fylhcial episodewhich is consistent with
relatively wet conditionsAllen and Anderson (1993), however, determined that glacial
advances in North America corresponded with high stands of pluvial lakes in the
southwestern United Statewhich were maintained by high stream dischargest
occurred only for a few decadéeghis isdifferentfrom the model of persistent humid
conditions throughout the fufilacial episode. An overall rise in the regional water table
contributed to the emergence and continuous existence of pluvial lakes on the High
Plains of West Texas (Holliday 199&hd Rolling Plains in northern Texas (Caran and
Baumgardner 1990). It appears that areas west of the Edwards Plateau exgerienc
moist conditions during the Last Glacialabimum, but pulses of moisture were
temporally erratic. Perennial lakes were sustdiny gradual inputs of ground water.

Pollen records from Central Texas describe a mixed deciduous forest with some
conifer species supported by cool, mesic conditions (Bryant and Holloway 1985).

Potzger and Tharp (1947) and Potzger and Tharp (195¢)issovered boreal pollen
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in Patschke Bogn Lee County Gause Bogn Milam County and Franklin Bogn
Robertson CountyAll sites ardocated east of the Balcones Escarpment. Bog profiles,
although not isotopically dated, reveal that sprueedg, fir (Abieg, birch Betulg),

and pine Pinug were present inhe region, probably during the Last Glacial
Maximum. Bryant (1977) also detects spruce, birch, and other northern species in
nearby Boriack Bogn Lee CountyThepresencef these specidadicaes that summer
temperatures were probabl y, Bum GndlValastor t han
1993). Analysis of pollen from Boriack Bog reveals high percentages of shrubby alder
(Alnug, a current northern genus, surrounding bogs in Central Texas doerfgli

glacial episode (Bryant and Holloway 1985). Bousman (1998) describes an open
grasslad environment for most of the Last Glacialakimum, interrupted by the
increase of boreal tree species around 16,000 years B.P. Further, Hall and Valastro
(1995) cescribe the Edwards Plateau as grassland with small clusters of pinyon pine and
deciduous trees in riparian corridors and canyons. Holliday (1987) and Hall and
Valastro (1995) criticize the support for a boreal forest located in the plateau and
Southern Hjh Plains based on problems of pollen preservatioagionalsoils. Based

o n BCisignatures extracted from alluvial deposits in central Texas, Nordt et al. (1994)
determined that £plants comprised only 45 to 50 percent of vegetative biomass during
the full-glacial episode, implying the climate was cool and wet (Fi§ute Reduction

in C4 productivity around 15,000 years B.P. is associated with a pulse in glacial
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meltwater from tle Mississippi River and associated cooling of the Gulf of Mexico and
the surrounding land areas (Nordt et al. 2002).

The fauna of the fulglacial episode also confirm the existence of a cooler and
moister climate. Most assemblages of animal fossils arwetl from caves scattered
throughout the Edwards Plateau. The two distinguishing characteristics of fauna in the
full-glacial episode are the presence of large mammals and atherals normally
associated with cooler and moister climates living symgatyl with animals currently
occupying the plateau (Lundelius 1967; ToomBlm, and Valastrd993). Fossils of
horses, camels, mammoths, peccaries, American mastodon, bison, and tapirs indicate
species adapted to grassland and woodland environmentsplateau (Graham 1987).

The remains of prairie dogs, pocket gophers, and moles found in red clay sediments in
Hal | 6 sn th€ aenteal Edwards Plateguggest the presence of deep upland soils
during the Late Pleistocene (ToomeRlum, and Valastro1993 (Figure 3.5).
Numerous faunal species identified by Lundelius (1967) in the Edwards Plateau are
currently limitedto northern and eastern ranges, anelirtcoexistence with species
currently found in the plateau may represent reduced seasonality, deyinsmbler,
moister summers and winters of the same magnitude as today (T,0Binay, and
Valastro1993).

Finally, chemical and isotopic evidence has been utilized to reconstruct full
glacial environments in the Edwards Plateau. Measurements of atmospite#e gases

in ground water of the Carrizo aquifer in sogtimtral Texas show that the annual mean
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tempeature of the region during the LastaGal Ma x i mum was about 5eC c
today (Stute et al. 1992). Isotopic dating of stalagmites from tlaneesdn the Edwards
Plateau identifies a period of rapid growth between 24,000 and 12,000 years B.P.,
which is consistent with wetter climate (Musgrove et al. 2001) (Fig81&). Strontium
isotope ratios of fossil hackberry seed coatings and tooth ewnémpetket gophers and
voles in Hallds Cave i1identify steady, contii
beginning during fulglacial conditions (Cooke et al. 2003). These strontium ratios are
dependent the amount of carbonate in soils, where thickerntain less carbonate
based on the greater depth to limestone bedrock.
3.4.2 Late-Glacial Environmental Conditions (about 14,000 to 10,500 years B.P.)
Fluvial systems in the Edwards Plateau deeply incised their bedrock valleys
during the glacial declinat the end of the Pleistocene, leaving behind a noticeable
unconformity (Blum, Toomey, and Valastro 1994; Mear 1995) (Figd&). The
Colorado and Concho Rivers incised more than 5 meters into Permian bedrock (Blum
and Valastro 1992). Incision by the Cdo River in the Gulf Coastal Plaaiso is
reported during this time (Baker and Pente@uellana 1977; Blum and Valastro
1994). Excavation of valleys is attributed to the re@mplete removal of sediment
from tributaries accompanied by upland slopéitity that resultedn a decrease in
available sediment. An initial decrease followed by an increase in effective moisture as
well as a grdual rise in summer temperatur@seater seasonality$ postulated to be

the cause for incision (Blum, Toomey, avidlastro 1994). Pluvial lakes in northern and
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West Texas were still persistent during the -lglecial episode (Caran and
Baumgardner 1990Finally, carbonrisotope data of plants derived from lunette dunes
on the Southern High Plains of Texas and New ikt®show considerable variation,
suggesting alternating cealarm cycles (Holliday 1997).

Palynological evidence accounts for the decline of deciduous woodlands and
replacement by grasslands and oak savannas (Bryant and Holloway &%),
implies a shft to warmer and drier conditions. Potzger and Tharp (1947) and Potzger
and Tharp (1954) detected an increase in oak and grass pollen following the presence of
boreal species. Other bog studi@&yant 1977; Bryant and Holloway 198%) the
region have shen a gradual decrease of boreal trees duringgisieial times, and the
complete loss of spruce pollen. Grassland dominance around 12,500 years B.P. in
Central Texas is reported by Bousman (1998)ich is consistent with the findings of
Hall and Valastrq1995)who support the existence of prairie vegetation in the Southern
High Plains. The percentage of flants in Central Texas increased to 50 to 60 percent
during the lateglacial episode, alluding to the transition from moist to dry conditions
(Nordt et al. 1994) (Figurd.4). G, plant productivity was relatively low from 13,000 to
11,000 years B.P., haver, and correlates with increased glacial meltwater into the
Gulf of Mexico, whereashigh G, productivity from 11,000 to 10,000 years B.P.
suggests that the Younger Dryas cooling epis@b®ut 10,750 years B.Pdid not

impact the region around the GolfMexico (Nordt et al. 2002).
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Faunal assembl ages from Hall s Cave
increase in summer temperatures from 15,000 to 13,000 years B.P. (T@&umyand
Valastro1993) (Figure3.5). The masked shrew, a h&aiolerart species, disappeared
from the regionwhereasthe heatolerant cotton rat appeared. A decrease in available
moisture forced the disappearance of the bog lemming, and the desert shrew replaced
the least shrew. Pocket gophers in the western plateau ekgghtgrasses, and
prairie dog remains in the central plateau suggest mixed grasses. Burrowing animals at
this time required sufficient soil thickness, however the absence of pocket gophers and
the rarity of moles at 12,000 years B.P. indicate diminig@ed The end of the late
glacial episode witnessed the mass extinction of large mammals, arguably from a
combination of climate change, especially increased seasonality (Lundelius 1967), and
predation by humans (Graham 1987).

Calcium carbonate lacustarand calcic soil profiles in nortentral Texas were
sampledby Humphrey and Ferrin1994 for stable carbon and oxygen isotopes in
order to detect changes in meteoric waters derived from the Gulf of Mexico during the
Late Pleistocene and HolocenEheir data suggest that the Younger Dryas is not
recognizable or is masked by complex metewaates to the Gulf of Mexicandthat
pond sediments suggest a cool ainy climate. Musgrove et al. (2001) detect a
warming and drying trend at the end of the Ré=isne, as evidenced by rapid decrease

in growth rates of stalagmites (Figu®).
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3.4.3 Early- to Middle-Holocene Environmental Conditions (about 10,500 to
5,000 years B.P.)

Incision into bedrock valleys ended around 11,000 years B.P. and was followed
by anepisode of valley widening and slow aggradation, creating a thick fill deposit
(Blum, Toomey, and Valastro 1994; Blum and Valastro 1994; Mear 1g8f)re3.2).
Early-Holocene valley fill deposits of the Pedernales River valley consist of interbedded
sandand mudwhich indicatesupland soil erosion and entrainment of clasts from the
exposed Hensell Sands, and deposition infelef channel margins. In contrast, gravel
deposits reworked from older alluvium dominate the elidjocene valley fill of the
Colorado River. Baker and Pentea@ecellana (1977) report aggradation of coarse
sediment followed by finer sediment accumulation in the lower Colorado River valley
during the early Holocene. These fluvial deposits reflect a continued warming and
drying trerd, strongly monsoonal circulation, and intense, localized convectional storms
during the summer (Blum, Toomey, and Valastro 1994). Strong localized storms
contributed to the loss of the upland soil mantle, but did not produce frequent flood
events in thedrger rivers. These floodplains were abandoned around 5,000 years B.P.
and soil formation began on their upper surface. Waters and Nordt (1995) infer a shift in
the hydrologic regime of the Brazos River around 8,500 years B.P., such that the river
becamean underfit meandering stream in a floodplain formed by vertical accretion of
sediments during floods. Streams north of the Edwards Plateau began to downcut

because of a flashy, erosive hydrologic regime (Caran and Baumgardner 1990).
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Additionally, coarse lack-waterflood deposits of the Pecos River indicate some flood
activity west of the Edwards Plateau (Patton and Dibble 1982).

Perennial lakes were mostly eliminated from northern and West Texas,
accentuated by the resultant lowering of growader leve$ (Caran and Baumgardner
1990; Holliday 2000). Some aeolian sand units were deposited by westerly winds in the
floodplain of the Colorado River and the Rolling Plains during the early Holocene
(Caran and Baumgardner 1990; Blum and Valastro 1992). Aeoéé#atidn of the
Southern High Plains occurred between 8,000 to 5,000 years B.P. (Holliday 1997),
indicating persistent drought. Aeolian sedimentation in Texas may be related to
strengthened zonal flow and enhanced drought conditions caused by a globat clim
event around 8,200 years B.P. (Hu et al. 1999). The episodic, but steady, shift led to the
warm, dry Altithermal beginning about 7,000 years BuRd peaking about 5,500 years
B.P., when the most widespread aeolian sedimentation occurred (Holliday. 198

The vegetation record of Central Texas reinforces the gradual warming and
drying conditions during the early Holocene. Low pollen counts for trees and grasses
occur at 9,000 years B.P. in Boriack Bog Lee County which suggestan open
community (Bosman 1998). Woodlands again emerged between 9,000 and 8,000 years
B.P., followed by a rapid change back to grassland associated with the Altithermal. The
driest conditions occurred around 5,000 years B.P., when open plant communities and
limited canopy coer were dominant (Bousman 1998). Only oak and hickory trees were

able to maintain a steady arboreal population in the uplands, and combined with
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grasses, created a stable vegetative landscape adapted to xeric conditions (Bryant 1977,
Bryant and Holloway 185). Overall, the vegetation of the early to middle Holocene is
reminiscent of modern conditions, although it was probably more open. Nordt et al.
(1994) show that slight increases inlant abundance from the period 11,000 to 8,000
years B.P. and dominae of G plants between 6,000 and 5,000 years B.P. (Figure 3.4).

A decrease in £abundance between 8,000 and 7,000 years B.P., however, may explain
a widespread cold period (Hu et al. 1999; Nordt et al. 2002).

A switch to relatively xeric conditions in the early to middle Holocene also
affected faunal distributions in central Texas. Bison were absent from the region
between 7,500 and 4,500 years B.P., as dry conditions did not support enough grass for
feeding (Gaham 1987). Mesic species, including the mole and thitetl shrew, left
the areavhereasarid-tolerant species, such as the desert shrew, increased in abundance
(Toomey Blum, and Valastrd993).

As aridity increased, soil erosion of the uplands caetththroughout the early
Holocene and probably ended around 5,000 years B.P. (Cooke et al. 2003), depleting
most of the mantle in many locations throughout the Edwards Plateau. The stable
carbon isotopic record in norttentral Texas identifies a moist et during the early
Holocene followed by an arid period representing the middle Holocene (Humphrey and
Ferring 1994). Relatively low growth rates of stalagmitesavesremain consistent

throughout the early to middle Holocene (Musgrove et al. 200¢)(Ei3.6).
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3.4.4 Late-Holocene | Environmental Conditions (about5,000 to 2,500 years
B.P.)

Abandonment of the earlyo middleHolocene floodplain and terrace formation
occurred around 5,000 years B.P. in fluvial systems of the Edwards P(&igate
3.2). The supply of coarse bed material exceeded the hydraulic capabilities of the rivers,
and laterally migrating channels deposited gravel and sand (Blum, Toomey, and
Valastro 1994). Waters and Nordt (1995) attribute this large supply of sediment to
reduced veetation and stabilization of hillslopes. Floodplain abandonment along the
Pedernales and Colorado Rivers resulted from decreased flood magnitudes during a
shift to very dry conditions. Waters and Nordt (1995) interpret humid conditions
beginning around 40D B.P. based on soil development along Brazos River terraces,
but do not consider abandonment as a possible reason for these edaphic processes.

Pollen records indicate the driest conditions present on the plateau occurred
between 5,500 and,300 years B?. (Bousman 1998) and amtributed to the
Altithermal. An increase in mesquite and cactus accompanied by a decrease in pine is
reported by Patton and Dibble (1982), and the central Edwards Plateau appeared to be
dominated by short grasses or s@®sertscrub (ToomeyBlum, and Valastrd 993)
(Figure 35). Following this arid phase, an increase in tree pollen and grasslands were
associated with a transition from drougbsistant oaks to oahkickory woodlands.
Some discrepancy among proxy records is exidering this episode. For example, the
abundance of £biomass decreased between 4,000 and 3,000 years B.P. (Nordt et al.

1994) (Figure3.4), and this was attributed to cooler conditions (Nordt et al. 2002).
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Additionally, Bousman (1998jletectedan incr@ase in tree cover between 5,000 and
3,000 years B.P. One possible explanation for the disagreement among records is a
strong east to west climatic gradient during this time (TognBdym, and Valastro

1993).

Some aspects of the faunal record in Centrada$ebetween 5,000 and 2,500
years B.P. reinforce the discrepancies from other records. The presence of bison herds
between 4,500 and 1,500 years B.P. suggests that relatively humid conditions fostered
the development of lush grasslands (Graham 1987). Whght be a mistaken
interpretation, however, because healthy grasslands can persist during relatively dry
conditions. More compelling is the disappearance of taxa with moisture requirements,
including the eastern pipistrelle bat and woodland vole (ToolBkeyn, and Valastro
1993). The replacement of the least shrew by the desert shrew continued through this
episode, as well as the importance of the desert cottontail relative to the eastern
cottontail (Toomey, Blum, and Valastro 1993).

3.4.5 Late-Holocene Il Environmental Conditions (about 2,500 to 1,000 years
B.P.)

A return to wetter conditions in the Edwards Plateau occurred around 2,500
years B.P. Rivers deposited thick vertical accretion facies, filled chute channels along
the floodplain, and buried soils rasj on top of earlyto middleHolocene terraces
(Blum, Toomey, and Valastro 199@jigure 3.2). This type of fluvial activity suggests
frequent moderateto highrmagnitude flood events and a sufficient supply of fine

sediment derived from very thin uplamsils. The continued supply of coarse bed
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material resulted in streanfeingunable to fully transport the load, and deposition of
widespread, thick fill deposits occurred in the valleys creating a cumulic, ongemic
soil (Hall 1990). This accumulatioaf material created moderatesinuous channels
with broad andhallow crosssections (Blum and Valastro 1989).

The return to mesic conditions between 2,500 and 1,000 years B.P. appear to
have increased woodland density in Central Texas. HolloRagb,and Stuckenrath
(1987), in analyses of pollen from Weakly BogLeon County suggest a relatively
dense oathickory forest that switched to more open oak woodlands toward the end of
this episode. Bryant (1977), however, does not detectpasyAltithermal shift to
mesic conditions, essentially stating that present vegetation has not undergone
appreciable change for the latter half of the Holocene. Bousman (1998) argues that oak
woodlands were replaced by ehickory woodlands, suggesting nechumid conditions
at this time. Hall (1982), in two pollen records from northeastern Oklahoma, shows that
a relatively wet climate between 2,000 and 1,000 years B.P. fostered an increase in the
abundance in hickory and grasses with water requirements.

The humid climatic regime between 2,500 and 1,000 years B.P. allowed for the
return of the woodland vole and eastern pipistrelle bat to the Edwards Plateau, and
increased the proportion of least shrews to desert shrews (Toomey, Blum, and Valastro
1993). Thepresence of the prairie vole in North Texas and northeastern Oklahoma may

also testify to mesic conditions in the area (Hall 1982; Graham 1987). Additionally, the
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abundance of moistabitat snails in Oklahoma indicates a pattern of increased
precipitationin the region (Hall 1982).
3.4.6 Modern Environmental Conditions (about 1,000 years B.P. to present)

Finally, modern environmental conditions of the last millennium shifted back to
drier conditions. Fluvial adjustments to this climatic regime include channoision
and floodplain abandonment, lateral accretion in small point and side bars at bends, and
vertical accretion deposits of finer material along straight reaches (Blum and Valastro
1989)(Figure3.2). Hall (1990) shows a period of channel incision odog throughout
the region around 1,000 years B.P., in both large and small systiok, indicatesa
common climatic mechanism. The current dominance of-gnaghed sediment in
floodplains of the Edwards Plateau is a caveat to theoftfleumb assocting coarse
sediment with relatively arid regimes (Blum and Valastro 1989). Most importantly,
streams are underfit with respect to their larger channels (Blum and Valastro 1989).
Extreme flood events of historic time have overtopped older terraces, inbaieft
appreciable deposits (Bluntpomey, and Valastr@994). The Brazos River has been
confined to narrow meander belts with thick natural levees during modern conditions,
and instability toward a lower position on the floodplain has resulted imWtsions
during the last 1,000 years (Waters and Nordt 1995).

A decrease in pollen influx rates and arboreal cover, interpreted from Weakly
Bog in Leon County supports the interpretation of drier conditions in the last 1,000

years (Holloway,Raab, andStuckenrath1987). Bousman (1998)etecteda spike in

91



grass pollen around 400 to 500 years Batich isassumed to correspond with a dry
episode. A shift from oak woodlands to the current oak savanna around 1,500 years B.P.
alsois evidence for more xerimodern conditions (Bryant and Holloway 1985).

Increased aridity over the last 1,000 years resulted in the dominance of the
desert shrew over the least shrew in the Edwards Plateau (ToBlaey and Valastro
1993) and the decline of mesic land snail©iklahoma (Hall 1982). Graham (1987)
suggests that the northern range expansions ofl@nded armadillo and collared
peccary may have been related to increasing warmth and aridity. Additionally, a
dramatic increase of bison in central Texas around 1,6865\B.P. has been attributed

to the opening of grassland, thereby accommodating larger herds (Huebner 1991).
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ca. 20-14,000 yrs BP - bedload sedi supply ds transport capacity
- slow lateral migration and valley widening
- deposition of late Pleistocene fills
- chaanel facies dominant

\""‘“ . F
Y

ca. 14-11,000 yrs BP - bedload sediment supply less than transport capacity
- floodplain abandonment and terrace formation
- deep incision of bedrock valleys
- no preserved depositional record

Terrace Terrace
Channel

ca. 11-5000 yrs BP - bedload sediment supply exceeds transport capacity
- slow lateral migration and valley widening
- deposition of early to middle Holocene fills
- channel facies dominant

ca. 5000-2500 yrs BP - floodplain abandonment and terrace formation
- bedload sediment supply exceeds transport capacity
- initial deposition of late Hol fills

- channel facies dominant

Channel Terrace

ca. 2500-1000 yrs BP - bedload sediment supply exceeds transport capacity
- continued deposition of late Holocene fills

- deep flooding with burial of low terraces and soils
- floodplain facies widespread and thick

Channel

Floodplain

ca. last 1000 yrs - bedload sedi supply ex ly limited

- floodplain abandonment and terrace formation
- development of modern incised and underfit

Anlai
P

h 1s and narrow fl

Figure 3.2 Channel, floodplain, and fluvial terrace evolution in the Edwards Plateau
Central Texassince the Last Glacial &kimum (from Blum, Toomey, and Valastro
1994)
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Early Holocene

Late Holocene

Figure 3.3 Crosssection of depositional units in the Pedernales River valleyas,
with relative position of radiocarbon ages (from Blum and Valastro 1989)

Figure 3.4 Abundanceof¢p | ant s
deposits in the Medina River vallejexasa n d
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Figure 3.5 Climatic and environmental changes of the EdisdPlateauCentral
Texas,since the Last Glacial B&kimum based on pollen and faunal records, many of
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Figure 3.6. Comparison of stalagmite growth rates in Central Texas with
independently derived results from Toomey, Blum, and Valastro (1993) (from
Musgrove et al. 2001)
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3.5 Discussion

The coolest and wettest cotidns over the last 20,000 years in the Edlsar
Plateau occurred during the Last Glaciax¥nmum (about 20,000 to 14,000 years B.P.)
(Table 3.1). River flood regimes were moderate and more frequent, as evidenced by
lateral migration of channels, sedimertbrage in floodplains, and extensive soil
development. The persistence of perennial lakes in northern and western Texas was
dependent on higher water tablend more abundant precipitatidkn open grassland,
without a modern analog, was prevalent and exxanied by some boreal tree species.
Large mammals grazed on the grasslands and fauna associated with cool, mesic
conditions lived sympatrically with spies found on the plateau tod®ecent chemical
and isotopic methods confirm cool, moist fglacialc ondi t i ons about 5eC
today, and highlight the initiation of soil erosion. It is likely that the southern extension
of ice sheets in North America strongly affected the routing of-latituide low
pressure systems. The major zone of atmospliviergence associated with stable
conditions, currently at about 30e | atitude
would have permitted more frequemain-producinglow-pressure systems to penetrate
Central Texas, especially during the summer. Additionally, cooler summer temperatures
limited evapotranspiration rateshich also increasealvailable moisture.

A warming and drying trend characterizes the terminus oPkbistocene (Table
3.1). Fluvial systemsemained energetic enough to indis® bedrock, as sediment was

totally removed from tributary valleyand upland slopes exhibited relative stahility
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Lacustrine environments were still persistent in northern \Afe$t Texas. Warmer
temperatures and increased seasonality led to the dominance of grasses, incrgase in C
plants, and disappearance of all boreal vegetation. These conditions also forced the
removal of certain heahtolerant and mesic faunal species, ammmalian megafauna
became extinct at the end of the igtacial episode. Isotopic evidence also points
toward a warmer and drier climate, and glacial meltwater pulses into the Gulf of
Mexico correlate with the coolest, driest conditions. The Youngera®mooling
episode is not recognized by proxy evidence in the region, and the gradual retreat of
continental ice sheets allowed the global belt of relatively high atmospheric pressure to
move back towards 30e | atitudeditonpamvi di ng
effectively reducing precipitation.

The early to middleHolocene in Central Texas is characterized by a continued
warming and drying trend (TabR1), interrupted by a possible moist period between
about 9,000 and 8,500 years B.P. A cody, sjpell around 8,200 years B.P. is detected
in increased aeolian activity and a decrease,ipl&ht percentage. Fluvial systems went
through a period of gradual floodplain construction. Pluvial lakes were eliminated or
diminished in West Texas. A shift wpen grassland communities with scattered oak
and hickory trees occurred in the uplands, creating an environment similar to today. The
progression toward the Altithermal is evidenced in the Edwards Plateau by a marked
dominance of grasses in the pollenar. Mesic faunal species were forced to migrate

north and east, while xeric species increased in abundance. Upland soil mantles were
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reduced to the minimal thicknesses observed today. Increasing aridity in the mid
latitudes has been associated with graonal atmospheric circulation (Knox 2000),
which limits the collision of cool, dry air masses with warm, moist air masses from the
Gulf of Mexico and Pacific Ocean. Such a pattern would lead to relatively arid
conditions in the Southern Plains and thevEtis Plateau.

The initial phase of the late Holocene (about 5,000 to 2,500 years B.P.)
witnessed the warmest, driest conditions during the la®0Q0years and corresponds
with the Altithermal (Table.1). Floodplain abandonment associated with a deergma
flood magnitudes occurred throughout river systems in the plateau, and loss of
vegetative cover allowed substantial delivery of sediment to the valleys. Although some
disagreement appears in reconstructions of vegetative cover, this episode whk/ proba
dominated by short grasses and scrub, followed by a gradual shift toward oak
woodlands. The strongest records for arid conditions are derived from the faunal
assemblage, which indicates the displacement of mesic mammals wkiolaraht
species. Zordaatmospheric circulatioprobably wasthe dominant influence for arid
conditions associated with the Altithermal in the Edwards Plateau.

The period between 2,500 and 1,000 years B.P. is characterized by increasingly
humid conditions (Tabl&.1). River sgtems frequently withessed moderat high
magnitude floods, which led to the development of thick, vertically accreted deposits.
Relatively dense oakickory woodlands and lush grasses are detected in pollen records

at this time. The return of mesic sl shrews, and snails to previously xeric habitats
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also testifies to greater frequencies and rates of precipitation. The mixing of contrasting
air masses and resultant increase in the frequency of precipitation events lfitesd
to meridional atmosric circulation patterns (Knox 2000).

Finally, the modern episode of the Holocene has shifted toward warmer, drier
conditions across the Edwards Plateau (T8dle Rivers and streams have incised into
previous floodplainsbecause bedload supply is liedf thereby creating underfit
channels with respect to the former floodplain. A decrease in overall pollen
accompanied by the conversion of dakkory woodlands to oallominated savanna
reinforces the interpretation of modern xeric conditions. Currentfaassemblages are
dominated by drougkblerant species, and many mesic species formerly inhabiting the
Edwards Plateau are no longer present. A relative decrease in tropical activity during
the summer and increased zonal flow nbaattributed to the modern arid conditions

across the Edwards Plateau.
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Table 3.1. Summary of paleoenvironmental change in the Edwards Plateau, Central
Texas, USA, during the last 20,000 years, organized by an existing scheme (Toomey,

Blum, and Valastro 1993).

. Relative Geomorphic and Pollen Fauna Isotopic
Episode " ) . . . :
conditions  hydrologic evidence evidence evidence evidence
Full glacial I . . Mixed deciduous . Groundwa?er
Lateralmigration of rivers; . Large mammals;  atmospheric
(about 20,000  Coolest and - T forest with some . ) ]
sediment storage; soil soil-burrowing noble gases;
to 14,000 years wettest . . boreal trees and . .
development; pluvial lakes mammals rapid stalagmite
B.P.) grassland
growth
— Rapid decrease
. Extinction of . .
_ Gradual o Dec_lme of _ some large in stala'gml_te
Lateglacial A Deep channel incision; deciduous trees; . growth; soils
warming and - ~ mammals; Small, 7 .
(about 14,000 A continued presence of replacement with ? indicate no
drying trend, . . . . mesic and
to 10,500 years ! pluvial lakes; upland soil  oak savannas; - Younger Dryas
but still cool A » " burrowing "
B.P.) erosion increase in ¢ expression and
and wet plants mammals complex
rRElE 7 L meltwater fluxes
Low stalagmite
Early to middle Valley widening and slow Less pollen; - . growth rates;
Holocene Rapid aggradation; decline of open woodlands Eizgﬁng%iijlg]:cgf soils show
(about 10,500 warming and  pluvial lakes; aeolian and grassland; of sm'all eric possible brief
to 5,000 years  drying trend sedimentation; extensive increase in ¢ mamma’Is moist period
B.P.) upland soil erosion plants around 8,500
years B.P.
5,000 years B.P.
walli Disappearance of
Late Holocene Floodplain abandonment grasses and all mgzic
| (about 5,000 Warmest and coqpled with excessive scrub; abun'dance mammals; gradual Not available
to 2,500 years  driest delivery of coarse gravel of C, plants; increase of bison:
B.P.) to channels gradual increase . | ’
of drought xeric mammals
resistant trees
Possibly denser
Late Holocene woodland;
Il (about 2,500  Slightly cool Vertical accretion and fill  increase in trees Return of some .
) : small, mesic Not available
to 1,000 years  and wet processes; and grasses with species
B.P.) water P
requirements
Dominance of
small, xeric
Channel incision; underfit Decreased pollen mammals;
etz (Eloe channels; finegrained flux; transition increase in bison
1,000 years Warm and dry : In€y ’ Not available

B.P. to present)

inset depositsjoodplain

abandonment

from woodland
to open savanna

about 1,000 years

B.P. associated
with more open
grassland
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3.6  Summary

Insights into changingnvironmental conditions of the Edwards Plateau provide
a longterm context for descriptions and models of regional climate, hydrology,
geomorphology, and biogeography. Perhaps most striking are the relatively brief time
intervals and large magnitudes esponse among geomorphic and biologic systems to
changes in climatic regimes. These time intervals could have lo@ethe order of
hundreds of years and perhaps decades. With increasing ‘alagu effects on
atmospheric composition, water quantity angaldy, and lanecover patterns; it is
informativeto consider theffects of climate change or cycles gpatial and temporal
environmental conditions

The Edwards Plateau presents itself as a complex transition area between
temperate, tnpical, humid, ad arid regimesRegional impacts of climate change may
be difficult to predict, but it can be expected that global warming could lead to
increased aridity, such as that experienced during the Altithermal. An increase in sea
surface temperatures could inase tropical system activity during the summer and
coupled with reduced vegetative cover, may subject river valleys to incision. The
assertion of dominance by drougbterant species in the region challenges the
practicality of conservation efforts for 1sie species. Expected natural consequences
are further complicated by humaelated phenomena, including lande patterns,

introduction of exotic species, antbdificationof the fire regime.
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Further, investigations of alluvial sediment composition arahobl adjustment
in the Edwards Plateatnitially require aconceptual framework of environmental
changethrough time. Sediment sampling strategies and associations with the present
day hydrologic regime must be considered with respect to the complex dfuite
sedimentary units and their relative positions shown in Figures 3.2 and 3.3. The channel
incision and floodplain abandonment during the last 1,000 gbaxdd result in a series
of inset floodplains associated with the pressan hydrologic regime, dunded by
higher surfaces representative of previous environmental conditions. Additionally,
terrace deposits older than the modern alluvium could comprise the bank material where

the presentlay channels are actively migrating.
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Chapter 4. Research Desigrior Investigation of Downstream Trends
in Alluvial Sediment Composition and Channel
Adjustment in the Llano River Watershed, Central Texas,
USA

The research design to investigate downstream trends in alluvial sediment
composition and mutual channel adjustment in the Llano River watershed is split into
three general categories: (1) field assessments, (2) laboratory sediment analyses, and (3)
data analyses. Project objectives associated with these three categories are briefly
described below, and specific methodological details are embedded within result

oriented chapters that follow (Chapters 5 and 6).

4.1 Field Assessment

Field assessments of sedmhecomposition and channel shape werade at
nineteen sites along the North Llano, South Llano, and Llano Rivers and selected major
tributaries (Figure 4.1)Crosssections of channel shape were provided by the Lower
Colorado River Authority (LCRA) for ime additional sites along tributariegFigure
4.1). Field sites were chosen #mlequately characterizdserveddownstrean changes
of channel morphologyFor the nineteen sitessited, channel shape was measured and
sediment samples were obtained alondtiple crosssection transects to ensure that
local variability (Phillips 1991; Fonstad and Marcus 2003@§ minor relative tgeneral

downstream trends (Figure 4.2).
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Crosssectional surveys of channel and floodplain dimensions included
subaqueousand sbaerialinstream surfaces (Figure 4.3), banks, floodplain surfaces,
fluvial terraces, colluvial wedges, and valley walls. Ciesstional topographic surveys
constitute the majority of morphologic data for this proj€at. further details on cross
sectioral topographic surveyseaders areefered to Section 6.3 in Chapter 6

Sediment samples were obtained for these various geomorphic surfaces along
transects identical to the topographic surveys, and field notes coupled with topographic
surveys were ted upon later to determine the geomorphic surface that was sampled.
Particle size of cobbido gravelsized beematerial was sampled at the surface using a
modified Wolman pebble count (Wolman 1954) (Figure 4.4), and-siaed or finer
material was samped and bagged for further laboratory analysis. Sediment samples
were obtained to quantify downstream trends in alluvial composition and infer
sedimentary controls of channel adjustmétur further details on sediment sampling

strategiesteaders areeferredto Section 5.5 in Chapter 5.
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3 08148500 North Llano River near Junction (4) 18 08150800 Bea:voer g;;zenaéar ;S:sls] 22)

4 South Llano River at Baker Ranch near Rocksprings (4) 19 LCRA Willow Creek near Mason (1)

5 South Llano River at U.S. Highway 377 near Rocksprings (2) 20 Liano River at Castell (3)

6  South Llano River at 700 Springs Ranch near Telegraph (3) 21 LCRA Hickory Creek near Castell (1)

; 22  LCRA San Fernando Creek near Llano (1)
9

08150000 Llano River near Junction (4)

10 LCRA Johnson Fork near Junction (1)

Johnson Fork at Lowlands Crossing near Junction (3)
12  Llano River near lvy Chapel (3)

13 LCRA James River near Mason (1)

Figure 4.1 Study sites, hydrography, and lithology (Barnes 1981) of the Llano River
watershed in Central Texas, US3ite names preceded with amigit identification

number are located at active U.S. Geological 8ystreamflowgagingstations. Site
ocated

names preceded wi

25  LCRA Little Llano River near Llano (1)

26 Llano River near Kingsland (2)

27 Honey Creek at KDK Ranch near Kingsland (3)
28  LCRA Honey Creek near Kingsland (1)

th ALCRAO are |

streamflowgagingstations. Sites without a prefix aragaged

105

Llano River at James River Crossing near Mason (3)

at

a (



Figure 4.2 Two crosssection transects (yellow lines) and flpath (blue line) of the
James River near Maspmhexas For scale, yellow lines approximately are 250 meters.
Flow direction is toward the norortheast (upper part of the image). Nataa@br
imagery from Google Earth, accessed in February 2008.
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