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ABSTRACT 

There is a growing body of research that examines bedrock channels.  Despite this, 

biotic-abiotic interactions remain a topic mostly addressed in alluvial systems. This research 

seeks to identify patch-scale hydro-geomorphic factors operating at the patch-scale in bedrock 

shoals of the Cahaba River (AL) that help determine the distribution of the emergent aquatic 

macrophyte, Justicia americana. 

Macrophyte patch density (number of stems/m
2
) and percent bedrock void surface area 

(rock surface area/m
2
 occupied by joints, fractures, and potholes) were measured (n = 24) using 

stem counts and underwater photography, respectively.  One-dimensional hydrologic modeling 

(HEC-RAS 4.1.0) was completed for one cross-section within a shoal to examine whether 

velocity and channel depth are controlling variables for macrophyte patch density.  A Pearson’s 

Correlation test between bedrock surface void area and stem density demonstrated a statistically 

significant positive correlation (r=.665, p=0.01).  Results of an independent t-test  between the 

velocity and depth model outputs for within and outside plant patches  showed a significant 

difference in average velocity (p =0.011) and depth (p = 0.001) between the two types of 

locations across discharges, ranging from 7 m
3
/sec to 226 m

3
/sec.These results suggest that the 

amount of void space present in bedrock surfaces and localized depth and velocity help control 

the macrophyte patch density, and by extension, the distribution of macrophytes in bedrock shoal 

complexes.  The utility of geomorphology in explaining patch-scale habitat heterogeneity in this 

study demonstrates potential to use geomorphology to explain macrophyte habitat heterogeneity 

at reach and system-scales and highlights the need for more research that helps understand 

biotic-abiotic interactions in bedrock fluvial systems. 
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1.0 Introduction 

Bedrock shoals exist through the Southeastern United States but have prompted little 

geomorphological research.  Extending in size to 19,000 m² in some places these large bedrock 

morphologic structures can sustain dense communities of emerged and submerged macrophytes 

as, well as a diverse number of fish, snail, mussel, and crayfish species.  Many studies have 

demonstrated the ecological complexity of bedrock shoal habitats (Onorato et al. 2000; El-

Kaddah and Carey 2004; Bennett et al. 2010; Graves et al. 2011).  In comparison, the processes 

determining bedrock shoal occurrence are much less studied (Duncan 2011; Bishop 2013). 

Previous studies have shown how physical processes help control emergent macrophyte 

distribution and occurrence (Riis and Biggs 2003) and some studies have demonstrated how 

emergent aquatic macrophytes create feedbacks and modify their habitats in alluvial systems 

(Franklin 2008).  In the Cahaba River in Central Alabama ( U.S.A.), these bedrock shoal 

complexes span 120 km and extend as much as 160 m across the channel (Bishop 2013).  These 

particular bedrock shoals have dense patches of an emergent aquatic macrophyte, Justicia 

americana (L.) Vahl, growing across the surface of the bedrock shoals.  In addition to acting as a 

refuge for fishes, mussels, and snails the dense J. americana patches provide another ecosystem 

service by facilitating microbes that contribute to denitrification (anaerobic respiration 

converting nitrate to N2(g)) of anthropogenically introduced inorganic nitrogen (Tatariw et al 

2013). 

With little known about what controls the density and distribution of emergent 

macrophytes in bedrock systems and the fact that these macrophytes in bedrock systems can 

provide important ecosystems services, there are compelling reasons to investigate and better 
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understand biotic-abiotic interaction in shoal complexes.  This study seeks to understand what 

hydrogeomorphic properties control the density and occurrence of the emergent macrophyte J. 

americana in the Cahaba River of Alabama, and in doing so illuminate the processes that couple 

abiotic- and biotic systems in bedrock river channels. 

1.1 Channel Morphologies and Processes Specific to Bedrock channels 

Historically, research in fluvial systems has been dominated by studies in alluvial 

systems with less of a focus on bedrock systems (Tinkler and Wohl 1998).  As a result, many of 

the empirical relationships established for sediment transport, channel geometry, and flow 

dynamics in fluvial systems were derived from studies first carried out in alluvial systems.   This 

is due, in part, to the accessibility of lowland, alluvial channels, as well as the shorter temporal 

scale at which processes operate in alluvial channels (Wohl and Merritt 2001). However, over 

the past two decades there has been a growing interest in bedrock channel processes and form. 

Bedrock channel processes and form differ fundamentally from alluvial channels, and it 

is important to recognize that the established laws and models that govern processes and form in 

alluvial channels may not hold true in bedrock channels (Wohl and Merrit 2001).   Therefore, 

there is a need for improved understanding of bedrock channel processes and systems (Whipple 

et al. 2000).  Sklar and Dietrich (1998; 2001) provide excellent examples of just how different 

bedrock channel processes can be to those observed in alluvial systems.  They challenged a long-

standing assumption (Howard 1994) that incision and weathering in bedrock channels was 

proportional to stream power and found that sediment load and grain size characteristics also 

greatly influence channel incision and weathering in bedrock streams by: 1) limiting incision at 

low sediment loads, which results in less abrasion, and 2) limiting weathering rates at higher 
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sediment loads, which partially bury bedrock beneath transient sediment deposits (Sklar and 

Dietrich 2001).  Furthermore, they found that the grain size distribution of sediment was the 

main control of bedrock incision rates, with intermediate grain sizes particles being the main 

agents of weathering.  The importance of sediment load to determining channel incision and 

weathering rates in bedrock systems was first proposed by Gilbert  (1887)  in his report on the 

geology of the Henry Mountains, but Sklar and Dietrich (2001) are among a very small group to 

have empirically tested this relationship, helping to identify some of the specific process 

differences that exist between bedrock and alluvial channel processes. 

There are a variety of bedforms that can occur in bedrock channels due to erosional 

processes. Among these are bedrock outcroppings that form localized shallowing of water depths 

with ranging morphologies resulting in their being given different names,  including waterfalls 

(Crosby and Whipple 2006), cascades (Montgomery and Buffington 1997), steps (Chin 1989), 

bedrock ribs (Wohl 1992),  and bedrock shoals (Marcinek et al. 2003).   Cascades are bedforms 

where flow spills over large boulders in a sequences of steps with particle diameter 0.2-1 meters 

high that are divided by lower flow pools >1 channel width apart (Montgomery and Buffington 

1997).  Cascades can be divided into two groups: boulder cascades and bedrock cascades.  In the 

case of bedrock cascades water flows directly over a bedrock channel bed and usually transverse 

the channel (Grant et al. 1990). 

Long thought to be similar to pool-riffle sequences, step-pool sequences constitute a large 

portion of channel morphology in mountain rivers and streams (Graff 1988).   Since mountain 

watersheds are important sources of sediment and water, understanding how step-pool 

morphology function is useful in understanding mountain watershed function as a whole.  Step-

pool sequences commonly occur in mountain streams and headwater streams with steep 
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gradients and coarse sediment loads.  These bedforms are thought to be self-organizing features 

(Chin and Phillips 2007).  Steps and pools alternate producing a sequence of bedforms that 

longitudinally bear a resemblance to a staircase, with steps usually being comprised of cobbles 

and boulders that transverse the channel (Chin 1989).  However, they can be formed from 

bedrock, in which case their occurrence is thought to be controlled by lithology (Newson and 

Harrison 1978). Spacing between pools in step-pool sequences is generally between one and four 

channel lengths (Montgomery and Buffington 1997).  Since these features do transverse the 

channel they play a dominant role in creating hydraulic resistance and energy dissipation of 

downstream flow, as well as function as areas of sediment retention (Chin 1989).   Flow tumbles 

over steps and into pools, and this results in elevation loss and velocity reductions.  Although, 

velocity differences between steps and pools are much less important than elevation loss in 

contributing to energy dissipation (Wilcox et al. 2011).   Step-pool sequences can also counteract 

steep slopes, and in doing so, prevent excessive bank erosion and channel incision (Chin and 

Wohl 2005). 

In comparison to the bed morphologies previously described, bedrock ribs and shoals 

have received the least amount of attention from geomorphologists for reasons that remain 

unclear since they are fairly common in bedrock rivers of the eastern U.S. and are prized for the 

ecosystem services they provide (Marcinek et al. 2003).  Goode and Wohl (2010) studied 

bedrock ribs in a river located in the eastern U.S., hypothesizing that their occurrence is 

controlled by abrasional forces and that they limit both bedrock channel incision and equilibrium 

slope. The main objective of the study however, was to observe their interactions with sediment 

transport.  They found that transport distance of coarse-grained sediment was significantly 

altered by the occurrence of bedrock ribs. Despite the fact that it is known that bedrock ribs are 
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significant to the geomorphic function of rivers in which they occur, little remains known about 

what determines their location in river channels.  For example, the parameters that determine the 

rate at which these landforms can be worn down by abrasional processes has yet to be 

determined (Whipple et al. 2000). Although the formation of shoals has been studied in estuary 

systems (Marshall 1967; Himba 2003), and in alluvial systems to some degree (Kennon 2007), 

much less is known about bedrock shoals.  In fact, the basic terminology used to describe these 

features is unclear given that bedrock shoals and ribs have many similarities.  Previously, fluvial 

shoals have been defined as wide, shallow sections of channel with beds composed of cobbles 

and boulders as points where channel depth decreases downstream (Diehl 2000), and their 

formation has been ascribed to channel aggradation that occurs as a result of sediment input at 

tributary confluences (Duncan 2008).  These shoals are defined as points where channel depth 

decreases downstream (Diehl 2000).  Other than the research on bedrock ribs and other bedrock 

channel features, little information exists to help explain their development. 

1.2 Biotic-Abiotic Interactions 

Biogeomorphologic studies examining interactions between biologic systems and 

geomorphological systems have gained interest over the last two decades through the emergence 

of the field of biogeomorphology.  Biogeomorphology focuses on two-way linkages between 

biological and geomorphological processes (Viles 1988).    A core area of interest in 

biogeomorphology has been the idea of bioprotection.  Bioprotection is the process by which 

plants, animals, and microorganisms interact with sediment and rock surfaces and, by doing so, 

encourage deposition, accelerate consolidation, and reduce erosion (Naylor 2002).   Vegetation 

can increase soil strength and cohesiveness by adding to the tensile strength through increased 

spatial density of roots. This increase in strength is attributed to roots in the upper 50 cm of the 
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soil (Simon 2002).  Vegetation growing on the toe of river banks can obstruct and deflect 

channel flow and in doing so, reduce flow velocities on the channel margins (Pollen-Bankhead 

and Simon 2010) resulting in vegetated banks being more stable and resistant to bank failure 

than those devoid of vegetation (Hubble et al. 2010).  Riparian and flood plain vegetation can 

also reduce erosion and promote deposition by reducing near bed velocities (Rominger et al 

2010).   Stems and rhizomes in aquatic macrophyte stands are known to reduce flow velocity 

within the patches and potentially increase the deposition of sediment in the patches (Sand-

Jensen and Mebus 1996; Sand-Jensen 1999). 

Feedbacks between organisms and geomorphic systems have been well documented in 

terrestrial systems and to a lesser degree in fluvial systems.  The relationships and feedbacks 

between biotic and abiotic systems in terrestrial systems can give some insight into similar 

interactions occurring in fluvial settings.  Organisms are known to affect weathering in terrestrial 

systems.  Lichens have been shown to accelerate weathering rates through both physical and 

chemical processes (Chen and Blume 2002).  Lichens can physically weather rocks by 

penetrations of hyphae through inter-granular voids.  In alpine and artic climates, this can 

accelerate weathering rates by accelerating frost wedging (Chen et al. 2000).   Two species of 

snails in the Negev Desert Highland of Israel have been found to be actively weathering 

limestone (Shachak et al. 1987).  By feeding on endolithic lichen on the limestone, the radula of 

the snails grinds the rock surface, significantly increasing weathering rates. 

Aquatic macrophytes are an integral part of unshaded riverine ecosystems but little is 

known of the controls on their presence, abundance, density, and composition (Riis and Biggs 

2003).  Research on macrophyte community dynamics has received much attention in lacustrine 

systems but less attention in lotic systems.  Research on lacustrine systems has focused on light 
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availability, nutrient status, and interspecific competition as the controlling factors for 

macrophyte distribution (Barko et al. 1982; Sand-Jensen 1989).  However, in river systems it is 

argued that influence of water velocity carries more importance than the previously mentioned 

controls (Haslam 1978; Franklin et al 2008).  Assuming the propagules availability, it has been 

proposed that discharge and velocity may entirely determine the species present in a macrophyte 

habitats (Riis and Biggs 2001). Alternatively, others (Chambers et al 1991; Franklin et al. 1998) 

have proposed that velocity alone could be the main controlling factor in macrophyte distribution 

and species composition in fluvial settings (Chambers et al 1991; Franklin et al 1998). 

Riis and Biggs (2003) examined hydrologic and hydraulic controls of macrophyte 

establishment and performance in a lowland New Zealand stream and found that significant 

macrophyte development is restricted to streams with less than an average of 13 flood events per 

year, seven of which were below the median flow because of a strong interaction between 

disturbance frequency and macrophyte biomass.  Riis and Biggs (2003) speculated that long 

periods between floods may be required to reach the maximum possible biomass of macrophytes 

for a given system, and that biomass loss through stem breakage was minimal during flows of 

~1.5 m/s², suggesting that resistance to stem breakage is not a viable proxy for disturbance 

resistance because flows high enough to break stems would likely uproot macrophytes.   A 

relationship between mean water velocity and macrophyte coverage was found to peak between 

0.3 and 0.5 m/s².  Wilcox et al. (1999) found that some macrophyte species could persist in flows 

of up to 2.6 m/s², and once established reach-scale velocities, as opposed to infrequent high flow 

events, are the dominant control of local biomass and patch size.  Some macrophytes have 

optimized their morphological and physiological characteristics to out compete other species to 

dominate habitats at specific ranges of velocities.  Species that exist in frequently disturbed 
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environments would be expected to be more resilient to flows that would scour another species 

(Riss and Biggs 2003).  As with lacustrine systems light availability, does play a part in 

controlling the distribution and abundance of macrophyte communities (Sand-Jensen 1989) as 

well does interspecies competition, especially in lowland streams with low velocities that allow 

epiphytic algae to colonize the channel bed and macrophyte leaf surfaces (Wilby et al. 1998). 

Emergent macrophytes have been shown to create local variations in velocity (Sand-

Jensen 1998) and can even slow water movement on a reach-scale (Gurnell et al. 2006).  This 

can create subtle conditions for sediment deposition within plant patches.  Watson (1987) 

examined the feedback of vegetation growth and the hydraulic properties of a stream.  From the 

results of his study he proposed a conceptual model where the Manning coefficient is influenced 

by the amount of plant growth in a river.  With changes in the Manning’s coefficient, the 

discharge and velocity of a reach can be altered demonstrating a feedback between the plant 

community and the hydraulic properties of the river.  The Manning’s coefficient is not only 

influenced by the plant growth but also by velocity and depth.  In turn, plant growth can be 

determined by depth and velocity of a stream reach elucidating another feedback between the 

two systems (Doncker et al. 2009).  Doncker et al. (2009) showed that the Manning’s coefficient 

varied seasonally and was directly related to the amount of vegetation present in the channel.  In 

the winter where vegetation levels are low the roughness value were low, while in the late spring 

and summer when vegetation abundance are higher the roughness value was higher.  This 

research suggests that with an increase of macrophyte biomass there should be alterations to the 

velocity profile of a channel reach.  Since macrophyte density is positively correlated with 

biomass levels, it stands to reason that an increase in macrophyte density will also have 

significant impacts on hydraulic properties of channel reaches. 
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O’Hare et al (2010) sought to identify relationships between physical characteristics of 

river reaches and the amount and type of vegetation supported there by quantifying the physical 

conditions in three different scenarios representing different macrophyte-hydrogeomorphic 

interactions.  The first being when aquatic vegetation can be expected to have a significant 

hydrologic and morphological effect of its habitat. The second scenario is when macrophyte 

survival is minimal leading to no effects on hydrological or geomorphic processes, and the third 

scenario was in which aquatic macrophytes can reach high abundances that could lead to 

possible flood hazards and sedimentation.  They also present the idea that an intermediate stream 

power would be the most suitable for plant proliferation, without stresses from excess algal 

growth. 

Through a meta-analysis using an aggregate of existing data sets of macrophyte 

abundance, channel geometry, water chemistry, and flow, O’Hare et al. 2010 analyzed 

relationships between the abundance of hydraulically active plants and variables describing their 

physical environment.  Plant abundance and morphology varied with changes in slope, altitude, 

substrate size, and stream power.  Stream power was a strong control on plant growth and 

abundance.  Areas with low stream power were associated with higher nutrient and alkalinity 

levels and finer substrates.  These areas were more suitable for a wider range of species to 

inhabit.  However, these areas also had a higher level of algal growth.  O’Hare et al. (2010) also 

present a conceptual model based on their findings that demonstrates that physical variables 

(such as stream power) to predict channel locations with potential for channel alteration by plant 

presence. 
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1.3 Issues of Scale in Eco-geomorphic Studies 

There are known problems when scaling-up biologic processes (Viles 2001).  When 

controlling factors operate at different spatial scales it becomes difficult to separate the relative 

contributions of each factor (Borcard et al. 1992).   The fact that processes can be relevant or 

irrelevant depending on spatial and temporal scales has been an issue for geomorphologists 

across a multitude of specialties, including fluvial geomorphology (Corenbilt et al 2007), aeolian 

geomorphology (Sherman 1995), and weathering geomorphology (Viles 2001).  All geomorphic 

systems consist of coupled sub-systems and these subsystems operate on various spatial scales 

(Phillips 2010).  It is difficult to determine whether any process observed at a specific scale will 

operate similarly at a different spatial scale (Phillips 2005a).   Methodologies useful for 

describing a landform or process on one scale may not seamlessly be applied on a different scale.   

For example, formations of fractures in a rock surface can occur at a millimeter scale as well as 

at a meter scale, but the process that forms the fracture on the formation in each case can differ 

(Viles 2001). 

A number of studies examined different processes that led to the formation of the same 

morphology.  Folk et al. (1973) suggested that large karst formations in the Cayman Islands were 

the result of cyanobacteria boring into the rock surface.  The cyanobacteria were found to create 

boreholes only 10 μm in diameter but were responsible for the formation of limestone pinnacles 

on the meter scale.  Jones (1989) did further work showing intense boring activity on limestone 

surfaces to back up the hypothesis put forth by Folk et al. (1973).  However, Spencer (1981) 

suggested that disintegration from solution, not microbial activity, was the dominant weathering 

agent on these landforms and discovered millimeter sized pits on the limestone surface from 

solution.  While both processes were acting to weather the limestone surface at different scales, 
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neither could uniquely describe the formation of the limestone pinnacles (Viles and Spencer 

1986).  The boreholes from microorganisms were unrelated to the small pits formed by chemical 

weathering on the rock surface.  Viles and Spencer (1986) suggested that these pinnacles are the 

result of meter-scale variations related to fluctuations in groundwater levels and local jointing 

patterns, demonstrating the importance of understanding the limitation of scaling-up processes in 

studies involving a biotic component. 

This is not to say that processes operating on a patch scale can never be used to explain a 

landform or even the evolution of a landscape at a watershed scale.  Explanations crossing 

multiple scales require changes to the processes and controls involved that occur at different 

scales can be accounted for using a hierarchical model that has micro-scale processes embedded 

within in the model, along with other factors would be useful to addressing scaling complexities 

(Pope 1995, Phillips 1999). 

1.4 Summary 

Franklin et al. (2008) noted that there is little mention in the body of biogeomorphic 

literature of the nature of feedbacks between macrophyte growth and velocity as the focus has 

been split by competing interests between ecologists and geomorphologists. Ecologists focus on 

how discharge and velocity affect plant growth, and geomorphologists focusing on how the 

plants affect water depth and velocity.  The interaction between the two is lost by differing 

disciplinary interests.  An interdisciplinary approach is the best way forward into better 

understanding feedbacks between the physical and biologic aspects of this interaction.  To 

successfully implement the best management practices in lotic ecosystems the ability to predict 

macrophyte occurrence, abundance, diversity, density, and composition is vital.  While 
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controlling factors have been established for some lowland streams, they are not necessarily 

universal.  Factors that control macrophyte occurrence and density in bedrock rivers are virtually 

uninvestigated.  As a result, basic questions that answer why macrophytes are successful in one 

stream but not another, what controls patchiness, and community structure remain unanswered 

The current body of literature concerning studies of bedrock river landforms and studies 

of interactions between macrophytes and hydrogeomorphic properties in alluvial rivers is robust.  

However, there is a distinct lack of studies that synthesize these two disciplines.  The 

overarching objective of this research is identify the patch-scale hydrogeomorphic characteristics 

and process that link geomorphology to river ecology in a bedrock channel, to determine if 

linkages help explain spatial variability in the density and distribution of emergent aquatic 

macrophytes. 

 

1.5 Research Objectives and Hypotheses 

The overall objective of this project was to determine what hydro-geomorphic factors influence 

the distribution and density of the emergent aquatic macrophyte J. americana. Therefore, the 

following hypotheses were tested: 

H1:  Areas on bedrock shoal structures with greater void spaces in the form of potholes, 

fractures, and joints will correlate to higher densities of emergent plant stems.  Voids on the 

bedrock shoal surface will provide anchoring sites for J. americana. 
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H2: Justicia Americana will be more likely to exist in areas of lower local velocity and depth on 

the bedrock shoal structures as J. americana could be limited by light at greater depths and 

potentially be uprooted at higher velocities. 

 

 

 

 

 

Figure 1.1: These graphs represent of hypothesized 

relationships between stem density and void space 

and plant occurrence with controls of depth and 

velocity. 

 

 

Since J. americana is able to establish communities by rooting rhizomes directly into 

rock cavities created by fluvial erosion and weathering (Edmonds 2013) it is intuitive to assume 

that rock surfaces having more voids created by fluvial erosion and weathering will have greater 

patch densities of J. americana (Figure 1.1).  Fritz et al. (2004) showed J. americana would put 

more biomass into above ground structures when plant structures in the rhizosphere were more 

firmly rooted into the channel bed. 
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For lowland alluvial channels, it has been suggested that velocity alone may be the 

controlling factor of macrophyte distribution and community composition (Biggs 1996).  With 

local velocity varying greatly across the bedrock shoal structures, areas with lower local 

velocities may be preferential to macrophyte establishment.  Since macrophyte distribution is 

limited by light availability (Barko et al. 1982), emergent macrophytes generally colonize 

channel margins where depths are shallower.  In deeper the water, less light is available for 

emergent structures to utilize.  In the case of the bedrock shoal structures in the Cahaba River, 

the depth is fairly shallow across channel segments with shoals.  With some shading from 

riparian trees on the channel margins the center of the channel on the shoal structure is un-shaded 

with little light limitations,  however due to the discontinuous nature of the rock surface of the 

bedrock shoals, there are areas of deeper water where light limitation may come into play as a 

controlling factor. 
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2.0 Study Site 

 

The Cahaba River flows from it headwaters north of Birmingham, Alabama, U.S.A.  305 km to 

its confluence with the Alabama River near Selma, AL and has a drainage area of 4725 km² with 

land-cover consisting of 77% forest, 11% agricultural, and 2% urbanized (Figure 2.3) (Ward et 

al. 2005).  Unlike many other rivers composing the Mobile Watershed, the Cahaba is unregulated 

with no impoundments on the main channel, though there are a number of small impoundments 

on its tributaries.  Since the headwaters of the Cahaba River drain the most populated portion of 

the state, there are significant impacts from human inputs (ADEM 2006). Also, segments of the 

Cahaba River have been placed on the EPA 303d list of impaired waterways with impairments 

including siltation, organic matter enrichment, and heightened nutrient concentrations (ADEM 

2006).  The anthropogenic effects of urbanized areas upstream of the Cahaba Shoals are a 

potential threat to the ecosystem services provided by the Cahaba Shoals including incredible 

biodiversity and cultural significance (a Cahaba Lily Festival is every spring for people to come 

view the largest known population of the Cahaba Lily when flowering) (Graves et al. 2011). 

The Cahaba River flows through the Ridge and Valley (Upper Cahaba) and Coastal Plain (Lower 

Cahaba) physiographic provinces with the Fall Line dividing the two.  The reach of the Cahaba 

flowing through the Fall Line has been called Lily Shoals (Van Der Schalie 1938) in the past but 

is usually referred to as the Cahaba Shoals by locals and is where this study took place.  In 

general shoals are characterized by any shallowing of river channel depth, but in the Cahaba, 

these shoals are imitated by large, in-channel rock outcroppings mainly consisting of sandstone 

(Bishop 2013), differentiating them from the more commonly studied alluvial shoals.  These 
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bedrock shoals can range in size from 200 m
2
 to 19,000 m

2
.  The total areal extent of shoal 

structures in the study reach is 180,950 m². 

Growing on these large outcroppings are dense patches of J. americana  (American Water 

Willow), an emergent aquatic macrophyte that covers up to 41% of the bedrock shoals during 

peak growth in July (J. Edmonds unpublished data).   Also growing on these shoals are the 

Spider Shoals Lily Hymenocallis coronaria, known in Alabama as the Cahaba Lily.  The Cahaba 

Lily is noted for its five-sided white flowers and attracts visitors to see the bloom in May and 

June.  The study site is located within the Cahaba River National Wildlife Refuge in Bibb 

County (Figure 2.1), Alabama just east of West Blocton, Alabama.  Established in 2002 by the 

U.S. Fish and Wildlife Service the Refuge encompasses 1,447 ha and 5.63 km of the Cahaba 

River.  This refuge was created to conserve the distinct habitat created by the presence of the 

bedrock shoals in this reach of the Cahaba River.  It is of biological importance as it is home to a 

number of rare and endangered species such as the Cahaba shiner (Notropis cahabae), goldline 

darter (Percina aurolineata), and the oblong rocksnail. 

The Cahaba has six USGS stream gauging stations in the upper reach with the station near 

Helena, Alabama, USA being the closest to the study site.  The next gauging station is located in 

the Gulf Coastal Plain near Centerville, AL, USA.  All hydrologic information in this study is 

based off data from the Helena station.  The mean annual flood discharge on the Cahaba in the 

study segment is at 170.18 m³/s, and the two year peak flood discharge is at 241.86 m³/s.  The 

average daily discharge is at 16.54 m³/s.   The mean annual precipitation for the region is 1397 

mm (Ward et al.2005) 
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In its upper reaches in the Ridge and Valley portion the river has a bedrock channels with gravel 

and cobble substratum and steep banks.  The study site resides in a deep gorge carved by the 

river as the Cahaba flows through a transitional zone from upland (Ridge and Valley to lowland 

(Gulf Coastal Plain).  The bedrock shoals complexes occur for 120 km within the Ridge and 

Valley portion of the river and the largest shoal complex is within the river was chosen as the 

study site.  Sandstones are the most common shoal forming rock type (Bishop 2013) and these 

sandstones are from the Pottsville-Pennsylvania formation with the river transects in the Ridge 

and Valley segment.  Limestones and shales also occur in the Pottsville formation.   The Cahaba 

Coal Field is located in the eastern portion of the watershed and it has been actively mined for 

over 100 years (Bishop 2013). 

 

2.1 Justicia Americana 

Justicia Americana has a geographic range that extends from Georgia to Texas in the 

United States and north to Quebec, Canada.  Justicia americana is found in unshaded shallow 

stream habitats, such as riffles and channel margins.  It thrives in streams on higher flow and is 

never found in stagnant ponds (Penfound 1940).   Justicia americana grows with water depths of 

0.15 to 0.045 meters but can grow in wet soils and depths of up to 1.2 meters.  It generally occurs 

on gravel, sand, or silty substrates.  It can occur on steep banks and can withstand considerable 

wave action when growing on the banks of impoundment lakes (Penfound 1940). 

The morphology of J. americana includes a lateral network of adventitious rhizomes and 

erect emergent stems with light purple flowers blooming in late spring to early summer.  

Vegetative reproduction is the primary means of distribution for J. americana.  In well-
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established stands along river banks J. americana will average 111 to 244 stems per square meter 

(Penfound 1940).  Emergent stems are present from April to November, and senesce occurs prior 

to winter high flow conditions (Fritz and Feminella 2003).   In smaller tributaries where J. 

americana is present it is suggested that its occurrence may be limited by shading from larger 

riparian vegetation (Fritz et al. 2004a).  Due to its rapid rhizonmous growth with adventitious 

root that will firmly binds to channel beds, J. americana is able to tolerate high flows and 

potentially scouring floods (Fritz and Feminella 2003).  Many other emergent lotic macrophytes 

are restricted to finer substrates in slow flowing stream reaches (Haslam 1978), but J. americana 

can be present in many habitats where other potentially competitive species cannot, allowing J. 

americana to grow in dense patches. 

Justicia americana is known to be a significant habitat modifier in channels where it 

exists in large patches.  Fritz and Feminella (2003) examined the role of J. americana in 

substratum stability in a number of streams in the Piedmont physiographic province within 

Alabama.  By measuring the force needed to move stones within J. americana patches and 

outside of J. americana patches they found that substratum within J. americana patches was 

more stable than outside patches.  This supports the hypothesis that the presence of macrophytes 

in streams can lead to increased sediment deposition and stability (Sand-Jensen and Mebus 1996; 

Sand-Jensen 1999).  Fritz et al (2004b) supported these finding by showing increased deposition 

of sediment within patches of J. americana.  With more stable substratum fluvial habitats 

stabilized by J. americana patches functioning as a refugia for benthic organisms during high 

flow events.  Fritz et al. (2004a) examined differing factors affecting biomass allocation for J. 

americana.   Light availability has been shown to be an important limiting factor for growth of J. 

americana along streambanks (Howell 1975).  Spatial extent of J. americana was more than 
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twice as high in east or west flowing reaches with more exposure to direct sunlight than in north 

or south flowing reaches with shorter daily exposure to direct sunlight.  Fritz et al (2004a) 

concluded that variations in J. americana biomass could mostly be explained mostly by light 

availability and specific conductivity of the water.   They suggest where J. americana is 

subjected to fewer environmental stressors the plants will allocate more biomass to above ground 

emergent stems rather than below ground anchoring structures.  With more biomass allocated to 

emergent stems J. americana would more freely adjust stem length to optimize metabolism and 

potentially increase fitness.  These studies show that J. americana has the potential to 

significantly modify its habitat to its advantage. 
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Figure 2.1: The Cahaba River Watershed and Cahaba national Wildlife Refuge containing all 

study sites. 
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Figure 2.2: The Cahaba River National Wildlife Refuge just to the east of the town of 

West Blocton, AL and the locations of the four shoals studied within the refuge. 
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Figure 2.3: Land Use Land Cover of the Cahaba River Watershed from the National Land Cover 

Database (USGS 2006). 
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Figure 2.4: Ground level photo showing vegetated bedrock shoal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Ground level photo showing non-vegetated section of bedrock shoal near a 

channel margin. 
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3.0 Methods 

3.1 Stem Density and Surface Area of Void Space 

A total of 24 sites located within the four shoal study sites were selected from aerial 

photos taken in August 2010 for measuring stem density and void space.  Aerial photos were 

displayed in ArcGIS 10.1 and overlaid with a 16 x 16 m grid.  Each grid square that intersected a 

bedrock shoal was given a number.  Grids were selected for sampling, using a random number 

generator.  Points were placed at the centroid of each randomly selected square, and 

measurements were taken in the field at locations corresponding to centroid geographic 

coordinates. 

A 1 x1 meter PVC-pipe frame was constructed and used as a camera mount.  Adjustable 

legs and bubble levels were attached to the frame for purposes of leveling the frame in-situ.  A 

mount for a digital camera was created for purposes of digitally photographing the rock surfaces 

of the channel bed for void space measurement.  A Nikon AW100 16MP waterproof digital 

camera was chosen to take digital photos.  The camera mount was designed to move horizontally 

and vertically along the 1 m² frame.  This camera setup allowed for the 1 m² rock surfaces at 

each site to be digitally recorded at a consistent height and scale across a grid of digital 

photographs to eliminate error in measurement of bed features. 

Data were collected in July and August of 2013 at 24 total locations across 4 shoal sites.  

At each site in the field the raised 1 m² square frame was positioned at the coordinates of each 

centroid.  Macrophyte patch density was measured by counting number of stems/m
2. 

  The entire 

plant patch (stems and rhizome structures) in the frame was then removed and any remaining 

sediment was also removed.  A camera fixed to the raised PVC frame photographed the rock 

surface below the root mat.  At least two pictures in the series for each site included an object of 
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known length to be used as a reference scale for the photo set.  This helped ensure quality control 

and helped reduce the change of errors from changes in slope occurring within the site.  These 

pictures were imported into ArcGIS 10.1 and using the measure feature tool, the dimensions of 

void spaces (joints, fractures, and potholes) were measured.  The perimeter of each void was 

traced and area of these polygons was determined.  These measurements along with 

measurement from the reference scale object were used to determine surface area of void 

space/m
2
. 

 

 

 

 

 

 

 

 

Figure 3.1: Aerial photographs showing locations of shoals that contained the 24 sampling 

locations and the location of a cross-sectional topographic survey completed for use in  

HEC-RAS. 
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Shoal Site 1 
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3.2 Depth and Velocity Modeling 

To answer questions of how variation of velocity and depth control plant distribution a 

one-dimensional model HEC-RAS4.1.0 was used.  HEC-RAS 4.1.0 was chosen because of its 

graphical interface that makes it easy to use and lack for need of extensive previous modeling or 

programing experience. The HEC-RAS 4.1 package created by the Army Corps of Engineers is 

capable of analyzing one-dimensional steady flow, unsteady flow calculation, sediment 

transport, and water temperature modeling.  The function utilized in this project was the one-

dimensional modeling of steady flow to create velocity profiles for a cross-section transecting a 

bedrock shoal in the Cahaba.  Computational procedures carried out by the model are based on 

the solution of a one-dimensional energy equation. 

      
    

 

  
       

    
 

  
     Equation 3.1 

Where: 

       elevation of the main channel invert; 

       depth of water at cross sections; 

       average velocities (total discharge/  total flow area); 

       velocity weighting coefficients; 

   gravitational acceleration; 

    energy head loss. 
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The energy head loss (  ) between two cross sections is comprised of friction losses and 

contraction or expansion losses.  It is solved from the following equation. 

        |
    

 

  
 
    

 

  
|   Equation 3.2 

Where: 

    discharge weighted reach length; 

  ̅   representative friction slope between two sections; 

  = expansion or contraction los coefficient. 

 

User supplied inputs required for these calculations include: discharge, reach boundary 

conditions (slope), and Manning’s n values.  Discharges were obtained from an upstream USGS 

gauging station and slopes can be determined from terrain files or digital elevation models used 

to create geometry files.  Cross-sectional area and wetted perimeter are calculated from terrain 

and geometry files that can be created in HEC-RAS or outside of HEC-RAS using an extension 

for ESRI ArcGIS. 

A water surface elevation is calculated through an iterative solution of the energy 

equation and the energy head loss equation.  An assumed water surface elevation is used as an 

initial input in the energy equation.  The solution to the energy equation is then input into the 

energy head loss equation.  The solution is then input back into the energy equation to check for 

correct values of velocity head and total conveyance.  This process is replicated a maximum of 

20 times or until the water surface values are within 0.0003 meters of each other.   This yields 

calculations of average velocity and water surface elevation for a cross-section.  Calculation of 

discharge in HEC-RAS can be accomplished for a maximum of 35 subdivisions for each cross-

section using the following form of the Manning equation: 
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     Equation 3.3 

 

Where: 

Q = discharge; 

K = conveyance for subdivision; 

  = friction slope. 

 

   
     

 
  

 

   Equation 3.4 

 

Where: 

K = conveyance for subdivision; 

   Manning’s roughness coefficient for subdivision 

R = hydraulic radius for subdivision 

 

By implementing this subdivision a distribution of discharges across a cross-section can be 

determined. 

A topographic survey was done at the Pine Island Ford site using a CST Berger 300R 

Total Station to collect slope and cross-section elevation data needed for HEC-RAS.  X and Y 

coordinates and elevations were recorded at 175 points a cross-section.  At each point coded as 

either “0” for the absence of J. americana at that point or “1” for presence of J. americana.  The 

data points were imported into ESRI ArcMap 10.1 and a terrain file was created in the form of a 

TIN (triangulated irregular network).  Using the HEC-GeoRAS 10.1 extension for ArcMap, 
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geometry for bank lines, flow paths, and cross sections were delineated in the ArcMap interface.  

This geometry along with the terrain created from the survey was imported into HEC-RAS 4.1. 

HEC-RAS requires a minimum of the stream centerline, bank lines, and cross-sections are 

needed and can be delineated in the HEC-RAS geometry interface.  Manning’s n values are 

needed for the left overbank, right overbank, and channel.  These values were calculated by 

using methods outlined in Marcus et al. (1992): 

 

  (              )     Equation 5 

 

Where: 

n0= sediment type 

n1= degree of irregularity 

n2= variation in channel cross-sectional shape and area 

n3= relative effect of obstructions 

n4= vegetation 

m5= degree of meandering 

A steady flow analysis was carried out for 26 discharges ranging from 7 m³/s to 226  

m³/s.  This range was chosen to include flows commonly experienced by the channel, including 

baseflow conditions to 2-year flood conditions.  The final HEC-RAS output were velocity and 

depth profiles in raster format for each discharge, and these were imported into ArcGIS 10.1.   

Coordinates of plant locations from the field surveys were mapped with corresponding depth and 
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velocity profiles at each discharge using ArcGIS 10.1.  The values for depth and velocity were 

extracted to determine depth and velocity at each survey point and group them by the presence or 

absence of plant cover.  These values were aggregated into a spreadsheet to permit statistical 

analyses. 

3.3 Determination of Macrophyte Patch Cover in Study Reach 

High resolution aerial photos of the study sites were obtained courtesy of Jennifer 

Edmonds, University of Alabama Department of Biological Sciences.  These photos were used 

to measure areal extent of shoals used in this research, and to determine total area cover by above 

ground plant structures. The areas of bedrock shoal structures were measured in ArcGIS 10.1 by 

digitizing shoal structures and having ArcGIS determine the areas of each.  Shoal structures were 

digitized by drawing polygons to encompass each shoal. 

A supervised classification was done in ArcGIS 10.1 to differentiate between water, rock, 

and plant surfaces.  After initial classification, the output image was then re-classified to separate 

water and rock surfaces from plant cover.  From this, the percent plant cover per shoal was 

calculated based on the ratio of plant cover pixels to water and rock surface pixels. 

 

 

3.4 Statistical Analysis 

All statistical analysis was done in IBM SPSS 20 Statistics.  In addressing H1 tests for 

normalcy were conducted on the void space and the stem density data before any other statistical 

analysis.   A Pearson’s Correlation test was conducted with surface area of void space (cm²/m²) 

as the dependent variable and stem density (stems/m²) as the independent variable. A regression 
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analysis was also conducted to elucidate any linear relationships present between stem density 

and void space.  To look for thresholds where plants would occur based on the surface area of 

void space a binary logistic regression was done with the surface area of void space and stem 

density as predictor variables. 

To address H2 an independent t-test was carried out to test for differences in depth and 

velocity in and outside of plant patches on the shoal structures.  Values of depth and velocity 

from the model outputs were sorted into two groups with the first group consisting of values 

where there were no plants present and the second group consisting of values where there were 

plants present.  A binary logistic regression was carried out to analyze if depth and velocity were 

good predictors of plant distribution and to look for thresholds of depth and velocity sustainable 

by J. americana. Logistic regression was also used to examine thresholds of stem density. 

Logistic regression was chosen for testing H1 and H2 because of the binary nature of the 

dependent variable (plant presence or absence).    Logistic regression has been shown to be 

useful in studies of fluvial systems (Bledsoe and Watson 2001).  It has been previously used to 

examine thresholds that can be used to predict channel patterns and form (Bledsoe and Watson 

2000). 
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4.0 Results 

4.1 Void Space and Stem Density 

Stem density ranged from 0 to 346 stems/m² (n=39).  Average stem density was  216.31 

stems/m² in plant patches.  Surface area of void space ranged from 55.39  cm²/m to 1837.65 

cm²/m² across 24 sites (Table 4.1).  Average surface area of void space was 514.47 cm²/m².  

Bedrock shoal structures ranged in size from 4131 m² to 19654 m² with an average of 9820.87 

m².  Percent of plant cover per bedrock shoal structure ranged from 18.31% to 50.77% with an 

average of 33.53%.  Plant cover by area ranged from 756.42 m²/shoal to 6645 m²/shoal.  Results 

from Person’s Correlation tests yielded a significant positive relationship between the surface 

area of void space and stem density per square meter (r=665 at n=24 p=0.01, Figure 4.1) 

 

Table 4.1: Stem density, plant coverage, and shoal area data separated per shoal. 

 

 

 

 

 

Shoal 

Number 

% Plant 

Cover/Shoal 

Average Stem Density 

(stems/m²) 

Shoal Area (m²) Plant Cover 

(m²) 

Stems/shoal 

1 18.311 144.125 4131 756.426 109019.86 

2 29.167 180.000 19654 5732.489 1031848.02 

3 47.830 164.081 11653 5573.641 914529.98 

4 50.769 174.175 13089 6645.114 1157412.68 

Total 

Averages 

33.532 165.343 9820.875 3398.528 576608.77 
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Figure 4.1.  Relationship between stem density and void space area per m² 

4.2 Depth and Velocity Modeling 

Depths across all 26 discharges ranging from 7 m³/s to 226 m³/s varied significantly 

between areas of J. americana growth and no J. americana growth.  An aggregate of all model 

outputs showed average depths varied significantly between area of J. americana growth and no 

J. americana growth (Table 4.2).  Velocity varied significantly at twelve discharges (ranging 

from 7 m³/s to 56.63 m³/s) as well as at the model aggregate which averaged velocity and depth 

across the entire range of discharges (Table 4.2).  Average values for depth and velocity were 

positively correlated across the channel (Pearson’s r= .730 at n= 101 p=.001). 
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Table 4.2: Significance values at each discharge for velocity and depth in and outside plant patches 

Discharge (m³/s ) Depth p-value Velocity p-value 

Average .001* 0.011* 

7.07921165 0.001* 0.001* 

8.49505398 0.001* 0.001* 

11.32673864 0.001* 0.002* 

14.1584233 0.001* 0.004* 

16.99010796 0.001* 0.006* 

25.48516194 0.001* 0.013* 

28.3168466 0.001* 0.015* 

33.98021592 0.001* 0.02* 

39.64358524 0.001* 0.015* 

45.30695456 0.001* 0.031* 

50.97032388 0.001* 0.037* 

56.6336932 0.001* 0.044* 

62.29706252 0.001* 0.052 

73.62380116 0.001* 0.06 

79.28717048 0.001* 0.077 

90.61390912 0.001* 0.098 

96.27727844 0.001* 0.109 

101.9406478 0.001* 0.12 

107.6040171 0.001* 0.13 

113.2673864 0.001* 0.143 

118.9307557 0.001* 0.155 

141.584233 0.001* 0.208 

155.7426563 0.001* 0.244 

169.9010796 0.001* 0.283 

198.2179262 0.001* 0.366 

212.3763495 0.001* 0.41 

226.5347728 0.001* 0.455 
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4.3 Binary Logistic Regression Analysis 

Results from binary logistic analysis yielded a logistic model that identified surface area 

of void space (cm²/m) as a good predictor of plant occurrence (Table 4.3). 

Table 4.3: Summary of the results of logistic regression for void space 

 

Void Space Constant 

β0 0.068 -7.864 

SE 0.49 5.489 

Wald 1.89 2.053 

df 1 1 

Sig. 0.169 0.152 

Odds Ration 1.07 0.000 

 

Tests of model performance indicated satisfactory model performance (Table 4.4). 

 

Table 4.4:  Model evaluation values 

 

Void Space Velocity and Depth 

-2 Log likelihood 1.534 62.498 

Hosmer and Lemeshow χ² 0.804 5.492 

 

The regression model was correct in predicting plant occurrence 100% of the time based on void 

space (Table 4.5).  Using β-values from the output an equation to predict J. americana 

occurrence based on surface area of void space was created (equation 4.1) (Table 4.3) 
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   Equation 4.1 

 

 

Where: 

S= surface area of void space in cm²; 

P= odds plants will occur in a location based on the amount of void space 

available. 

 

Table 4.5:  Classification from logistic regression from void space. 

Classification Table    

  Predicted 

 

 

  Plant Occurrence  

Observed  Absence Presence Percentage 

correct 

Plant Occurrence Absence 4 0 100 

 Presence 0 20 100 

Overall Percentage    100 

 

Using equation 4.1 values of surface area of void space can be input with the solution of 

the equation being the odds J. americana would occur based on the input void space value.  

Values input from 1 to 2000 cm²/m² were input into the equation.   The solutions were plotted 

against the input values (Figure 4.2) to examine thresholds of where J. americana would be 

predicted to occur based on the surface area of void space available. 

At 73 cm²/m² the probability for J. americana occurrence based on the surface area void 

space available is only 5%, while at 159 cm²/m² the probability of occurrence goes up to 95 %.  
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The threshold for void space being a factor controlling for the occurrence of J. americana is in 

the range of 73 to 156  cm²/m². 

Binary logistic regression analysis was also used to predict J. americana occurrence 

based on depth and velocity, results from logistic regression based on depth and velocity for 

predicting plant occurrence are shown in Table 4.6.  The regression model was correct in 

predicting plant occurrence 84.2% of the time based on depth and velocity (Table 4.7). An 

equation was created to predict J. americana occurrence from inputs of depth and velocity based 

on β-values is below: 

   
                     

                       
   Equation 4.2 

Where: 

d = local depth; 

v = local velocity; 

P = odds plants will occur in a location based on the local depth and velocity. 

Equation 4.2 was used to identify threshold of velocity and depth for the occurrence of J. 

americana (Figure 4.3, Figure 4.4).  At depths of 0.3 m the chance of J. americana occurrence is 

95% while at 0.9 m the chance of J. americana is 21%.  At velocities of .064 the chance of J. 

americana occurrence is 95% and at .35 m/s the chance of J. americana occurrence is 19 % and 

drops quickly afterwards to less than 1 % at .556 m/s². 
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Table 4.6:  Summary of the results of logistic regression for depth and velocity. 

 

Velocity Depth Constant 

β 12.255 -7.735 7.792 

SE 4.542 1.693 3.999 

Wald 7.279 20.881 3.797 

df 1 1 1 

Sig. 0.007 0.000 0.051 

Odds Ration 209993.151 0.000 2420.559 

 

 

 

 

Table 4.7: Classification from logistic regression for depth and velocity. 

Classification Table 

    

  

Predicted 

 

  

Plant Occurrence 

 

Observed 

 

Absence Presence Percentage 

Correct 

Plant Occurrence Absence 69 6 92 

 

Presence 10 16 61.5 

Overall Percentage 

   

84.2 

 

 

 

 

 

 

 

 

 



 

39 
 

0

20

40

60

80

100

120

0 50 100 150 200 250 300 350

P
er

ce
n

t 
C

h
a

n
ce

 o
f 

P
la

n
t 

O
cc

u
re

n
ce

 

Surface Area of Void Space (cm²/m² ) 

0

20

40

60

80

100

120

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700

P
er

ce
n

t 
C

h
a

n
ce

 o
f 

P
la

n
t 

O
cc

u
re

n
ce

 

 

Velocity (m/s) 

 

 

 

 

 

 

 

Figure 4.2: Thresholds of plant occurrence based on void space 

 

Figure 4.3: Thresholds of plant occurencce based on depth 

 

 

 

 

 

 

 

 

Figure 4.4 Thresholds of plant occurrence based on velocity. 
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5.0 Discussion 

Correlation analysis (p=0.01) and logistic regression analysis (β=0.068) strongly shows 

that bedrock void space helps control plant patch density.  This finding is significant in light of 

the fact that previous studies have neglected rock attributes in their analysis of controls on 

macrophyte growth and distribution.  Although, many studies have shown that physical 

properties, such as benthic sediment particle size (Sand-Jensen 1999; Fritz and Feminella 2003) 

and hydrologic variability (Wilcox et al. 1999; Riis and Biggs 2003; O’Hare 2010), are 

significant controls of alluvial systems, the role of bedrock structures in ecological processes 

remains largely unstudied. 

Similar to the research existing on abiotic controls, the bulk of the research on biological 

feedback in rivers from macrophyte communities has been done in alluvial systems.  In alluvial 

systems, riverine macrophytes have also been shown to modify their habitats through 

stabilization of sediment (Sand-Jensen and Mebus 1996; Fritz et al. 2004b), alteration of channel 

roughness (Watson 1987; Doncker et al 2009), and alteration of local hydrology (Sand-Jensen 

1998; Gurnell et al 2006).  Large bedrock features have been shown to influence geomorphic 

processes, such as sediment transport (Goode and Wohl 2010), but their influence on biological 

systems has been largely overlooked.  The relationships determined as result of this research 

identified the specific mechanisms and processes than can couple aquatic macrophytes and 

bedrock channel geomorphology. 

5.1 Relationships Between Void Space and Stem Density 

The morphology of J. americana with adventitious rhizomes allows it to sustain high 

flows and persist on bedrock shoal structures where other macrophytes cannot.  The morphology 



 

41 
 

of this macrophyte is not the only reason for its persistence on the bedrock shoal structures of the 

Cahaba River.  The availability of suitable habitat on the bedrock surface in the form of void 

spaces (joints, fractures, and potholes) does control the occurrence and distribution of J. 

americana (Person’s r= .665,  p=.01).  Stem density was positively correlated with void space 

per unit area.   This suggests the voids in the rock surface are facilitating rhizosphere 

development allowing for more anchoring structures to take hold and by doing so, create a 

suitable habitat for persistence of J. americana. 

With stronger anchoring points J. americana is able to more readily resist scour from 

high flow events.  When J. americana is subjected to less stress it can allocate more biomass for 

stem growth instead of anchoring structures in the rhizosphere (Fritz et al. 2004), possibly 

explaining the relationship between surface area of void space available and emergent stem 

density.  As the rhizomes of J. americana are perennial in habitats where rhizomes root into 

alluvium on channel beds, as opposed to bedrock surfaces it can be reasoned that the availability 

of voids is aiding in the overwintering of the rhizosphere of J. americana.  The anchoring 

structures of J. americana take hold directly into the bedrock voids of the Cahaba shoals.  

Results from binary logistic regression analysis yielded a threshold for J. americana occurrence 

as a function of the amount of void space available per unit area (m²).  At 73 cm²/m² the 

probability of J. americana occurrence based on the surface area void space available is only 5% 

while at 159 cm²/m² the probability of occurrence goes up to 95 %.  The threshold for void space 

being a factor controlling for the occurrence of J. americana is in the range of 73 to 156  cm²/m².  

Below 73 cm²/m² of void space there would be a lack of anchoring points for J. americana 

rhizomes.  While above 159 cm²/m² of void space the probability of occurrence is at 95 % and it 

continues to increase with increasing void space based on the logistic regression model, there 
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may be an upper limit of diminishing returns for plant occurrence based on void space not 

explained by this model.  Increasing size and distribution of voids could in result increasing local 

depth which can decrease the probability of J. americana occurrence. 

The distribution of J. americana across bedrock shoal structures is not continuous.   

Understanding the explicit relationships between geomorphic features and biological systems, 

such as the relationship between void space and stem density, can help explain patch 

heterogeneity and demonstrates potential for explaining plant occurrence at larger spatial scales.   

Justicia americana patches are known to increase substratum stability (Fritz and Feminella 2003) 

and in the case of the Cahaba River shoals there is little sediment on the bedrock shoal surface 

outside plant patches.  The plant patches are retaining some amount of sediment within the 

rhizosphere.  The amount and transience of sediment in patches of J. americana is still not 

known.   However, the J. americana patches are creating habitat for other riverine organisms 

including a number of species of fish, mussels, and snails inhabiting the Cahaba River (Ward et 

al. 2005).  The plant patches and the sediment retained within the plant patches also serve as a 

site for denitrification by microbes in the rhizosphere of the plant patches.  Levels of dissolved 

inorganic nitrogen decrease in the reaches downstream of the shoal complexes presumably 

through uptake storage by microbes in sediments retained by J. americana patches (Tatariw et al 

2013).  The relationships identified in this research can be applied to help understand variation in 

denitrification in other bedrock systems. 
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5.2 Controls of Depth and Velocity 

Results from statistical analysis of HEC-RAS outputs indicate that depth and velocity are 

acting as controls of J. americana occurrence on bedrock shoal structures.  At discharges ranging 

from 7 m³/s to 56.63 m³/s velocity was significantly different (p < .05) at locations where J. 

americana was recorded to be present as opposed to locations where J. americana was not 

present.  Discharges ranging from 7 m³/s to 56.63 m³/s are on the lower end of the modeled 

discharges, however, this range contains the most frequently occurring discharges on the Cahaba 

River at this location.  Depths for locations where J. americana was recorded to be present and 

locations where J. americana was not present were significantly different (p=.001) across all 

modeled discharges ranging from7 m³/s to 226 m³/s.  During discharges in excess of 56.63 m³/s 

velocity becomes more uniform across the channel and this likely eliminates any variance in 

velocity in and outside plant patches.  Deceleration of velocity within plant patches velocities has 

been shown to result in accelerated velocities around plant patches to maintain downstream 

discharges (Sand-Jensen and Mebus 1996).  During high flow events with most emergent stems 

either submerged or deflected downstream due to the higher velocity the influence of the 

macrophytes on flow direction around plant patches is diminished.   The average velocity where 

plants did not occur was 0.428 m/s and the average velocity for where plants occur was 0.397 

m/s².  Both these velocities fall within the range suggested by Riis and Biggs (2003) for optimal 

velocity for in-channel macrophyte growth of 0.3 m/s to 0.5 m/s.  This suggests that while local 

velocity is acting as a control on J. americana distribution, it may not be as strong a controlling 

factor in a bedrock environment, and this differs from observations in alluvial systems where 

velocity has been found to be the dominant control (Chambers et al. 1991; Franklin et al. 1998 

Riss and Biggs 2001; Riss and Biggs 2003).  The results of this study suggest depth, which is a 
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function of rock bed elevations, as being a stronger influence in the Cahaba River shoals for the 

distribution of J. americana.  With a β coefficient of -7.735 there is a strong negative 

relationship between depth and plant occurrence.  Velocity and depth together predicted 

correctly the absence of J. americana 92% of the time and presence of J. americana 61.5% of 

the time.  At depths of 0.9 m the chance of J. americana is 21% and the odds quickly decrease at 

greater depths.  At velocities of 0.35 m/s the chance of J. americana occurrence is 19 % and 

drops quickly afterwards to less than 1 % at 0.556 m/s.  The equation created from the logistic 

analysis has the potential to be used in other bedrock systems to predict potential sites for J. 

americana growth. 

5.3 Scale linkage 

Previous researchers have had problems relating patch characteristics to system-scale 

functions because of a lack of spatially-explicit units that can be mapped (Findlay et al. 2006).  

There are known problems when scaling-up biologic processes (Viles 2001).  When controlling 

factors operate at different spatial scales it becomes difficult to separate the relative contributions 

of each factor (Borcard et al. 1992).  Geomorphic structures offer potential for rectifying this if 

relationships between structures occurring at specific spatial scales and biological processes can 

be established. This research addressed this need at the patch-scale, but the results of this 

research does hold potential for explaining macrophyte distribution at larger spatial scales.  To 

do so would first require determining the factors controlling void space development in bedrock 

channel structures. 

The potholes, joints, and fractures in the surface of bedrock shoal structures that provide 

habitat for J. americana are formed through processes of plucking, abrasion, and cavitation 
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(Whipple et al. 2000).  When rocks are highly jointed on a sub-meter scale plucking is usually 

the dominant force in their formation, while erosional features on more massive unjointed rocks 

are more often formed through abrasional processes (Sklar and Dietrich 1998; Whipple et al 

2000).  The rate of weathering from abrasional forces can be limited by suspended sediment 

load, grain size distribution, rock type, rock integrity, and channel slope (Sklar and Dietrich 

2001).  With a wide range of sizes of shoals in this study reach, a wide range of sizes of 

individual erosional features, and variations in local topography, it is difficult to determine 

precisely what process is controlling the formation of each pothole, joint, and fracture on a 

specific bedrock shoal surface.  However, analysis of which factors contribute to and limit 

bedrock outcropping weathering and erosion at nested spatial scales, -reach and watershed, 

would permit macrophyte distribution to be predicted at larger spatial scales. 
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6.0 Conclusions 

Surface area of void space, local depth, and local velocity have been shown to be 

controlling factors in the density and distribution of the emergent aquatic macrophyte J. 

americana.   The positive relationship between surface area of void space present and stem 

density per square meter helps explain the patch scale spatial variability of J. americana in the 

Cahaba River.  The ranges of velocity where plant patches occurred matched up with the 

hypothesized ranges of 0.3 m/s² to 0.5 m/s² based on the work of Riis and Biggs (2003). 

This research demonstrated several explicit relationships between plant patches and 

geologic and hydrogeomorphic factors.  With a majority of previous studies examining 

relationships between river processes and macrophyte growth and distribution being done in 

alluvial systems these results elucidate a relationship between the density and distribution of a 

macrophyte based on physical processes and properties of a bedrock river.  Some of the controls 

examined in this study were similar to those controlling macrophyte distribution in alluvial rivers 

(depth, velocity), and some being previously unknown (availability of void space).  This 

demonstrates the need for more advanced understanding of habitat structure in bedrock systems 

since some controls may be distinct to these systems. 

Since J. americana has been shown to be a significant habitat modifier (Fritz et al. 

2004b), and contributes to denitrification processes by facilitating microbes within the 

rhizosphere (Tatariw et al. 2013), understanding the factors that drive its distribution and 

proliferation can be important for geomorphologists, ecologists, and managers alike.  With the 

availability and quality of water resources becoming a bigger issue in the Southeastern United 
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States, implementing a restoration or management plan utilizing J. americana as a means to 

increase water quality by retaining nutrients and sediment in a river is a real possibility. 
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