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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 watershed is characterized by a highly variable, flood-prone 

flow regime and a complex lithology of Cretaceous carbonate rock, Paleozoic 

sedimentary rock, and Precambrian igneous and metamorphic rock. Sedimentary 

variables for this study include particle size, sorting, carbonate content, and magnetic 

susceptibility. Channel adjustment includes the planform dimension and cross-sectional 

dimensions of bankfull- and macro-channels. Nineteen sites along the Llano River and 

selected tributaries were visited to measure cross-sectional channel geometry and 

sample bed, bank, and overbank sediment. Laboratory analyses of sediment and 

hydraulic analyses of cross sections were accompanied by analyses of partial-duration 

flood frequency, flow resistance, hydrography, digital elevation models, and statistical 
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correlation. Findings include: (1) channel-bed material reduces in size with downstream 

distance, despite increasing valley confinement and bedrock exposure; (2) the 

downstream decrease in particle size is more evident for channel-bar deposits than for 

low-flow-channel (thalweg) deposits; (3) an abrupt gravel-to-sand transition occurs 

about 20 kilometers downstream of the Paleozoic-Precambrian contact; (4) an abrupt 

coarse- to fine-gravel transition occurs between 75 and 90 kilometers downstream the 

North Llano and South Llano Rivers; (5) channel-bank material increases downstream, 

contrasting with decreases in bed material; (6) carbonate content and magnetic 

susceptibility of alluvial sediment are inversely related, with carbonate 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 compensates for bankfull discharge in 

a downstream direction; (9) mean depth compensates more than width for macro-

channels; and (10) the return periods for bankfull and macro-channels are about 1 to 2 

years and greater than 10 years, respectively. The results of this study will contribute to 

fluvial geomorphic theory of downstream trends in sediment composition and channel 

adjustment; as well as inform applied efforts related to aquatic biology, flood hazards, 

infrastructure design, and riparian and water-resource management in 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 adjustment are pattern (planform 

geometry) and shape (cross-sectional geometry). Discharge and sediment commonly are 

referenced as the controls on alluvial channel adjustment for timescales ranging from 

decades to centuries. The most common index of discharge (cubic meters per second) is 

bankfull discharge, which is related to the scale of size of channel features. Indices of 

sediment commonly include bedload (tons per day), bed-material size (millimeters), or 

bank material (silt-clay percentage), all commonly related to the shape of a river 

channel (Schumm 1960, 1977; Knighton 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 morphology vary regionally, 

especially in settings dominated by highly variable flow regimes (e.g., Bourke and 

Pickup 1999; Gupta 1999; Heritage, Broadhurst, and Birkhead 2001; Kale and Hire 

2007). This is particularly important when considering spatial variability in channel 

adjustment along transition zones in hydrology and lithology, commonly observed in 

drainage systems in Central Texas. 

This study examines the downstream (headwaters to outlet) controls of alluvial 

sediment composition and mutual adjustment of channel pattern and shape in the Llano 

River watershed (11,568 square kilometers), which drains the Edwards Plateau and 
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Llano Uplift of Central Texas (Figure 1.1). The study area represents an opportunity to 

examine the controls of channel adjustment in a setting unique from the knowledge base 

on this topic (Baker 1977; Tinkler 2001), which mostly includes investigations in humid 

or snowmelt-dominated settings. The regional climate of the Llano River watershed is 

characterized by a transition from western semiarid to eastern subhumid conditions, and 

the hydrologic regime of the region is noted for low perennial flows punctuated by 

extreme flash floods. Channel reaches commonly alternate between bedrock-confined 

and alluvial, and a continuum of associated controls is evident throughout channels in 

the watershed. Additionally, river sediment abruptly varies as a result of three distinct 

lithologies, Cretaceous carbonate rocks associated with the Edwards Plateau, Paleozoic 

sedimentary rocks forming a transition zone, and Precambrian igneous and 

metamorphic rocks 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 control on channel 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 opportunity to 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 

the Llano River watershed, Central Texas, USA. 
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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) cross-section (shape), and (3) longitudinal (profile). Common indices used 

to describe channel pattern include radius of curvature (meters), channel width (meters), 

curvature (radius of curvature / width), meander wavelength (meters), sinuosity 

(channel length / valley-axis length), and various braiding measures. Channel shape is 

defined by the ratio of bankfull channel width (meters) to depth (meters), the presence 

of bars or islands, and the symmetry of these components. Channel profile is 

characterized by a bivariate plot of bed elevation (meters) and channel distance 

(kilometers) along a reach of interest. These three modes of channel adjustment 

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 dynamics. Additionally, fluvial 

geomorphologists for decades have associated 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 importance of discharge on channel morphology through the concept of 

hydraulic geometry, and established that width, depth, and velocity (meters per second) 

are related to discharge by a power function. A hydraulic approach also was adapted to 

consideration of channel pattern by Leopold and Wolman (1957). Figure 1.2 shows the 
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relation proposed by Leopold and Wolman (1957), a threshold above which braiding 

occurs: 

Ὓ= 0.012ὗ 0.44, where 

Ὓ is dimensionless channel slope and ὗ is bankfull discharge in cubic meters per 

second. 

Most of the data used to generate the plot were derived from rivers in the humid 

eastern and mid-western United States and the northern Rocky Mountains. Few data 

points were from rivers with 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 researchers (e.g., Schumm 1977) have employed a sedimentary 

approach to predict channel 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, van den Berg (1995) used the Leopold and Wolman (1957) 

hydraulic approach integrated with an index of sediment size to effectively distinguish 

between single- and multi-thread channels. 

Alternatively, Schumm (1960) has endorsed an approach to predict channel 

shape that primarily considers sediment. Schumm (1960) found that increased 

percentages of silt and clay in channel boundaries are associated with low width-depth 

ratios for rivers in the North American Great Plains (Figure 1.3) and that channel shape 
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is independent of discharge. However, the linear relation shown in Figure 1.3 violates 

the requirements of independence for regression-based analysis because the M factor is 

computed from width and depth, to which it is subsequently related in the plot. Schumm 

(1963) further advocates for sedimentary controls by showing a relation between silt-

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

required before meandering develops in laboratory flume channels. 
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Figure 1.2.  Leopold and Wolman (1957) transition between meandering and braided 

channels for a given channel slope and bankfull discharge (scanned from Knighton 

1998). 

 

 

 
Figure 1.3.  Relation between percentage silt-clay in channel boundaries and width-

depth ratio (from Schumm 1960; scanned from Knighton 1998). 
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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 commonly has been considered to be the flow responsible for 

observed channel morphology and often is approximated by the flow that occurs every 

one to two years (Leopold and Wolman 1957; Wolman and Miller 1960). However, the 

link between channel geometry, sediment transport, and bankfull discharge occurring 

every one to two years is problematic. First, bankfull stage is not always readily defined 

in field situations. Further, no consistent methods have been developed to determine 

bankfull stage (Williams 1978a). Another problem associated with bankfull discharge is 

that it does not always have a common frequency of occurrence (Williams 1978a), even 

within the same watershed (Pickup and Warner 1976; Andrews 1980). Bankfull 

discharge has been reported to occur at a variety of return periods, including 1.5 years 

(Leopold, Wolman, and Miller 1964; Dury 1973), the mean annual flood (Richards 

1982), or 4 to 10 years (Pickup and Warner 1976). Further problems associated with 

bankfull discharge consider its lack of association to some aspects of channel form and 

sediment transport (Carlston 1965; Emmett and Wolman 2001). 

The general concept of bankfull discharge might be problematic in the Llano 

River watershed because channel geometry and sediment transport are associated with 

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 climatic and 
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physiographic setting of the Texas Hill Country and concludes that extreme flood 

events control channel morphology. Others have shown that low-frequency, high-

magnitude flows are responsible for observed channel morphology in arid to semi-arid 

regions (Huckleberry 1994; Heritage, Broadhurst, and Birkhead 2001; Tinkler 2001). 

However, the importance of flow variability has also been judged important in wetter 

climates. Gupta (1995), for example, found that rivers in the seasonal tropics of India 

display a channel-in-channel morphology, where a macro-channel has developed to 

accommodate large-magnitude floods and a low-water channel conveys moderate-

magnitude floods and baseflow for the majority of time. 

A number of scientists have used sedimentary indices to discriminate channel 

patterns, but there is no consensus as to which index is most appropriate. For example, 

Schumm (1960) advocates that silt-clay percentage in the channel banks controls cross-

sectional shape. Alternatively, others have utilized bed-material parameters to 

differentiate planform and cross-sectional morphology (Howard 1987; van den Berg 

1995; Xu 2004). Clearly, further research in unique settings is necessary to further 

elucidate the controls of river channel adjustment. Rivers that encounter abrupt 

downstream changes in lithology are good candidates to study the influence of 

sedimentary controls on channel morphology (Ferguson 1987). 
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1.2 Research Questions 
 

The unique characteristics of the study area differ substantially from the studies 

comprising the base of knowledge on downstream trends in alluvial sediment 

composition and channel adjustment, illuminating several research questions: 

1. What downstream trends emerge in the sediment composition (particle 

size, sorting, carbonate, 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 geometry of rivers characterized by flashy, flood-

dominated hydrologic regimes? 

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

bedrock exposures and alluvial surfaces? 

 

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. 

 

 



11 

 

Table 1.1.  Author-based hypotheses of downstream sedimentary and morphologic 

trends in the Llano River watershed, Central Texas, USA. 

 

Control  Hypothesized influence 

1. Flow regime ¶ Highly variable flow regime results in channel-in-channel 

morphology 

¶ Extreme flood magnitudes result in bankfull stage with return 

periods greater than 1 to 2 years 

2. Lithology ¶ Cretaceous carbonate and Paleozoic sedimentary zones associated 

with high percentage of silt and clay in banks and gravel-sized bed 

material; Precambrian igneous and metamorphic zone associated 

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 relatively 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 with greater degree of valley 

confinement 

3. Alluvial 

sediment 

composition 

¶ Gravel-sized bed material results in relatively wide and shallow 

channels; sand-sized bed material with relatively deep and narrow 

channels 

¶ High percentage of silt-clay in channel banks result in relatively 

narrow channels; high percentage of sand in channel banks result in 

relatively wide channels 

4. Locally steep 

channel slope 
¶ Higher stream power per unit area 

¶ Coarse bed-material 

¶ Relatively wide channel 

¶ Braided channel pattern 

5. Bedrock 

exposure 

(valley 

confinement) 

¶ Greater proportion of bedrock exposure increases channel width 

¶ 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 
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Figure 1.4.  Author-based hypothesized model of downstream channel adjustment of 

the Llano River, 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 are underrepresented 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 unique setting to test concepts of 

dominant discharge 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 of stream ecologists, 

engineers, and hydrologists. Stream ecologists in government agencies and other 

organizations are concerned with geomorphic-unit composition and channel stability as 

related to aquatic habitat within the study area because most models of channel 

adjustment originate from humid or snowmelt-dominated regions of the eastern United 

States, Rocky Mountains, Pacific Northwest, or the United Kingdom. An increased 

understanding of the geomorphic role of high-magnitude flows in hydrologically-

variable rivers could enhance investigations of habitat availability and viability 

(Brierley and Fryirs 2005; Doyle et al. 2005). Additionally, state and county highway 

departments are concerned with the structural integrity of roads, bridges, low-water 

crossings, and culverts associated with rivers in Central Texas. High rates of channel 

adjustment or the episodic transport of gravel lobes can damage such infrastructure. 
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Further, river planning agencies (e.g., Lower Colorado River Authority) also have 

expressed concerns 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 controls is important for riparian restoration efforts, which 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, geographic-information-system (GIS) analyses, flood-frequency 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 tributaries in Central Texas. Between December 2004 

and February 2008, various field-survey trips were made to the study area to collect 

data (Table 1.2). Field, laboratory, and statistical methods include established 

techniques and equipment common to geomorphologists and hydrologists. Field 

methods include cross-sectional surveys of channel morphology; surveys of high-water-

mark elevations following high-magnitude flows in 2007; and sediment sampling of 

channel bed, bank, and floodplain material. Particle-size, carbonate-content, and 

magnetic susceptibility analyses of sediment were done at the Applied Geomorphology 

and Geoarchaeology Laboratory at the Department of Geography and the Environment, 
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The University of Texas at Austin. GIS analyses of 10-meter digital elevation models 

(DEMs), hydrography, and digital orthophoto quarter quadrangles (DOQQs) were done 

in ESRI ArcGIS 9. Statistics and flood frequency were analyzed using a combination of 

Microsoft Excel 2007 and R version 2.6.2 (R Development Core Team 2004). 
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Table 1.2.  Field-survey trips to the study area by the author. 

 

Approximate date of trips Purpose 

1. December 2004 Cross-sectional channel survey of North Llano River near Junction 

2. June to August 2006 Cross-sectional channel surveys and sediment sampling of sites 

near Junction 

3. November 2006 Cross-sectional channel surveys and sediment sampling of sites 

near Junction 

4. April 2007 High-water marks along Llano River 

5. May 2007 Cross-sectional channel surveys and sediment sampling of sites 

near Mason and Llano 

6. June 2007 Cross-sectional channel surveys and sediment sampling of sites 

near Llano 

7. July 2007 High-water-mark elevations established along Llano River 

8. February 2008 High-water-mark elevations surveyed for Llano River 
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1.6 Dissertation Outline 
 

The dissertation is organized into seven chapters, four of which have individual 

abstracts and conclusions and are meant to serve as stand-alone documents. Formatting, 

including citations, bibliography, and other details, of the document is based on the 

Annals of the Association of American Geographers. Some material is presented more 

than once in different chapters, but redundancy is kept to a minimum and used only 

when deemed necessary by the author. The chapters are described below: 

1. INTRODUCTIONðThe introduction is this chapter, which describes the 

background, research questions, hypotheses, implications, and scope of the 

dissertation project. 

2. LITERATURE REVIEWðThe chapter reviews theory, techniques, and 

applications of at-a-station hydraulic geometry, downstream hydraulic 

geometry, and dominant and effective discharge. A primary objective of the 

literature review is to summarize contemporary trends and findings associated 

with the reviewed fluvial geomorphic concepts. 

3. PHYSICAL SETTING AND PALEOENVIRONMENTAL HISTORY OF THE 

EDWARDS PLATEAUðThe chapter provides details on the present-day 

climate, geology, physiography, and biota of the Edwards Plateau in Central 

Texas, but the majority of content is a review of the literature documenting 

environmental change in the plateau since the Last Glacial Maximum (20,000 

years B.P.). The chronology of late-Quaternary environmental change serves as 
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important context for the present-day physical setting in the study area. A 

considerable portion of this chapter is devoted to changes in river-channel 

behavior and characteristics. 

4. RESEARCH DESIGNðThe chapter summarizes the research approaches used 

to elucidate the controls of alluvial sedimentology and channel adjustment in the 

Llano River watershed. 

5. ALLUVIAL SEDIMENTOLOGY OF THE LLANO RIVER WATERSHEDð

The chapter presents and discusses results associated with alluvial sediment 

deposits in the Llano River watershed, including downstream trends in particle 

size, carbonate content, and magnetic susceptibility of channel-bed and bank 

deposits. Techniques include field sampling, laboratory sediment analyses, and 

statistical analyses. Various methods and characteristics of the physical setting 

are embedded in the chapter. 

6. CHANNEL ADJUSTMENT IN THE LLANO RIVER WATERSHEDðThe 

chapter presents and discusses results associated with the downstream 

adjustment of channel pattern and shape related to hydrologic, lithologic, and 

sedimentary controls in the Llano River watershed. Techniques include GIS 

analyses, flood-frequency analyses, at-a-station hydraulic geometry, and 

downstream hydraulic geometry. Various methods and characteristics of the 

physical setting are embedded in the chapter. 
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7. SUMMARY AND CONCLUSIONSðThe chapter summarizes the results of 

the dissertation, synthesizes the findings, narrows the findings down to a few 

conclusive statements, and poses further research questions to potentially guide 

future endeavors. 
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Chapter 2. A Review of Contemporary Applications that 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 

that various flows are responsible for fluvial and ecological processes, operating within 

river channels and overbank, provides an alternative line of inquiry for these concepts to 

be utilized. Whereas many investigations have shown that channel geometry and 

cumulative sediment transport are associated with bankfull conditions and 1- to 2-year 

return periods, 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 seasonally-driven systems, and become 

less predictive for small watersheds, incised channels, or in systems with highly 

variable flow regimes. At-a-station and downstream hydraulic geometry analyses used 

to assess the 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 sediment-transport 

processes initiate (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 sediment-transport processes and channel formation are likely if flows 

are analyzed with respect to antecedent conditions, timing, and typical durations of 

flow. 

 

2.2 Introduction  
 

The tenets of steady-state equilibrium and uniformitarianism are responsible 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 

separately, but both concepts largely infer that flow energy controls channel 

morphology. This chapter introduces the concepts of hydraulic geometry and dominant 

discharge, discusses their strengths and limitations, and reviews the relevant literature 

prior to the mid-1990s. The findings of this review are expected to provide context and 

comparative examples useful for inquiries of cross-sectional channel adjustment and the 

relation of channel geometry to discharge. 

2.2.1 Hydraulic Geometry 

Hydraulic geometry, a largely empirical technique introduced by Leopold and 

Maddock (1953), quantifies the cross-sectional 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 discharge on the abscissa axis, such that three slope-

dependent exponents (b, f, and m) of the regression-fitted lines satisfy continuity by 

summing to the value ñ1ò (Figure 2.1). The b, f, and m exponents represent the rate of 

change of width, depth, and velocity with discharge. The fundamental hydraulic 

geometry equations are: 

ύ= ὥὗὦ, 

Ὠ= ὧὗὪ, 

ὺ= Ὧὗά, where 

ύ is water-surface width, in meters; Ὠ is mean depth, in meters; ὺ is mean velocity, in 

meters per second; ὗ is discharge, in cubic meters per second; ὥ, ὧ, and Ὧ are 

empirically-derived coefficients; and ὦ, Ὢ, and ά are empirically-derived exponents. 

Hydraulic geometry can be applied to the range of flows at one cross section, 

termed ñat-a-station,ò or along a channel reach for a user-specified index of discharge at 

multiple cross sections, termed ñdownstream.ò At-a-station hydraulic geometry 

commonly has three phases in most river channels: (1) low-flow conditions that are 

incapable of entraining bed and bank material, (2) moderate-flow or active conditions 

associated with entrainment and transport of bed (and possibly bank) material, and (3) 

high-flow or overbank conditions (Knighton 1998). Breaks in line slope or inflections in 

the log-linear relations of width, mean depth, and mean velocity to discharge are 

associated with transitions between the three phases. 
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Figure 2.1.  Example of at-a-station hydraulic geometry using discharge measurements 

at U.S. Geological Survey streamflow-gaging station 08151500 Llano River at Llano, 

Texas for 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 surface-water hydrology, 

mean annual discharge or another statistically-relevant flow is chosen, but 

investigations 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 the ὦ, Ὢ, and ά exponents for 

downstream hydraulic geometry, which 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 greater rate than mean depth and mean velocity. In contrast, it was shown 

that mean depth increases at a greater rate than water-surface width for at-a-station 

analyses. In the time since the introduction of hydraulic geometry, other factors have 

been similarly related 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 to be developed between these variables and cross-sectional 

geometry (Ferguson 1986). 

Hydraulic geometry stems from equilibrium theory because it suggests that at-a-

station cross-sectional form and downstream adjustment to channel shape are 

maintained by a definable 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 oft-mentioned flashy-flow regime displays relatively low 

baseflow for the vast 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 statistics, such as flow-duration 

curves, ratios of peak discharge to mean annual discharge (Lewin 1989), flood-

frequency analyses (Stedinger, Vogel, and Foufoula-Georgiou 1993), and zero-flow 

days (Smakhtin 2001), among many others. In essence, a hydrologic regime is defined 

by flow statistics for the lumped period of record, and the definition, therefore, does not 

consider hydrologic change during that timeframe or the expected morphologic 

consequences (Knighton 1975; Knighton 1977). Only when hydraulic geometry is 

analyzed for subdivisions or ñmoving windowsò of the period of record can variations 

in the flow regime be identified and subsequently used to investigate the tendency of a 

fluvial system to exhibit steady-state equilibrium. Hydraulic geometry applications are 

inseparable from equilibrium theory, and it is a circuitous argument to suggest that a 

stream channel exhibits steady-state equilibrium because of similarities in the hydraulic 

geometry relations to a known stable channel, especially when considering possibilities 

for multiple modes of adjustment (Phillips 1991).  

Further, at-a-station exponents have large variation (Park 1977), which suggests 

to some that cross-sectional geometry is inherently unstable (Phillips 1990; Fonstad and 

Marcus 2003). Even more problematic is application of downstream hydraulic geometry 

because: (1) the choice of a discharge index is highly subjective, chosen to suit the 
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needs of a particular investigation; and (2) morphologic indices, such as bankfull, can 

be difficult to determine (Williams 1978a). In general, both at-a-station 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 longer compare with flows below 

bankfull. For geomorphic investigations of alluvial channels, practitioners now 

recognize that a range of flows and their sequential order are responsible for 

maintenance of channel geometry (Pickup and Rieger 1979; Yu and Wolman 1987; 

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, at-a-station hydraulic geometry can be a very useful technique to 

associate the hydrologic regime of a stream to its channel shape. If applied in 

conjunction with flood-frequency analysis, itself a problematic technique (Kidson and 

Richards 2005), much can be learned about the relation of various instream geomorphic 

surfaces to the magnitude and frequency of high-flow events (Gregory and Madew 

1982). For example, at-a-station hydraulic geometry could identify a threshold mean 

velocity that occurs at a particular frequency, which effectively limits the vertical extent 

of channel bars at that location. 

At-a-station hydraulic geometry analyses can be especially insightful for 

practitioners who operate streamflow-gaging stations, civil engineers who design 
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instream structures, and aquatic biologists who investigate habitat structure and 

function. Possibly more useful to fluvial geomorphologists, especially those operating at 

the watershed scale, is downstream hydraulic geometry, because channel morphology 

facilitates the choice of a morphologic-dependent index of discharge, usually the value 

at bankfull stage. In this manner, downstream trends in channel width and depth are 

identified, and inflections in the log-linear relations highlight the influence of other 

controls, possibly sedimentary, anthropogenic, or vegetation, among others. The 

variation in downstream hydraulic geometry data, as a proxy for the predictability of 

channel shape, could further indicate if other variables are influential (Wharton 1995), 

or that another discharge index would be more applicable. Finally, another widely 

utilized application of downstream hydraulic geometry is the development of regional 

at-a-station regression equations to predict channel shape (e.g., Betson 1979; Castro and 

Jackson 2001). 

Previous investigations that targeted 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 equilibrium, deduced that minimization of the sum of 

squares of the ὦ, Ὢ, and ά exponents, termed the theory of minimum variance, is an 

internal goal of a river channel, in addition to the basic physical requirements of 

continuity, flow resistance, and sediment transport. Williams (1978b) used data 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 most predictive and velocity exponents are least 

predictive. 

The theory of minimum variance has 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 log-linear relations of hydraulic geometry (Richards 1973), which should not be 

expected because of non-linear 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; Huang and 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 with discharge. Other 

dimensions of stream channel geometry influence hydraulic geometry relations, 

including pool-riffle sequences (Figure 2.2) (Richards 1976) and channel pattern 

(Knighton 1974; Knighton 1982). Finally, others have either graphically reproduced 

hydraulic geometry relations, such as the triangular ὦ, Ὢ, and ά diagram (Figure 2.3) 

(Rhodes 1977; Rhodes 1987), or introduced new models of hydraulic geometry, 

including log-quadratic 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 given 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). 

 

 

 
 

Figure 2.3.  The ὦ, Ὢ, and ά diagram is used to distinguish ten different channel types 

based on observed 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 dominant, or channel-

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 

constant through time, would generate the same channel geometry as the natural flow 

regime. Wolman and Miller (1960) expanded and popularized this idea in the landmark 

paper on effective discharge (Table 2.1), in which they conclude that moderate floods 

are responsible for the majority of sediment transport through time (Figure 2.4). 

According to their moderate-flood 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 sediment. Collectively, the more 

extreme floods simply do not occur frequently enough to exceed the moderate floods in 

terms of cumulative sediment transport through time. Essentially, the relatively frequent 

moderate floods are those that maintain the geomorphic equilibrium of natural stream 

channels. It 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 overshadowed by 

the moderate-flood theory and, 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 The discharge that fills the channel to the top of its banks
a
 

Dominant discharge 

The theoretical discharge that if maintained indefinitely would 

result in the same channel geometry as the existing channel subject 

to the natural range of flow events
a
 

Channel-forming discharge Equivalent to ñdominant dischargeò
a
 

Effective discharge 

The discharge responsible for the cumulative majority of sediment 

transport over time; the maximum product of the sediment 

transport rate and frequency of a given discharge for a range of 

flows at a channel cross section 
 

a Definition from Biedenharn et al. (2000). 

 

 

 

 



33 

 

 

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 that 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 shown that the bankfull (Pickup and Warner 1976) and 

effective discharges (Baker 1977) can be less frequent, especially in river systems 

characterized by highly variable flow regimes. Further, it has been proposed that 

bankfull and effective discharges have different return periods for some rivers (Pickup 

1976; Pickup and Warner 1976) and for sites with different drainage areas in the same 

watershed (Wolman and Gerson 1978; Ashmore and Day 1988). 

In the time since the general acceptance of Wolman and Miller (1960), various 

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 bankfull discharge is dominant and has a return 

period of 1 to 2 years. Whereas cross-sectional shape possibly is most indicative of 

dominant discharge, some researchers have shown that planform geometry also can be 

explained by the dominant-discharge concept (Carlston 1965; Ackers and Charlton 

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 channel geometry 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 variable hydrologic 

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 mountain stream 

in Colorado, respectively. Combining measured suspended-sediment loads with bedload 

transport estimates in the Yampa River basin, Colorado and Wyoming, USA, Andrews 

(1980) finds that the effective discharge matches the bankfull discharge, confirmed by 

Leopold (1992), and has a return period between 1 and 1.5 years. 

Some case studies have retained a more neutral sentiment regarding the 1- to 2-

year bankfull association of dominant discharge. Only considering bedload transport, 

Pickup (1976) suggests return 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 previous 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) propose an alternative 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 high-magnitude events 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 transports the most sediment. Similarly, Church (1988) 

suggests that relatively frequent events control cumulative suspended-sediment 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 the oft-cited 1- to 

2-year return period. Schick (1974), in one of the first refinements of Wolman and 

Miller (1960), shows that arid-channel geometry reflects the work done by large, 

infrequent floods, because the lack of vegetation limits boundary resistance and 

moderate events rarely occur to restore previous conditions. Dury (1980) summarizes 

various pieces of evidence indicating that catastrophic fluvial events have operated in 

the past, and suggests that sudden shifts in global or regional climate increase the 

likelihood of highly-effective, but low-frequency, 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 stream in England. Focusing on bedload, 
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Komar (1988) suggests that large floods can transport tremendous quantities of bed 

material, and also points 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 

environments, concluding 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 progress 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 return 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 high-magnitude, low-frequency 

events when recovery times are sufficiently long. 

As a result of these often conflicting studies, the most controversial topic in 

fluvial geomorphology surrounds the role of the high-magnitude event in controlling 

sediment transport and channel form (Baker 1988), a situation not unheard of since the 

debates on the Channeled Scablands of the Pacific Northwest, USA (Bretz 1923). Some 

have even suggested that magnitude-frequency analysis is not as appropriate as other 

techniques, including distribution of stream power during floods (Magilligan 1992), in 

assessing the influence of floods on morphology. 
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In summary, much of the research prior to contemporary environmental 

assessments (circa 1995) show that rivers in humid mid-latitude environments or those 

that experience annual snowmelt 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 semi-arid to arid climates (Schick, 

Lekach, and Hassan 1987; Graf 1988), 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 discharge 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 hydraulic geometry, and some interpretations of at-

a-station 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, frequency, duration, 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 applications 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 downstream 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 dominant discharge 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 

theoretically-motivated, empirically-tested techniques. 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; National Research 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; U.S. Department 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 the reliance 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 

deviates from more traditional applications. Some researchers have continued to focus 

on theoretical issues 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 the mid-1990s (Tables 2.2, 2.3). 

Continuing with the log-linear critique of Richards (1973), Hickin (1995) 

highlights discontinuities in at-a-station hydraulic geometry relations when thresholds 

of scour are exceeded in the sandy gravel-bed Fraser River in British 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 efficiency defines the optimum state of channel geometry, Millar (2005) 

develops theoretical dimensionless equations for width, depth, slope, width-to-depth 

ratio, and the meandering-braiding transition of artificially-generated gravel-bed rivers. 

The equations require that: (1) a dominant (channel-forming) discharge is known 
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(assumed to be bankfull discharge), (2) a value for channel slope or sediment 

concentration is representative, and (3) a parameter that describes the comparative 

resistance of bed and bank material exists. 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 varying discharge; the distribution of stream power; and 

various extremal hypotheses (maximum entropy and minimum stream power) leading to 

a mathematical derivation of eleven at-a-station hydraulic geometry relations. The 

authors then calibrate and verify those equations using various data sets and a split 

sampling approach (Singh and Zhang 2008b), generally confirming their applicability. 

Yet another modification of traditional hydraulic geometry formulae is provided 

by Stewardson (2005), which recognizes that a reach-based form of hydraulic geometry 

could minimize cross-sectional variability along the length of a given stream channel. 

Stewardson (2005) assesses reach-scale hydraulic geometry of streams in Victoria, 

Australia, through repeated surveys of multiple cross sections and straightforward 

computation of reach parameters for mean width, hydraulic depth, and the coefficients 

of variation of width, hydraulic depth, and cross-sectional velocity. Stewardson (2005) 

concludes that five cross sections are appropriate for reach-mean width, but ten or more 

are necessary for hydraulic depth. Ultimately, variation is reduced when compared with 

at-a-station exponents, but it is unknown how the application will perform in larger 

rivers or for high flows, because the streams 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 been used to discern 

channel pattern, infer historical adjustments 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) 

quantitatively discriminates between combinations of meandering, braided, sand-bed, 

and gravel-bed rivers. Xu (2004) findings include: (1) sand-bed rivers are wider than 

gravel-bed rivers, (2) sand-bed rivers generally are deeper than gravel-bed rivers, (3) the 

difference in channel slope between sand- and gravel-bed 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 

cross-sectional geometry as opposed to slope. Also focusing on channel pattern, Burge 

(2004) assesses at-a-station hydraulic geometry variables, including bankfull width and 

depth, to statistically distinguish differences between wandering, multi-thread channels 

and confined, single-thread channels in southeastern Canada, and shows little difference 

between the main channels for each pattern, but side channels in the multi-thread 

reaches are statistically different. Specifically focusing on at-a-station hydraulic 

geometry for large alluvial rivers, Latrubesse (2008) shows that the width exponent is 

generally low and the depth exponent is larger for sinuous single-thread channels than 

for low-sinuosity anabranching rivers. 
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Hydraulic geometry analyses of rivers in diverse settings are needed to 

adequately 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 at-a-station hydraulic geometry at sites along monsoon-

dominated rivers in India, but compare exponents in an analysis of downstream trends. 

The authors find that width-depth ratios decrease during large floods to compensate for 

discharge, thereby providing evidence that morphology is controlled by high-magnitude 

events. Further support of this is provided by Gupta (1999), which shows that at-a-

station hydraulic geometry values of the annual peak discharge along the Narmada 

River of central India explain the box-shaped channel, associated with high-magnitude 

floods. Kale and Hire (2007) apply at-a-station hydraulic geometry on the monsoon-

dominated Tapi River in central India, showing that a box-shaped channel results from 

the seasonal flow regime. Merritt and Wohl (2003) assess downstream hydraulic 

geometry of Yuma Wash, an arid, ephemeral channel in Arizona, USA, for a flood that 

increased in magnitude downstream, finding that a substantial increase in width was 

made possible by non-cohesive boundary materials and decreasing valley confinement.  

Others have investigated the application of hydraulic geometry on non-fluvial 

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 the at-a-station hydraulic geometry of those streams 

and mesotidal inlets along coastal shorelines. Only considering discharge of the 
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tributaries, Kennedy (1999) shows that no predictable relation exists between depth and 

flow and a negative relation exists between width and flow, enabling the comparison to 

tidal systems where peak flow occurs at mid-tide, rather than bankfull. Similarly, 

Williams, Orr, and Garrity (2002) use hydraulic geometry to predict cross-sectional 

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 rivers. For example, Merigliano (1997) uses at-a-station hydraulic 

geometry to investigate the role of historical floods, dam construction, and scour-and-

fill processes along the Snake River in Idaho, USA. Torizzo and Pitlick (2004), to 

accompany a study on effective 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, have well developed morphological relations to 

bankfull discharge, in spite of complexities introduced by colluvial inputs and 

discontinuous bedrock exposures. They conclude that relatively frequent hydraulic 

forces are sufficient to overcome the resisting framework of the channel boundary. In 

order to investigate the effects of inherited glacial morphology and lakes on stream 

geomorphology, Arp et al. (2007) apply at-a-station and downstream hydraulic 

geometry techniques to mountain rivers in Idaho. Their results 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 well-developed relations are associated with mountain rivers with a 

stream power (ɋ) (W/m) to sediment size (d84) (mm) ratio greater than 10,000 

kilograms per cubic second, and poorly-developed relations are evident for mountain 

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

regional hydraulic geometry models, Wilkerson (2008) concludes that the 2-year return 

period predicts bankfull geometry better than drainage area. 
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Table 2.2.  Summary of contemporary publications utilizing at-a-station hydraulic 

geometry. 

 

Publication Main findings Location or setting 
Hydraulic geometry 

exponents 

1. Hickin (1995) 

Discontinuities in at-a-station 

relations as bed-scour threshold is 

exceeded; obscured by log-
transformation of data 

Fraser River, British 
Columbia, Canada; snowmelt-

dominated 

width = 0.07; depth = 0.47; 

velocity = 0.46 

2. Merigliano 

(1997) 

At-a-station hydraulic geometry m/f 

ratios provide insight to scour-and-
fill processes and presence of pool-

riffle sequences; historical 

assessment of post-impoundment 
conditions 

Snake River, Idaho, USA; 

snowmelt-dominated 

1950 to 1956 width = 0.08; 
depth = 0.54; velocity = 0.38 

1957 to 1990 width = 0.08; 

depth = 0.55; velocity = 0.37 

3. Deodhar and 

Kale (1999) 

At-a-station hydraulic geometry 

shows decreasing width-depth ratios 
with increasing discharge; evidence 

for high-magnitude floods 

controlling geometry 

Allochthonous (decreasing 

inputs of discharge with 
downstream distance) rivers, 

western India; monsoon-

dominated 

Twenty-one at-a-station 
values provided in 

publication; variable 

4. Gupta (1999) 

High-magnitude floods in a 
monsoon-dominated river generates 

a box-shaped geometry; at-a-station 

analysis of annual peak discharge 

Narmada River, central India; 

monsoon-dominated system 

width = 0.04; depth = 0.46; 

velocity = 0.50 

5. Kennedy 
(1999) 

Finds similarities between at-a-

station geometry of small tributary 

mouths and mesotidal inlets 

Small tributary mouths at 

confluences of a larger river in 

monsoon-dominated Sri Lanka 

Relations graphically shown, 

but no exponents provided; no 

log-linear association between 
depth and discharge; negative 

association between width 

and tributary discharge 

6. Burge (2004) 

Statistical analysis of hydraulic 
geometry variables show that small 

side channels in multi-thread reaches 

are distinct, but main channels are 
similar to single-thread reaches 

Humid rivers in continental 

glaciated terrain in 

southeastern Canada 

Not included 

7. Millar (2005) 
Theoretical dimensionless regime 

equations developed 
Artificial gravel-bed rivers 

width = 0.5; depth= 0.37 

(both modified by additional 
particle-size parameter) 

8. Stewardson 

(2005) 

Develops reach-based hydraulic 

geometry relations to reduce at-a-

station variability 

Mostly gravel-bed streams in 

southeastern Australia 

width = 0.11; depth = 0.23; 

velocity = 0.52 (mean of all 

streams used) 

9. Kale and Hire 
(2007) 

At-a-station analyses show box-

shaped channel of monsoon-

dominated river 

Seasonal monsoon river in 
central India 

width = 0.21; depth = 0.46; 
velocity = 0.33 

10. Latrubesse 

(2008) 

At-a-station analyses for large rivers 

are characterized by low width 

exponents, and depth increases more 
for single-thread sinuous rivers than 

for anabranching rivers 

Large alluvial rivers in South 

America 

Various; width usually less 

than 0.1; depth and velocity 

relation associated with 
single-thread or anabranching 

channels 

11. Singh and 

Zhang    

(2008a, b) 

Derive eleven at-a-station hydraulic 

geometry equations, emphasizing 
temporal variation in stream power 

and extremal hypotheses 

Theoretical 
Various; compared to other 
data sets 

12. Wilkerson 

(2008) 

2-year return period predicts 
bankfull geometry better than 

drainage area for regional hydraulic 

geometry models 

Various systems in the United 

States 

Various; used numerous data 

sets 
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Table 2.3.  Summary of contemporary publications utilizing downstream hydraulic 

geometry. 

 

Publication Main findings Location or setting 
Hydraulic geometry 

exponents 

1. Williams, 

Orr, and 
Garrity 

(2002) 

Uses a form of downstream 

hydraulic geometry (using 

increasing marsh area or tidal prism 
instead of discharge) to predict 

equilibrium morphology of tidal 

channels 

Tidal channels along San 

Francisco Bay, California, 

USA 

Contributing marsh area 

width = 0.55; depth = 0.20 
Tidal prism width = 0.46; 

depth = 0.18 

2. Merritt and 
Wohl (2003) 

Downstream hydraulic geometry 

during a flood that increased in 

magnitude downstream; width 
increased as a result of non-

cohesive boundary materials and 

decreasing valley confinement 

Yuma Wash, Arizona, USA; 
arid, ephemeral channel 

width = 0.78; depth = 0.15; 
velocity = 0.14 

3. Torizzo and 
Pitlick 

(2004) 

Downstream hydraulic geometry 

displays minimal increase in depth; 

attributed to glacial sources of 
coarse sediment 

Steep, gravel-bed streams in 

Colorado, USA 
width = 0.56; depth = 0.26 

4. Wohl (2004) 

Well-developed downstream 

hydraulic geometry relations for 

stream power (ɋ) to particle size 
(d84) ratio greater than 10,000 kg/s3; 

poorly-developed relations less 

than 10,000 kg/s3 

Mountain rivers in USA, 

Panama, Nepal, and New 

Zealand 

Various; used numerous 
data sets 

5. Xu (2004) 

Downstream hydraulic geometry 

used to discriminate between 

meandering/braiding and sand-
bed/gravel-bed rivers worldwide 

Various settings worldwide 
width = 0.52; depth = 0.40 
for braided-meandering 

transition 

6. Wohl and 

Wilcox 

(2005) 

Downstream hydraulic geometry 
shows well-developed relations at 

bankfull discharge for rivers with 

substantial colluvial inputs and 
bedrock outcrops 

Steep, step-pool, gravel-bed 
rivers in New Zealand 

Eastern stream: width = 

0.50; depth = 0.33; velocity 

= 0.17 
Western stream: width = 

0.52; depth = 0.43; velocity 
= 0.07 

7. Arp et al. 

(2007) 

Weak downstream hydraulic 

geometry relations highlight 

importance of sediment sources and 

sinks, including lakes 

Mountain rivers in formerly 

glaciated terrain in Idaho, 
USA 

Downstream Warm 

Springs Creek: width = -

0.47; depth = 0.45; velocity 

= 0.83 

Sawtooth Mountain Lake 

District: width = 0.56; 
depth = 0.11; velocity = 

0.24 
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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 bed-material load, but could be 

considered sediment transport in general (Table 2.1). Contemporary research and 

applications 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, 2.5, and 2.6). A few researchers have investigated theory of 

dominant or effective 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 effective discharge since the mid-1990s. 

2.4.1 Contemporary Theoretical Applications 

Assuming log-normal distributed discharge frequency and sediment transport as 

a power function of discharge to predict the frequency of effective discharge, Nash 

(1994) finds poor agreement 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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ὗὩ= Ὡὦ‍
2+‌, where 

ὗὩ is the effective discharge, in cubic meters per second; Ὡ approximately is 2.718; ὦ is 

an empirically derived exponent of the relation between the sediment transport rate and 

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

discharge, respectively. Additionally, Nash (1994) finds 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 Biedenharn et 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. Doyle et al. (2007), however, only supports 

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

determine effective discharge used by Biedenharn et al. (2000) uses a flow-duration 

curve and a sediment-discharge rating curve, both requiring considerable data collection 

through time. Recognizing that total load transported constitutes a complete analysis of 

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

load discharge index, which is defined as the 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. Using the half-load discharge index, the authors find 

that flows responsible for most cumulative sediment transport are larger and less 



50 

 

frequent than previously shown by traditional effective discharge techniques. The return 

periods for half-load discharge often 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 Mediterranean, sandy 

gravel-bed 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 Mossa (1997) focus 

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. Biedenharn, Little, and Thorne 

(1999) perform a magnitude-frequency analysis of sediment transport at three long-term 

streamflow-gaging stations along the lower Mississippi River, finding that the effective 

discharge has a return period slightly more frequent than one year 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, a few investigations of very 

large rivers show that effective discharge occurs at ñbar-fullò stages instead of bankfull 

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 gravel-bed rivers in the Rocky 

Mountains of the United States, Andrews and Nankervis (1995) generally reinforce 

earlier findings from Andrews (1980) that effective discharge closely approximates 

bankfull discharge and occurs, on average, about 16 days per year. Whiting et al. 

(1999), working in snowmelt-dominated streams of Idaho, USA, find that the effective 

discharge of bedload has about a 1.4-year 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 (1.2-year return period) and dry areas (1.4- to 1.5-year return period). 

Torizzo and Pitlick (2004) investigate the relations between bedload transport, 

hydraulic geometry, and effective discharge in mountain streams in Colorado, USA. 

Those authors conclude that the effective flows occur about 4 days per year. Further, 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 neutral sentiment on Wolman and 

Miller (1960), either because magnitude-frequency is considered less important than 

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

model is not sufficient to refute the concept. Costa and OôConnor (1995), in an analysis 

of short-duration 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 minimal adjustments to the downstream channels and floodplains. The authors also 

suggest that stream-power graphs have more explanatory power for geomorphic 

consequences of individual floods than simple magnitude-frequency analysis. Fuller 

(2007), constraining his analysis to one flood with a return period of about 150 years, 

contrasts the geomorphic responses of three streams in New Zealand and finds that 

some reaches exhibited catastrophic change whereas others were not greatly affected. In 

general agreement with 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 terraces limited flood extent. 

Hey (1998), in commentary on management and restoration of gravel-bed rivers, 

advocates for the use of bankfull discharge as a design flow for rivers displaying steady-

state equilibrium, but warns practitioners about the association of between 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 cross-sectional area has increased and allows greater flows without 

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 slightly below bankfull stage carry the majority of 
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cumulative sediment load. Further, the authors show that the dominant (channel-

forming) discharge produces a shear stress about 1.5 times greater than that required for 

initial bed-material entrainment. Emmett and 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 occur at stages greater than bankfull. 

Applying the concept of effective discharge, Heritage and Milan (2004) 

investigate the role of excess stream power in the maintenance of riffle-pool sequences 

in a small, gravel-bed stream in northern England. In their investigation, the 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 results show 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 quasi-equilibrium of the riffle-pool sequence. 

 Using historical discharge and suspended-sediment data at over 2,900 sites 

across the United States to infer effective flows, Simon, Dickerson, and Heins (2004) 

argue that flows of a given recurrence interval (the 1.5-year return period in their study) 

are more appropriate to define the effective discharge than flows at bankfull stage. 

Further, the authors are able to produce regional curves for the 1.5-year flow and show 

that disturbed sites generally yield an order of magnitude more suspended-sediment 

than stable sites. 
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A variety of studies along seasonally-active fluvial systems have highlighted 

discrepancies associated with the assumption of a 1- to 2-year dominant discharge. 

Focusing on ephemeral channels with highly variable flow regimes in southeastern 

Spain, García (1995) defines three classes of effective flows 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 occurring more than once per year to 

every 1.5 years. Finally, more frequently occurring flows are capable of bedload 

transport. García (1995) empirically shows that most sediment is transported by the 

extreme events, but offers that the streams still display equilibrium-like conditions. 

Gupta (1999) explores the role of high-magnitude events in alternating bedrock-

confined and alluvial reaches of the Narmada River in central India, and concludes that 

very extreme floods sculpt a macro-channel and transport vast quantities of sediment, 

whereas the 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 low-frequency extreme floods are more important than seasonal 

monsoon events. Further, the fact that an inner channel is maintained by seasonal 

monsoon flows indicates the effectiveness of the 1- to 2-year flow event. In seasonally-

dominated highland South Africa, van Niekerk et al. (1999) investigate the morphology 

of the Sabie River, a bedrock anastomosing system (Figure 2.5). Results show that a 

large macro-channel is inundated on a very infrequent basis, without any flow 
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breaching its boundaries in approximately 50 years. However, individual low-flow 

channels easily transport the available sediment. Kemp (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 high-magnitude events 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 bedrock-anastomosing river system is characterized by a series of 

bedrock core bars that are frequently inundated and a higher floodplain that is not 

frequently inundated (from van Niekerk et al. 1999; scanned from Brierley and Fryirs 

2005). 
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In an application that might be the first of its kind, Doyle et al. (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 retention, 

macroinvertebrate disturbance, and habitat availability. Using the effective discharge 

equation produced in Nash (1994) and Vogel, Stedinger, and Hooper (2003), Doyle et 

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 channel-forming hydraulics. Similar to the 

investigations with a neutral sentiment on Wolman and Miller (1960) discussed above, 

seasonally-active fluvial systems offer an alternative model of dominant discharge not 

observed along humid or snowmelt-driven rivers. Gupta (1995) finds that river systems 

in seasonal tropical environments commonly have a channel-in-channel morphology 

(Figure 2.6), where the macro-channel conveys high-magnitude flows with return 

periods of ten or more years and the inset channel defined by seasonally high flows. 

Deodhar and Kale (1999) confirm that channel geometry of monsoon-dominated 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 Dinosaur National Monument in 

northwestern Colorado and northeastern Utah, USA, show that pre-regulation channel 

morphology was maintained by the 25-year discharge. Heritage, Broadhurst, and 

Birkhead (2001) specifically examine the role of discharge on different alluvial 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 1- to 1.5-year discharge, (2) secondary channels and associated bars 

and levees controlled by the 2- to 10-year discharge, and (3) ephemeral channels and 

associated features controlled by extreme events greater than the 10-year return period. 

Focusing on ephemeral ñramblasò in the Mediterranean region of Spain, López-

Bermúdez, Conesa-García, and Alonso-Sarría (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, channel widening, among 

others. Bankfull discharge of Spanish ephemeral streams is estimated to have return 

periods ranging between 2 and 6 years. 
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Figure 2.6.  Sequence of flows that contribute to the formation of a channel-in-channel 

morphology (from Gupta 1999). 
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It is well established that arid rivers adjust during infrequent flash floods, and 

numerous contemporary studies are confirmatory. Huckleberry (1994) claims that large, 

infrequent floods greatly modify channels in arid environments but flood duration is of 

greater importance than magnitude, a finding supported by Costa and OôConnor (1995). 

Bourke and Pickup (1999), examining fluvial forms in arid central Australia, claim that 

large-scale geomorphic forms, including sand sheets, overflow channels, levee deposits, 

and avulsions, result from extreme floods that are estimated to occur about once in 

every 1,000 years. Smaller-scale forms and processes are engaged during moderate 

floods with more frequent return periods. Still, the 10-year return period is the lowest 

flow considered responsible for 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 dams in releasing short-duration floods. 

Additionally, fluvial processes and channel morphology of bedrock-confined 

rivers typically are associated with low-frequency, high-magnitude floods. Baker and 

Kale (1998) show examples of bedrock river channels that are sculpted 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, high-magnitude floods in the erosion 

of instream jointed-bedrock slabs and deposition of boulder clusters, which greatly 

contribute to the overall geometry of some river channels. Continuing with the focus on 

bedrock-dominated rivers with highly variable flow regimes, Erskine and Livingstone 
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(1999) associate depositional in-channel benches with diverse return periods. Although 

the lowest depositional bench is associated with flows occurring at the oft-cited 1.5- to 

2-year return period, adjustment of higher benches required higher, less-frequent flows 

with return periods between about 4 and 10 years. 
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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. Batalla and Sala 
(1995) 

Effective discharge of bedload 

transport is a frequent, bankfull 

event 

Humid Mediterranean 
stream in northeast Spain 

Effective discharge occurs 

relatively frequently at 

bankfull stage 

2. Andrews and 
Nankervis 

(1995) 

Effective discharge of gravel-bed 

rivers approximates bankfull 

discharge and occurs about 15.6 
days per year 

Gravel-bed rivers in 
mountainous western 

United States 

Relatively frequent events 

transport the majority of 

sediment at bankfull 
stages 

3. Hudson and 

Mossa (1997) 

Moderate events cumulatively 
transport the majority of 

suspended sediment 

Large, impounded rivers 
of the Gulf of Mexico 

Coastal Plain 

Relatively frequent events 

of moderate magnitude 
constitute the effective 

discharge of suspended 

sediment transport 

4. Biedenharn, 
Little, and 

Thorne (1999) 

Effective discharge occurs, on 

average, about every year and 

closely corresponds to bankfull 
channel geometry 

Lower Mississippi River, 

United States 

Effective discharge 
associated with relatively 

frequent, moderate flow 

events and closely 
approximates bankfull 

conditions 

5. Whiting et al. 

(1999) 

Effective discharge of bedload 
transport has an approximate 

return period of 1.4 years, and is 

80 percent of bankfull discharge 

Snowmelt-dominated 

headwater streams in 
Idaho, USA 

Effective flows have a 
1.4-year return period and 

are only slightly less than 

bankfull 

6. Castro and 

Jackson (2001) 

Evaluate return periods of bankfull 
discharge for humid (1.2-year) and 

relatively dry (1.4- to 1.5-year) 

rivers in the Pacific Northwest 

Humid and snowmelt-

driven rivers in the 
Pacific Northwest, USA 

Bankfull discharge 

between 1- and 1.5-year 
return period 

7. Torizzo and 
Pitlick (2004) 

Effective bedload discharge occurs 

during moderate flows for about 4 

days/year and closely 
approximates bankfull; duration of 

effective discharge does not 

increase with drainage area 

Gravel-bed mountain 

streams in Colorado, 

USA 

Effective discharge occurs 

at bankfull conditions for 

about 4 days per year 

8. Latrubesse 

(2008) 

Effective discharge of large 

alluvial rivers often occurs at óbar-

fullô conditions, a more frequent 
event than bankfull conditions 

Mostly large rivers in 

South America; also 

Brahmaputra and lower 
Mississippi Rivers 

Effective discharge occurs 

at stages less than bankfull 

and controls channel 
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). 

 

Publication Main findings Location or setting Basis for support 

1. Costa and 
OôConnor 

(1995) 

Flow duration more important 
than magnitude for channel 

adjustment 

Humid Pacific 

Northwest United States 

High-magnitude events not 

effective if short-lived; flow 

duration more important than 
magnitude 

2. García 
(1995) 

Defines three classes of 

effective flows; most extreme 
flows exert overall control on 

fluvial system 

Semi-arid, ephemeral 

streams in southeast 

Spain 

Return periods of effective flows 

are not much greater than 1 to 2 

years; emphasize range of flows 

3. Hey (1998) 

Advocates for the use of 
bankfull discharge in design 

flows for rivers displaying 

steady-state equilibrium, but 
warns of the association 

between dominant and bankfull 

discharge 

Gravel-bed rivers 

Supports bankfull discharge as 
dominant or effective flow only for 

systems displaying steady-state 

equilibrium 

4. Pitlick and 

Van Steeter 

(1998) 

Effective discharge occurs 
slightly below bankfull stage; 

dominant discharge has a shear 

stress ~1.5 times greater than 
initial bed-material entrainment 

Gravel-bed Colorado 

River in mountainous 

western United States 

Effective discharge shown to have a 

return period  ~1.5 years, but 
bankfull discharge has a return 

period between 4 and 6 years 

5. Gupta 

(1999) 

Large macro-channel and 

tremendous sediment transport 

loads associated with extreme 

floods; inner channel associated 

with seasonal monsoon 

Narmada River, central 

India; seasonal, 

monsoon-dominated 
tropics 

Macro-channel formed by low-

frequency extreme events; inner 

channel maintained by seasonal 
monsoon development 

6. Simon and 

Darby 
(1999) 

Dominant discharge and 
bankfull discharge not an 

appropriate association for 

incised river channels 

Incised river channels 

Dominant discharge will not be 

bankfull discharge for non-
equilibrium streams 

7. van Niekerk 

et al. (1999) 

Large macro-channel of 

bedrock anastomosing rive 

system rarely overtopped; low-
flow channels easily transport 

sediment supply 

Annually and seasonally 
variable flow regime of 

bedrock river in South 

Africa 

Macro-channel formed by extreme, 
low-frequency events, but sediment 

transport easily transported through 

system by lower flows 

8. Biedenharn 

et al. (2000) 

Develop a practical technique to 
compute effective discharge 

using flow-duration curves and 

sediment-discharge rating curve 

Theoretical; example 

applications in humid 

settings 

Technique that is developed relies 

on fundamental principles, but 

authors acknowledge limitations 

9. Emmett and 

Wolman 

(2001) 

Effective discharge is slightly 
greater than bankfull conditions 

Armored, gravel-bed 
rivers in snowmelt-

dominated streams of the 

northern Rocky 
Mountains, USA 

Effective discharge for bedload 

transport is only slightly greater 
than bankfull conditions; average 

return periods around 3 years 

10. Heritage and 

Milan 

(2004) 

Substitute excess energy for 

sediment transport rate in 
effective discharge analysis of 

pool-riffle sequences 

Small, gravel-bed stream 

in humid, northern 

England 

Authors apply effective discharge 

concept to investigate riffle-pool 

sequence, not full channel geometry 

11. Kemp 

(2004) 

Low-energy channel contrasts 

with floodplain morphology, 

including areas of stripping and 
swirl pits, that is controlled by 

extreme flows 

Meandering river in 
southeastern Australia 

with highly variable flow 

regime 

Although bankfull channel 

morphology is controlled by 
frequently occurring flows, 

floodplain morphology is 

dominated by less frequent extreme 
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 

12. Simon, 
Dickerson, 

and Heins 

(2004) 

Effective discharge of 

suspended sediment should be 

based on flows of a given return 
period, not at bankfull 

conditions 

Arid to humid systems 

across the United States 

The 1.5-year return period is 

used to assess regional effective 

discharge, but authors disagree 
that bankfull conditions 

approximate effective discharge 

13. Doyle et al. 

(2005) 

Associate the effective 
discharge concept with 

ecological processes in streams 

Mostly humid streams in 

North America 

Various flows responsible for 

different ecological processes 

14. Doyle et al. 

(2007) 

Claim that effective discharge is 

the only index that should be 

associated with channel-
forming discharge 

Numerous rivers in 

diverse settings 

Agreement of effective and 
bankfull discharge is best for 

snowmelt-driven, non-incised, 

gravel-bed rivers; agreement is 
poor for highly variable flow 

regimes 

15. Fuller 

(2007) 

Contrasts the geomorphic 

responses of streams to an 
extreme event; most 

geomorphic work accomplished 

along reaches characterized by 
meander bends, terrace 

confinement, or low channel 

width 

Humid, alluvial rivers in 

New Zealand 

Effectiveness of events 

controlled by reach-scale spatial 

configuration and event 
magnitude 

16. Kale and 
Hire (2007) 

Although substantial work is 

accomplished by extreme 

events; uncertainty remains 
about cumulative effects when 

compared with seasonal 

monsoon-generated events 

Seasonal monsoon river in 
central India 

Admitted uncertainty regarding 

cumulative effects of extreme 

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. Huckleberry 
(1994) 

Flow duration of high-magnitude events 

important to modify channels in arid 

settings 

Arid river in 

southwestern United 

States 

High-magnitude floods control 

channel geometry, provided 

their duration is sufficient 

2. Nash (1994) 

Mathematically solves for effective 

discharge; recurrence interval of 

effective flow highly variable 

Humid to arid streams in 
the United States 

Failure of power function of 
discharge to predict sediment 

transport rate at high flows; 

highly variable return periods 

for effective flows 

3. Gupta (1995) 

Rivers in seasonal tropics dependent on 

high-magnitude, low-frequency floods to 
maintain a channel-in-channel geometry 

Seasonal tropical rivers 
High-magnitude, low-

frequency floods important 

4. Baker and 
Kale (1998) 

Bedrock rivers in highly variable flow 

regimes only altered by rare, extreme 
floods; display inner channels or gorges 

within a broad, shallow surface 

Bedrock channels with 

highly variable flow 

regimes 

Only the rare, high-magnitude 

floods contribute to overall 

channel geometry 

5. Bourke and 

Pickup (1999) 

Large-scale alluvial features engaged 

about once in every 1,000 years; 10-year 
return period the minimal flow 

considered for minor instream erosion 

and deposition 

Arid, central Australia 
Arid river sediment transport 
and morphology controlled by 

very rare, extreme events 

6. Erskine and 

Livingstone 
(1999) 

Adjustment of lowest in-channel 

depositional bench requires flows with a 

1.5- to 2-year return period; higher in-
channel benches require flows with 4- to 

10-year return periods or greater 

Bedrock-confined rivers 

with highly variable flow 

regimes in southeastern 

Australia 

Adjustment of in-channel 

depositional benches mostly 

requires flows with return 

periods greater than 2 years 

7. Grams and 

Schmidt 

(1999) 

Pre-regulation channel morphology was 

maintained by flows with a 25-year 

return period 

Green River, canyon 

country; western USA; 
flow regulated by 

upstream reservoir 

Pre-regulation dominant 

discharge with a return period 

of ~25 years 

8. Scheepers and 

Rust (1999) 

Hyper-arid channel morphology 
controlled by infrequent, high-magnitude 

floods; describe role of dunefield 

barriers acting as dams to floods 

Uniab River, extreme 
arid conditions of 

Skeleton Coast, Namibia, 

Africa 

Arid river systems dominated 

by infrequent, high-magnitude 
events 

9. Wende (1999) 

Instream jointed-bedrock slabs eroded 

and deposited as imbricated boulder 

clusters by rare, high-magnitude events; 

form considerable part of channel 

geometry 

Bedrock channels in 
rivers with highly 

variable flow regimes in 

northwestern Australia 

Considerable proportion of 
geomorphic work and channel 

geometry produced during 

rare, high-magnitude floods 

10. Heritage, 
Broadhurst, 

and Birkhead 

(2001) 

Three suites of dominant flows for 

features at successively higher stages: 
(1) active channel (1- to 1.5-year return 

period); (2) seasonal channel (2- to 10-

year return period; (3) ephemeral 
channel (>10-year return period) 

River with highly 

variable flow regime in 
South Africa 

Range of flows important to 

successively higher in-channel 
geomorphic surfaces, some of 

which require extreme flows 

with return periods greater than 
10 years 

11. López-

Bermúdez, 
Conesa-

García, and 

Alonso-Sarría 
(2002) 

Three events in ephemeral channels: (1) 

flash floods, (2) single peak floods, and 

(3) multiple peak floods. Morphologic 
impacts include bank erosion, floodplain 

sedimentation, and channel widening. 

Ephemeral ñramblasò 

(channels) in 
Mediterranean Spain 

Bankfull discharge occurs 

between 2 and 6 years, the 

upper limit being associated 
with highly variable flow 

regimes 

12. Vogel, 

Stedinger, and 

Hooper 
(2003) 

Develop rationale for half-load index as 

the effective discharge 

Theoretical; one 

application on 

Susquehanna River in 
humid United States 

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 practitioners, who generally are specialized in various disciplines, have finally 

come to rely on fundamental concepts introduced by geomorphologists, including 

hydraulic geometry and dominant or effective discharge. The utility of these concepts 

can provide further insight into the controls of channel shape and other physical 

features. However, a failure to realize conceptual limitations, especially the frequency 

of dominant, effective, or bankfull discharge, can mislead well-intended investigations.  

 Contemporary applications involving fluvial geomorphology are gradually 

acknowledging that a range of flows are required to maintain physical elements of 

stream channels on which structures are engineered and ecological processes are 

contingent. The acknowledgment of a ñworking flow regimeò offers an opportunity to 

expand the applications of hydraulic geometry, both at-a-station and downstream, and 

dominant or effective discharge. Modern practitioners are no longer compelled or 

constrained by the literature 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 concepts outlined by Wolman and Miller (1960) are most valid in humid or 

snowmelt-driven fluvial systems (Doyle et al. 2007), have mixed results in seasonally-
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driven systems, and become less predictive for small watersheds, incised channels, or in 

systems with highly 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 corridors. Accurate 

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 or below bankfull, 

and (3) observed channel characteristics and geomorphic units might not be associated 

with one dominant discharge, especially in fluvial systems with highly variable flow 

regimes. 

In more specific terms, hydraulic geometry analyses, both at-a-station and 

downstream, would benefit from an assessment of cross-sectional 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, etc.). Further, accurate 

interpretations of sediment-transport 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. Physical and Paleoenvironmental Setting 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, faunal remains, and isotopic dating techniques. Six distinct episodes based on a 

pre-existing scheme are used to conceptualize prevailing environmental conditions: (1) 

full glacial (about 20,000 to 14,000 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 B.P.), (4) late 

Holocene I (about 5,000 to 2,500 years B.P.), (5) late Holocene II (about 2,500 to 1,000 

years B.P.), and (6) modern (about 1,000 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 temperatures may have been 5ęC cooler than 

present, indicating reduced seasonality. The presence of boreal genera and megafauna 

highlight biotic descriptions of the Last Glacial Maximum. A gradual increase in 

temperature and decrease in precipitation occurred during the late-glacial episode, as 

evidenced by channel incision, the disappearance of spruce and fir trees, increase in C4 

plant species, replacement of mesic microfauna with xeric forms, and reduced rates of 

speleothem growth. Megafauna become extinct during the late glacial episode. 

Expression of the Younger Dryas cooling episode (about 10,750 years B.P.) is absent in 
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the region, and minor fluctuations 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 Altithermal at about 5,500 years 

B.P. Fluvial systems slowly aggraded during this time, but later incised deeply after 

5,000 years B.P. Grasslands steadily replaced woodlands, C4 abundance 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.; fluvial systems 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 domination of xeric species. 

 

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 (Intergovernmental 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 cycle. Further, direct 

human impact on the landscape through land-cover change has dramatically altered 

distributions and densities of life on Earth. As a context to discern natural and 
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anthropogenic controls, and the relative impact of present-day and previous conditions 

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 conditions. Especially 

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 1974; Knox 

1995; Williams et al. 1998), and 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 deep-sea 

sediment cores; ice cores; fluvial, lacustrine, glacial, and aeolian sediments; fossil 

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 research: (1) 

reconstructing environments of localities or regions, including biotic, geomorphic, and 

climatic characteristics; accompanied by inferences of the processes responsible for 

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 commonly used to 
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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 El Niño-Southern Oscillation (ENSO), 

global dynamics and regional climatic characteristics, and among regions themselves. 

 This chapter explores the body of evidence used to reconstruct environments of 

the Edwards Plateau, Texas, USA, since the Last Glacial Maximum. A rather 

substantial volume 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 evidence are organized to populate a definitive timeline of conditions 

since the Last Glacial Maximum. Additionally, it is useful to examine relations and 

discrepancies between the different lines of evidence. 

 Specifically, this review of paleoenvironmental conditions 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 Holocene banks and floodplains 

should benefit from an understanding of landscape and channel evolution in the 

Edwards Plateau through time. Further, it is vitally important to correctly identify 

contemporary deposits if associating with the present-day hydrologic regime. 
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3.3 The Edwards Plateau 
 

The Edwards Plateau of Central Texas, USA is located at the southern edge of 

the Great Plains physiographic province of North America (Osterkamp et al. 1987) and 

covers about 75,000 square kilometers (Figure 3.1). 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 River separates 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 demarcations occur, including low-relief escarpments. 

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 discussion based on its proximal location and 

similar responses to environmental change. 
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Figure 3.1.  The Edwards Plateau in Central Texas, USA. The region is about 75,000 

square kilometers, and occurs at a transition between semi-arid climatic 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 per year, the western decrease attributed to the 

relaxation of available moisture from the Gulf of Mexico (Bomar 1983). Rainfall, 

however, is not uniform over space and time, and it is common for years of severe 

drought to rapidly transition into relatively wet conditions within a few months (Bomar 

1983). Hydrologically, the region is noted for tremendous flash flooding (Beard 1975; 

Bomar 1983; Burnett 2008). A number of historic floods in the Edwards Plateau have 

peak flows exceeding 10,000 cubic meters per second (Burnett 2008). 

 Geologically, the Edwards Plateau is a tableland uplifted during the Cenozoic 

era (65.5 million years ago to present). Expressed at the surface, the northern and 

western sides of the Balcones Escarpment approximately range from 100 to 320 meters 

higher than the downthrown side. Lithologically, it is dominated by lower-Cretaceous 

limestones and dolomites deposited by a shallow, inland sea. Over time, rivers and 

streams have incised valleys into the Edwards Plateau, creating a well-dissected 

landscape. Additionally, dissolution of carbonate rock is responsible for the formation 

of cave systems, conduit-dominated aquifer systems, and numerous springs throughout 

the plateau.  

Tertiary tectonic activity associated with the Llano Uplift was centered in the 

present-day 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 at the ground surface today, the exhumed ñislandò of older lithologic units is 

surrounded by an elevated Cretaceous rim. 

 The Edwards Plateau is divided into four subregions based on topography, 

surface geology and soils, and vegetation types (Lyndon B. Johnson School of Public 

Affairs 1978; Frye, Brown, and McMahan 1984): (1) the Balcones Canyonlands; (2) the 

central Plateau; (3) the Lampasas Cut Plain; and (4) the Llano Uplift. The Balcones 

Canyonlands are characterized by the deeply dissected southern and eastern margins of 

the plateau, creating a rugged landscape with numerous springs and streams. Scrub 

forests of Ashe juniper (Juniperus ashei), stunted live oak (Quercus fusiformis), Texas 

oak (Quercus texana), black cherry (Prunus serotina), Texas ash (Fraxinus texensis), 

and some endemic plants dominate on the shallow soils near the escarpment (Amos and 

Rowell 1988; Riskind and Diamond 1988). The central Plateau is characterized by 

rolling plains located on broad divides between river valleys. These uplands have 

slightly deeper soils covered by grassland and groves of oak, juniper, and honey 

mesquite (Prosopis glandulosa). The Lampasas Cut Plain, not included in the 

boundaries of the Edwards Plateau by Griffith et al. (2004) (Figure 3.1), is characterized 

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 topography 

surrounded by an elevated rim of Cretaceous carbonate rocks. This region contains oak, 
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hickory (Carya texana), and mesquite trees within grassland, often described as a 

savanna. Ashe juniper is notably absent in the Llano Uplift, because of the lack of 

limestone-derived soils. 

 Biotically, the Edwards Plateau covers an area noted for its transition from 

mesic- to xeric-tolerant species and from temperate to subtropical species (Blair 1950; 

Riskind and Diamond 1988). A highly generalized vegetation description (Riskind 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 (1950) categorizes 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 

also are found in at least one of the bordering biotic provinces, which testifies to 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 climate during the Late Quaternary (Osterkamp et 

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 plant and 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 comprehensive chronological framework since the Last Glacial 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 interpretations suggests six unique environmental conditions: (1) full 

glacial (about 20,000 to 14,000 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 B.P.); (4) late 

Holocene I (about 5,000 to 2,500 years B.P.); (5) late Holocene II (about 2,500 to 1,000 

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

be used in this chapter to organize evidence for environmental conditions and climatic 

changes since the Last Glacial 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 conditions in the Edwards 

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

deposits (Figure 3.2). Blum, Toomey, and Valastro (1994) conducted a detailed study of 

Quaternary terrace and fill deposits of the Pedernales River, which is a major tributary 

of the Colorado River (Figure 3.3). Radiocarbon ages of organic-rich sediments and 

soils and stratigraphic position of diagnostic archaeological artifacts were used to 

determine the chronology of the alluvial sequences. Of two identified Late Pleistocene 
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terraces, the younger was determined to have been deposited during the Last Glacial 

Maximum. This extensive terrace is composed of horizontally and cross-stratified 

gravel and sand overlain by interbedded sand and mud, which suggests a channel-

related origin. These stratigraphic facies indicate a period of channel aggradation, 

lateral migration, and sediment storage. Such characteristics are indicative of a less 

flashy, more consistent flood regime and a large supply of sediment from tributary 

networks. Soils of the full-glacial terrace near the junction of the Colorado and Concho 

Rivers at the northern extent of the Edwards Plateau are similar to those of the 

Pedernales River with respect to morphologic structure and display extensive soil 

development during this time (Blum and Valastro 1992). Mature, argillic, calcic, silty 

soils are found in full -glacial 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 full-glacial terraces in the Edwards Plateau ranges 

from 4.3 to 12.2 meters (Mear 1995). 

Late Wisconsin terraces of the lower Colorado River just downstream of the 

Balcones Escarpment, called the Eagle Lake Alloformation, indicate that coarse sand 

and gravel aggradation was followed by the deposition of finer sediment by an enlarged, 

high sinuosity channel (Baker and Penteado-Orellana 1977). The terraces are 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) also describe 

thick cross-bedded gravel and sand deposits in full-glacial terraces along the Brazos 
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River in east-central Texas, presumably deposited as point bars of a laterally migrating 

river. Nordt et al. (1994) report the same stratigraphic unit in the Lampasas Cut Plain. In 

summary, full-glacial 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 moist regional climate during the Last Glacial Maximum. 

Reeves (1973), in a study of a small playa lake, estimated a 34-percent runoff-to-

precipitation rate in West Texas during the full-glacial episode, which is consistent with 

relatively wet conditions. Allen and Anderson (1993), however, determined that glacial 

advances in North America corresponded with high stands of pluvial lakes in the 

southwestern United States, which were maintained by high stream discharges that 

occurred only for a few decades. This is different from the model of persistent humid 

conditions throughout the full-glacial 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 1997) and Rolling Plains in northern Texas (Caran and 

Baumgardner 1990). It appears that areas west of the Edwards Plateau experienced 

moist conditions during the Last Glacial Maximum, but pulses of moisture were 

temporally erratic. Perennial lakes were sustained by 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 (1954) first discovered boreal pollen 
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in Patschke Bog in Lee County, Gause Bog in Milam County, and Franklin Bog in 

Robertson County. All sites are located east of the Balcones Escarpment.  Bog profiles, 

although not isotopically dated, reveal that spruce (Picea), fir (Abies), birch (Betula), 

and pine (Pinus) were present in the region, probably during the Last Glacial 

Maximum. Bryant (1977) also detects spruce, birch, and other northern species in 

nearby Boriack Bog in Lee County. The presence of these species indicates that summer 

temperatures were probably 5ęC lower than present (Toomey, Blum, and Valastro 

1993). Analysis of pollen from Boriack Bog reveals high percentages of shrubby alder 

(Alnus), a current northern genus, surrounding bogs in Central Texas during the full-

glacial episode (Bryant and Holloway 1985). Bousman (1998) describes an open 

grassland environment for most of the Last Glacial Maximum, interrupted by the 

increase of boreal tree species around 16,000 years B.P. Further, Hall and Valastro 

(1995) describe 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 High Plains based on problems of pollen preservation in regional soils. Based 

on ŭ
13

C signatures extracted from alluvial deposits in central Texas, Nordt et al. (1994) 

determined that C4 plants comprised only 45 to 50 percent of vegetative biomass during 

the full-glacial episode, implying the climate was cool and wet (Figure 3.4). Reduction 

in C4 productivity around 15,000 years B.P. is associated with a pulse in glacial 
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meltwater from the Mississippi River and associated cooling of the Gulf of Mexico and 

the surrounding land areas (Nordt et al. 2002). 

 The fauna of the full-glacial episode also confirm the existence of a cooler and 

moister climate. Most assemblages of animal fossils are derived 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 other animals normally 

associated with cooler and moister climates living sympatrically with animals currently 

occupying the plateau (Lundelius 1967; Toomey, Blum, and Valastro 1993). Fossils of 

horses, camels, mammoths, peccaries, American mastodon, bison, and tapirs indicate 

species adapted to grassland and woodland environments in the plateau (Graham 1987). 

The remains of prairie dogs, pocket gophers, and moles found in red clay sediments in 

Hallôs Cave in the central Edwards Plateau suggest the presence of deep upland soils 

during the Late Pleistocene (Toomey, Blum, and Valastro 1993) (Figure 3.5). 

Numerous faunal species identified by Lundelius (1967) in the Edwards Plateau are 

currently limited to northern and eastern ranges, and their coexistence with species 

currently found in the plateau may represent reduced seasonality, defined by cooler, 

moister summers and winters of the same magnitude as today (Toomey, Blum, and 

Valastro 1993). 

 Finally, chemical and isotopic evidence has been utilized to reconstruct full-

glacial environments in the Edwards Plateau. Measurements of atmospheric noble gases 

in ground water of the Carrizo aquifer in south-central Texas show that the annual mean 
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temperature of the region during the Last Glacial Maximum was about 5ęC cooler than 

today (Stute et al. 1992). Isotopic dating of stalagmites from three caves in the Edwards 

Plateau identifies a period of rapid growth between 24,000 and 12,000 years B.P., 

which is consistent with a wetter climate (Musgrove et al. 2001) (Figure 3.6). Strontium 

isotope ratios of fossil hackberry seed coatings and tooth enamel of pocket gophers and 

voles in Hallôs Cave identify steady, continuous soil erosion in the Edwards Plateau 

beginning during full-glacial conditions (Cooke et al. 2003). These strontium ratios are 

dependent the amount of carbonate in soils, where thicker soils contain 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 decline at the end of the Pleistocene, leaving behind a noticeable 

unconformity (Blum, Toomey, and Valastro 1994; Mear 1995) (Figure 3.2). The 

Colorado and Concho Rivers incised more than 5 meters into Permian bedrock (Blum 

and Valastro 1992). Incision by the Colorado River in the Gulf Coastal Plain also is 

reported during this time (Baker and Penteado-Orellana 1977; Blum and Valastro 

1994). Excavation of valleys is attributed to the near-complete removal of sediment 

from tributaries accompanied by upland slope stability that resulted in a decrease in 

available sediment. An initial decrease followed by an increase in effective moisture as 

well as a gradual rise in summer temperatures (greater seasonality) is postulated to be 

the cause for incision (Blum, Toomey, and Valastro 1994). Pluvial lakes in northern and 
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West Texas were still persistent during the late-glacial episode (Caran and 

Baumgardner 1990). Finally, carbon-isotope data of plants derived from lunette dunes 

on the Southern High Plains of Texas and New Mexico show considerable variation, 

suggesting alternating cool-warm cycles (Holliday 1997). 

 Palynological evidence accounts for the decline of deciduous woodlands and 

replacement by grasslands and oak savannas (Bryant and Holloway 1985), which 

implies a shift 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 studies (Bryant 1977; Bryant and Holloway 1985) in the 

region have shown a gradual decrease of boreal trees during late-glacial times, and the 

complete loss of spruce pollen. Grassland dominance around 12,500 years B.P. in 

Central Texas is reported by Bousman (1998), which is consistent with the findings of 

Hall and Valastro (1995) who support the existence of prairie vegetation in the Southern 

High Plains. The percentage of C4 plants in Central Texas increased to 50 to 60 percent 

during the late-glacial episode, alluding to the transition from moist to dry conditions 

(Nordt et al. 1994) (Figure 3.4). C4 plant productivity was relatively low from 13,000 to 

11,000 years B.P., however, and correlates with increased glacial meltwater into the 

Gulf of Mexico, whereas high C4 productivity from 11,000 to 10,000 years B.P. 

suggests that the Younger Dryas cooling episode (about 10,750 years B.P.) did not 

impact the region around the Gulf of Mexico (Nordt et al. 2002). 
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 Faunal assemblages from Hallôs Cave in the Edwards Plateau indicate a rapid 

increase in summer temperatures from 15,000 to 13,000 years B.P. (Toomey, Blum, and 

Valastro 1993) (Figure 3.5). The masked shrew, a heat-intolerant species, disappeared 

from the region whereas the heat-tolerant 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 required short-grasses, 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 diminished soil. 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 lacustrine and calcic soil profiles in north-central Texas were 

sampled by Humphrey and Ferring (1994) 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 Holocene. Their data suggest that the Younger Dryas is not 

recognizable or is masked by complex meltwater rates to the Gulf of Mexico and that 

pond sediments suggest a cool and dry climate. Musgrove et al. (2001) detect a 

warming and drying trend at the end of the Pleistocene, as evidenced by rapid decrease 

in growth rates of stalagmites (Figure 3.6). 
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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 an episode of valley widening and slow aggradation, creating a thick fill deposit 

(Blum, Toomey, and Valastro 1994; Blum and Valastro 1994; Mear 1995) (Figure 3.2). 

Early-Holocene valley fill deposits of the Pedernales River valley consist of interbedded 

sand and mud, which indicates upland soil erosion and entrainment of clasts from the 

exposed Hensell Sands, and deposition in low-relief channel margins. In contrast, gravel 

deposits reworked from older alluvium dominate the early-Holocene valley fill of the 

Colorado River. Baker and Penteado-Orellana (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 trend, 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 the larger 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 

became an 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 slack-water-flood 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 ground-water levels (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). Aeolian deflation 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 global climatic 

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 B.P. and peaking about 5,500 years 

B.P., when the most widespread aeolian sedimentation occurred (Holliday 1989). 

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 in Lee County, which suggests an open 

community (Bousman 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 cover 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 1985). 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 in C4 plant abundance from the period 11,000 to 8,000 

years B.P. and dominance of C4 plants between 6,000 and 5,000 years B.P. (Figure 3.4). 

A decrease in C4 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 (Graham 1987). Mesic species, including the mole and short-tailed shrew, left 

the area whereas arid-tolerant species, such as the desert shrew, increased in abundance 

(Toomey, Blum, and Valastro 1993). 

As aridity increased, soil erosion of the uplands continued throughout 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 north-central Texas identifies a moist period during the early 

Holocene followed by an arid period representing the middle Holocene (Humphrey and 

Ferring 1994).  Relatively low growth rates of stalagmites in caves remain consistent 

throughout the early to middle Holocene (Musgrove et al. 2001) (Figure 3.6). 
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3.4.4 Late-Holocene I Environmental Conditions (about 5,000 to 2,500 years 

B.P.) 

 

Abandonment of the early- to middle-Holocene floodplain and terrace formation 

occurred around 5,000 years B.P. in fluvial systems of the Edwards Plateau (Figure 

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 vegetation 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 4,000 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 4,500 years B.P. (Bousman 1998) and are attributed 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 semi-desert scrub (Toomey, Blum, and Valastro 1993) 

(Figure 3.5). Following this arid phase, an increase in tree pollen and grasslands were 

associated with a transition from drought-resistant oaks to oak-hickory woodlands. 

Some discrepancy among proxy records is evident during this episode. For example, the 

abundance of C4 biomass decreased between 4,000 and 3,000 years B.P. (Nordt et al. 

1994) (Figure 3.4), and this was attributed to cooler conditions (Nordt et al. 2002). 
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Additionally, Bousman (1998) detected an increase 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 (Toomey, Blum, and Valastro 

1993). 

 Some aspects of the faunal record in Central Texas between 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). This might 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 (Toomey, Blum, 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 II 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 resting on top of early- to middle-Holocene terraces 

(Blum, Toomey, and Valastro 1994) (Figure 3.2). This type of fluvial activity suggests 

frequent moderate- to high-magnitude flood events and a sufficient supply of fine 

sediment derived from very thin upland soils. The continued supply of coarse bed 
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material resulted in streams being unable to fully transport the load, and deposition of 

widespread, thick fill deposits occurred in the valleys creating a cumulic, organic-rich 

soil (Hall 1990). This accumulation of material created moderately sinuous channels 

with broad and shallow cross-sections (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. Holloway, Raab, and Stuckenrath 

(1987), in analyses of pollen from Weakly Bog in Leon County, suggest a relatively 

dense oak-hickory forest that switched to more open oak woodlands toward the end of 

this episode. Bryant (1977), however, does not detect any post-Altithermal 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 oak-hickory woodlands, suggesting more humid 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). The presence 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 moist-habitat snails in Oklahoma indicates a pattern of increased 

precipitation in 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 channel incision 

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) (Figure 3.2). Hall (1990) shows a period of channel incision occurring throughout 

the region around 1,000 years B.P., in both large and small systems, which indicates a 

common climatic mechanism. The current dominance of fine-grained sediment in 

floodplains of the Edwards Plateau is a caveat to the rule-of-thumb associating 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, but have not left 

appreciable deposits (Blum, Toomey, and Valastro 1994). 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 in two avulsions 

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, and Stuckenrath 1987). Bousman (1998) detected a spike in 
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grass pollen around 400 to 500 years B.P., which is assumed to correspond with a dry 

episode. A shift from oak woodlands to the current oak savanna around 1,500 years B.P. 

also is evidence for more xeric modern 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 (Toomey, Blum, and Valastro 

1993) and the decline of mesic land snails in Oklahoma (Hall 1982). Graham (1987) 

suggests that the northern range expansions of nine-banded armadillo and collared 

peccary may have been related to increasing warmth and aridity. Additionally, a 

dramatic increase of bison in central Texas around 1,000 years B.P. has been attributed 

to the opening of grassland, thereby accommodating larger herds (Huebner 1991). 

 

 

 

 

 

 

 

 

 

 

 



93 

 

 

 

Figure 3.2.  Channel, floodplain, and fluvial terrace evolution in the Edwards Plateau, 

Central Texas, since the Last Glacial Maximum (from Blum, Toomey, and Valastro 

1994). 
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Figure 3.3.  Cross-section of depositional units in the Pedernales River valley, Texas, 

with relative position of radiocarbon ages (from Blum and Valastro 1989). 

 

 

 

 
 

Figure 3.4.   Abundance of C4 plants based on ŭ
13

C signatures extracted from alluvial 

deposits in the Medina River valley, Texas, and correspondence with ŭ
18

O of 

foraminifera in the Gulf of Mexico (from Nordt et al. 2002). 
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Figure 3.5.  Climatic and environmental changes of the Edwards Plateau, Central 

Texas, since the Last Glacial Maximum based on pollen and faunal records, many of 

which came from Hallôs Cave in the central plateau (from Toomey, Blum, and Valastro 

1993). For the types of storms, ñW, F, W, and Spò represent summer, fall, winter, and 

spring, respectively. 

 

 

 
 

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 conditions over the last 20,000 years in the Edwards 

Plateau occurred during the Last Glacial Maximum (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, sediment storage in floodplains, and extensive soil 

development. The persistence of perennial lakes in northern and western Texas was 

dependent on higher water tables and more abundant precipitation. An open grassland, 

without a modern analog, was prevalent and accompanied by some boreal tree species. 

Large mammals grazed on the grasslands and fauna associated with cool, mesic 

conditions lived sympatrically with species found on the plateau today. Recent chemical 

and isotopic methods confirm cool, moist full-glacial conditions about 5ęC cooler than 

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 mid-latitude low-

pressure systems. The major zone of atmospheric divergence associated with stable 

conditions, currently at about 30ę latitude, was probably forced to lower latitudes. This 

would have permitted more frequent rain-producing low-pressure systems to penetrate 

Central Texas, especially during the summer. Additionally, cooler summer temperatures 

limited evapotranspiration rates, which also increased available moisture. 

 A warming and drying trend characterizes the terminus of the Pleistocene (Table 

3.1). Fluvial systems remained energetic enough to incise into bedrock, as sediment was 

totally removed from tributary valleys and upland slopes exhibited relative stability. 
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Lacustrine environments were still persistent in northern and West Texas. Warmer 

temperatures and increased seasonality led to the dominance of grasses, increase in C4 

plants, and disappearance of all boreal vegetation. These conditions also forced the 

removal of certain heat-intolerant and mesic faunal species, and mammalian megafauna 

became extinct at the end of the late-glacial 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 Younger Dryas cooling 

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 30ę latitude, providing more stable atmospheric conditions and 

effectively reducing precipitation. 

 The early- to middle-Holocene in Central Texas is characterized by a continued 

warming and drying trend (Table 3.1), interrupted by a possible moist period between 

about 9,000 and 8,500 years B.P. A cool, dry spell around 8,200 years B.P. is detected 

in increased aeolian activity and a decrease in C4 plant percentage. Fluvial systems went 

through a period of gradual floodplain construction. Pluvial lakes were eliminated or 

diminished in West Texas. A shift to open 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 pollen record. 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 strong zonal 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 the Edwards Plateau. 

 The initial phase of the late Holocene (about 5,000 to 2,500 years B.P.) 

witnessed the warmest, driest conditions during the last 20,000 years and corresponds 

with the Altithermal (Table 3.1). Floodplain abandonment associated with a decrease in 

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 was probably 

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 with arid-tolerant 

species. Zonal atmospheric circulation probably was the 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 (Table 3.1). River systems frequently witnessed moderate- to high-

magnitude floods, which led to the development of thick, vertically accreted deposits. 

Relatively dense oak-hickory woodlands and lush grasses are detected in pollen records 

at this time. The return of mesic voles, 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 often is linked 

to meridional atmospheric circulation patterns (Knox 2000). 

Finally, the modern episode of the Holocene has shifted toward warmer, drier 

conditions across the Edwards Plateau (Table 3.1). Rivers and streams have incised into 

previous floodplains because bedload supply is limited, thereby creating underfit 

channels with respect to the former floodplain. A decrease in overall pollen 

accompanied by the conversion of oak-hickory woodlands to oak-dominated savanna 

reinforces the interpretation of modern xeric conditions. Current faunal assemblages are 

dominated by drought-tolerant 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 may be attributed 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). 

 

Episode 
Relative 

conditions 

Geomorphic and 

hydrologic evidence 

Pollen 

evidence 

Fauna 

evidence 

Isotopic 

evidence 

Full glacial 
(about 20,000 

to 14,000 years 

B.P.) 

Coolest and 

wettest 

Lateral migration of rivers; 

sediment storage; soil 
development; pluvial lakes 

Mixed deciduous 
forest with some 

boreal trees and 

grassland 

Large mammals; 

soil-burrowing 
mammals 

Ground-water 

atmospheric 

noble gases; 
rapid stalagmite 

growth 

Late glacial 

(about 14,000 
to 10,500 years 

B.P.) 

Gradual 
warming and 

drying trend, 

but still cool 
and wet 

Deep channel incision; 

continued presence of 
pluvial lakes; upland soil 

erosion 

Decline of 

deciduous trees; 

replacement with 
oak savannas; 

increase in C4 

plants 

Extinction of 

some large 
mammals; Small, 

mesic and 

burrowing 
mammals 

gradually decline 

Rapid decrease 
in stalagmite 

growth; soils 

indicate no 
Younger Dryas 

expression and 

complex 
meltwater fluxes 

Early to middle 
Holocene 

(about 10,500 

to 5,000 years 
B.P.) 

Rapid 

warming and 

drying trend 

Valley widening and slow 
aggradation; decline of 

pluvial lakes; aeolian 

sedimentation; extensive 
upland soil erosion 

Less pollen; 
open woodlands 

and grassland; 

increase in C4 
plants 

Periodic decline of 

bison; abundance 
of small, xeric 

mammals 

Low stalagmite 

growth rates; 
soils show 

possible brief 

moist period 
around 8,500 

years B.P. 

Late Holocene 

I (about 5,000 

to 2,500 years 
B.P.) 

Warmest and 

driest 

Floodplain abandonment 

coupled with excessive 

delivery of coarse gravel 
to channels 

5,000 years B.P. 

with short 
grasses and 

scrub; abundance 

of C4 plants; 
gradual increase 

of drought-

resistant trees 

Disappearance of 

all mesic 
mammals; gradual 

increase of bison; 

xeric mammals 

Not available 

Late Holocene 

II (about 2,500 
to 1,000 years 

B.P.) 

Slightly cool 
and wet 

Vertical accretion and fill 
processes; 

Possibly denser 

woodland; 

increase in trees 
and grasses with 

water 

requirements 

Return of some 

small, mesic 

species 

Not available 

Modern (about 

1,000 years 
B.P. to present) 

Warm and dry 

Channel incision; underfit 
channels; fine-grained 

inset deposits; floodplain 

abandonment 

Decreased pollen 
flux; transition 

from woodland 

to open savanna 

Dominance of 

small, xeric 

mammals; 
increase in bison 

about 1,000 years 

B.P. associated 
with more open 

grassland 

Not available 
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3.6 Summary 
 

Insights into changing environmental conditions of the Edwards Plateau provide 

a long-term context for descriptions and models of regional climate, hydrology, 

geomorphology, and biogeography. Perhaps most striking are the relatively brief time 

intervals and large magnitudes of response among geomorphic and biologic systems to 

changes in climatic regimes. These time intervals could have been on the order of 

hundreds of years and perhaps decades. With increasing human-related effects on 

atmospheric composition, water quantity and quality, and land-cover patterns; it is 

informative to consider the effects of climate change or cycles on spatial and temporal 

environmental conditions. 

The Edwards Plateau presents itself as a complex transition area between 

temperate, tropical, humid, and arid regimes. Regional 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 increase tropical system activity during the summer and 

coupled with reduced vegetative cover, may subject river valleys to incision. The 

assertion of dominance by drought-tolerant species in the region challenges the 

practicality of conservation efforts for mesic species. Expected natural consequences 

are further complicated by human-related phenomena, including land-use patterns, 

introduction of exotic species, and modification of the fire regime. 
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Further, investigations of alluvial sediment composition and channel adjustment 

in the Edwards Plateau initially require a conceptual framework of environmental 

change through time. Sediment sampling strategies and associations with the present-

day hydrologic regime must be considered with respect to the complex suite of 

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 years should result in a series 

of inset floodplains associated with the present-day hydrologic regime, bounded by 

higher surfaces representative of previous environmental conditions. Additionally, 

terrace deposits older than the modern alluvium could comprise the bank material where 

the present-day channels are actively migrating. 
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Chapter 4. Research Design for 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 sediment composition and channel shape were made at 

nineteen sites along the North Llano, South Llano, and Llano Rivers and selected major 

tributaries (Figure 4.1). Cross-sections of channel shape were provided by the Lower 

Colorado River Authority (LCRA) for nine additional sites along tributaries (Figure 

4.1). Field sites were chosen to adequately characterize observed downstream changes 

of channel morphology. For the nineteen sites visited, channel shape was measured and 

sediment samples were obtained along multiple cross-section transects to ensure that 

local variability (Phillips 1991; Fonstad and Marcus 2003) was minor relative to general 

downstream trends (Figure 4.2). 
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 Cross-sectional surveys of channel and floodplain dimensions included 

subaqueous- and subaerial-instream surfaces (Figure 4.3), banks, floodplain surfaces, 

fluvial terraces, colluvial wedges, and valley walls. Cross-sectional topographic surveys 

constitute the majority of morphologic data for this project. For further details on cross-

sectional topographic surveys, readers are referred to Section 6.5.1 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 relied upon later to determine the geomorphic surface that was sampled. 

Particle size of cobble- to gravel-sized bed-material was sampled at the surface using a 

modified Wolman pebble count (Wolman 1954) (Figure 4.4), and sand-sized or finer 

material was scooped and bagged for further laboratory analysis. Sediment samples 

were obtained to quantify downstream trends in alluvial composition and infer 

sedimentary controls of channel adjustment. For further details on sediment sampling 

strategies, readers are referred to Section 5.5 in Chapter 5. 
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Figure 4.1.  Study sites, hydrography, and lithology (Barnes 1981) of the Llano River 

watershed in Central Texas, USA. Site names preceded with an 8-digit identification 

number are located at active U.S. Geological Survey streamflow-gaging stations. Site 

names preceded with ñLCRAò are located at active Lower Colorado River Authority 

streamflow-gaging stations. Sites without a prefix are ungaged. 
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Figure 4.2.  Two cross-section transects (yellow lines) and flow path (blue line) of the 

James River near Mason, Texas. For scale, yellow lines approximately are 250 meters. 

Flow direction is toward the north-northeast (upper part of the image). Natural-color 

imagery from Google Earth, accessed in February 2008. 

 

 

 

 

 

 

 

 

 


