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ABSTRACT 
 

Bedrock outcrops create shoaled sections in many rivers of the eastern United States. Bedrock 

shoals can consist of a variety of channel morphologies and lithologies and are important forms 

of river habitat by having higher species richness than other locations along the same river. 

Despite their ecological significance, the system-scale factors that determine their occurrence in 

rivers are not well understood. In this study, shoaled and non-shoaled sites along the length of 

the upper Flint River, Georgia, were analyzed to determine the factors responsible for the 

presence of shoals. Strike-flow ratio, rock integrity, confinement ratio, unit stream power, and 

geologic dip were selected as possible variables based on existing literature and observations on 

bedrock shoals and general bedrock morphology. The results of a logistic regression showed that 

confinement ratio and unit stream power were the most statistically significant predictors of a 

river reach’s shoal status (p=0.001 and 0.014, respectively), suggesting that variables comprising 

the driving forces in the Flint River currently dominate system-scale expression of channel 

morphology. A predictive equation developed from the binary logistic regression analysis 

correctly classified 80% of known shoaled sites as “shoaled locations” in the watershed and 60% 

of known non-shoaled sites as “non-shoaled locations” in the watershed. While these results are 

promising and suggest that system-scale heterogeneity of channel morphology may be controlled 

by spatial variability of confinement ratio and unit stream power, there is room for improvement, 

particularly in regard to correct classification of non-shoaled locations. In comparing the findings 

of this research to those previously made on bedrock shoal occurrence in the Cahaba River, 
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Alabama (Bishop, 2013) – visually similar to the Flint River – questions arise concerning the 

prevailing view of how dynamic equilibrium operates in fluvial geomorphic systems.  Although 

the Cahaba and Flint Rivers contain bedrock shoal morphologies for long expanses, the 

occurrence of bedrock shoals in the Flint River are controlled by driving forces, while bedrock 

shoals in the Cahaba River are controlled by resisting forces.  This finding supports the idea that 

dynamic equilibrium, a state of balance between driving and resisting forces, may be temporally 

and spatially limited in geomorphic systems.  
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LIST OF ABBREVIATIONS AND SYMBOLS 

 

USDA   United States Department of Agriculture  

ACF Basin  Apalachicola-Chattahoochee-Flint River Basin  
 
GEPD   Georgia Environmental Protection Division 

km or km2 kilometers or square kilometers 
 
Q  Discharge: expressed in cubic meters per second (m3/s) 

m  Meters 
 
m/km  Unit for channel gradient: meters per kilometer 
 
USGS   United States Geological Survey 
 
GSI   Geological Strength Index 
 
NHD  National Hydrography Dataset 

RPU  Raster Processing Unit 

°  Degrees 

CW  Channel width 

VW  Valley width 

FEMA  Federal Emergency Management Agency 

ω  Unit stream power: expressed in watts per meter (W/m) 

ρ  Density: expressed in kilograms per cubic meter (kg/m3) 

g  Acceleration of gravity: expressed in meters per square seconds (m/s2)  
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S Energy slope (change in elevation per one unit of distance): expressed in meters 
per meter (m/m) 

 
w  Channel bankfull width: expressed in meters (m) 

IQR  Interquartile range 

Q1  First quartile 

Q3  Third quartile 

p  Significance (statistical significance) 

<  Less than 

%  Percentage 

=  Equal to 

z  Standardized score (z-score) 

x  Raw data value 

M  Mean (average) of the data set 

SD  Standard deviation of the data set 

χ2  Chi-squared 

β  Regression coefficients for predictor variables in logistic regression 
 
OR  Odds ratio 
 
>  Greater than 
 
α  Coefficient for the constant variable in logistic regression 
 
P  Probability of an outcome (bedrock shoal occurrence) 
 
X1 or X2 Predictor variables in logistic regression  
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1.0 Introduction 

Bedrock shoals were once common features in river systems throughout the southeastern United 

States, but they have slowly decreased in number because of land use changes and river 

impoundments. Bedrock shoals are rocky, shallow channel sections that occur in an otherwise 

deeper stretch of channel (USDA, 2003). Bedrock shoals normally appear as laterally extensive 

topographic discontinuities composed of bedrock and consist of a variety of lithologies and 

channel morphologies (Marcinek, 2003; Bishop, 2013), such as concordant plane bed, discordant 

plane beds, or pool-riffle sequences. Bedrock channel features, such as bedrock shoals, contain 

little to no overlying sediment and are most visible under baseflow conditions (Bishop, 2013). 

From an aerial view, bedrock shoals engender a banded appearance to the channel because their 

shallower depths make the lateral extent of bedrock exposures more visible. While varying in 

size and length throughout the channel, bedrock shoals can occur as singular anomalies bordered 

by non-shoaled reaches or as continuous bands that stretch for several hundred meters. 

 

Most of the existing shoal research has been completed in alluvial systems as opposed to bedrock 

systems (Tinker and Wohl, 1998), but of the limited bedrock shoal research, the majority has 

focused on their ecological significance in river systems. Specifically, the aquatic plant life 

occupying bedrock shoals has been identified as being responsible for decreases in nitrate levels 

downstream of their habitats (Tatariw et al., 2013). Duncan (2008) suggested that shoals are 

biologically diverse, providing habitats to endemic and endangered species, and their controlling 
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factors should be better understood given their biological relevance. Bedrock shoals have a lower 

erodibility than the rest of the channel, which allows these features to have more resistance to 

habitat degradation processes, specifically channel incision, making them significant features for 

stream restoration planning (Duncan, 2008). 

 

1.1 Processes Specific to Bedrock Channels  

The majority of channel process laws for sediment transport and erosional forces have been 

determined from alluvial systems because of the associated low floodplains creating more 

accessible channels (Tinker and Wohl, 1998; Wohl and Merritt, 2001). An increasing recognition 

that alluvial conceptual models do not adequately describe bedrock channel processes has 

expanded the interest in bedrock channels over the past couple of decades (Wohl and Merritt, 

2001). Even with this growing interest, a better understanding of bedrock channel processes is 

needed to recognize how they differ from alluvial processes (Whipple et al., 2000; Wohl and 

Merritt, 2001). Direct observations of bedrock channel morphology and development are still 

uncommon because of the dangerous high-energy environments and steeper channel gradients 

associated with bedrock systems, as well as the long times needed for bedrock erosion to occur 

(Tinker and Wohl, 1998; Wilson et al., 2013). However, it is common to infer erosional patterns 

from channel form and erosion rates from long-term average rates in bedrock systems (Wohl, 

1998; Wohl and Ikeda, 1998; Whipple et al., 2000).  

 

Erosional processes mainly control bedrock channel morphologies (Howard, 1994; Sklar and 

Dietrich, 1998; Sklar and Dietrich, 2001); whereas, sediment erosion and deposition both 

contribute to alluvial channel form (Ritter et al., 2002). The effectiveness of erosional processes 



 

3 
 

on bedrock channels depends on a combination of flow hydraulics, channel gradient, geologic 

structure, and underlying lithology (Wohl et al., 1999; Whipple, 2004; Richardson and Carling, 

2005). The balance between the hydraulic driving forces and the erodibility of the underlying 

substrate determines the morphology of the channel bed (Goode and Wohl, 2010). Wohl and 

Legleiter (2003) demonstrate that pool characteristics reflect substrate and hydraulic controls, 

like flow energy and the degree of lateral constriction. Stronger channel constrictions can lead to 

a greater potential for bed erosion and pool formation as a result of the stronger central jet flow, 

stronger recirculating flow, and the shearing between the central and marginal flow regions 

within the channel (Wohl and Legleiter, 2003). Sections of a river with stronger lateral 

constrictions are normally deeper and have higher stream power (Wohl and Legleiter, 2003) 

because higher stream power leads to more erosive power within the channel. Alternatively, 

areas with less channel constriction normally have lower overall stream power and a shallower 

channel bed.  In a study of upstream-facing convex surfaces (UFCS), Wilson et al. (2013) 

suggest high erosion rates as the main influence on the shape and size of these features in 

bedrock channels. Bed load impact is the main contributor of erosion on the upstream surface, 

creating larger, more convex surfaces; whereas, the suspended load abrades the downstream 

surfaces on a smaller scale, creating concave or undulating surfaces with a smoother texture 

(Wilson et al., 2013).  

 

Field observations in bedrock channels find a strong lithologic control on erosional processes 

that dominate bedrock channels (Whipple et al., 2000). Lithologic controls influence the rate of 

flow energy expenditure and the likelihood of channel incision, and specifically, rock strength 

dictates the amount of erosion that occurs within the channel bed (Wohl and Ikeda, 1998). 
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Substrate erodibility influences the channel gradient and flow energy, which then controls the 

reach types and bedforms produced in the channel (Wohl and Legleiter, 2003; Harvey et al., 

2008). Harvey et al. (2008) suggest that underlying lithology has a significant influence on the 

structure and function of a channel at reach scale. Keen-Zebert and Curran (2009) suggest 

regional structural controls, lithologic variations, and interactions between the channel and valley 

sides will influence the distribution of bedrock reaches within a river system. 

 

1.2 Geomorphology of Bedrock Shoals  

Because the majority of research regarding factors that control shoals occurs in alluvial systems, 

the controlling variables for the occurrence and formation of bedrock-dominated shoals are still 

poorly understood (Wohl and Merritt, 2001; Goode and Wohl, 2010). Similar features, such as 

bedrock ribs, have been shown to not only help determine the channel morphology but also the 

spatial distribution of hydraulic energy and sedimentation processes. Goode and Wohl (2010) 

studied the influence of different controls and processes shaping bedrock channels by looking at 

the formation of bedrock ribs in the Ocoee and surrounding rivers in Tennessee and North 

Carolina. Structural and lithologic characteristics control bedrock rib properties, such as 

amplitude and orientation in the channel, and rib properties control the roughness and energy 

dissipation of a channel reach (Goode and Wohl, 2010). When oriented perpendicular to 

streamflow, bedrock ribs have a strong influence on coarse sediment by blocking sediment 

transport downstream of the ribs (Goode and Wohl, 2007). 

 

Comparable to bedrock ribs, bedrock shoals in the Cahaba River form in areas of resistant 

bedrock, such as sandstone, perpendicular to river flow, and valleys occur in areas of bedrock 
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parallel to flow (Mink and Winstanley, 1978) (Figure 1). In Georgia, Duncan (2008) examined 

geomorphic and hydrologic factors, such as channel width, basin area, and the influence of 

tributaries to mainstem geomorphology, that influence the presence of bedrock and alluvial 

shoals, and the distribution of the associated plant life. His research suggests that the introduction 

of new sediment into the main channel at confluences helps to explain the location of alluvial 

shoals, but not the locations of bedrock shoals. Bishop (2013) found bedrock shoals occur within 

the Cahaba River because of the lithologic characteristics of the bedrock in the channel and the 

relationship between the orientation of the geology and the flow direction of the river. The 

results of Bishop (2013) support the descriptions of Mink and Winstanley (1978) of the 

association between shoaled and non-shoaled reaches and the properties of the bedrock present. 

 
Figure 1. Bedrock shoals in the Cahaba River National Wildlife Refuge (taken 26 September 
2014), showing plane bed morphology and patches of emergent aquatic macrophytes that reside 
within bedrock shoal habitat. 
 

1.3 Ecological Benefit of Bedrock Shoals  

Bedrock shoals provide a significant ecological benefit to the species of a specific river system. 

In general, the high structural complexity within a bedrock river provides habitats for a higher 

species richness than other locations along the same river (Robson and Chester, 1999) because 

the complex habitats provide more ways for the species to live (Menge et al., 1985; Denno and 
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Roderick, 1991; Douglas and Lake; 1994; Downes et al., 1995; Wooten, 1998). In particular, 

bedrock shoals are observed as areas of increased biologic complexity that have great impacts on 

a large range of biota throughout the ecosystem of the entire river system (Kennon, 2007). 

Therefore, the plant life (Figure 1), primarily aquatic macrophytes and associated microbial 

communities, occurring within shoaled reaches play a key role in the cycling of nutrients, 

through uptake and temporary storage of nitrogen and potassium, making them an essential part 

of nutrient dynamics of some fluvial systems (Clarke, 2002; Tatariw, 2013).  
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2.0 Research Rational 

Previous research on bedrock channel morphology provides general insights into the 

characteristics of in-channel features at the geomorphic unit and reach scale (Wohl and Ikeda, 

1998; Wohl et al., 1999; Wohl and Merritt, 2001; Goode and Wohl, 2010). However, most 

research does not give enough information about the system-wide controls of channel 

morphology to predict bedrock morphology distribution based on their formation controls. 

Bishop (2013) studied bedrock shoals in the Cahaba River of Alabama that have formed in 

sedimentary bedrock, primarily sandstone, and are only present upstream of the Fall Line in the 

Valley and Ridge physiographic province.  Several geologic and geomorphic controls of bedrock 

shoals in the Cahaba, including bedrock strike relative to river flow direction (strike-flow ratio), 

rock integrity, and channel confinement, were analyzed to generate a statistical model capable of 

predicting the occurrence of bedrock shoals throughout the Valley and Ridge segments of the 

river. The model (Equation 1) was based on the two most statistically significant variables for 

bedrock shoal prediction, strike-flow ratio and rock integrity: 

                     𝑃 =    !(!!!.!"#!!.!"#∗!!!!.!"#∗!!)

!!!(!!!.!"#!!.!"#∗!!!!.!"#∗!!)
                                                           (Equation 1)   

where P is the probability of bedrock shoal presence, X1 is the strike flow ratio which represents 

the relationship between bedrock strike and river flow, and X2 is the integrity of the bedrock. 

This model was successful at predicting shoaled and non-shoaled reaches of the Cahaba with 

92% accuracy (Bishop, 2013). The efficacy of this model, however, has yet to be tested in 

systems outside the Cahaba River or in systems with geology that differs from the Cahaba. 
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The Flint River of Georgia provides an ideal setting in which to test the general applicability of 

the findings and methods from Bishop (2013), and in doing so, provides insight into the geologic 

and geomorphic factors that best explain spatial heterogeneity of bedrock shoals at the system-

scale in fluvial systems. Like the Cahaba River, the Flint River contains numerous bedrock 

shoals, but its geology consists of metamorphic and plutonic rocks. As such, this study asks two 

main questions: 1) can the variables from the statistical model developed for predicting bedrock 

shoal occurrence in the Cahaba River be used to predict bedrock shoal occurrence in the Flint 

River, and 2) what are the factors that best explain bedrock shoal occurrence in the Flint River? 

The following hypotheses were developed to address these questions: 

H0: The statistical model developed by Bishop (2013) is not applicable in the Flint River 

because rock integrity and rock strike relative to flow direction are either not the main 

factors determining shoal occurrence in the Flint River or there are additional factors 

that are important that are not considered by the existing model, such as unit stream 

power and/or rock dip. 

Unit stream power is evaluated because past research has shown that pool characteristics often 

reflect substrate controls as well as hydraulic controls within the channel, such as flow energy 

(Wohl and Legleiter, 2003). Available stream energy often dictates the amount of scouring in the 

channel bed (Wohl and Legleiter, 2003). An increase in stream power leads to more scouring of 

the channel bed (Goode and Wohl, 2010). Spatial variability in channel confinement and unit 

stream power controls the erosive power available to erode and scour the channel bed. Bedrock 

shoals are more likely to occur in less confined reaches where unit stream power is lower 

because of channel widening. These features are less likely to occur in more confined reaches 

where unit stream power is higher because of channel narrowing. Little to no research has 



 

9 
 

evaluated the effect bedrock dip on the occurrence of bedrock shoals or other bedrock 

morphologies. Rock dip is the angle at which the rock units intersect an imaginary horizontal 

plane on the Earth’s surface. Bedrock exposures with lower dip angles may result in wide 

expanses of exposed rock at the bed interface, and as such, greater flow and erosional resistance 

leading to bedrock shoal occurrence. The opposite is hypothesized to occur in cases where rock 

dips are greater, i.e. more vertical. 

H1: The statistical model developed by Bishop (2013) is applicable in the Flint River 

because rock integrity and rock strike relative to flow direction are the main factors that 

determine bedrock shoal occurrence in all fluvial systems. 

Previous research on the Cahaba and Ocoee rivers found structural controls, such as geologic 

orientation to streamflow, as well as the resistance of the underlying geology, to be significant 

factors in the occurrence of bedrock channel morphologic units (Mink and Winstanley, 1978; 

Goode and Wohl, 2010; Bishop, 2013). In the Ocoee, channel morphologies similar to bedrock 

shoals were found to have larger amplitudes in more resistant substrate (Goode and Wohl, 2010). 

Bedrock shoals in the Cahaba River have been associated with resistant bedrock striking 

perpendicular to river flow (Mink and Winstanley, 1978). Therefore, it is hypothesized that 

bedrock units with more resistant lithologies are more likely to be locations where bedrock 

shoals form, and that locations where bedrock strike is more perpendicular to streamflow are also 

more likely to be locations where bedrock shoals form because this rock orientation provides 

more resistance to hydraulic erosion. 

 

The shallow, rocky habitats provided by bedrock shoals are decreasing in number owing to land 

use changes, which have increased sedimentation burying the habitat, and river impoundments, 
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which increased channel depth, flooding the habitats (Walser and Bart, 1999). With the 

ecological importance of bedrock shoals and the relationship between bedrock shoal’s plant 

patches and nitrate reduction, the applicability of this predictive model method in other systems 

is important to predict the potential occurrence of bedrock shoals on currently impounded rivers 

where imagery and other records do not predate the impoundments on the channel. If this method 

of determining a predictive statistical model in other lithologies is accurate, then it be used as a 

tool to improve water quality in large rivers by helping to identify locations that were once shoal 

habitat that have been lost to river regulation that may be suitable for restoration. This research 

will also provide insight into system-scale factors of bedrock morphology by determining the 

controlling factors of bedrock shoals on Flint River. Also, comparing the controlling factors of 

both the Flint River and the Cahaba River will help determine if the spatial variations between 

the two systems allow for different system-wide factors to control the occurrence of bedrock 

shoals.  
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3.0 Study Area 

The Flint River is one of the two main tributaries in the Apalachicola-Chattahoochee-Flint 

(ACF) River basin, joining the Chattahoochee River at Lake Seminole to form the Apalachicola 

River (Marcinek et al., 2003). The ACF basin is located in Alabama, Georgia, and Florida and 

includes numerous impoundments designed for flood control and water supply purposes 

(Simpson et al., 2011). Containing thirteen of the sixteen impoundments in the ACF River Basin 

(Congressional Research Service, 2007), the Chattahoochee River no longer contains bedrock 

shoals because these features have been buried by the increased sedimentation and water depths 

caused by these impoundments (GEPD, 2014).  In fact, because of sedimentation associated with 

the use of reservoirs and widespread channelization efforts, the Flint River contains the last 

remaining bedrock shoal series in Georgia, and by extension, the ACF Basin (Marcinek et al., 

2003). 

 
With its headwaters near the Hartsfield-Jackson International Airport in Atlanta, Georgia, the 

Flint River is approximately 550 km long and drains an area of nearly 22,000 km2 entirely in the 

state of Georgia (Frick et al., 1996) (Figure 2). The channel transects the Piedmont and Coastal 

Plain physiographic provinces, crossing the Fall Line between the two provinces nearly 170 km 

from its headwaters (Marcinek et al., 2003) (Figure 3). The upper 322 km of the river is 

unregulated, making it one of the longest free-flowing rivers in the United States with more than 

200 km free of channel impoundments (Benke, 1990). The Flint River does, however, contain 

two impoundments in its lower reaches in the Coastal Plain physiographic province - Warwick 
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Dam and Flint River Dam (Simpson et al., 2011). The mean daily discharge (Q) of the Flint 

River was nearly 115 m3/s at Newton, GA from 2002-2009 (Simpson et al., 2011). The largest 

volume of water is used by agriculture in the Flint River Basin (GEPD, 2014). The majority of 

the Flint River Basin is wetlands or forest areas, but approximately 29% is used for agriculture 

(Crews and Dowling, 2002). The majority of the agricultural irrigation is downstream of the Fall 

Line because there is a lack of good soil and available ground water upstream of the Fall Line 

(GEPD, 2014). From the headwaters to its confluence with the Chattahoochee River, the Flint 

River drops nearly 250 m in elevation. Its channel gradient is steepest between its headwaters 

and the Fall Line (Elliott et al., 2014) where it is 0.95 m/km, and it is in this river segment that 

the river exhibits bedrock-constricted valleys, rapids, and bedrock shoals.  

  
Figure 2. General location of the Flint River in Georgia and the Cahaba River in Alabama 
(U.S.A.) and the segment of the Flint River studied in this research (upper inset map). 
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Figure 3. General location map of Alabama and Georgia (U.S.A.) showing the 

Flint and Cahaba Rivers and the physiographic provinces of this region  
 
Bedrock shoals begin in the Flint River just west of Macon, GA and upstream of the Fall Line 

(Figure 2). The majority of the bedrock shoals are located in Meriwether, Pike, Upson, and 

Talbot counties, between the Flat Shoals Road and Highway 19 bridges over the river (Marcinek 

et al., 2003; Benke and Cushing, 2005). This specific section of the river accounts for 100 m of 

the 250 m that the Flint River drops in elevation.  
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3.1 Flint River Geology 

The Flint River contains metamorphic and igneous rocks in the Piedmont to sedimentary rock 

and unconsolidated sediments in the Coastal Plain. In the Piedmont province, the Precambrian 

Paleozoic metamorphic and igneous rocks are primarily composed of resistant granite, schist, 

gneiss, and quartzite (Garrity and Soller, 2009) (Figure 4). The geologic units of the Wacoochee 

belt lay between two major faults in this region, the Towaliga fault to the north and Goat Rock 

fault to the south (Clarke, 1952), which formed nearly 365 to 375 million years ago (Hooper and 

Hatcher, 1988). The Towaliga fault formed no later than 365 million years ago (Hooper and 

Hatcher, 1988) and dips to the northwest, thrusting the older Carolina gneiss in contact with the 

younger Manchester Formation. The Goat Rock fault formed around 375 million years ago 

(Russell, 1976; Hooper and Hatcher, 1988) and dips towards the southeast, thrusting the younger 

biotite-oligioclase gneiss and epidote-amphibolite gneiss in contact with the older schist-gneiss-

migmatite.  

 

During the time of the faulting, the entire region between the two faults folded upward into an 

anticline plunging to the northeast, exposing the Wacoochee belt and thus creating a geologic 

window. The Woodland gneiss is the oldest unit of the Wacoochee belt and has an 

unconformable contact with the overlain Hollis quartzite (Clarke, 1952). The Jeff Davis granite 

is intrusive to the Manchester formation, and along the margins of this body of granite, there is a 

large belt of migmatization, known as the schist-gneiss migmatite. The charnockite series is 

intrusive to the Jeff Davis granite and surrounding migmatites. The hornblende-biotite granite is 

intrusive to both gneisses south of the Goat Rock fault. 
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Figure 4. Site locations and underlying geology along the study segment in the Flint River. 
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3.2 Ecology of the Flint River 

The ACF River basin is considered one of the most biologically diverse in North America owing 

to its climatatic, geologic, and physical diversity (Lydeard and Mayden, 1995; Ward et al., 

2005). At least five fish species endemic to the ACF basin are known to occur in the Flint River 

bedrock shoals, but only the habitat patterns of the shoal bass (Micropterus cataractae) and 

halloween darter (Percina sp.) have been studied (Hill, 1994; Allen and Wheeler, 2002; 

Marcinek et al., 2003). According to the Georgia Environmental Protection Division (GEPD), 

the freshwater mussels found in the state of Georgia are one of the most diverse and abundant 

populations found in the world (Simpson et al., 2011). Historically, the bedrock shoals of the 

upper Flint River were home to at least 25 species of mussels, however recent ecological surveys 

report only 20 native species remain in the basin (Gregory et al., 2006). This is because of their 

inability to relocated to less polluted areas within the channel unlike other sensitive species, such 

as fish or insects, who are able to relocate throughout the channel (Simpson et al., 2011).  

 
Figure 5. Modified image from a USGS Fact Sheet of some threatened and/or endangered 
species for which the bedrock shoals of the Flint River provide habitat (Gregory et al., 2006), 
including: A) the halloween darter and the shoal bass (top to bottom), B) the shoal lily, and C) 
the oval pigtoe, shinyrayed pocketbook, and purple bankclimber (left to right). 
 

The bedrock shoal habitat in the upper Flint River supports three main species of aquatic plants: 

riverweed (Podostemum ceratophyllum), waterwillow (Justicia americana), and the endangered 

shoal lily (Hymenocalis coronaria) (Gregory et al., 2006). Bedrock shoals also provide habitat to 

numerous state endangered and threatened species, including one threatened reptile, two 

B. C. A. 
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endangered birds, two threatened fish species, and one threatened and three endangered mussels 

within the basin (Marcinek et al., 2003) (Figure 5). Some of these state listed species are also 

found on the federal endangered and threatened species lists. There are also several different 

species of insects, fish, and mussels that are used as biological indicators of the ecological 

changes to streamflows within the basin (Simpson et al., 2011).  
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4.0 Methods 
 
The overarching objective of this research is to determine what factors help determine the 

location of bedrock shoals in the Flint River – a watershed with metamorphic and igneous rock 

lithologies. A statistical model (Bishop, 2013), henceforth referred to as the “Cahaba Model,” 

developed to predict the occurrence of bedrock shoals in the Cahaba River of Alabama – a 

watershed underlain with sedimentary geology – is tested to examine the model’s applicability in 

other fluvial systems with different rock lithologies.  

 
 
86 sites were selected for study from the 170 km of the Flint River north of the Fall Line, 

between the Flint River’s headwaters and the Highway 19 bridge (Figure 4). The sites were 

selected using Google Earth, ArcGIS Basemap imagery, and USGS geologic maps. Shoaled 

reaches are most visible during periods of low flow; therefore, Google Earth images from 

periods of low flow were used to determine shoaled reaches. The three geologic maps of the 

Flint River included: the Preliminary Geologic Map of Atlanta (Higgins and Abrams, 1978), the 

Geologic Map of Thomaston Quadrangle (Clarke, 1939), and the Geologic Map of Warm 

Springs Quadrangle (Crickmay and Hewett, 1934). The maps were geo-referenced using latitude 

and longitude and digitized in ArcGIS 10.2 to determine which rock type comprised each 

bedrock shoal.  
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4.1 Rock Integrity and Erosional Resistance 

Characterizing rock resistance to hydraulic erosion and weathering processes was required to 

determine the rock integrity. The Geological Strength Index (GSI), created by Marinos and Hoek 

(2000), was used to quantify the rock integrity for each unit (Table 1). The GSI quantifies the 

overall integrity of the rock and incorporates natural geologic constraints by incorporating the 

structure and surface condition (Marinos and Hoek, 2000). Bedrock outcrops were observed in 

the field for each geologic unit to determine the structure and surface condition. To gain 

additional insight into rock lithology, condition, and structure, descriptions of the geologic units 

and associated weathering patterns obtained from Hewett and Crickmay (1937) and Clark (1952) 

were used.  

Structure Surface Conditions 
Very Good Good Fair Poor Very Poor 

Intact/Massive 90 80 70 N/A N/A 
Blocky 80 70 60 50 40 
Very Blocky 70 60 50 40 30 
Blocky/Disturbed/Seamy 60 50 40 30 20 
Disintegrated 50 40 30 20 10 
Laminated/Sheared N/A N/A 20 10 <10 

Table 1. Modified Geological Strength Index table adapted from Marinos and Hoek (2000), 
showing average GSI values for jointed rocks with varying degrees of structure and surface 
conditions.  
 
Typically, a geologic unit is given a range of values on the GSI, but for this project, the range for 

each unit was averaged to format these data for statistical analyses. For instance, the Hollis 

quartzite was categorized as having a massive, close to blocky structure with fair surface 

conditions. On the other hand, the Snelson granite was massive in structure with good to fair 

surface condition (Figure 6). Both geologic units were very resistant to the hit of a rock hammer, 

so these slight differences in structure and surface condition lead to an average GSI value of 75 

for the Snelson granite and a 65 for the Hollis quartzite.  
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Figure 6. In-channel image of the Flats Shoals in the Flint River at Flat Shoals Road bridge 
(taken 1 November 2014) showing the structure and surface condition of the Snelson granite 
complex. 

 
 
4.2 Orientation of Bedrock and River Flow 

Rock strike was used to characterize the bedrock orientation, and the strike measurements were 

digitally interpolated from geologic maps in ArcGIS or measurements were taken in the field 

using a Brunton Compass when needed. Most geologic contained either bedding planes or 

foliation, which are metamorphosed fabrics that provided the orientation of units. In the upper 

part of the study segment, the Snelson granite complex did not have either foliation or bedding 

planes. For this unit, the strike measurements came from the azimuthal direction of fractures that 

repeatedly occurred in the same general direction on the surface of visible outcrops. In ArcGIS, 

flow direction was determined from the azimuth of each river segment of the Flint River by 

using the flowline in the NHDSnapshot file of the NHDPlus Version 2 dataset for the South 

Atlantic west, RPU 03e (NHDPlusV2, 2015).  

 
Strike is calculated as an azimuthal angle with values ranging from 0° to 360°, where north is 0° 

as well as 360°. This large range of numbers, however, compromises statistical tests in which 
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every strike measurement has two azimuths, 180° apart, that represent the same line of 

directional trend. For this reason, strike measurements were standardized before statistical 

analysis by converting strike values over 180° into their direct opposite azimuthal value directly 

opposite (225° = 45°, for example).  

 
Figure 7. Image showing the calculation of the strike-flow ratio from the Thomaston 
Quadrangle, downstream of Yellow Jacket and Hightower Shoals. Lighter arrow 
represents bedrock strike; darker arrow represents stream flow direction. 

 

To quantify the relationship between rock strike and flow direction, the strike-flow ratio was 

calculated by finding the angular difference between the strike and the flow direction (Figure 7). 

If the ratio value is closer to 90°, the rock strike is more perpendicular to flow direction. 

Conversely, if the value is closer to 0° or 180°, the rock strike is more parallel to flow direction. 

 

4.3 Channel Confinement 

Channel confinement was analyzed to measure if the changes in water depth and velocity 

associated with changes in channel confinement result in the presence of shoaled reaches.  The 

Strike-flow ratio = abs(strike – flow direction) 
 
Strike: 60 degrees 
Flow direction: 165 degrees 
 
Abs (60-165) = 105  ç near perpendicular 
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confinement of the Flint River was determined by measuring both the channel width (CW) and 

the valley width (VW) (Figure 8).  

 
Figure 8. Image showing the calculation of the confinement ratio using the valley and 
channel width measurements. The white boundary outside the channel represents the 100-
year flood line, which is used for approximate valley width (FEMA, 2015). 

 

The following equation was used to calculated the confinement, which is the most commonly 

applied method for characterizing confinement (Montgomery and Buffington, 1998; Bishop, 

2013):  

𝐶𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡  𝑅𝑎𝑡𝑖𝑜   =   𝑉𝑊/𝐶𝑊                        (Equation 2) 

where CW is measured directly from images in Google Earth, and VW is measured using the 

FEMA National Flood Hazard Layer (FEMA, 2015) for the 100-year flood on the Flint River. 

Using the measure tool in each program, the channel and valley widths are measured at each site 

in meters, perpendicular to river flow.  

 

Valley width = 138m 
Channel width = 68m 
Confinement ratio: 138m/68m= 2.03 

Valley width 

Channel width 
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4.4 Unit Stream Power 

Stream power is commonly used to estimate sediment transport and the water’s ability to 

perform geomorphic work (Bangold, 1977; Chang, 1979; Nanson and Croke, 1992; Ferguson, 

2005; Bizzi and Lerner, 2013). Most studies relating stream power to channel processes have 

explored such relationships with unit stream power and not total stream power (Reinfelds et al., 

2004). Unit stream power (ω) is the mean available power of the column of water flowing over a 

specific unit bed area and is expressed in watts per meter (W/m) (Bagnold, 1966; Reinfelds et al., 

2004). The following equation was used to calculate unit stream power for each site on the Flint 

River:   

𝜔   =    !!"#
!

                                       (Equation 3)  

where ρ is the density of water (1000 kg/m3), g is the acceleration of gravity (9.8 m/s2), Q is 

discharge (m3/s), S is energy slope (m/m), and w is the channel bankfull width (m) (Bagnold 

1966; 1977).  

 

Discharge and channel slope data were obtained from a digital hydrographic dataset, the 

NHDPlus V2 database for the South Atlantic West, RPU 03e (NHDPlusV2, 2015) and used to 

calculate unit stream power for the 86 sites. Discharge derived from the NHD data represents the 

discharge of hydrographic flowline segments (McKay et al., 2012). Similarly, slope data from 

the NHD dataset were derived from hydrographic flowline segments (McKay et al., 2012). The 

discharge and slope data were joined to the hydrographic flowline for the Flint River using the 

same NHDSnapshot to determine the strike-flow ratio in ArcGIS. From this, the slope and 

discharge corresponding to each site were determined according to the location along the 

flowpath. With the inability to access every site along the river, the channel width from Google 
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Earth imagery, as previously described when discussing channel confinement, is used as bankfull 

channel width.  

 

4.5 Bedrock Dip 

Bedrock dip has not been previously tested as a factor helping to determine bedrock shoal 

location and was not a variable in the Cahaba Model. It is hypothesized, however, that bedrock 

dip may be an important factor in determining the channel bed’s resistance to hydraulic erosion. 

The dip angle for each site was interpolated from geologic maps covering the watershed: 

(Preliminary Geologic Map of Atlanta (Higgins and Abrams, 1978), the Geologic Map of 

Thomaston Quadrangle (Clarke, 1939), and the Geologic Map of Warm Springs Quadrangle 

(Crickmay and Hewett, 1934)), and measurements in the field where there were gaps in the 

geologic map coverage. Similar to the strike measurements, most geologic units contained either 

beddings planes or foliations that provided the dip angle and direction measurements. The 

Snelson granite did not have either foliations or bedding planes, and the dip of the fractures was 

used.  

 

4.6 Statistical Analysis 

4.6.1 Descriptive Statistics  

Using IBM SPSS Statistic 22 software, exploratory statistical analyses, such as descriptive 

statistics, normality tests, and student’s t-tests for each variable, were conducted prior to 

applying statistical analyses for hypothesis testing purposes. Descriptive statistics included 

medians, ranges, and distributions of each variable. The Kolmogorov-Smirnov test was used to 

test normality. Data for bedrock strike, flow-strike ratio, rock integrity, channel and valley width, 
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channel confinement, discharge, slope, unit stream power, and bedrock dip were grouped based 

on whether the data corresponded with a shoaled or non-shoaled study site. These data were 

compared using the descriptive statistics and student’s t-test to identify differences in the 

geologic and geomorphic characteristics of shoaled and non-shoaled sites. 

 

4.6.2 Binary Logistic Regression 

Hypotheses testing for both H0 and H1 were accomplished using binary logistic regression for 

this research for two reasons: 1) because the predictive equation for bedrock shoal occurrence 

developed by Bishop (2013) was developed using binary logistic regression and one of the 

objectives of this research is to test Bishop’s original equation; and 2) because of the binary 

outcome of the overarching research question: “Does this variable increase the likelihood of 

bedrock shoal occurrence?” A binary logistic regression model provides an estimate of how 

accurately independent variables can predict the occurrence of some phenomenon that 

constitutes the dependent variable. Binary logistic regressions have been used in fluvial 

geomorphic research to determine zones of high earthflow susceptibility (Can et al., 2005; 

Eeckhaut et al., 2005) and zones of earthquake- and typhoon-triggered landslides (Chang et al., 

2007). Logistic regression analyses have been successfully used to link fluvial processes to 

stream morphology (Bledsoe and Watson, 2000; Bishop, 2013).  

 

A logistic regression was first run in SPSS using only the variables (rock integrity, strike-flow 

ratio, and confinement ratio) used in the Cahaba Model to determine if this model can accurately 

predict bedrock shoal occurrence in the Flint River, even with its different metamorphic and 

igneous rocks. A second regression was run with a greater number of variables, which included 
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unit stream power and dip angle in addition to the original variables (rock integrity, strike-flow 

ratio, confinement ratio) of the Cahaba Model. This second logistic regression model was created 

to test whether dip angle and/or unit stream power lead to better prediction of bedrock shoals in 

the Flint River. The dependent variable of “shoal presence” consisted of two categories – shoaled 

and non-shoaled. In a binary logistic regression, categorical variables must be coded prior to 

analysis. For this reason, shoal status was re-coded prior to statistical analysis as “shoaled = 1” 

and “non-shoaled = 0.” The variables were entered into the regressions using the Enter Method 

in SPSS, which shows the overall relationship between shoal status and the independent 

variables in that regression and each variable’s unique contribution to that relationship (Oswego, 

2015). 
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5.0 Results 

5.1 Exploratory Data Analysis 

5.1.1 Geologic Composition of Bedrock Shoals 

The geological units of the upper Flint River were grouped into 4 categories according to 

composition: granite, quartzite, gneiss, and schist. Most composition classifications were simple 

and straightforward. However, two geologic units, the charnockite series and schist-gneiss 

migmatite, were not as easy to classify. In a summary report of the Thomaston Quadrangle, the 

charnockite series is described as hypersthene granite (Clarke, 1952), and consequently was 

classified as granite. The schist-gneiss migmatite is classified as gneiss because that grade is the 

middle grade of mixture of metamorphic grades present. 

 
Figure 9. General rock composition of shoaled and non-shoaled 
sites. 

 
23 of the sites were gneiss, and included shoaled and non-shoaled. Granite and quartzite both had 

21 total sites each. Lastly, schist composed 12 sites (Figure 9). Of the 50 shoaled sites, the 

majority of those sites occur in quartzite, followed by granite, gneiss, and schist (Figure 9). The 

majority of the non-shoaled sites occurred in gneiss, with the least amount occurring in schist 
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and quartzite. Quartzite had the largest average GSI value with an average of 65; granite had 63; 

gneiss had 56; schist had 48.  

 

5.1.2 Descriptive Statistics 

Descriptive statistics were run to determine the median, range, and the distribution of each 

variable for the shoaled and non-shoaled sites (Table 2, Figure 10). 

    Min Q1 Median Q3 Max 

Rock Integrity S 40.00 60.00 60.00 65.00 75.00 
NS 40.00 55.00 60.00 65.00 75.00 

Bedrock Strike S 2.00 48.93 67.55 124.62 169.00 
NS 8.00 40.25 53.50 70.82 161.00 

Stream Direction S 3.00 79.61 113.82 143.17 179.00 
NS 2.00 55.55 116.67 142.72 179.00 

Strike-Flow Ratio S 2.00 27.70 50.58 73.41 137.00 
NS 0.00 23.34 56.78 88.91 132.00 

Valley Width S 108.50 179.08 246.45 33.08 1168.00 
NS 128.50 206.18 285.95 466.75 1169.80 

Channel Width S 58.57 84.31 101.55 129.70 312.64 
NS 25.56 58.27 65.85 79.72 282.43 

Confinement Ratio S 1.02 1.44 2.16 2.95 12.35 
NS 1.67 2.50 4.30 8.13 20.29 

Slope  S 0.00001 0.00008 0.00130 0.00258 0.01441 
NS 0.00001 0.00063 0.00154 0.00250 0.00446 

Discharge S 25.22 37.73 39.80 45.86 55.27 
NS 7.41 37.42 39.66 45.79 55.41 

Unit Stream Power S 0.02 0.38 5.12 9.99 28.09 
NS 0.02 3.01 7.72 13.70 22.89 

Dip Angle S 5.00 20.00 28.50 35.00 70.00 
NS 5.00 22.75 30.00 35.50 68.00 

Table 2. Descriptive statistics for all variables for both shoaled (S) and non-shoaled (NS) sites. 
 

Even though the ranges for rock integrity were the same, the interquartile range (IQR) was 

smaller for the shoaled sites. The range for the strike-flow ratio was larger for the shoaled sites 

than the non-shoaled sites, but the IQR was smaller for the shoaled sites. The range and IQR of 

the confinement ratio were smaller for the shoaled sites than the non-shoaled sites. The shoaled 

sites contained a lower unit stream power median and a slightly larger range than the non-
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shoaled sites. The range for unit stream power was slightly larger for the shoaled sites than the 

non-shoaled sites, but the IQRs were similar in size for both site types. The range for dip angle 

was similar for both site types, but the IQR was slightly larger for the shoaled sites. 

 

 

 
Figure 10. Distribution of the variables for shoaled and non-shoaled sites. 
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5.1.3 Difference Between Shoaled and Non-Shoaled Sites 

Since all variables were non-normal according to the Kolmogorov-Smirnov test, the Mann-

Whitney U test was used to identify any statistically significant difference between the shoaled 

and non-shoaled sites. All variables were tested, including the variables that make up the index 

variable to determine if any individual variable had a more significant effect on the occurrence of 

bedrock shoals in the channel than the main index variables. As shown in Table 3, confinement 

ratio and channel width were significantly different (p<0.001) between the shoaled and non-

shoaled sites with 95% confidence.  With 90% confidence, unit stream power and valley width 

are statistically different between shoaled and non-shoaled sites (p=0.061 and p=0.089, 

respectively). 

  Mann-Whitney U p-value 
Strike-Flow Ratio 851.5 0.671 
Bedrock Strike 726.5 0.129 
Stream Direction 900.0 1.000 
Rock Integrity 868.0 0.769 
Confinement Ratio 369.0 <0.001 
Valley Width 706.0 0.089 
Channel Width 244.5 <0.001 
Unit Stream Power 686.0 0.061 
Slope 889.5 0.927 
Discharge 852.5 0.677 
Dip Angle 809.5 0.426 

Table 3. Mann-Whitney U test results from SPSS with the variables 
grouped by site type. Bolded variables produced p-values <0.05. 

 

5.2 Hypothesis Testing 

IBM SPSS Statistic 22 software was used to conduct a logistic regression analysis using the five 

index variables analyzed in this research: rock integrity, strike-flow ratio, confinement ratio, unit 

stream power, and dip angle. The analysis focused only on these variables because the other 

variables (slope, discharge, valley and channel width, etc.) were incorporated into the main index 
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variables and therefore accounted for in the analysis. Three binary logistic regression models 

were generated to develop the most robust statistical model for the prediction of bedrock shoals 

occurrence in the Flint River. Model 1 used the same variables (strike-flow ratio, rock integrity, 

and confinement ratio) as the Cahaba Model. Model 2 included all the same variables in Model 1 

plus the additional variables of unit stream power and rock dip. Model 3 included only the 

variables that were found to be statistically significant for predicting shoal status by Model 2. 

The raw data for each variable were converted to their corresponding standard score (z) prior to 

conducting the logistic regression analysis using the following equation: 

𝑧 = !!!
!"

                                 (Equation 4) 

where x is the any raw value in the data set, M is the mean of the data set, and SD is the standard 

deviation of the data set. A randomly selected subset of data, comprising 18% of the total 

dataset, was withheld from the logistic regression model for model validation purposes. 

 

Model 1, which used the same independent variables (rock integrity, strike-flow ratio, and 

confinement ratio) used in the Cahaba Model, was statistically significant (χ2=18.107, p<0.001 

with df=3) when compared to a constant-only model. The statistics for each variable generated 

by Model 1 are in Table 4, and the model statistics for Model 1 are in Table 7 and will be 

discussed later in comparison to the other models developed. All three variables produced 

negative regression coefficients (β-‐values), meaning that all three variables have a negative 

linear relationship with bedrock shoal occurrence. Confinement ratio, however, was the only 

variable found to be a statistically significant predictor of bedrock shoal occurrence (p=0.002). 

The odds ratio (OR), Exp(B) in the tables, expresses the change in odds of the outcome variable, 

shoaled or non-shoaled in this case, for each unit change in the predictor variables (Elliott and 
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Woodward, 2007). All three variables had an OR less than one. The 95% confidence interval for 

the odds ratios, which estimates the level of precision of the OR, showed that only confinement 

ratio had confidence intervals that did not cover one, giving enough confidence to indicate a real 

association between the independent variable and the outcome (Szumilas, 2010). The SPSS 

output for this model demonstrated that this model correctly predicted 85.0% of the shoaled sites 

and 51.6% of the non-shoaled sites. 

 β S.E. Wald df Sig. Exp(B) 
95% C.I.for Exp(B) 

Lower Upper 
Step 1a RockIntegrity -.222 .322 .474 1 .491 .801 .426 1.506 

StrikeFlowRatio -.422 .283 2.223 1 .136 .656 .377 1.142 
ConfinementRatio -1.332 .425 9.803 1 .002 .264 .115 .608 
Constant .181 .287 .398 1 .528 1.198   

Table 4. SPSS output of binary logistic regression for Model 1, which included the independent 
variables rock integrity, strike-flow ratio, and confinement ratio. 
 

Model 2 was developed to examine whether there is a better predictor of bedrock shoal 

occurrence on the Flint River, and this model included unit stream power and dip angle along 

with confinement ratio, strike-flow ratio, and rock integrity. The statistics generated by Model 2 

for each variable are in Table 5. The model statistics for Model 2 are in Table 7 and will be 

discussed later in conjunction with model statistics for Model 1 and 3. When compared to the 

constant-only model, Model 2 was statistically significant (χ2=25.541, p<0.001 with a df=5). All 

variables except dip angle produced negative regression coefficients. Dip angle exhibited a 

positive linear relationship with bedrock shoal occurrence. Unit stream power and confinement 

ratio, however, were the only statistically significant predictors of bedrock shoal occurrence. Of 

those two variables, unit stream power was the better predictor, with a p-value <0.001. The OR 

values were less than the value of 1 for all variables except the dip angle and the constant. The 

95% confidence interval for the OR values showed that confinement ratio and unit stream power 
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have intervals less than 1 and do not cover the value of 1, which again support the p-values 

finding them statistically significant. The SPSS output demonstrated that Model 2 predicted 

87.5% of the shoaled sites and 64.5% of the non-shoaled sites correctly. 

 β S.E. Wald df Sig. Exp(B) 
95% C.I.for Exp(B) 

Lower Upper 
Step 1a RockIntegrity -.288 .348 .686 1 .408 .750 .379 1.483 

StrikeFlowRatio -.500 .318 2.471 1 .116 .607 .325 1.131 
ConfinementRatio -1.695 .486 12.150 1 .000 .184 .071 .476 
UnitStreamPower -.790 .318 6.183 1 .013 .454 .244 .846 
DipAngle .083 .300 .077 1 .781 1.087 .604 1.957 
Constant .226 .303 .560 1 .454 1.254   

Table 5. SPSS output of the logistic regression for Model 2, which added unit stream power and 
dip angle to Model 1. 
 

Model 3 was generated using only the independent variables found to be statistically significant 

in Model 2, which were unit stream power and confinement ratio. The statistics for each variable 

of Model 3 are in Table 6. The model statistics are in Table 7 and will be discussed in 

conjunction with model statistics for Model 1 and 2. Model 3 was statistically significant 

(χ2=22.204, p<0.001 with df=2). Confinement ratio and unit stream both produced larger 

coefficients than in Model 2; however, they were still both negative, meaning they had a 

negative relationship with bedrock shoal occurrence. Both variables were found to be significant 

predictors of shoal occurrence with p-values <0.05. Confinement ratio and unit stream power 

both produced OR values less than the value of 1, and the constant had a value above 1. Both 

95% confidence intervals for the OR are under 1 and do not cover the value of 1, which supports 

the finding of the p-values for each variable. The SPSS output displayed that model 3 correctly 

predicted 87.5% of the shoaled sites and 54.8% of the non-shoaled sites.  
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 β S.E. Wald df Sig. Exp(B) 
95% C.I.for Exp(B) 

Lower Upper 
Step 1a ConfinementRatio -1.571 .479 10.758 1 .001 .208 .081 .531 

UnitStreamPower -.738 .302 5.978 1 .014 .478 .265 .864 
Constant .185 .300 .379 1 .538 1.203   

Table 6. SPSS output of the binary logistic regression analysis for Model 3, which only used unit 
stream power and confinement ratio. 
 

When examining the overall statistical robustness of the models (Table 7), the Hosmer and 

Lemeshow goodness-of-fit statistic was insignificant (p>0.05) for all three models, suggesting 

the models fit the data well (Peng et al., 2002). Model 1 produced the largest p-value (p=0.801) 

of the three models. The Cox and Snell R2 values, which can be interpreted as a typical R2 

although it is not calculated the same way (Elliott and Woodward, 2007), were similar for all 

models, but Model 2 explained the most variance. In terms of model predictive performance, 

Models 2 and 3 correctly predicted more shoaled and non-shoaled sites than Model 1.  

 Model 1 Model 2 Model 3 
Hosmer-Lemeshow χ2= 4.585, p= 0.801 χ2= 9.093, p= 0.335 χ2= 12.326, p= 0.137 
Cox and Snell R2 0.225 0.302 0.269 
% Correctly Predicted 85.0% / 51.6% 87.5% / 64.5% 87.5% / 54.8% 

Table 7. Model statistics from each model’s SPSS output, including Hosmer-Lemeshow and Cox 
and Snell statistics, and the percentage of sites correctly predicted (shoaled/non-shoaled). 
 

After analyzing the model statistics and variable significance for all three models, it remains 

unclear which of the three models was the most statistically robust. Model 2 and Model 3 

produced similar model statistics with only slight differences in model robustness existing 

between the two. Model 2, however, included more variables than Model 3, which should result 

in a greater likelihood of finding a statistically significant variable. Adding more complexity, 

Model 1 produced the highest Hosmer and Lemeshow p-value of all three models. Model 1 and 

Model 3 seem to fit the data the best. Both Models 1 and 3 resulted in similar model performance 
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and robustness, while using the fewest variables. Both models were tested with the validation 

dataset to determine the overall best predictor of bedrock shoal occurrence in the Flint River. 

 

5.3 Logistic Regression Model Validation 

The validation dataset (Table 8) comprised a randomly selected subset (15 sites total) of the 

shoaled and non-shoaled sites and represented 18% of the total dataset. The validation dataset 

was not used to develop Model 1, Model 2, or Model 3. Prior to logistical regression analysis, 

the validation dataset was standardized using Equation 4 to reduce the range of values for each 

variable, making the odds ratios resulting from logistic regression analysis easier to interpret.  

Site 
Number 

Rock 
Integrity 

Strike-Flow 
Ratio 

Confinement 
Ratio 

Unit Stream 
Power 

1 (S) 75 11 8.59 0.04 
2 (S) 75 90 1.52 1.23 
3 (S) 65 14 2.42 0.38 
4 (S) 65 52 1.99 4.68 
5 (S) 65 35 3.16 3.77 
6 (S) 65 73 1.52 13.46 
7 (S) 60 82 3.36 3.61 
8 (S) 60 63 3.14 6.08 
9 (S) 60 83 2.52 0.03 
10 (S) 60 106 6.25 11.15 
11 (NS) 50 23 15.27 5.94 
12 (NS) 65 0 4.60 13.78 
13 (NS) 60 132 8.17 11.47 
14 (NS) 60 62 6.27 0.08 
15 (NS) 60 79 2.31 17.97 

Table 8. Input values for the validation dataset of 15 sites (10 shoaled (S), 5 non-shoaled 
(NS)) for the final predictive equation.  

 

“Shoaled” and “non-shoaled” categories for the probabilities produced by the validation dataset 

set to help determine the accuracy of each predictive model. These categories were made based 

on the outputs and overall accuracy of the Cahaba Model (Bishop, 2013) and the percentages of 
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sites correctly predicted from the model statistics (Table 7). The “shoaled” category was 

expanded to consisted of probabilities above 65% instead of 75% to take into account the lower 

correctly predicted percentages of both Model 1 and 3 than the Cahaba Model, which had an 

overall accuracy of 92%. The “non-shoaled” category remained the same as the Cahaba Model 

consisting of probabilities below 35% to emphasize the lower probabilities need for the non-

shoaled sites. 

 

The following equation is the general probability equation for binary logistic regression: 

𝑃 = !(!!!!!!!!!!!)

!!!(!!!!!!!!!!!)
                                             (Equation 5) 

where P is the probability of the outcome, α is the constant variable, X1 and X2 are the predictor 

variables, and β1 and β2 are the coefficients to the respective predictor variables.  

 Model 1 Model 3 
Rock Integrity -0.222 -------- 
Strike-Flow Ratio -0.422 -------- 
Confinement Ratio -1.332 -1.571 
Unit Stream Power -------- -0.738 
Constant (α)  0.181 0.185 

Table 9. β-coefficients produced by Model 1 and 3 in the SPSS output used in 
the predictive models. Dashed line means variable was not a part of that model.  

 
Because Models 1 and 3 were chosen for validation testing, the predictor variables for each 

model are listed in Table 9 along with the corresponding β-coefficient. The β-values for each 

independent variable produced by Model 1 were inserted into Equation 5 to produce the 

following predictive equation:  

𝑃 = !(!.!"!!!.!!!!!!!.!""!!!!.!!"!!)

!!!(!.!"!!!.!!!!!!!.!""!!!!.!!"!!)
                          (Equation 6) 

where X1 is rock integrity, X2 is strike-flow ratio, and X3 is confinement ratio. Equation 6 was 

used to determine the likelihood of locations of shoaled and non-shoaled sites. The predictive 
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equation generated by Model 1 (Equation 6) predicted 60% of the shoaled sites in the validation 

dataset correctly and 40% of the non-shoaled sites correctly (Figure 9). Sites 2 and 7 were not 

correctly classified as “shoaled” with their probabilities being between 35% and 65%, and Sites 

1 and 10 were incorrectly classified as “non-shoaled” with given probabilities of being shoaled 

<35%. Sites 12, 14, and 15 were not correctly classified as “non-shoaled,” with their 

probabilities being >35%.  Sites 12 and 15 were incorrectly classified as “shoaled,” both with 

probabilities of being non-shoaled >65%. 

 
Figure 11. The results of the Model 1 from the validation dataset. Darker line is boundary for 
shoal probability (65%) and lighter line is boundary for non-shoal probability (35%). Data points 
with labels are showing which classification it is in.  
 
 The β values produced by Model 3 for each of the model’s independent variables (Table 9) were  

inserted into Equation 5 to produce the following predictive:  

𝑃 = !(.!"#!!.!"#!!!.!"!!!)

!!!(.!"#!!.!"#!!!.!"#!!)
                                          (Equation 7) 

where X1 is confinement ratio and X2 is unit stream power. Equation 7 was used to classify sites 

included in the validation dataset as “shoaled” and “non-shoaled.” The predictive equation 
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derived from Model 3 predicted 80% of the shoaled sites correctly and 60% of the non-shoaled 

sites correctly (Figure 10). Sites 1 and 10 were incorrectly classified as “non-shoaled,” both 

given probabilities of being shoaled <35%. Sites 14 and 15 were not correctly classified as “non-

shoaled,” with their probabilities being between 35% and 65%. 

 
Figure 12. The results of the Model 3 from the validation dataset. Darker line is boundary for 
shoal probability (65%) and lighter line is boundary for non-shoal probability (35%). Data points 
with labels are showing which classification it is in.  
 

Both Models 1 and 3 reliably classified shoaled sites but struggled to correctly classify non-

shoaled sites for the model validation dataset. Model 3 was the better predictive model overall 

given the following: 1) Model 3 correctly classified 73.3% of the total validation dataset, while 

Model 1 only correctly classified 53.3% of the validation dataset; 2) Model 3 correctly classified 

more of the non-shoaled sites that Model 1 – 60% as opposed to 40%; and 3) Model 3 did not 

classify any of the non-shoaled sites as being “shoaled”, which was the case for Model 1.  
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6.0 Discussion 

The Mann-Whitney U test used to examine differences between shoaled and non-shoaled sites 

showed that the confinement ratio and channel width differed to a statistically significant level 

between these two contrasting channel morphologies. Results of logistic regression analyses 

suggested that location of shoaled and non-shoaled reaches in the Flint River are mostly 

controlled by spatial variability in confinement ratio and unit stream power as these were found 

to be the most reliable variables for classifying/predicting whether a site in the study segment 

was shoaled or non-shoaled. The results of the logistic regression analysis were supported by the 

results from the Mann-Whitney U test given that confinement ratio was a statistically significant 

variable in both analyses and channel width, which is one of the most spatially variable channel 

morphology metrics (Hack, 1957; Montgomery and Gran, 2001; Moody and Troutman, 2002; 

Snyder et al., 2003; Tomkin et al., 2003; van der Beek and Bishop, 2003; Whipple, 2004), used 

to determine unit stream power.  

 

Although confinement ratio and unit stream power created a reliable predictive model for 

bedrock shoals, there were 2 shoaled and 2 non-shoaled sites in the validation dataset that were 

incorrectly classified. Sites 1 and 10 were incorrectly classified as “non-shoaled” because they 

both exhibit larger valley widths that would be expected for shoaled channels. Their larger valley 

widths resulted in larger confinement ratios that were more akin to non-shoaled locations, which 

had an average confinement value of 6.21. For Site 1, a larger valley width was recorded for this 
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location because it is located immediately downstream of a tributary confluence, and this meant 

that the 100-year flood boundary included part of the tributary’s valley as well as that of the 

main channel. The reasons for a wider valley occurring at Site 10 are less apparent. It is located 

on the downstream side of a bend in the river. On the inside bank of the bend, the elevation 

change from the left channel bank to the valley wall seems very gradual from aerial imagery 

which allows the valley boundary to be much wider on that side of the channel. Site 14 was not 

correctly classified as “non-shoaled” because it had lower unit stream power than is typical for 

non-shoaled locations, which was likely caused by a very low slope recorded for this channel 

reach. The average slope value for the non-shoaled reaches was roughly 0.00157, and the slope 

for Site 14 was 0.00001. The cause for the lower slope at Site 14 is difficult to pinpoint. The low 

slope could be caused by localized channel aggradation as Site 14 is located immediately 

upstream of a river bend where the channel widens and splits into a mid-channel island. Site 15 

was also not classified correctly as a “non-shoaled site”; however, it was because this location 

contained a smaller confinement ratio than expected for a non-shoaled site. Even though Site 15 

is along a river bend similar to Site 10, the inside of the bend contains a more abrupt change in 

elevation between the left channel bank and the valley wall, hindering the expansion of the 

valley boundary on the side of the channel.  

 

In summary, this research suggests that unit stream power and channel confinement are the best 

predictors of bedrock shoal occurrence in the Flint River. This differs from a previous attempt to 

identify system-scale factors controlling the spatial occurrence of bedrock shoals, most notably 

the work completed in the Cahaba River of Alabama (Bishop, 2013) that utilized the same 



 

41 
 

techniques but found that rock integrity and strike-flow ratio were the best predictors of bedrock 

shoal occurrence.  

 

6.1 Why do lithologic and structural controls not control in bedrock shoal occurrence in the 

Flint River?  

Past researchers have found bedrock shoals and similar morphologies to form as a result of the 

presence of resistant bedrock, commonly sandstone, oriented perpendicular to stream flow, and 

large pools to form in less resistant lithologies that are oriented more parallel to flow (Mink and 

Winstanley, 1978; Goode and Wohl, 2010; Bishop 2013). The lithologic properties of the 

underlying geology influence the channel bed resistance, which controls the distribution of pools 

by creating less resistant areas that could be easily scoured (Wohl and Legleiter, 2003).  The 

upper Flint River has bedrock composed predominately of gneiss, followed by granite, quartzite, 

and schist (Figure 7). Initially, there appears to be an association between shoaled reaches and 

rock types when analyzing the distribution of sites within each lithologic category. Quartzite, the 

most resistant rock type of the geologic units occurring in the Flint River, contained the highest 

number of shoaled sites and the fewest non-shoaled sites. Most non-shoaled sites occurred in 

gneiss, which had the second lowest resistance according to the GSI scale. Schist contained the 

least amount of shoaled and non-shoaled sites, probably because of the small overall area of the 

study segment comprised of schist in comparison to the rest of the units. The Mann-Whitney U 

test, however, did not yield a statistically significant association between shoaled status and rock 

lithology or for rock integrity. 
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Results of the logistic regression analysis did not reveal rock integrity to be a significant 

predictor of bedrock shoal occurrence along the Flint River. Models 1 and 2 both produced p-

values > 0.05 for rock integrity, as well as confidence intervals for the OR covering the value of 

1, suggesting that rock integrity is not a significant predictor. No significant difference between 

shoaled and non-shoaled sites existed when analyzing the average rock integrities of the 

composition groups. Specifically, the individual GSI average values for each lithology do not 

demonstrate much variation between the granite, quartzite, and gneiss. Most of the geologic units 

have GSI averages from 50-65, with only two units outside of that range, indicating there is not 

much change in resistance from one unit to the other. This homogeneity of bedrock lithological 

resistance between shoaled and non-shoaled sites likely explains why rock lithology is not a 

significant controlling variable for the occurrence of bedrock shoals along the Flint River.  

 

The strike and dip of the underlying channel geology are a direct function of the deformation that 

occurred nearly 365 million years ago (Hooper and Hatcher, 1988). These events folded and 

faulted the geology into its current state, and the river flows along its path controlled by the 

underlying geology in the previous research on the Cahaba and Ocoee rivers (Mink and 

Winstanley, 1978; Goode and Wohl, 2010; Bishop, 2013). However, in these studies, the 

influence of the geologic unit’s dip angle on the occurrence of bedrock shoals or similar channel 

morphology has not been previously evaluated, only the azimuthal orientation. In the Flint River, 

the strike and dip orientation of the underlying geology did not have a significant effect on the 

occurrence of bedrock shoals in the channel.  
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In previous studies, the underlying geology was predominately sedimentary or meta-sedimentary 

rock, where strike is measured from the original or metamorphosed bedding planes. These 

bedding planes consist of the most significant surface in sedimentary rocks that separates each 

successive depositional layer and can be easily identified in the field because to differences in 

mineralogy and texture between planes (Bates and Jackson, 1984; Singhal and Gupta, 2010).  

Unlike the Cahaba and the Ocoee, the Flint River flows over igneous and metamorphic rocks. 

The metamorphic rocks contain visible foliation planes that are aligned perpendicular to the 

stress that this region encountered during deformation. Some of the metamorphic rocks, 

specifically the meta-sedimentary quartzite, contain metamorphosed bedding planes along with 

foliations that are aligned parallel with the original bedding planes (Hewett and Crickmay, 

1937). The igneous rocks, however, do not contain original bedding planes before deformation 

because of their intrusive origin. Some of the igneous units, such as the Jeff Davis granite and 

the charnockite series, intruded the region before deformation and contain foliation planes that 

also trend perpendicular to the stress that this region encountered during deformation. The 

geological data and field analysis, however, showed no foliation planes within the Snelson 

granite. For this specific unit, the strike and dip measurement came from the general trend of the 

fractures visible on the surface of the unit and the angle at which they took place. Although the 

meta-sedimentary rock measurements came from metamorphosed bedding planes, the 

measurements for strike and dip in the other metamorphic rocks and all of the igneous units came 

from foliation planes or fracture trends. Because dip measurements were difficult to obtain in the 

Flint River owing to the igneous and metamorphic geologies and rock dip not being tested as part 

of the development of the Cahaba Model by Bishop (2013), further research should be done to 

determine controls of bedrock shoal occurrence in fluvial systems, particularly in systems 
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underlain by sedimentary units, to determine whether rock dip is a significant variable to the 

occurrence of bedrock shoals in fluvial systems 

 

Another difference between the Cahaba River and the Flint River that may account for the lack 

of statistical significance of the strike-flow ratio relates to structural differences in folds that 

occur within the river’s valleys. The type of folding in a region can affect groundwater flow, 

depending on the dip directions of the folds (Singhal and Gutpa, 2010). Specifically for 

anticlines, tensional stresses are higher at the crest of the fold, which causes open tensile 

fractures to form, that may increase groundwater flow (Singhal and Gutpa, 2010). The Flint 

River flows through a convex fold, or an anticline, along with two major faults (Figure 4). The 

Cahaba River also flows over some major faults; however, it flows through a concave fold, or a 

syncline. This difference may have produced more tensile fractures where the Flint River flows, 

allowing for less channel bed resistance and more bed erosion.  

 

6.2 Why are channel confinement and unit stream power the main controls of bedrock shoal 

occurrence in the Flint River?  

In the Flint River, areas where the channel is less confined with lower unit stream power have a 

greater probability of forming a bedrock shoal with the converse being true in areas with greater 

channel confinement and greater unit stream power. Confinement ratio and unit stream power 

shape the channel bed and overall channel morphology in bedrock and mixed-bed streams (Wohl 

and Legleiter, 2003; Wohl and Merritt, 2008; White et al., 2010). Bedrock outcrops and lateral 

constrictions can cause an intense increase in secondary circulation that results in scoured pools 

(Lisle, 1986), and the size of pools within the channel are controlled by the type and strength of 
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jets produced at channel constrictions (Kieffer, 1985; Lisle and Hilton, 1992; Schmidt et al., 

1993). Wohl and Legleiter (2003) found that higher degrees of lateral constriction influenced the 

individual pool geometry within the North Fork Poudre River by localizing flow separation, 

which enhances scouring on the channel bed. These observations of pooling and scour in 

association with channel constrictions support this research’s finding that greater channel 

confinement decreases the likelihood of bedrock shoal occurrence. Yanites et al. (2010) 

suggested the magnitude of hydraulic metrics, such as unit stream power and boundary shear 

stress, is a function of two morphological parameters, river slope and channel width, which 

controls the rate potential energy is lost through dissipation. Higher values of unit stream power 

and shear stress, therefore, translate to active channel modification and deeper channel incision 

(Wohl, 1993; Yanites et al., 2010). For the Flint River, areas of active channel modification 

related to the channel reaches that were less likely to form bedrock shoals because of the more 

dominant erosional process, i.e. higher stream power, in those areas. 

 

6.3 Implications for Dynamic Equilibrium 

Traditional, dynamic equilibrium in fluvial systems results from a balance between driving and 

resisting forces, leading to a condition of stability (Gilbert, 1877; Hack, 1960; Howard, 1988) 

However, recently the basic concept of dynamic equilibrium is being questioned (Phillips, 

1992a). The extent to which equilibrium within a fluvial system is achievable can be limited by 

the proposed existence of multiple equilibria (Phillips 1992b; Scheidegger, 1992; Trofimov and 

Phillips, 1992), as well as the recognition of nonlinear and threshold relationships (Ijjasz-

Vasquez et al., 1992; Magilligan, 1992; Mayer, 1992; Phillips, 1992b; Sherman, 1992; Simon, 

1992), feedback mechanisms (Bonneau and Snow, 1992; Patton and Horne, 1992; Simon, 1992), 
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and spatial and temporal variations (Sherman, 1992; Sklar and Dietrich, 2001). The difference in 

controlling variables of bedrock shoal occurrence identified for the Flint and the Cahaba Rivers 

highlight some of the inadequacies of a simplistic interpretation of dynamic equilibrium. For the 

Cahaba River, the resisting forces, strike-flow ratio and rock integrity, were the best predictors of 

the changes in channel morphology and the occurrence of bedrock shoals because of the 

heterogeneity of the underlying geology (Bishop, 2013). However, in the Flint River, these 

variables did not control the formation of bedrock shoals. Because there were no significant 

differences in the resistance of the underlying rocks in the Flint River between the shoaled and 

non-shoaled sites, perhaps the resisting framework of the Flint River is less important than in the 

Cahaba River. These differences between systems provide support for a more complex 

interpretation of dynamic equilibrium. Schumm and Lichty (1965) expand on this more complex 

interpretation by defining dynamic equilibrium as being confined by spatial and temporal 

variations and can exist during short spans of geologic time. These variations allow for 

fluctuations within the system because the independent and dependent variables are constantly 

adjusting between elements of that system. 

 

Sediment supply and grain size may be complicating bedrock shoal occurrence in the Flint River. 

One common assumption in river incision is that channel incision occurs proportionally to 

stream power (Seidl and Dietrich, 1992; Sklar and Dietrich, 1992); however, some studies 

suggest that the stream power model may oversimplify river incision because it cannot explain 

observed variations in incision rates within some systems (Stock and Montgomery, 1999). 

Sediment supply and grain size can control the rate of incision into bedrock exposures in the 

channel by providing tools for abrasion of exposed rock at low sediment supply but also by 
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forming an alluvial cover that may blanket and protect the exposure from erosion at high 

supplies (Gilbert, 1877; Sklar and Dietrich, 1998; Sklar and Dietrich, 2001). These sediment 

supply influences are too complex to be described through linear relationships, and as such, these 

influences remain a source of complication when using a stream power approach (Slingerland et 

al., 1997; Sklar and Dietrich, 1998). Sediment supply effects on bedrock channel incision rates 

explain some of the challenges encountered in this study in applying unit stream power to predict 

bedrock shoal occurrence. Another source of error may be the inaccuracies in the databases used 

for calculations instead of field measurements at each site.  
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7.0 Conclusions 

Of the variables analyzed in this research, confinement ratio and unit stream power were the two 

most significant predictors of bedrock shoal occurrence of the variables tested on the Flint River. 

This did not support the findings of Bishop (2013), and the difference is most likely linked to the 

underlying geology and structure and whether the driving factors or resisting factors have more 

influence at a given time in the system being analyzed. Bishop (2013) found rock integrity and 

strike-flow ratio to be strong predictors in the Cahaba River that flows through heterogeneously 

resistant sedimentary rocks, whereas, the Flint River flows over metamorphic and igneous 

geology that have a more homogenously resistance. Even though the Cahaba and the Flint River 

bedrock systems are visually similar, the factors that influence the occurrence of bedrock shoals 

in each system differ. Hydraulic driving forces have a greater influence in determining bedrock 

shoal occurrence in the more uniformly resistant geology of the Flint River, while resisting 

framework factors of lithological and rock structural factors control bedrock shoal occurrence in 

the Cahaba River where there is more variety in geological resistance. These results provide 

empirical evidence in support of assertions made by previous researchers that the traditional 

dynamic equilibrium framework used to understand fluvial systems is too simplistic, and that a 

more complex interpretation that factors spatial and temporal variations is a better fit for 

understanding fluvial systems.  

 



 

49 
 

The outputs of all three models in SPSS show that confinement ratio and unit stream power, 

while strong predictors, did not explain a large amount of the variance in the Flint River. The 

significance of these two variables as good predictive variables helps provide a better 

understanding of the factors that influence bedrock shoal formation and distribution, especially 

in a system with a more homogenously resistant substrate. Finding the best overall predictive 

variable or variables through further research on new variables or more in depth research of 

current variables will give even more insight into the occurrence of bedrock shoals in systems 

where driving forces have more influence on channel morphology than the resisting forces of the 

system. This information is essential given the importance of the shoals to aquatic habitats by 

providing useful information for habitat conservation and give aid in preserving water quality.   
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