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ABSTRACT 
 
 

 
THE GEOGRAPHY OF ARTIFICIAL LEVEES IN THE UNITED STATES 

 
 
 

Connectivity between different parts of the landscape is an important theme for river 

ecosystem functions.  Recent advances in conceptual models of river ecosystems, computing 

power, and data availability, resolution, and extent have allowed the exploration of this theme at 

continental and global scales.  However, these studies have not included the impacts of artificial 

levees on floodplain function and extent due to the lack of complete artificial levee databases.  

Local and regional studies have explored the harmful effects and identification of artificial 

levees.  Several characteristics of artificial levees have inhibited the extension of these studies to 

greater spatial scales (e.g., artificial levees are shaped like other natural and anthropogenic 

features; artificial levee height and width are small compared to the vertical and horizontal 

resolution and accuracy of earth observation data available at continental and global scales; 

artificial levees have a long history of construction).  I first present a methodology and data set 

for the identification of artificial levees in a case study of seven basins (ranging in size from 

1,700 km2 to 8,000 km2 each) in the continental United States (CONUS) and then apply the 

methodology to the entire CONUS.  This methodology, which includes a model that only uses 

land cover, distance from stream flow, and basin variables, detected over 182,000 km of artificial 

levees.  Next, I use this dataset in combination with a pre-existing artificial levee database to 

determine how artificial levees influence floodplain extent, land cover, and association with 

stream order size in the CONUS.  Surprisingly, this revealed that the 100-year CONUS 

floodplain was of greater extent with artificial levees than if they were not constructed.  And not 
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surprisingly, the 8,100 km2 of CONUS floodplain that are disconnected by artificial levees are 

predominantly cultivated or developed land cover.  Finally, I conduct a critical review of 

floodplain functions and analyze case studies of floodplain restoration involving the alteration of 

artificial levees.  I define five interconnected floodplain functions that are vital to river 

ecosystems and are adversely impacted by artificial levee construction.  Studies that analyze 

floodplain restoration are heavily concentrated in North America and Europe and evaluate effects 

within 30 years of restoration.  In the United States, this type of restoration impacts less than 1% 

of river kilometers with artificial levees and 1-2% of disconnected floodplains.  This dissertation 

provides an important advance in understanding the impacts of artificial levees on floodplain 

extent and function at a large spatial scale.  It also provides several avenues for continued 

research.    
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Chapter 1 Introduction 

  

The story of human civilization on floodplains is one that began at least 7,000 years ago 

(Butzer, 1976).  Throughout our long history together, humans have modified floodplains in 

numerous ways through indirect alterations (outside the river corridor) and direct alterations 

(within the river corridor).  There is a growing awareness that these alterations have resulted in 

simplified floodplains with reduced functions (Peipoch et al., 2015).  There is also growing 

awareness that diminished floodplain functions are detrimental to humans because our 

involvement on floodplains is based on exploiting the very same functions (Tockner and 

Stanford, 2002).   

Development in large floodplain rivers is in conflict with restoration and conservation 

efforts across the world (Sparks, 1995; Wohl, Bledsoe, et al., 2015).  In the United States alone, 

floodplain development during the 20th century was so great that even after the expenditure of 

billions of dollars on flood defenses (mainly, artificial levees) in the second half of the century, 

flood-related economic losses more than doubled. Unfortunately, the loss of floodplain functions 

resulting from flood defenses is rarely calculated when considering economic losses related to 

flooding (Opperman et al., 2009; Jacobson et al., 2015).  That the loss of floodplain function is 

little appreciated or understood stems in part from a lack of awareness about floodplain 

ecosystem complexity and floodplain connection to the atmosphere, channel, subsurface, and 

uplands (Gren et al., 1995).   

Connectivity, the degree to which matter and organisms are able to move across areas in 

a landscape (Wohl, 2017), is a central theme for the role of floodplains in conceptual models of 

river ecosystems (e.g., the river continuum concept (Vannote et al., 1980); the flood pulse 
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concept (Junk et al., 1989)).  Understanding different aspects of connectivity (e.g., longitudinal, 

lateral, vertical) to off-channel environments is critical to understanding ecosystem functions 

(Ward, 1989; Kondolf et al., 2006; Harvey and Gooseff, 2015).  Lateral connectivity describes 

the fluxes between channel and adjacent riparian and floodplain landforms (Ward, 1989; Covino, 

2017).         

Direct alterations, which include flow regulation and artificial levee construction (Wohl, 

2018), either increase or decrease connectivity in river ecosystems.  While most studies on 

connectivity focus on the local scale (e.g., Gergel et al., 2002), several national-scale studies 

have exposed the vast degree of harmful impacts to longitudinal connectivity from dams (e.g., 

Graf, 1999; Lehner et al., 2011; Grill et al., 2019; Jones et al., 2019) and to lateral connectivity 

from roads and railroads (e.g., Blanton & Marcus, 2009).  Despite the cataloguing of harmful 

effects derived from artificial levees on floodplains and river ecosystems at local scales (e.g., 

increasing stage elsewhere (Criss and Shock, 2001), inducing bed incision (Frings et al., 2009), 

limiting nutrient exchange between floodplain and channel (Junk et al., 1989), and promoting 

development (White et al., 2001)), there has been no national-scale assessment of how artificial 

levees have altered lateral connectivity (Wohl, 2017) that is similar to Graf’s national-scale 

assessment of the effects of dams on longitudinal connectivity (1999, 2001).  Two reasons for 

this are the lack of a complete national-scale database of artificial levees and the difficult nature 

of identifying artificial levees.   

This dissertation seeks to address the gaps in knowledge regarding artificial levee impacts 

to floodplain extent and function across the continental United States (CONUS) by addressing 

the following objectives:  1) identify the locations of potential artificial levees in the CONUS 

using existing levee databases as training data by first testing variables, sampling strategies, and 
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model types in a case study before applying the best performing model to the entire CONUS 

(Chapter 2); 2) evaluate the impacts of artificial levees on floodplain extent in the CONUS by 

first deleting artificial levees from topography, then using two hydrogeomorphic flood models 

based on unmodified and modified topography to estimate flood extent, and finally comparing 

the resulting scenarios in relation to land cover, extent, and stream order (Chapter 3); and 3) 

define and review floodplain functions and understand how they are impacted by artificial levees 

by analyzing case studies of floodplain restoration involving artificial levee alteration (Chapter 

4). In Chapter 5, I summarize the key findings of this work and suggest future research related to 

artificial levee impacts on floodplains.    
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Chapter 2 Identification of Artificial Levees in the Contiguous United States 

 

Summary 

Artificial levees are anthropogenic structures designed to hydrologically disconnect rivers 

from floodplains. The extent of artificial levees in the contiguous United States (CONUS) is 

unknown.  To better estimate the distribution of artificial levees, I tested several different 

geomorphic, land cover, and spatial variables developed from the National Elevation Dataset, the 

National Land Cover database, and the National Hydrography Dataset HR Plus.  I used known 

levee locations from the National Levee Database as training data.  I tested machine learning and 

general logistic models’ ability to detect artificial levees in a 100-year hydrogeomorphic 

floodplain of seven geographically diverse 8-digit HUC basins.  Random forest models 

outperformed other models in predicting the location of levees using variables representing 

geomorphic attributes, land cover, and distance from streams ranging in size between stream 

order one through six.  To demonstrate the ability of my approach to detect unknown levees, I 

conducted a leave-one-out cross-validation in the lower Mississippi Basin using approximately 

1,100 artificial levees. This approach detected known levees constituting 94% of the total levee 

length in the basin.  Scaling up to the CONUS, I applied a high performing (overall accuracy of 

97%) random forest model using land cover and stream order variables.  I detected 182,213 km 

of potential levees, mostly along streams of order 2-6 in the Mississippi and Missouri River 

Basins, indicating that the national levee database contains 20.4% of levee length. Potential 

levees and those documented in the national levee database modify 2% of the total length of 

streams in the contiguous United States (Knox et al., 2022a). 
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2.1 Introduction 

John Barry described the Mississippi River as pulsing “like the artery of the American 

heartland” (Barry, 2007).  Recognized as the world’s most engineered megariver (Knox and 

Latrubesse, 2016), the Mississippi River is emblematic of alterations made to United States 

(U.S.) rivers during the last three hundred years.  With an estimated 98% of the nation’s 5.3 

million km of rivers impacted by human activities (Graf, 2001), it is difficult to understate the 

degree of human modification to U.S. rivers.  Direct alterations take place within river corridors 

(which I define as the active channel(s) and floodplain) and include flow regulation, channel 

engineering (e.g. straightening or dredging), placer and aggregate mining, beaver trapping, 

floodplain draining, and levee construction (Wohl, 2018).   

During recent decades, rivers have been increasingly appreciated as ecosystems worthy 

of preservation and restoration (Graf, 2001, Bunn et al., 2010; Palmer et al., 2014; Castro and 

Thorne, 2019).  Understanding the importance of river ecosystems across a broad spectrum of 

functions requires that we recognize the importance of longitudinal, lateral, and vertical 

connectivity to off-channel environments (Ward, 1989; Kondolf et al., 2006; Harvey and 

Gooseff, 2015). Connectivity describes the degree to which matter and organisms are able to 

move across areas in a landscape (Wohl, 2017).  Lateral connectivity, which describes fluxes 

between the channel and adjacent riparian and floodplain landforms (Ward, 1989; Covino, 

2017), reflects processes that create channel and floodplain topography and stratigraphy (Brooks, 

2003), and thus aquatic and riparian habitats (Junk et al., 1989; Ward et al., 1999; Blanton & 

Marcus, 2009; Pennington et al., 2010).  

Diverse human alterations of river form and processes either increase or limit 

connectivity in river ecosystems. Most studies on connectivity focus on the local scale (e.g., 
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Briggs et al., 2013), although national-scale studies have assessed the effects of dams on 

longitudinal connectivity (e.g. Graf, 1999; Jones et al., 2019) and roads and railroads on lateral 

connectivity (e.g. Blanton & Marcus, 2009).  One anthropogenic feature that adversely impacts 

lateral connectivity is artificial levees, which can be defined as raised linear features built 

between active channels and floodplains to contain peak flows in the channel (Tobin, 1995).  

Although artificial levees can strongly influence lateral connectivity within river corridors, their 

national- to global-scale effects have not been quantified in a manner similar to the effects of 

dams (e.g., Lehner et al., 2011; Grill et al., 2019).  

Local and regional studies have found that artificial levees influence river hydrology by 

increasing stage at and upstream from levee locations and increasing downstream conveyance 

and flooding beyond the levees (Tobin, 1995; Criss and Shock, 2001; Heine and Pinter, 2012; 

Czech et al., 2015). Levees alter channel processes by inducing bed coarsening and incision 

caused by increased channel velocities (Frings et al., 2009). Levees also limit lateral connectivity 

and the exchange of nutrients, sediment, and organisms between the channel and floodplain, 

resulting in significant ecological harm (Blanton and Marcus, 2009; Sparks et al., 2017; Wohl, 

2018). In the context of human societies, the presence of artificial levees can promote floodplain 

development and increase the vulnerability of populations and infrastructure to flood damage 

(White et al., 2001; Pinter, 2005). On the other hand, levees can be viewed as effective flood 

protection measures within their intended design standards and are uncomplicated and 

inexpensive to build (Tobin, 1995).   

Artificial levee construction began in the U.S. in the early 1700s with landowners living 

alongside the lower Mississippi River (Wohl, 2005). By the 1800s, the majority of the basin was 

leveed with patchworks managed by individuals and communities in nascent levee boards 
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(Hudson et al., 2008).  Beyond the lower Mississippi River basin, the 20th century became the 

era of federal levee construction with funding provided by the federal government and other 

entities (Wohl, Lininger, & Baron, 2017).  Levee construction increased in scope well into the 

20th century, especially in the Midwestern and Eastern US, as the federal government and the 

US Army Corps of Engineers (USACE) became more involved in mitigating natural disasters 

(Wohl, 2005). Many levees were built in the Mississippi basin after the 1927 and 1937 floods 

and in California after flooding in 1907 and 1909 (ASCE, 2017).  The nation’s focus on artificial 

levees as a prime flood protection tool, resulting in billions of dollars expended to construct 

thousands of kilometers of levee, has been described as a “levee love affair” (Tobin, 1995).   

The length of artificial levees in the U.S. is unknown but estimates range between 48,000 

and 167,000 km, corresponding to coverage of roughly 1% and 3% of total estimated river km in 

the contiguous US (Heine and Pinter, 2012; ASCE, 2017).  The USACE started a national levee 

inventory in 2006, which resulted in the National Levee Database (NLD). Each levee is 

annotated by a line representing the levee crest and varying amounts of metadata.  The NLD is 

currently estimated to be 30% complete (ASCE, 2017), but a comprehensive evaluation of the 

NLD’s thoroughness has not been completed (Wing et al., 2017). Consequently, there is no 

national-scale assessment of how artificial levees have altered lateral connectivity on U.S. rivers 

(Wohl, 2017) analogous to Graf’s national-scale assessments of the effects of dams on river 

longitudinal connectivity (1999, 2001).  

Because artificial levees are constructed by people and share common morphological 

characteristics, many levees should be recognizable and distinguishable by their shape (Brown et 

al., 2017).  Recent advances over the last two decades in the availability of high-resolution 

topography have revolutionized the ability to study landscapes (Passalacqua et al., 2015). 
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Accordingly, nearly every study on the identification of artificial levees has exclusively used 

topography or topographic-derived geomorphic variables with the exception of two studies that 

used spectral signatures (Steinfeld and Kingsford, 2013; Steinfeld et al., 2013). Identification of 

levees at regional scales has used maximum curvature, entropy, and residual topography from 

lidar digital terrain models (Sofia et al., 2014).  At the national scale, Wing et al. (2019) used 

geomorphic variables derived from the National Elevation Dataset (NED) to determine which 

geomorphic features are important to retain in a hydrodynamic flood model during DEM 

coarsening, although the study was not specifically intended to recognize artificial levees.    

Researchers have used different methods of analyzing variables to predict artificial levee 

location, including logistic regression and image segmentation (Steinfeld et al., 2013), statistical 

analysis (Sofia et al., 2014), hillshade and wavelet analysis (Czuba et al., 2015) and visual 

inspection (Steinfeld et al., 2013; Czuba et al., 2015).  Although not yet applied to identifying 

artificial levees, the modeling capabilities of machine learning techniques make them a suitable 

application in the geosciences (Lary et al., 2016). Machine learning techniques, which include 

decision trees, neural networks, and support vector machines, are especially effective at 

recognizing patterns in complex data or in scenarios where the underlying principles are poorly 

understood (Valentine and Kalnins, 2016).  Random forest modeling is a supervised machine 

learning technique that builds decision trees and predicts category labels, is relatively fast, and 

can result in high predictive accuracy compared to other machine learning techniques (Breiman, 

2001; Choi et al., 2020).  The high accuracy of random forest models compared to other machine 

learning techniques has made random forest a popular choice for detecting surface and 

subsurface anthropogenic features as well as hydrological predictions (Deines et al., 2017; Cho 

et al., 2019).  However, the validity of methods used to detect artificial levees in previous studies 
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and machine learning techniques to detect artificial levees at the regional or national scale are 

unknown.         

I aim to improve upon these previous studies by employing and testing different 

categories of data (i.e., geomorphic, land cover type, and distance from stream) and different 

types of models (general logistic models (GLM), random forest models (RF), and support vector 

machine models (SVM)) to the specific problem of identifying artificial levee locations.  I 

generated a calibrated 100-year hydrogeomorphic floodplain as the extent of analyses because 

this floodplain contains most known levee locations and at 10% of the contiguous U.S. 

(CONUS) area, reduces the computational requirements of the CONUS analysis.  I use a case 

study of seven different 8-digit hydrologic unit code (HUC8) watersheds (Seaber et al., 1987), to 

test the effects of sample size, ratio of levee to non levee data, and model variables on model 

accuracy.  I use known levee locations from the NLD to generate data from levee and non levee 

locations for training and validation.  I conduct a leave-one-out cross-validation on 1,171 levees 

in the lower Mississippi Basin to understand how a highly accurate RF model detects 

undocumented levees.  At the CONUS level, I generate two different sized datasets (n = 30,600 

and 3,060,000) for training and validation and test the accuracy of a selection of models and 

variables based on the results of the case study.  I apply the most accurate model (trained on data 

sampled from 2,142,000 locations across the CONUS) to the entire CONUS floodplain and 

analyze the results to determine the location, length, and stream order association of potential 

levees that are not identified by the NLD.  My primary objective is to estimate the locations, 

spatial distribution, and stream order association of artificial levees across the contiguous U.S., 

especially as they relate to the completeness of the NLD.       
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I organize this work as follows.  First, I provide a site description and justification of the 

seven HUC8 watersheds I chose as case studies along with information about our modeling 

approach and the data I used in the case study, in the leave-one-out cross validation, and in the 

CONUS study.  I then present results using different accuracy measures.  Finally, I discuss 

implications for understanding the completeness of the NLD and ideas for future research. 

2.2 Materials and Methods 

2.2.1 Overview 

In general, modeling included the following major steps. First, I chose seven diverse 8-

digit HUC basins for a case study (Figure 2.1).  I then created a CONUS-scale 100-year 

hydrogeomorphic floodplain using GFPLAIN at a 30m resolution (Nardi et al., 2019) in ArcGIS 

Pro (ESRI Inc., 2021) (Figure A.1).  I used this floodplain as the studies’ geographic extent.  For 

each case study basin, I created multi-layered raster files with each variable represented by a 

layer.  I used R software (R Core Team, 2020) and an NLD shapefile to test different variables, 

sample sizes, machine learners, and GLMs.  Then, using R and ArcGIS Pro I conducted a leave-

one-out cross-validation using ~1,100 artificial levees in the HUC2 lower Mississippi River 

basin (Figure 2.1) to determine how the model predicts undocumented levees.  I then applied my 

approach to the entire CONUS (Figure 2.1) and generated two differently sized data sets using 

Google Earth Engine (GEE) (Gorelick et al., 2017) and ArcGIS Pro.  Finally, I applied the most 

accurate model trained from the larger CONUS data set to the CONUS floodplain, creating a 

prediction surface map.  This map was then segmented and compared to the NLD to determine 

which artificial levees were not documented.    

Throughout, I used a full suite of accuracy metrics to assess model performance such as 

true and false rates and confusion matrices, when possible.  In the case study, I used Cohen’s 
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kappa coefficient, which assesses interclassifier agreement and is sensitive to class prevalence 

(Fitzgerald and Lees, 1994) to compare the performance of nearly 1,000 models.  This 

coefficient, like all measures, is an imperfect index of overall accuracy (Foody, 2020).  However, 

the comparison of many models using multiple measures of performance is unfeasible.  To 

mitigate this, I test sample size, sampling ratio, model variables and type again in the national 

study, using multiple accuracy metrics to select which model to apply to the CONUS. 

2.2.2 Site Descriptions 

For the case studies, I chose seven distinct HUC8 watersheds across the 48 contiguous 

states to represent a wide variety of geographic, land cover, and hydrologic conditions (Figure 

2.1, Table 2.1).  The seven basins range in size from the 1,700 km2 lower Columbia River in the 

Pacific Northwest to the 7,900 km2 Little Snake River on the Colorado-Wyoming border. 

Climates of the seven locations range from the semi-arid Middle Kern River in southern 

California to the humid subtropical lower Red River in southern Louisiana and the humid 

continental Hudson River in upstate New York.  Relief ratios, the dimensionless ratio of the total 

vertical elevation difference in a basin divided by the basin length (Schumm, 1956), are an 

especially important consideration because artificial levees are distinguishable from other 

locations as particularly steep and rough terrain in the alluvial plains of the Midwest (e.g., 0.001 

relief ratio of the Middle Wabash along the Illinois – Indiana border and the 0.002 relief ratio of 

the Middle Arkansas in Kansas) but seem more flat in comparison in the mountains of California 

or New York (e.g., 0.031 and 0.013 relief ratios of the Middle Kern and the Hudson, 

respectively).  The primary land cover of each basin (Table 2.1) varies between cultivated crops 

(e.g., the Middle Wabash and the Middle Arkansas), to herbaceous or shrub/scrub (e.g., the 
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Middle Kern and the Little Snake), to woody wetlands or forest (e.g., the Lower Red, the 

Hudson, the Columbia).   

 
Figure 2.1. Location of the eighteen HUC2 watersheds and seven HUC8 watersheds 

(HUC8 number listed below each basin’s name) selected for the case study with average annual 
hydrographs and elevation bars (on the hydrographs’ y-axes) , representing the proportion of the 
basin in that elevation range.  
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Table 2.1. Attributes of each basin used in the case study.   
HUC8 Basin name Primary land 

covera 
Maximum 
Strahler 
stream 
orderb 

Mean 
annual 
discharge 
(m3/s) 

Mean 
peak 
annual 
discharge 
(m3/s) 

Area 
(km2) 

Relief 
ratio 

Principal sources of flood-causing 
precipitation or runoffc 

References 

17080006 Lower 
Columbia 

Evergreen 
forest 

9 7,533 14,915 1,754 0.017 Rain from extratropical cyclone on 
snowmelt 

Simenstad et al. 
(2011); Cannon 
(2015) 

02020003 Hudson Deciduous 
forest 

6 404 2,767 4,936 0.013 Rain from extratropical cyclone on 
snowmelt 

Jackson et al. 
(2005) 

18030003 Middle Kern  Herbaceous 6 46 149 6,779 0.031 Extratropical cyclone or associated 
front 

Katibah (1984) 

05120111 Middle 
Wabash  

Cultivated 
crops 

7 343 1,761 5,253 0.001 Rain from extratropical cyclone on 
snowmelt 

Scheel et al. 
(2019) 

14050003 Little Snake Shrub/Scrub 6 32 147 7,926 0.001 Rain from extratropical cyclone on 
snowmelt 

Blaschak 
(2012); Caskey 
(2013); Caskey 
et al. (2015) 

08040301 Lower Red Woody 
wetlands 

8 6,173 15,282 2,350 0.001 Extratropical cyclone or associated 
front 

Knox and 
Latrubesse 
(2016) 

11030013 Middle 
Arkansas  

Cultivated 
crops 

7 124 800 2,350 0.002 Rain from extratropical cyclone on 
snowmelt 

Guilliams 
(1998); 
Matthew et al. 
(2005) 

Note. aSource is the 2016 NLCD. bStream order based on Strahler (1952).   cSources of flood-causing precipitation or runoff based on Hirschboeck (1991).   
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2.2.3 Hydrogeomorphic Floodplain Delineation 

I established a CONUS floodplain calibrated to FEMA special flood hazard areas A and 

AE using the GFPLAIN algorithm (Nardi et al., 2019) and the 1 arc-second (~30 m resolution) 

NED (Table 2.2).  The FEMA special flood hazard maps’ coverage of the CONUS (~60% of the 

CONUS area) makes them suitable as validation for CONUS flood hazard models, but unsuitable 

as a stand-alone CONUS floodplain.  Valued for its continental coverage, the accuracy of FEMA 

maps varies and can be less accurate than local high quality flood models (Blessing et al., 2017).  

Previous studies have used FEMA floodplain maps for either calibration or validation (e.g., 

Wing et al., 2017; Nardi et al., 2018; Annis et al., 2022), as the level of agreement between 

hydrogeomorphic models and other flood models indicates the suitability of this type of 

application, especially in data-poor areas (Lindersson et al., 2021).  Lower model accuracy of 

hydrogeomorphic floodplains in certain areas (e.g., dry, steep, flat areas or those near the coast) 

(Annis et al., 2022; Lindersson et al., 2021) is mitigated by our calibration at the 2-digit HUC 

basin level.  The GFPLAIN algorithm identifies geomorphic floodplains in two main steps: (1) 

terrain analysis of a DEM for basin drainage extraction and (2) floodplain delineation.  It uses an 

adaption of a scaling regression from Leopold and Maddock (1953) to relate stage to upstream 

contributing area: 

FHi = aAb     

where FHi is the maximum flow depth at a location for the recurrence interval i, a and b 

are dimensionless scaling parameters, and A is the contributing area for that location (Scheel et 

al., 2019).  Calibration was conducted by comparing model performance with FEMA flood maps 

on stream segments from the first six stream orders in each 2-digit HUC basin using the F 

measure of fit, which is the ratio of floodplain area correctly modeled to the total area modeled 
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and predicted by FEMA (Equation (4); Horritt and Bates, 2001).   I kept parameter a constant at 

0.0035 while varying b between 0.25 and 0.42, given the strong linear correlation of the two 

parameters (Annis et al., 2019).  The value of a and the range of b was selected based on 

previous studies (Nardi et al., 2006; Nardi et al., 2018, Annis et al., 2019; Scheel et al., 2019).  A 

third parameter, contributing area threshold, was kept constant at 50 km2 based on previous 

studies (Annis et al., 2019; Scheel et al., 2019).  Values for the b parameter 0.32, 0.34, and 0.36 

resulted in the highest F measure of fit during floodplain calibration (Figure A.1).   The complete 

results are located in Appendix A.   

2.2.4 Data 

I used national, publicly available data sources (Table 2.2) in our analyses.  The 

geomorphic variables (slope, planform curvature, profile curvature, relative elevation, and aspect 

difference) were developed according to Wing et al. (2019) from the National Elevation Dataset 

(NED 10 with resolution of 1/3 arc-second and approximately 10 m) based on its higher vertical 

accuracy compared to other nationally available topographic data sets (Gesch et al., 2014).  I 

included the 2016 National Land Cover Database (NLCD) due to its national coverage and the 

expected association of artificial levees with certain land covers.  I developed the six variables 

according to the distance from stream order one through six using the National Hydrography 

Dataset Plus High Resolution (NHD Plus) to capture the expected proximity of artificial levees 

to streams.     
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Table 2.2. Variables and datasets used in the study 

 Variable Dataset Type Resolution 
G

eo
m

or
ph

ic
 

V
ar

ia
bl

es
 

Slope National Elevation 
Dataset (Gesch et 
al., 2002) 

 

Raster 
 

10 m 
 Planform curvature 

Profile curvature 
Relative elevation 
Aspect difference 

L
an

d 
C

ov
er

 
V

ar
ia

bl
e 

Land cover National Land 
Cover Database, 
2016 (Jin et al., 
2019) 

Raster 30 m 

S
pa

ti
al

 V
ar

ia
bl

es
 Distance from stream order 1 stream National 

Hydrography 
Dataset Plus High 
Resolution (Buto 
& Anderson, 2020) 

 

Vector 
 

- 
Distance from stream order 2 stream 
Distance from stream order 3 stream 
Distance from stream order 4 stream 
Distance from stream order 5 stream 
Distance from stream order 6 stream 

 Basin boundaries USGS Hydrologic 
Unit Maps (Seaber 
et al., 1987) 

Vector - 

2.2.5 Model Development and Implementation 

2.2.5.1 Case Study Modeling 

Similar data processing and modeling procedures were followed in the case and national 

studies (Figure 2.2).  For the case studies, R software was used to process data sources (R Core 

Team, 2020).  Twelve raster layers (all of the variables in Table 2.2 except “basin,” which was 

added after sampling), each with a 10 m resolution, were created for the calibrated 100-year 

hydrogeomorphic floodplains in each of the seven basins (Table 2.1).  I randomly sampled levee 

locations from the NLD and non-levee locations from other places within the GFPLAIN 

floodplain using over 480 general logistic models (GLMs), random forest models (RFs), and 

support vector machine models (SVMs) with various sample sizes, non-levee to levee sample 

size ratios (absence/presence), and different combinations of variables (Table 2.3).  I defined and 

tested the full model as model 1 with all variables: the five geomorphic variables (slope, profile 
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curvature, planform curvature, relative elevation, and aspect difference), the 2016 NLCD, the six 

distance-from-stream-order variables, and the HUC8 basin (Table 2.2).  I also tested models with 

each of the variables removed from the full model and some other combinations.   

 

Figure 2.2. Workflow for the case and national studies.  (a) In the case study I (1) 
generated 7 individual multi-layered rasters for each HUC8 basin hydrogeomorphic floodplain 
where each layer is a variable (2).  (3) I combined random samples taken from levee (the NLD) 
and non-levee locations and (4) fit different GLM, RF, and SVM models as discussed above.  I 
then assessed results.  (b) In the national study, I (1) generated polygons around the NLD levees 
and all other areas in the hydrogeomorphic floodplain in each HUC2 basin to assist random 
sampling in ArcGIS Pro.  (2) I generated random samples from the CONUS for two different 
sized data sets (n = 30,600 and 3,060,000) using GEE to generate the geomorphic variable values 
and ArcGIS Pro to generate the NLCD and distance from stream order 1-6 variables.  (3) I fit 
different RF models to the data and applied the highest performing model to the contiguous U.S. 
hydrogeomorphic floodplain (4).  I generated data from each HUC2 basin in ArcGIS Pro, 
imported and fit the data in R, and exported the model results back into ArcGIS Pro where I 
mapped, segmented, and then analyzed the results.   
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Table 2.3. Model names and variables in the study 
Model Total 

variables 
Variables 

1 13 Geomorphic variables (slope, profile curvature, planform curvature, 
relative elevation, aspect difference), NLCD, basin, distance from stream 
order 1-6 

2 12 Model 1 without slope 

3 12 Model 1 without profile curvature 

4 12 Model 1 without planform curvature 

5 12 Model 1 without relative elevation 

6 12 Model 1 without NLCD 

7 12 Model 1 without aspect difference 

8 12 Model 1 without basin 

9 7 Model 1 without distance from stream order variables 

10 6 Distance from stream order variables only 

11 11 Model 1 without distance from stream order variables and aspect 
difference 

12 8 NLCD, basin, distance from stream order 1-6 

 

I analyzed the impacts of sample size, ratio of levee to non levee (presence to absence) 

data, and model variables on GLM, RF, and SVM performance through separate comparisons of 

the performance of models generated from a large number of data sets in which only those (e.g. 

sample size) quantities varied.  I used 113 independent data sets varying from 110 to 13,900 

sampled locations per basin with model 1.  Based on those results, in which the RF model 

outperformed SVM and GLM models at every sample size, I narrowed subsequent case study 

analyses to RF models only though I revisited all three model types at the CONUS level.  The 

impacts of varying ratios of levee to non levee data to RF performance were analyzed using 93 

independent data sets with absence to presence ratios ranging from 0.04 to 23.6.  I attempted to 

hold sample size constant but experienced a range of 812 to 856 total sampled locations for each 

dataset due to varying “NA” value generation resulting from imperfect replacement of NA 

values sampled from masks.  Absences were sampled everywhere in the GFPLAIN floodplain, 
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excluding a 10 m buffer from the NLD centerlines.  RF models with absence to presence ratios 

of 0.7 had the highest performance.  Accordingly, I used this ratio for subsequent analyses 

although I tested ratios of 0.7 and 1.0 at the CONUS scale.  I analyzed RF model performance 

with different variables using 50 independent data sets each consisting of data from 1,000 

locations per basin with a 0.7 absence to presence ratio.  Training data consisted of 70% of each 

data set with 30% used for validation. The results of these processes guided the CONUS study. 

I conducted a leave-one-out cross-validation (Stone, 1974) with 1,171 NLD levees in the 

lower Mississippi Basin to understand how a parsimonious RF model (model 12) using the NLD 

and distance-to-stream-order variables behaved with undocumented levees that were not in the 

NLD.  Given the close proximity of artificial levees (e.g., 74% of NLD levees in the LMR basin 

are within 5 km of each other) and the size of data sets (n > 3,000,000) used in the CONUS 

study, this cross validation best approximates a model’s ability to detect undocumented levees.   

Using a 170,000-location sample with a 0.7 absence to presence ratio, I added a “levee ID” to 

each levee and wrote R code to iterate through each levee by first removing that levee from the 

data set, generating a model from 70% of the remaining data, applying the model to the withheld 

levee data, and recording the model accuracy.  This process was conducted for each of the 1,171 

artificial levees.  I also recorded the shortest distance between each levee to understand how 

proximity impacted model performance. 

2.2.5.2 National Modeling 

In the national study, I tested different model types (GLM, RF, and SVM) and model 

variables using two different sized datasets generated from the CONUS floodplain for training 

and validation.  I selected the most accurate model based on multiple accuracy metrics, a RF 

model trained on 2,142,000 sampled locations with land cover, HUC2 basin, and six distance 
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from stream order 1-6 variables and applied it to the entire CONUS floodplain using ArcGIS Pro 

and R.  More details about initial national modeling efforts are in Appendix A.   

I used ArcGIS Pro to generate two polygons in each of the 18 HUC2 basins: a “levee” 

polygon within 10 m of the NLD, and a “non-levee” polygon for other areas in the 

hydrogeomorphic floodplain.  Based on analyses in the case study, I randomly generated two 

differently sized data sets both with 0.7 absence to presence ratios: (1) 700 non-levee and 1000 

levee locations in each HUC2 basin (total n ~ 30,600) and a much larger sample with (2) 70,000 

non-levee and 100,000 levee locations in each HUC2 basin (total n = 3,060,000) for all 13 

variables required for model 1.  I used 70% of each data set for model training (n = 21,420 

sampled locations for the small data set and 2,142,000 sampled locations for the large data set).  I 

used GEE cloud computing and the Terrain Analysis in Google Earth Engine (TAGEE) script 

(Safanelli et al., 2020) to calculate the five geomorphic variables (Table 2.2).  The land cover 

variable and the distance-from-stream-order variables were generated in ArcGIS Pro.  These data 

were exported into R and fit to different models (Table 2.4).   

I selected the best performing model based on a full suite of accuracy measurements 

(Table 2.4).  I then generated a 30 m resolution raster from the calibrated CONUS 100-year 

hydrogeomorphic floodplain containing ~880,000,000 pixels.  Working by HUC2 basin, I 

generated the dataset for each location in ArcGIS Pro, exported the data into R, applied the 

model, and exported the predicted values (in the case of RF models “1” or “0”) back into ArcGIS 

Pro, where the predicted values were mapped and segmented.  Segments were analyzed to 

determine whether they were already represented in the NLD, which stream order they were 

meant to “protect” against, and to estimate their length using segment attributes.         
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2.3 Results 

2.3.1 Case Studies 

RF models demonstrated the best predictive performance for identifying artificial levees 

at every sample size, followed by SVM models (Figure 2.3a). The GLMs demonstrated the worst 

performance of all three models. Because the RF models demonstrated the best performance, all 

our subsequent results in the case study focus on RF model outputs.  An absence-to-presence 

ratio of 0.7 resulted in the best RF model performance, but data with ratios between 0.45 and 

1.24 performed well (Figure 2.3b). Furthermore, RF performance continued to improve with      

larger sample sizes from each basin, exceeding a kappa of 0.8 for sample sizes larger than 1,000.   

 

Figure 2.3. Model performance using Cohen’s kappa in the case study.  (a) GLM, RF, 
and SVM model performance with sample size varying from 110 to 13,900 sampled locations 
total in the seven basins for 113 independent samples. The grey envelopes are 95% confidence 
intervals for logistic models, depicted by a solid line, fit to the data (b) Performance of 93 
independent RF models by varying absence/presence ratio of sampled locations while controlling 
for sample size (n ~ 832 sampled locations).   

 
Different RF models, each with 100 trees of three variables sampled at each node, were 

applied to 50 different random samples from 1,000 sampled locations and a 0.7 absence/presence 

ratio (Figure 2.4).  Model 1, with all variables, only slightly outperformed models with one less 
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variable with kappas in the 0.75-0.8 range.  A model without any geomorphic variables (model 

12) performed almost as well as the full model.   

 

Figure 2.4. RF model performance by Cohen’s kappa and variables for 50 data sets, each 
with a 0.7 ratio of absence to presence data and ~ 1,000 sampled locations.  Boxplots are plotted 
along with individual model values.  The model number on the x-axis corresponds to models 
listed in table 2.2.   
2.3.2 Leave-one-out cross-validation 

An RF model using model 12 detected 61% of levees when they were left out of the 

training dataset. Detected levees were longer than undetected levees such that sum of the length 

of detected levees (7,473 km) represented 94% of total levee length (7,910 km) (Figure 2.5a).  

Levees were close together, with 74% of levees within 5 km of each other and 94% of levees 

within 25 km (Figure 2.5b).   
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Figure 2.5. Results from the leave-one-out cross-validation.  (a) Longer levees were 
detected more often than shorter levees so that detected levees represent 94% of total levee 
length. (b) Levees are close together, with 74% of levees within 5 km of each other and 94% 
within 25 km. 
2.3.3 National study 

I tested different variables, model types, sample sizes and absence/presence ratios using 

models trained at a national scale (Table 2.4).  As in the case study, RF models outperformed 

SVMs and GLMs with RF model performance increasing with sample size.  I was initially 

surprised to discover that model 12, without any of the five geomorphic variables, outperformed 

the model 1 by 0.1 kappa and other performance measures (Table 2.4, Figure A.2).  Further, I did 

not initially test model 12 in the case study, and only added it after discovering it here.   

The performance of model 12 corresponds to a 97% accuracy, meaning that 97% of the 

known non-levee and levee locations in the ~918,000 CONUS validation sample were predicted 

correctly, although the results of this study indicate that many false-positives may represent 

undocumented artificial levees (what I call potential levees).  However, the model performance 
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varied spatially, ranging from 0.813 kappa in the California HUC2 basin to 0.999 kappa in the 

Upper Colorado HUC2 basin, correlating to the inverse of the NLD levee total length in each 

HUC2 basin.   

 
Table 2.4. Model performance in the national study   

Modela MLb Sizec Ratiod ke TP 
Ratef 

TN 
Rateg 

FP 
Rateh 

FN 
Ratei 

1 RF 1700 0.7 0.69 0.87 0.82 0.18 0.13 
1 RF 1700 1 0.69 0.82 0.88 0.12 0.18 
1 GLM 1700 1 0.47 0.68 0.80 0.20 0.32 
1 SVM 1700 1 0.55 0.83 0.74 0.26 0.17 
12  RF 1700 0.7 0.65 0.87 0.77 0.23 0.13 
1 RF 170,000 0.7 0.85 0.95 0.90 0.10 0.05 
12 RF 170,000 0.7 0.94 0.99 0.95 0.05 0.01 
12 + relative 
elevation 

RF 170,000 0.7 0.89 0.97 0.92 0.08 0.03 

12 + profile 
curvature 

RF 170,000 0.7 0.90 0.98 0.93 0.07 0.02 

12 + aspect 
difference 

RF 170,000 0.7 0.87 0.97 0.91 0.09 0.03 

12 + slope RF 170,000 0.7 0.89 0.97 0.92 0.08 0.03 
Note. a“Model” corresponds to the variables listed in table 2.3. bThe “ML” column denotes the machine learning or 
statistical model used.  c“Size” denotes the total sample size taken from each HUC2 basin for both model training 
and testing.  d“Ratio” denotes the ratio of absence to presence in the sample.  eThe result denotes the Cohen’s kappa 
of the model on the testing sample, where I used a 70/30 random split for training and validation in all models.  
fTrue positive rate. gTrue negative rate. hFalse positive rate. iFalse negative rate.   

 

Potential artificial levees, those areas identified that may be artificial levees and are not 

identified by the NLD, are listed in Table 2.5 (which also lists NLD levees separately).  Potential 

levees were concentrated in the upper and lower Mississippi and the Missouri basins (basins 

7,8,10 in Table 2.5 and Figure 2.6).   Potential levees were also concentrated along streams of 

order 2 to 6, constituting 75% of total levee length (Figure 2.7).  There were 146,404 potential 

levees identified constituting a total length of 182,213 km (Table 2.5).  Normalized artificial 

levee length (the total length of NLD or potential levees associated with stream order X divided 
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by the combined length of streams with stream order X) gives a sense of how streams of a 

particular order are impacted by artificial levees.  Artificial levees provide greater “protection” 

along streams of greater order, with normalized length approaching 0.20 for stream order 10 

(Figure 2.7). Potential levees and those documented in the NLD represent coverage of 2% of the 

total length of streams in the contiguous United States.   
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Figure 2.6. A spatial and stream order representation of potential and NLD artificial 
levees by HUC8 and HUC2 basin.  (a) The number of potential levees per HUC8 basin.  HUC2 
basin boundaries, in bold, are denoted by number.  Three black dots indicate potential levees 
examined in Figure 2.8. (b) The number of NLD levees per HUC8 basin with HUC2 basin 
boundaries in bold. (c) The proportion of potential artificial levee length along each stream order 
in 18 HUC2 basins.   

 

Figure 2.7. Potential and NLD artificial levee stream orders by normalized length and the 
sum of levee length for that order.  NLD and potential levees are annotated by green and orange 
colors, respectively.   

To illustrate a few locations where I identified levees not present in the NLD and to 

discuss how the model works, I highlight three potential levees and the raw model results (prior 

to segmentation) that I was able to ascertain are definitely levees (Figure 2.8).  Brookville, 

Indiana sits at the confluence of the East Fork Whitewater River (stream order 7) and the 

Whitewater River (stream order 8) which is a tributary to the Ohio River (Figure 2.8a).  This 

artificial levee was built along the East Fork Whitewater River and is more than 850 m long, 1-2 

m tall, and has been the subject of a riverwalk project (Norwood, 2020).  This illustrates how 

undocumented artificial levees influence hydrogeomorphic floodplains, as the 100-year 
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floodplain and detection are immediately next to the levee.  Elaine, Arkansas is situated several 

kilometers from the Mississippi River next to an old meander scar and is “protected” from 

Mississippi River floods by kilometers of massive artificial levees.  One 400 m section of 

artificial levee is not documented in the NLD (Figure 2.8b).   Arcata, California is a tidally 

influenced community situated next to Arcata Bay and the Pacific Ocean in northern California. 

The area was subject to salt marsh reclamation for pasturage during the last 150 years (Murray & 

Wunner, 1980).  This 200 m length of artificial levee, visible from U.S. Route 101, was likely 

built to reclaim floodplain along Jacoby Creek for pasturage (Figure 2.8c).  Detected in the raw 

model results, this large segment was not included in the final results because the segment 

overlapped a NLD levee to the north.  These results indicate the value of buffering the 

hydrogeomorphic floodplain by 100m and considering how to separate model results from the 

NLD.     
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Figure 2.8. Aerial and perspective images of potential artificial levees discovered during 
this process.  The white circle and arrow on the aerial image indicates the perspective location 
for the perspective image.  Black lines correlate locations between the two images.  Raw model 
results, prior to segmentation, are plotted in orange (detected) and green (not detected). (a) 
Brookville, Indiana levee is visible as a long linear feature in aerial imagery, on Google Street 
view, and written about in an online news article (Norwood, 2020).  (b) Elaine, Arkansas levee 
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on the Mississippi River is connected to a NLD levee (indicated by a red line) but remains 
undocumented.  (c) Arcata, California levee along the Gannon Slough and U.S. Route 101 is 
likely related to salt marsh reclamation for pasturage.    

 

Table 2.5. NLD and potential levee lengths (km) by HUC2 basin. Potential levees were 
identified by this study and are not part of the NLD.      
HUC2 basin NLD  (km) Potential levees (km) 
New England (1) 89 25 
Mid-Atlantic (2) 617 2,220 
South Atlantic-Gulf (3) 2,410 5,921 
Great Lakes (4) 41 277 
Ohio (5) 1,148 12,216 
Tennessee (6) 45 40 
Upper Mississippi (7) 4,804 35,374 
Lower Mississippi (8) 7,912 38,657 
Souris-Red-Rainy (9) 466 459 
Missouri (10) 4,438 39,221 
Arkansas-White-Red (11) 2,939 16,073 
Texas-Gulf (12) 2,403 9,230 
Rio Grande (13) 1,074 965 
Upper Colorado (14) 154 9 
Lower Colorado (15) 1,582 1,471 
Great Basin (16) 133 392 
Pacific Northwest (17) 2,082 10,747 
California (18) 14,306 8,916 
Total Length (km) 46,643 182,213  

 

2.4 Discussion 

2.4.1 Location and prevalence of artificial levees 

This analysis indicates that the NLD may only show 20% of the artificial levees in the 

CONUS. Over 62% of potential levees are concentrated in the upper and lower Mississippi 

basins and the Missouri basins with potential levee length exceeding documented levee length by 

factors of seven, five, and nine, respectively (Figure 2.6, Table 2.5).  Potential levee length in the 

Ohio basin exceeds NLD levees by a factor of 11.  These details, combined with the 
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concentration of potential levees  along smaller stream orders (Figure 2.7), seems to reflect the 

long history of artificial levee construction in the lower Mississippi River basin and early 

interventions along the Mississippi and Ohio Rivers, such as the 1824 Rivers and Harbors Bill 

(Wohl, 2005).  I suspect that NLD and potential levees represent a continuum in which NLD 

levees represent one pole with larger levees more recently built with state or federal funds, and 

designed to “protect” against streams of a larger order.  The other pole is represented by potential 

levees which are smaller, built longer ago and by landowners, and situated next to smaller 

streams.  I see this dynamic illustrated in the California basin where potential levee length is half 

that of NLD levee length (Table 2.5), reflecting the later period (i.e., early 20th century) of 

artificial levee construction in that basin (ASCE, 2017) and better documentation that comes 

with more recent construction.   

2.4.2 Spatial and geographic implications of findings 

Characterizing the shape of Earth’s surface is considered the primary method for 

quantitative land-surface analysis (Sofia, 2020). Our understanding of landscapes arises from 

human cognition of spatial patterns in the field (Roering et al., 2013), so it is reasonable that 

geomorphic variables are nearly the exclusive set of variables used in recent efforts to detect 

artificial levees and other earthworks.  Nonetheless, topographic patterns are only one way to 

parameterize geomorphic features.  A quick review of efforts to model other physical phenomena 

with less pronounced topographic profiles, such as wetlands, indicates a willingness of 

researchers to explore other ancillary variables such as “distance to stream” (e.g. Golden et al., 

2016; Berhane et al., 2018; Ansari et al., 2019).  Unlike other geomorphic features of mostly 

natural origin, artificial levees are constructed solely by humans to protect infrastructure from 

river floods.  They are anthropogenic features that are intimately tied to human land cover and 
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hydrologic features.  Consequently, the spatial patterns humans have created in building levees 

are real and useful for modeling.   

I am interested in the causes of the difference in accuracy between models that use land 

cover and stream order variables (e.g., model 12) and those models using geomorphic variables 

(e.g., model 1).  Detecting artificial levees presents significant technical challenges due to their 

small size, geographic ubiquity, and varied morphology (Steinfeld and Kingsford, 2013).  

Artificial levees can be massive structures or features nearly invisible to both the eye and 

topographically based analyses (Figure A.3), with the height of some artificial levees less than 

the vertical error of topographic datasets (e.g., the mean relative vertical accuracy of the NED is 

0.81 m with the accuracy of 95% of locations within 2.93 m (Gesch et al., 2014)).  Furthermore, 

the resampling process of digital elevation models tends to smooth topographic crests (such as 

those of levees) making the features even more topographically indistinguishable or even 

invisible (Wing et al., 2019).  Consequently, it is not surprising that spatial and land cover 

patterns seem to be more useful than geomorphic patterns in a national study given the diverse 

geomorphic signatures of both documented artificial levees (such as those in figure A.3, which 

can be used as training data) and undocumented levees.  Other researchers working at the 

national scale or larger (e.g., Grill et al., 2019) recognized the strong correlation of lateral 

discontinuity structures with human development and employed nightlight intensity as a proxy 

for lateral discontinuity in the absence of global records of artificial levees and other structures.     

Recent investigations have raised concerns over validation strategies for large scale 

modeling studies where the employment of spatially autocorrelated training and validation data 

leads to inflated estimates of model accuracy (e.g., Ploton et al., 2020).  The issue is covered 

extensively, especially in the ecological literature (see Roberts et al., 2017), but I consider it 
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appropriate to discuss the suitability of the validation techniques employed here.  Karasiak et al. 

(2021) explains how the winner of a land cover classification contest was able to employ 

geographic pixel location only due to the ostensible spatial autocorrelation of the training and 

validation data sets.  Unlike that example, and as previously discussed, I consider the spatial 

patterns expressed by the distance from stream order and land cover variables to be real patterns 

created by humans because land cover and stream flow were primary factors in the decision 

process that led to artificial levee construction.  In addition, our method of mapping model 12 

over the GFPLAIN floodplain is considered interpolation, not extrapolation, because I am 

applying the model in the same domain (i.e., the same geographic extent and variable domain) as 

that from which the training data are generated.  Validation error of random samples is 

considered accurate in models with applications in similar geographic and variable domains 

(Roberts et al., 2017).  Unlike the problematic models discussed by Ploton et al. (2020), our 

training and validation samples (n ~ 3,060,000) are drawn from the same geographic and 

variable space as the model application area (the full 100-year GFPLAIN floodplain).  I am not 

applying the model in a different geographic area.  The detection of unknown levees representing 

94% of total levee length in the leave-one-out cross-validation substantiates these claims.  

Initially, our use of the 2-digit HUC code, instead of the 8-digit code, as a variable was driven by 

the RF package’s (Liaw and Wiener, 2002) limit of 32 levels for a factor variable.  Our 

experience indicates that the use of the 18 levels of the 2-digit HUC code strikes the right 

balance between harnessing RF’s ability to model large samples without overfitting (Breiman, 

2001) and the need to apply spatial patterns locally.  After even a casual perusal of the USACE 

NLD website (https://levees.sec.usace.army.mil), it is reasonable to suspect that different areas of 

the United States might exhibit different spatial patterns of artificial levees and thus employing 

https://levees.sec.usace.army.mil/
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the natural basin configuration at the regional scale is appropriate.  An example of this is the 

artificial levee density difference between basins such as the lower Mississippi Basin and 

California Basin (with a relatively high density of artificial levees) and the New England basin 

(with a relatively low density).  Another consideration for modeling is that the 2-digit HUC basin 

level is the most specific HUC code designation so that all basins contain known levees.  

CONUS models using HUC4 basins or larger HUC code designators would have basins without 

training data.    

2.4.3 Future directions 

Several areas appear promising for future research.  First, artificial levee detection from a 

truly object-based approach could allow for the introduction of several object-based variables 

such as levee length and volume, mimicking the methods that experienced engineers or 

geomorphologists might employ to judge whether a structure is an artificial levee.  Second, 

including additional variables, such as stream order 7-10 variables and spectral properties, could 

improve model accuracy.  To test additional variables and the idea of using a larger sample size, 

I added a larger training sample size and a distance from stream order 10 variable in the lower 

Mississippi Valley (Table 2.6, Figure A.4).  Both ideas improved model accuracy with increased 

sample size resulting in the greatest gains. 
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Table 2.6. Model performance in the Lower Mississippi HUC2 basin with a larger 

training sample size and an additional variable   
Model n  Kappa TP Ratea TN Rateb FP Ratec FN Rated 

12 170,000 0.846 0.94 0.91 0.09 0.06 
12 1,700,000 0.958 0.97 0.99 0.01 0.03 
12 + SO10 1,700,000 0.974 0.98 0.99 0.01 0.02 

Note. aTrue positive rate. bTrue negative rate. cFalse positive rate. dFalse negative rate.   

Third, I suggest coupling a geomorphic post-processing technique using high resolution 

topographic data with this model to determine whether the areas identified as potential-levees are 

shaped like levees.  Although I found that including geomorphic variables reduced predictive 

power at the national scale, assessing how “levee like” potential levees are geomorphically in a 

subsequent step could help prioritize ground-truthing efforts.  Fourth, the incorporation of field 

validation of potential levees similar to the validation of barriers conducted by Jones et al. (2019) 

would improve model certainty.  Actual ground-truthing of potential levees identified here could 

complement the methods currently in use to document artificial levees for the NLD resulting in a 

more complete and certain database.  Fifth, revisiting this analysis in a decade could benefit from 

expanded computing ability and more open source options for object based classification, a more 

thorough NLD as training data, and a more accurate NHD Plus HR.  Sixth, the causes of the 

spatial patterns of potential and NLD levees, illustrated in figure 2.6, deserve more detailed 

exploration.   

2.5 Conclusions 

Our exploration of different variables and models to detect artificial levees led to a 

random forest model with land cover and stream order variables.  Applying this model in a 100-

year geomorphic floodplain in the contiguous U.S. indicated the potential for 182,000 km of 

artificial levees that are not included in the national levee database, suggesting that the database 
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contains only 20% of artificial levee length in the continental U.S..  These levees missing from 

the national database were concentrated in the lower and upper Mississippi and Missouri basins 

and mostly along streams of order 2 through 6.  When normalized for total stream length, larger 

stream orders were more impacted than smaller streams, with more than a third of stream order 

10 streams impacted by NLD or potential levees.  Ideas for future directions include methods 

that could further improve model performance and validation.   

Data Availability 

Potential levee location, estimated length, and HUC2 basin are available as supporting data:  

https://doi.org/10.4211/hs.729c0aea00bb48d6b6814c147e4318c4  

https://doi.org/10.4211/hs.729c0aea00bb48d6b6814c147e4318c4
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Chapter 3 A river ran through it: floodplains as America’s newest relict landform 

 

Summary 

Artificial levees are a major human modification of river corridors, but we still do not 

have a clear understanding of how artificial levees impact floodplain extent at regional and larger 

scales.  I estimated changes in river-floodplain connectivity due to artificial levees in the 

contiguous United States (CONUS) using a combination of artificial levee databases, 

delineations of floodplain areas, and the deletion of artificial levees from topography.  Our 

results indicate that artificial levees do not just decrease floodplain extent, but also alter locations 

of floodplain connectivity.  Anthropogenically connected and disconnected locations are similar 

in land cover and are predominantly, in decreasing order of extent, cultivated, wetland, forested, 

and developed land cover types, with over 30% of the entire floodplain area in the CONUS 

cultivated or developed. This study indicates that artificial levees cause complex changes in 

river-floodplain connectivity and can increase flooded areas in some rivers (Knox et al., 2022b). 

3.1 Introduction 

River corridors include the active channel(s), floodplain, and underlying hyporheic zone. 

I define the floodplain as a frequently flooded, low-relief landform created by erosional and 

depositional processes under the contemporary hydrologic regime (Dunne and Alto, 2013). River 

scientists and engineers emphasize the importance of three-dimensional connectivity within river 

corridors (Harvey and Gooseff, 2015).  Examination of lateral connectivity between the channel 

and floodplain can focus on water in association with flooding hazards (Dingman and Platt, 

1977), flood peak attenuation (Woltemade and Potter, 1994), floodplain inundation (e.g., 

perirheic zones; Mertes, 1997), ecological considerations (e.g., flood-pulse concept; Junk et al., 
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1989), sediment fluxes (Wolman and Leopold, 1957; Woman and Miller, 1960; Nanson and 

Croke, 1992; Dunne et al., 1998), or other processes, but the commonality is that alteration of 

natural levels of lateral connectivity influences diverse river corridor functions. 

American floodplain development kept pace with flood protection efforts during the 20th 

century, resulting in the constant rise of average flood-related economic losses (White, 2000).  

Worldwide, the restoration, rehabilitation, and conservation of large floodplain rivers are 

increasingly in conflict with development (Sparks, 1995; Wohl, Bledsoe, et al., 2015).  

Managing these conflicts requires an understanding of floodplain location and extent, as well as 

the water and sediment interactions between floodplain and channel (Wohl, Bledsoe, et al., 2015; 

Nardi et al., 2018).  A rapid increase in the availability of Earth observation datasets and 

computational power has created new opportunities for the evaluation of floodplain mapping 

models (Annis et al., 2019), including hydrodynamic models at the continental scale (Wing et al., 

2017) and hydrogeomorphic models at basin, continental, and global scales (Nardi et al., 2018; 

Annis et al., 2019; Nardi et al., 2019; Scheel et al., 2019; Annis et al., 2022).  Hydrodynamic 

models are the state-of-the-art method for flood-hazard analysis and include backwater effects, 

flood wave attenuation, and urban interactions (Annis et al., 2019). Hydrogeomorphic models 

make efficient use of topographic data and are based on the natural depiction of floodplain 

topography resulting from recurring floods (Nardi et al., 2006).  The level of agreement between 

hydrogeomorphic models and other flood hazard models indicates the suitability of 

hydrogeomorphic modelling, especially in data-poor areas (Lindersson et al., 2021). However, 

one of the sources driving model disagreement and inaccuracy is infrastructure, including 

artificial levees (Nardi et al., 2018; Annis et al., 2022).   
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Diverse human activities alter flow regime, floodplain morphology, and channel-

floodplain connectivity (Hudson et al., 2008; Sofia et al., 2014).  Artificial levees, for example, 

are built to inhibit lateral connectivity and are associated with significant ecological harm 

(Blanton and Marcus, 2009; Wohl, 2018).  Surprisingly, there are few studies that evaluate the 

impact of artificial levees on floodplain extent at large watershed scales (Scheel et al., 2019).  

One example of such an evaluation employed the hydrogeomorphic GFPLAIN flood model 

(Nardi et al., 2019) on two versions of a DEM (digital elevation model), one with artificial levees 

removed, in the 100,000 km2 four-digit hydrologic unit code (HUC) (Table B.1) Wabash basin 

(Scheel et al., 2019).  At the continental scale, however, it remains unknown to what extent 

floodplains have been disconnected from channels in the USA or elsewhere in the world.  

This is in striking contrast to knowledge of longitudinal disconnectivity created by dams 

(e.g., Graf, 1999, 2001; Nilsson et al., 2005). Dams are more readily detected in remote imagery 

and there are more likely to be systematic records of dam construction and the dimensions of 

individual dams (e.g., the US Army Corps of Engineers’ National Inventory of Dams, or Global 

Dam Watch’s global dam database). Increasing recognition of the intensity and spatial extent of 

river longitudinal disconnection by dams has been accompanied by a growing scientific literature 

on the environmental hazards created by this disconnectivity (e.g., Poff et al., 1997; Vörösmarty 

et al., 2003; Syvitski et al., 2005; Hecht et al., 2019). Extensive networks of artificial levees may 

be creating a similar amount of riverine degradation, but remotely delineating natural floodplains 

remains difficult, especially on smaller rivers (e.g., Stout and Belmont, 2014; Jafarzadegan and 

Merwade, 2017), and efforts to quantify the lateral disconnection of floodplains by artificial 

levees at regional to continental scales have been limited by lack of systematic records and 

inability to detect levees in remote imagery.   
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The United States Army Corps of Engineers (USACE) and the Federal Emergency 

Management Agency (FEMA) maintain a national levee database (NLD) for the United States, 

but it has not been evaluated for completeness until recently.  In chapter 2, I estimated the 

completeness of the NLD to be approximately 20%, with over 182,000 km of undocumented 

potential levees identified in the contiguous U.S. (CONUS).   

Here, I explore the spatial extent of lateral disconnectivity caused by artificial levees, 

called “anthropogenically disconnected” floodplains, as well as areas that levees cause to flood, 

called “anthropogenically connected” floodplains, in the CONUS.  I apply a GFPLAIN flood 

model calibrated with FEMA flood-hazard maps (Table B.1) to two digital elevation models: one 

unmodified and one with artificial levees removed.  My primary objectives are to determine the 

spatial distribution and stream order patterns of floodplain disconnection by artificial levees in 

the CONUS. 

3.2 Results  

3.2.1 Area analysis of anthropogenically connected and disconnected floodplain areas 

The net effect of artificial levees varies by HUC8 basin with anthropogenically connected 

(areas flooded by artificial levees) exceeding anthropogenically disconnected floodplains 

(floodplains separated from rivers by artificial levees) CONUS-wide (Figure 3.1a, Table B.2).  

At the larger HUC2 basin scale, the Lower Mississippi River (HUC2 no. 8, 6,714 km2), 

California (HUC2 no. 18, 2,043 km2), and Missouri Basins (HUC2 no. 10, 2,016 km2) had the 

greatest total artificially flooded and disconnected floodplains (Figure 3.1b). These basins have 

the greatest (46,569 km), fourth greatest (23,222 km), and second greatest (43,659 km) lengths, 

respectively, of known and potential artificial levees (chapter 2).  Notably, the anthropogenically 

connected area was ~70% larger than the anthropogenically disconnected floodplain area in the 
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Lower Mississippi River basin (HUC2 no. 8) (Table B.2), reflecting the more confined 

topography of disconnected floodplain areas when compared to anthropogenically connected 

areas in that basin (Table B.3).   

 

Figure 3.1. Net connectivity and cumulative alteration in the CONUS HUC8 basins. (A) 
Net connectivity compares whether each HUC8 basin has more anthropogenically connected or 
more anthropogenically disconnected floodplain area.  Basins with no change in connectivity are 
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indicated by white. (B) Cumulative alteration by anthropogenically connected and disconnected 
floodplain areas.  The 18 HUC2 basins are annotated in each figure with black lines and by 
numbers.   

 

3.2.2 Land cover analysis 

Land cover patterns of anthropogenically connected and disconnected floodplains are 

similar but with some notable differences (Figure 3.2, Table B.4).  By far, cultivated land cover 

(cultivated crops and hay/pasture) makes up the largest proportion (55% for artificially flooded 

and 47% for disconnected floodplain) of each type of area.  Wetlands (15% artificially flooded 

and 11% disconnected floodplain), forested (11% and 16%), and developed (11% and 12%) 

categories constitute progressively smaller proportions of land cover. 

 

Figure 3.2. Land cover of anthropogenically disconnected floodplain and 
anthropogenically connected areas.  CONUS land cover area (square kilometers) of each type of 
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area with HUC2 basin contributions annotated by color. HUC2 basins contributing less than 
1,000 km2 cumulative alteration were combined as “Other” for clarity. 

 There are several notable differences in the artificially flooded and disconnected 

floodplains (referred to as “disagreement areas”) when compared to the agreement areas (Table 

B.4).   Cultivated land cover constitute twice the size of disagreement areas (55-47%) when 

compared to agreement areas (24%).  Forested and developed areas experience similar trends.  

Agreement areas include more wetlands, open water, and shrub cover.           

3.2.3 Stream order analysis 

Stream order is a metric used to classify streams: a first order stream has no tributaries, 

and stream order increases downstream from the confluence of two streams of equal order 

(Strahler, 1957). Artificial levees are more likely to disconnect floodplains in first- to third-order 

streams, whereas the levees are more likely to enhance floodplain inundation in streams of fourth 

and higher orders (Figure 3.3). Stream order contribution patterns vary widely by HUC2 basin 

(Figure B.1).  When compared to stream order contributions to agreement areas, disagreement 

areas peak in order two streams and then decrease with increasing stream order, indicating the 

effects of artificial levees on smaller order streams (Figure 3.3).   
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Figure 3.3. Stream order analysis of anthropogenically connected and disconnected areas.  
Actual and normalized areas in the CONUS, distinguished by stream order.  Areas are 
normalized by stream order contributions to the agreement areas.   
3.3 Discussion  

Our finding that the anthropogenically connected extent was larger than the 

anthropogenically disconnected floodplain extent (Table B.2) was unexpected, although the 811 

km2 difference was much less than 1% of the agreement area floodplain.  This corroborates other 

research illustrating the unintended upstream and downstream flooding caused by artificial 

levees (e.g., Tobin, 1995; Criss and Shock, 2001; Heine and Pinter, 2012; Czech et al., 2016).     

Where artificial levees disconnect floodplains, their presence impacts active floodplain 

area through two processes; simple floodplain disconnection and lateral flowline alteration 

(Figure 3.4). The former occurs when artificial levees disconnect floodplains and river channels, 
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especially along larger stream systems (Figure 3.4a). The end result of this process is a reduction 

in active floodplain area. The latter, lateral flowline alteration, involves an adjustment of the 

direction of flood waters and shifts the location of flooding (Figure 3.4b).  Instead of decreasing 

the active floodplain, floodplain location is shifted from one location to another.  In this example, 

the course of the river channel is adjusted and channelized through an artificial channel with 

levees.  The result is the disconnection of the former channel and floodplain from floodwaters.  

Floodwaters are conveyed to the bottom of the figure where the channel is leveed on one side 

only, resulting in both anthropogenically connected and disconnected floodplains.  With the 

exception of one other study (Scheel et al., 2019), this effect of artificial levees on floodplain 

extent has gone unreported until now, despite the well-known ability of levees to increase stage 

height (Heine and Pinter, 2012).  This type of alteration is a result of the massive degree of 

topographic adjustment represented by the construction of enough artificial levees to wrap 

around the Earth six times (Knox et al., 2022a).  The concentration of artificial levees along 

smaller streams (73% of artificial levees are along streams of orders 2 through 6) (Knox et al., 

2022a) indicates the ability of this process to affect floodplain connectivity in ways that do not fit 

the normal conceptual model of artificial levees, which is based on larger stream systems (e.g., 

Heine and Pinter, 2012).  The discovery of lateral flowline alteration in addition to the traditional 

understanding of simple floodplain disconnection is the latest facet of our understanding of the 

Anthropocene.        

Gilbert White noted that the main policy aim of the last century was to minimize losses 

on floodplains instead of maximizing social benefits (White, 2000).  In spite of that aim and the 

expenditure of billions of dollars on flood protection projects, flood losses in the US continued to 

rise and were 2.5 times higher during the period 1951-1985 than 1916-1950 (Tobin, 1995).  
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What insight can this study provide to this problem?  I found that if I considered cultivated 

(cultivated crops and hay pasture) and developed land covers as those susceptible to economic 

losses, those areas cover 297,794 km2, which is 66%, 59%, and 30% of the anthropogenically 

connected, disconnected floodplain, and agreement area floodplains, respectively.  These 

estimates corroborate recent research indicating the large scale conversion of Mississippi River 

basin floodplains to cultivated and developed land covers during the last 60 years (Rajib et al., 

2021).  The preeminence of cultivated land covers impacted by artificial levees in the CONUS 

reflects the intersection of the huge concentration of levees in the Mississippi basins (40% of 

levee length in the CONUS is in the Lower and Upper Mississippi basins) (Knox et al., 2022a) 

with the degree of agricultural intensification in the same basins (Wohl, 2018).  The association 

of wetland drainage with cultivation (Sparks, 1995; Wohl, 2018) indicates the reason for the 

disconnection of more than 1,500 km2 of wetlands by artificial levees (Figure 3.2).  These trends 

also reflect artificial levee association with certain land covers, with 67% of levees situated on 

developed or cultivated land covers in the CONUS (Knox et al., 2022a).  Cultivated and 

developed land covers constitute 30.6% of floodplain areas and 3.7% of the entire CONUS.  That 

nearly one-third of floodplain areas in the CONUS are used for some sort of economic purpose 

likely explains at least one of the causes for the trend noted by Tobin (1995) and White (2000).    
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Figure 3.4. Two examples of floodplain alteration before and after levee installation.  (A) 
In simple floodplain disconnection, levees disconnect floodplains and rivers.  (B) Lateral 
flowline alteration occurs when levees alter the spatial extent of floodwaters, causing areas to 
flood (called “anthropogenically connected”) and areas to disconnect (called “anthropogenically 
disconnected”).  This type of alteration can occur with other modifications to include 
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channelization, rerouting of tributary inputs, levee construction on one side of the stream only, 
and cut and fill from channel or levee construction.   

 
The anthropogenically connected and disconnected floodplain areas in the Lower 

Mississippi basin are notable given their large magnitude and the size difference, with the 

anthropogenically connected areas ~70% larger than the anthropogenically disconnected 

floodplain areas (Table B.2).  This estimate, that the area flooded by artificial levees is 70% 

larger in extent than areas “protected” by levees, deserves some exploration.  Each of these areas 

are created by floodwaters with the same upstream contributing area.  An analogy is pouring one 

cup of water into a shallow bowl and then again into a tall, narrow vase.  The same amount of 

water results in a different cross sectional area.  Therefore, we tested the idea that floodplain 

geometry differences are responsible for the seemingly large difference in extent.  We generated 

slope maps for the unmodified and modified DEMs and calculated the max and median values in 

each floodplain segment.  The anthropogenically disconnected floodplain segments experienced 

greater slope, despite having artificial levees removed from their margins (Table B.3).   

This supports the idea that, in the LMR basin, more confined anthropogenically 

disconnected floodplain areas result in a smaller floodplain extent given the same contributing 

area and reflects the different processes that formed each area.  Even in a dynamic system such 

as the LMR, anthropogenically disconnected floodplains are formed by fluvial and floodplain 

processes operating over hundreds of years.  Anthropogenically connected areas have only 

recently experienced the same processes.  We contend that similar dynamics, with artificial 

levees altering flow paths across a heterogeneous topography, result in the differences apparent 

in Table B.2 between anthropogenically connected and disconnected floodplain areas.     
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Limitations of these results include the application of the hydrogeomorphic floodplain 

model in areas with characteristics that can lead to lower model accuracy (e.g. dry, steep, flat 

areas or those near the coast) (Annis et al., 2022; Lindersson et al., 2021).  Calibration of the 

floodplain model at the 2-digit HUC basin level provides some mitigation.  Another limitation 

stems from the current inability to ground-truth potential levees identified in chapter 2 and the 

absence of a stream order-dependent buffer size for topography modification.    

I removed known and potential artificial levee locations from a modified 1-arc second 

DEM of the contiguous United States.  I then generated two hydrogeomorphic floodplains using 

the modified and unmodified DEM and compared the location and area, land cover, and the 

stream order of rivers associated with each floodplain segment.  The overall effect of artificial 

levee removal was not to just extend the floodplain, but rather to shift the location of flooding.  

The massive extent and length of artificial levees, especially along smaller streams (Knox et al., 

2022a), requires us to realize that floodplain alteration by artificial levees extends beyond normal 

conceptions of embankment.  Constructed by individual farmers, municipal boards, and state and 

federal agencies over a 300 year period (Hudson et al., 2008), artificial levees constitute a 

massive topographical alteration at the CONUS level that alters floodwater flow paths, especially 

along smaller streams.  This previously unknown dimension of artificial levee impacts to 

floodplains illustrates that we have massively underestimated the ecological and hydrological 

damage of levees.  Anthropogenically disconnected floodplain (protected from flooding) and 

anthropogenically connected (induced to flood by artificial levees) areas each accounted for 

about 1% of the total CONUS floodplain, which was more than 960,000 km2.  More than 60% of 

the disagreement areas (mapped floodplain that differed with and without artificial levee 

presence) were cultivated, forested, wetland, or developed land cover. More than 30% of the 



 

50 
 

CONUS floodplain was either cultivated or developed.   These results corroborate, on a national 

scale, previous local-scale investigations of the unintended consequences of artificial levees.   

3.4 Materials and Methods 

3.4.1 Experimental Design 

Our analyses included the following major steps.  First, I generated GFPLAIN floodplain 

areas for each of the 18 two-digit HUC (HUC2) basins in the CONUS using the 30-m resolution 

USGS National Elevation Dataset (NED) (Appendix B).  Then, I altered the topography in each 

basin by deleting known and potential levees from the topography and applied GFPLAIN to the 

modified topography.  Finally, I analyzed the differences in floodplain extent for the unmodified 

topography and the modified topography by stream order, land cover, and area.      

3.4.2 Topography Modification 

This procedure is similar to DEM modification by Scheel et al. (2019) in which the 

topographic effect of levees are removed from the DEM (Figure B.2).  I developed an ArcGIS 

Pro (Esri, Inc., 2021) model that separately modifies topography near NLD levees and near 

potential levees before combining results into one DEM.  The same procedure is applied to both 

types of levees.  First, the centerline of each levee is identified.  Then, the centerline is buffered 

by 90 m.  This area, within 90 m of the centerline, is the only area in which topography is 

adjusted during the process.  The 90 m buffered area is deleted from a second larger buffered 

area of 150 m beyond the original 90 m buffer, creating a ring of unmodified topography varying 

in distance of 90 to 240 m from the levee centerline.  The focal mean tool, with radius of 120 m, 

is then applied to the area of the original 90 m centerline buffer, using the values of the ring of 

unmodified topography.  Finally, three separate DEMs are combined together using the 



 

51 
 

minimum value and the mosaic tool:  the unmodified DEM, the modified DEM using NLD 

centerlines, and the modified DEM using potential levee centerlines.  

3.4.3 Statistical Analysis 

I developed custom ArcGIS Pro (Esri Inc., 2021) and R (R Core Team, 2020) scripts to 

analyze the differences between the GFPLAIN floodplain extent developed from unmodified and 

modified topography. Working by HUC2 basin, I identified areas of agreement and 

disagreement.  Analysis focused mainly on the latter because areas of disagreement are created 

solely by the presence or removal of artificial levees.   Areas of disagreement between the two 

floodplains were classified as either anthropogenically disconnected floodplain or 

anthropogenically connected and were analyzed using ArcGIS Pro.  Anthropogenically 

disconnected floodplain are those separated from overbank flow by the installation of artificial 

levees.  Anthropogenically connected areas are those that are caused to flood by the installation 

of artificial levees.  These areas were measured in terms of square kilometers and their coverage 

in the 2016 National Land Cover Database (NLCD) (Table B.1) was determined in ArcGIS Pro.  

I determined the largest stream order associated with each floodplain segment by searching in 

ArcGIS Pro within 500 m of each segment for every stream segment in the National 

Hydrography Dataset (Table B.1).  I used R to process these data and select the largest stream 

order per floodplain segment using the map_dfr function in the purrr package (Henry and 

Wickham, 2020) and the group_by and summarise functions in the dplyr package (Wickham et 

al., 2020).  I chose 500 m as the search radius after using several smaller values in the Lower 

Mississippi River HUC2 basin and determining that this search radius connected NHD segments 

with most floodplain segments (n ~ 60,000 of 66,000 total segments) without connecting 

unrelated stream and floodplain segments.   
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Data and materials availability: Polygon files for the agreement, anthropogenically 

disconnected floodplain, and anthropogenically connected areas are available publicly at 

https://doi.org/10.4211/hs.15c4ab0ebfe7447298b18af37caf4e0e.    

https://doi.org/10.4211/hs.15c4ab0ebfe7447298b18af37caf4e0e
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Chapter 4 Levees don’t protect, they disconnect: how artificial levees impact floodplain 

function 

 

Summary  

Despite the recognition of floodplain importance in the scientific community, floodplains 

are not afforded the same legal protection as river channels.  In the United States alone, flood-

related economic losses were much higher in the second half of the 20th century than the first 

half despite the expenditure of billions of dollars on flood defenses.  Partially to blame are the 

low appraisal and understanding of human impacts to floodplain functions.  Here, I explore the 

impacts of levees on floodplain functions and analyze case studies of floodplain restoration 

through levee removal.  Floodplain functions include (1) fluxes of water, solutes, and particulate 

materials; (2) enhanced spatial heterogeneity of hydrology and biogeochemistry; (3) enhanced 

habitat abundance and diversity; (4) enhanced biomass and biodiversity; and (5) hazard 

mitigation.  Case studies of floodplain restoration involving artificial levee adjustment are 

heavily concentrated in North America, Europe, and Japan, and those case studies assess 

floodplain functions within 30 years of restoration.  In the United States, restoration through 

levee removal comprises less than 1% of artificial levee length and 1-2% of disconnected 

floodplains.  Most case studies were impacted by stressors outside the study site, such as flow 

regulation or artificial levees, and took place in lowland alluvial rivers.  Reconfiguration was 

successful at achieving limited aims while reconnection set floodplains on a trajectory to more 

fully restore floodplain functions.  Case studies illustrated the tension between restoration scale 

and study resolution in time and space as well as the role of site-specific characteristics in 

determining restoration outcomes (Knox et al., 2022c).   
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4.1 Introduction 

Floodplains are recognized by river scientists as a critical component of river ecosystems. 

Conceptual models emphasizing the role of floodplains include the flood pulse concept (Junk et 

al., 1989), riverine productivity model (Thorp and Delong, 1994), shifting habitat mosaic 

(Tockner et al., 2010), and the river wave concept (Humphries et al., 2014).  Nevertheless, 

floodplains are not afforded the same legal protection as active channels (e.g., US Clean Water 

Act, EU Water Framework Directive) despite a long history of human alteration of floodplain 

forms and processes.  Predictable flood pulses on large rivers in Egypt and Mesopotamia led to 

the development of some of the world’s first complex societies (Butzer, 1976; Sparks, 1995), and 

subsequent cultures focused development on floodplains and learned to exploit floodplain 

functions (Tockner and Stanford, 2002).  Collectively, human activities have resulted in 

simplified floodplains with substantially reduced functions along many rivers (Peipoch et al., 

2015).   

Despite a policy of minimizing flood losses during the 20th century (White, 2000), the 

United States (U.S.) experienced 2.5 times the economic losses ($3 billion annual flood losses) 

in the second half of the century after the expenditure of billions of dollars on flood protection 

projects (Tobin, 1995). An estimated 98% of the 5.3 million km of U.S. rivers are impacted by 

human activities (Graf, 2001).  Some components of these activities, such as flow regulation, 

have been documented nationally and globally (e.g., Graf, 1999; Lehner et al., 2011; Grill et al., 

2019), as have the impacts of roads and railroads (e.g., Blanton and Marcus, 2009).  One key 

component of modern floodplain management is the construction of artificial levees (Hudson et 

al., 2008).  However, the national or global impacts of artificial levees have not been evaluated 
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until recently (Knox et al., 2022a, 2022b), mainly because of incomplete databases of artificial 

levees.   

Natural fluvial levees are long, ribbon-like bodies of sediment deposited at river channel-

floodplain margins when floodwaters lose competence (Brierley et al., 1997), whereas artificial 

levees are human-made linear features constructed between channels and floodplains to contain 

peak flows in the channel (Tobin, 1995).  I define the floodplain as a frequently flooded, low-

relief landform created by erosional and depositional processes under the contemporary 

hydrologic regime (Dunne and Alto, 2013). In previous chapters, I identified over 182,000 km of 

undocumented artificial levees in the contiguous U.S. (CONUS) and determined that the overall 

effect of artificial levees on flooding in the CONUS was to shift the location of inundation (Knox 

et al. (2022a), Knox et al. (2022b)). I also determined that over 30% of the CONUS 100-year 

floodplain was either cultivated or developed land cover.  This prior work emphasized the 

problematic effects of artificial levees at a national scale rather than local scales, which has been 

the focus of most studies assessing the impacts of levees.  

Local and regional studies have found that artificial levees shift the location of flooding 

by increasing stage upstream from levees and increasing downstream conveyance (Tobin, 1995; 

Criss and Shock, 2001; Heine and Pinter, 2012; Czech et al., 2015; Knox et al., 2022b). This can 

lead to increased channel velocities, bed coarsening, and incision  (Frings et al., 2009). Levees 

also limit lateral connectivity and the exchange of nutrients, sediment, and organisms between 

the channel and floodplain, resulting in significant ecological harm (Blanton and Marcus, 2009; 

Sparks et al., 2017; Wohl, 2018). The presence of artificial levees encourages human 

development of floodplains and increases the vulnerability of populations and infrastructure to 

flood damage (White et al., 2001; Pinter, 2005).  
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The loss of floodplain functions resulting from artificial levee installation is seldom 

considered when calculating economic losses from flooding (Opperman et al., 2009; Jacobson et 

al., 2015).  That accounting requires a better understanding of floodplain functions, which is a 

non-trivial pursuit given floodplain ecosystem complexity and floodplain connection to the 

atmosphere, channels, and uplands (Gren et al., 1995).  Although there are a myriad of floodplain 

functions, I group them into the following major categories (Figure 1): 

(i) fluxes of water, solutes, and particulate materials; 

(ii) enhanced spatial heterogeneity of hydrology and biogeochemistry processes; 

(iii) enhanced habitat abundance and diversity; 

(iv) enhanced biomass and biodiversity; and 

(v) hazard mitigation. 
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Figure 4.1. Floodplain functions and selected rivers with case studies (Tables 4.1 and 4.2) 
analyzing the impacts of restoration impacting that function.   

This study sets out to address knowledge gaps in understanding the cumulative effects of 

artificial levees on floodplain functions; understanding floodplain functions across diverse river 

settings in an integrative manner; and the effectiveness of floodplain restoration involving 

artificial levee alteration.  Our previous work in chapters 2 and 3 illustrated the effects of more 

than 228,000 km of artificial levees (almost enough levees to wrap around Earth six times) on 

floodplain extent in the U.S. (Knox et al., 2022a, 2022b).  If the cumulative effects of artificial 

levees are anything close to those documented for dams (which store a year’s worth of runoff in 

the U.S. (Graf, 1999)), then the consequences are of massive ecological significance.  To grasp 

this significance, I present floodplain functions in an integrative way rather than the common 
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approach that separates closely linked physical, chemical, and biological processes (Wohl, 

2021).  The high degree of floodplain functions’ interdependence (discussed in the next section) 

magnifies the damaging impacts of artificial levees.  The urgency to understand floodplain 

functions from an integrative perspective is that much more acute given the role of artificial 

levees as just one of many stressors that impact over 98% of river kilometers in the U.S. (Graf, 

2001).  Given that, I wanted to assess the role of floodplain restoration involving artificial levee 

removal or alteration to understand how this damage can be ameliorated.   

Here, I review these functions and how they are compromised by artificial levees, using 

case studies from North America, Europe, and Japan as examples.  I draw on this review to 

support the contention that artificial levees do not just protect human infrastructure, they also 

disconnect a vitally important component of the landscape that is of great value to humans and 

the environment.   

4.2 Why it matters – floodplain functions 

The importance of floodplain functions to ecological and human wellbeing is 

multifaceted and has been documented in the scientific literature for the past half century. I 

briefly highlight the current knowledge of floodplain functions and their importance below. 

4.2.1 Material fluxes.   

Non-living material stored on floodplains includes water, solutes, sediment, particulate 

organic matter (POM; > 0.45 µm in diameter), and large wood (≥ 10 cm diameter and 1 m 

length) (Wohl, 2021).  Inundation hydrology describes the many sources of surface and 

subsurface water present in floodplains including groundwater, tributaries, overbank flow, 

overland flow from adjacent uplands, and precipitation (Mertes, 2000). Solutes stored on 

floodplains include dissolved forms of nitrogen (Noe et al., 2013), phosphorus (Records et al., 
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2016), and organic matter (Cuffney, 1988) present in surface and subsurface waters. Sediment is 

stored in floodplain features through vertical accretion from overbank flows, lateral accretion 

and channel-fill deposits from channel migration and avulsion, and colluvial and eolian deposits 

(Allen, 1965; Meade and Moody, 2010).  POM such as leaf litter is heavily influenced by the 

type of riparian vegetation and the season (Tank et al., 2010) and can enter floodplains from 

channels, adjacent uplands (transport by wind, overland flow, and tributaries), and direct litterfall 

from floodplain vegetation.  Reduced by orders of magnitude by human influence in many river 

systems, dead biomass in the form of large wood creates physical and ecological functions on 

floodplains (Wohl et al., 2019).  Large wood can also enter floodplains from adjacent uplands, 

overbank flow from channels, or direct recruitment from floodplain forests (Wohl, 2020). 

The most widespread human alteration to floodplains is disconnection from stream flow, 

which alters the volume and duration of storage of all materials by severing transport onto the 

floodplain from the channel; altering surface and subsurface water storage in the floodplains and 

associated biogeochemical processes and decay; or reducing floodplain erosion and deposition 

(Wohl, 2021).  Although artificial levee installation is one of several ways to disconnect streams 

and floodplains, artificial levees can also drastically change floodplain storage through several 

mechanisms leading to terrestrialisation (Tena et al., 2020).  In terms of water storage, the degree 

to which disconnected floodplains become like the adjacent uplands is dependent on other water 

inputs from tributaries and precipitation (e.g. Park and Latrubesse, 2017), groundwater inflow 

(e.g. Burt, 1996), and subsurface connection to the channel (e.g. Kupfer et al., 2015).  Although 

the elimination of overbank flooding and lateral migration can decrease water and sediment 

storage, within-channel fluctuations in discharge can still influence low-lying floodplain areas 

such as secondary channels and floodplain wetlands (Tockner et al., 2000; Hudson et al., 2012; 
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Lininger and Latrubesse, 2016).  Additionally, reduced lateral channel movement and reworking 

of floodplain sediments associated with artificial levee installation and bank stabilization may 

increase POM storage in some cases (e.g. Sutfin et al., 2021).  Levees may be much less 

influential for organic carbon storage in riparian forests compared to the degree of forestation 

and groundwater fluctuations (Rieger et al., 2014).   

Floodplain storage contributions to base flow in un-altered tropical streams (e.g. Lininger 

and Latrubesse, 2016) indicate the potential impacts to river systems from disruptive 

interventions, such as levees.  Artificial levees reduce dissolved and particulate carbon, nitrogen, 

and phosphorus input from channels to floodplains (Noe and Hupp, 2005).  Artificial levees can 

decrease floodplain sedimentation to 0 mm/yr, with accidental breaches providing the only 

sediment supply in the form of sand-splays (Florsheim and Mount, 2002; Florsheim and Mount, 

2003).  Sediment storage loss can occur during levee breaches when simultaneous sand splays 

and scour reposition sediment covering more than hundreds of thousands of hectares on large 

rivers, resulting in anthro-geomorphic pond features called “wielen” in Dutch (Galat et al., 1998; 

Hudson et al., 2008).   

Even though artificial levee installation impedes the influence of overbank flow on 

floodplain storage, the results can be far reaching due to secondary effects such as 

terrestrialisation and organism extinction; the interconnectedness of floodplains with the 

atmosphere, channel, and uplands; and other human activities common on floodplains with 

levees, such as land cover changes.  In the CONUS, artificial levees are most associated with 

land cover changes to cultivated land covers (Rajib et al., 2021; Knox et al., 2022b).  The 

installation of agricultural drain tiles can result in sediment compaction, reduced recharge to 

floodplain aquifers, and loss of storage through increased drainage (Blann et al., 2009).  The link 
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between hydrologic connectivity and spatial diversity of geomorphic units (Hudson and Colditz, 

2003; Hudson et al., 2012; Park and Latrubesse, 2017) indicates that floodplain simplification 

brought about from levee construction can lead to storage alteration.  Conversion to agricultural 

activities can increase nitrate storage because of application of artificial fertilizers (Wang et al., 

2013).  Phosphorus will follow a similar trend given the agricultural sources of phosphorus and 

the role of floodplains as a phosphorus sink (Sharpley et al., 2013).   Complex organic carbon 

dynamics rely on many different factors (Sutfin et al., 2016), with different case studies 

illustrating the varying impacts of levees, degree of forestation, and groundwater fluctuations on 

carbon storage (Hanberry et al., 2015; Wohl, Hall, et al., 2017).   

 4.2.2 Enhanced spatial heterogeneity of hydrology and biogeochemistry.   

Floodplains are landforms in which the mixing of waters with different sources leads to 

increased biogeochemical reactions (Harvey and Gooseff, 2015).  Considered ecosystem control 

points, floodplains host important biogeochemical processes that greatly impact ecosystem 

dynamics (Appling et al., 2014; Bernhardt et al., 2017).  Water is the medium that transports 

energy, solutes, and particulates between hillslopes, floodplains, channels, and other areas 

(Covino, 2017) and is considered the master driver of floodplain structure and functions (Wohl, 

2021).  Variations in the spatial mixing of surface waters in the perirheic zone can strongly 

influence floodplain geomorphology, biogeochemical reactions, and habitat (Mertes, 1997).  

Productivity is related to the juxtaposition of heterogeneous flow paths and microbial activity 

(Dwivedi et al., 2018).  Floodplains are commonly depositional, low-energy locations with high 

primary productivity where large amounts of organic matter mix with reactive nitrogen and 

phosphorus (Noe, 2013).  When not inhibited by artificial levees, this productivity often 

coincides with flood pulses (Tomasek et al., 2019).  Repeated flooding and associated recycling 
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of organic matter and nutrients is the principal driver of productivity in a river-floodplain system 

(Junk et al., 1989).  Flood pulses enable the creation of a stream-soil interface on floodplains 

where numerous biogeochemical reactions occur due to the abundance of electron donors and 

acceptors (Hedin et al., 1998).  The specific type of floodplain inundation highly affects 

biogeochemical processing by altering the relationships between vegetation, microbial activity, 

and chemical reactions (Baldwin and Mitchell, 2000).  Inundation dynamics impact nutrient 

decomposition and mineralization rates (Brinson et al., 1981) as well as translocation of nitrogen 

and phosphorus within floodplain vegetation (Clawson et al., 2001).  Phosphorus dynamics are 

complex and involve the interplay between soil, hydrologic conditions, and climate (Records et 

al., 2016).  Phosphorus processes include biological assimilation, sorption to sediment, and 

precipitation reactions of inorganic salts (House, 2003).   Soil nutrient mineralization rates of 

nitrogen and phosphorus are enhanced by greater inputs of sediment and water to floodplains 

(Noe et al., 2013).   Artificial levees lead to decreased nutrient exchange between floodplains and 

rivers (Jenkins and Boulton, 2003).  Disconnection of floodplains leading to terrestrialisation 

completely changes the floodplain inundation hydrology, significantly impacting biogeochemical 

reactions (Sanchez-Perez and Tremolieres, 2003).  Decreased sediment storage on disconnected 

floodplains impacts biogeochemical reactions involving the sorption of phosphorus to sediment 

(Darke et al., 1996).  Disconnection can also lead to a large decrease in organic matter delivery 

and production on floodplains, thus impacting multiple biogeochemical reactions and food webs 

(Heiler et al., 1995).    

 4.2.3 Enhanced habitat abundance and diversity.  

Floodplain habitat diversity derives from different patterns of hydrologic, solute, and 

sediment connectivity interacting over spatially heterogeneous landscapes (Bayley, 1995).  Junk 
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et al. (1989) emphasized the seasonal flood pulse as a primary driver of these dynamic 

interactions.  Applying the process domain concept (Montgomery, 1999) in this context, 

floodplains are the dynamic canvas on which flooding provides a natural and biologically 

advantageous spatial and temporal habitat disturbance (Junk et al., 1989; Tockner and Ward, 

1999; Arscott et al., 2002) and sufficient space to accommodate diverse habitats (Bellmore and 

Baxter, 2014).   

Disturbance can be considered a physical force or process that stresses an ecological 

system relative to its reference state (Rykiel, 1985) and can be of natural (e.g. flood, wildfire, 

drought) or anthropogenic origin (Magoulick and Kobza, 2003).  Anthropogenic disturbances 

alter the floodplain physical landscape so that fundamental geomorphic thresholds are broken, 

making floodplains less resilient to future disturbance (Brierley et al., 2005; Karpack et al., 

2020). I define resilience as the degree to which a system can persist by absorbing disturbance 

and maintaining similar relationships between populations and driving variables (Holling, 1973).  

In floodplains, resilience derives from the pathways by which hydrobiogeomorphic complexity 

and nested feedback loops are able to absorb disturbance and maintain equilibrium (Wohl et al., 

2021).  Fully functioning floodplains possess multiple process domains and diverse biota that 

facilitate small adjustments to hydrologic, geologic, biologic, or anthropogenic disturbances 

(Castro and Thorne, 2019).  Biogeochemical cycling of nutrients provides a number of dynamic 

feedback loops that mediate ecological and hydrogeomorphic disturbance across multiple 

temporal and spatial scales (Atkinson et al., 2018).   

The spatiotemporal heterogeneity and connectivity of floodplains enhance not only 

floodplain resilience but the resilience of the entire basin (McCluney et al., 2014; Wohl et al., 

2022).  In the same sense, fully functioning floodplains can be considered as river beads, which 
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are spatially heterogeneous locations within the river network whose ability to store water and 

organic material, facilitate biogeochemical reactions, and enhance biodiversity lead to greater 

resilience in the entire network (Hauer et al., 2016; Wohl et al., 2018). River beads were 

originally described for mountain stream networks in which river segments with floodplains 

alternate downstream with laterally constrained segments with little to no floodplain 

development (Stanford et al., 1996). Along lowland rivers with laterally extensive and 

longitudinally continuous floodplains, the entire length of the river corridor acts as a bead. 

Resilience is enhanced by hierarchically organized physical, chemical, and biological processes 

operating across overlapping habitat scales (Beechie et al., 2010).  Contextualizing floodplains 

within the basin and emphasizing connection as far as the ocean (Wohl and Iskin, 2021) indicates 

the potential role floodplains can play in resilience.   

Artificial levees ultimately decrease floodplain habitat diversity and complexity through 

the elimination of hydrobiogeomorphic pathways and feedback loops by which floodplains can 

respond to disturbance.  This begins with the reduction of water and sediment resulting from 

disconnection from stream flow.  Levees disrupt the flood pulse that is the driving force of 

floodplain productivity.  This disruption leads to the elimination of numerous biogeochemical 

pathways by which the floodplain can respond to disturbance.  Cascading effects within food 

webs ensure the subsequent elimination of numerous biota that can no longer contribute to 

floodplain functions.  The end state of artificial levee impacts to floodplains is a spatially and 

temporally homogenized floodplain with reduced biogeochemical activity that has minimal 

ability to absorb disturbance (Poff et al., 2007; McCluney et al., 2014; Wohl, Lininger, et al., 

2017; Bouska et al., 2019).   
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 4.2.4 Enhanced biomass and biodiversity.   

The documented high biomass and high biodiversity of floodplains (Naiman et al., 1993) 

result at least in part from habitat diversity. High biodiversity in floodplains is based on organic 

matter productivity and food webs for numerous fish and other organisms (Opperman et al., 

2017). Floodplains provide the habitat availability and connectivity needed for fish at different 

times in their life cycles (Schiemer, 2000).  Floodplains can contain a great diversity of aquatic 

invertebrates and greater community respiration because of microbial activity (Bellmore and 

Baxter, 2014).  The role of microbial communities in biogeochemical reactions in floodplain 

soils are directly impacted by hydrologic connectivity and organic matter availability (Argiroff et 

al., 2017).   Organic carbon stocks strongly predict bacterial production (Cole et al., 1988), 

whereas hydrologic connectivity exerts an equally important control on bacterial community 

composition and the degree of enzymatic activity (Mayr et al., 2020).  The key control on 

denitrification rates are microbial processes dictated by nitrate and oxygen concentrations 

(Berhardt et al., 2017).  Microbial activity and different conditions imposed by hydrologic 

connectivity are two factors that influence mineralization of nitrogen and phosphorus, a key 

bottleneck geochemical process (Noe et al., 2013).    

Connectivity between channels and floodplains enlarges habitats and biological 

productivity (Jenkins and Boulton, 2003).  Amoros and Bornette (2002) emphasize the 

importance of connectivity operating at different spatial and temporal scales.  They recognize 

four major habitat components (water temperature, suspended solids/turbidity, nutrient content, 

and substrata composition) that heavily influence biodiversity operating across the scales of a 

hydrologically connected floodplain and individual waterbodies. Amoros and Bornette (2002) 

describe a different set of processes occurring across the two spatial scales at two different time 
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scales.  The flood pulse drives different amounts of connectivity on monthly to yearly time 

scales, influencing productivity, nutrient exchange, biogeochemical processing, and the 

exchange of organisms whose life cycles are dependent on varying environmental conditions.  

This mosaic of patterns can result in antagonistic processes whereby complex responses drive 

gradients in different directions at varying times and locations (Amoros and Bornette, 1999).    

Examples of these processes, such as ecological succession, lateral channel migration, and river 

bed incision, enhance biodiversity at decadal and longer time scales by balancing the trend 

towards terrestrialisation with the formation and rejuvenation of water bodies (Ward and 

Stanford, 1995; Amoros and Bornette, 2002).    

Biogeomorphic agents lend functional floodplains a self-healing capacity (Johnson et al., 

2020).  Riparian vegetation acts as a buffer between floodplains and streams and helps to trap 

and store particulate matter and facilitate biogeochemical uptake of solutes (Schlesinger et al., 

1996).  Riparian vegetation and large wood (LW) mediate disturbance events by providing 

localized resistance (Brooks and Brierley, 2002). Wetlands in functional floodplain lakes exhibit 

greater resilience to drought (Shi et al., 2017).  Beaver (Castor spp.) increase resilience to 

drought and wildfire (Hood and Bayley, 2008; Fairfax and Whittle, 2020) through the creation of 

spatially and environmentally complex beaver meadows (Westbrook et al., 2011).   

Artificial levee installation disrupts the flood pulse that is the driving force for 

productivity in formerly connected channels and floodplains.  This disruption alters the 

disturbance regime around which most floodplain processes are based.  Levees disrupt every 

aspect of biologically complex floodplains as conceived by Amoros and Bornette (2002).  

Levees decrease hydrologic connectivity important at the floodplain scale and can alter the 

individual waterbody through terrestrialisation.  Temporally, levees and other engineering 
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disturbances homogenize the natural rhythm of flood pulses (Moyle and Mount, 2007; Poff et al., 

2007).  At larger temporal scales, artificial levees and associated engineering works, such as 

bank stabilization and dams, either freeze floodplain processes (e.g., channel migration) or 

completely alter processes (e.g., ecological succession and incision). Artificial levees decrease 

edge habitat and ecosystem diversity (Florsheim and Mount, 2003).  Reviews of floodplain 

habitat restoration efforts indicate the deleterious effect of artificial levees on species diversity 

(Roni et al., 2019).  The terrestrial and disconnecting effects of artificial levees are especially 

deleterious to floodplains because floodplain foodwebs are based on allochthonous and 

autochthonous carbon sources (Opperman et al., 2017).  The role that connectivity plays in the 

bottleneck processes of N and P mineralization indicates another fundamental way that levees 

alter floodplain ecosystems.   

4.2.5 Hazard mitigation.   

Fully functional floodplains offer mitigation against a wide range of natural and 

anthropogenic hazards (Sheaffer et al., 2002).  They store flood water and attenuate peak flows 

(Woltemade and Potter, 1994; Škute et al., 2008; Lininger and Latrubesse, 2016); sequester 

contaminants from non-point sources and provide a site for biogeochemical remediation of some 

types of contaminants (Marron, 1992; Dennis et al., 2009; Gordon et al., 2020); attenuate 

downstream fluxes of sediment following upland disturbance (Poeppl et al., 2017; Wohl et al., 

2022); and provide refugia for organisms during natural and anthropogenic disturbances (Sedell 

et al., 1990; Stella et al., 2011).   

Artificial levees are effective up to their design standard (Tobin, 1995). Consequently, 

adjacent floodplains that have been disconnected by the levees offer little mitigation against 

flood waters and peak flow attenuation, except during extreme floods that cause levees to fail 
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(e.g., the 1993 Mississippi River flood, Galloway (1995)).  Impacted floodplains can only 

process and remove pollution from non-point sources to the degree that connection exists 

between the non-point sources and the floodplain (e.g., are the sources upstream or on the 

floodplain itself?) and the degree to which the necessary biogeochemical processes remain 

functional despite disconnection.  Disconnected floodplains cannot attenuate fluxes of sediment 

or waste products from point sources, such as metal mining, unless those fluxes are delivered by 

hillslopes fringing the floodplain.            

4.3 Synthesis discussion- What do case studies tell us? 

A thorough literature review of floodplain restoration studies published in English-

language journals indicates that the great majority of floodplain restoration projects have been 

undertaken in North America and Europe. I used Google Scholar and began with key word 

searches to include “levee setbacks”, “setback levee”, “restoration levee”, “levee removal”, and 

“reconnected floodplain”.  I also used similar terms with geographic place names or programs 

from known or suspected restorations (e.g., “RFR levee removal”).  Google Scholar returns 

thousands to tens of thousands of articles for most of these searches, so I quickly transitioned to 

using Google Scholar to data-mine references and citing papers, searching out an increasingly 

larger web of related research.  Works that were especially helpful in this regard include 

Gumiero et al. (2013), González et al. (2015), and Opperman et al. (2017).  Selected case studies 

of floodplain restoration that involve artificial levee alteration (removal, notching, lowering, or 

setting back) in North America (Table 1) and Europe and Japan (Table 2) illustrate the wide-

ranging impacts of artificial levees on floodplain functions. Here, I discuss the major 

implications of the case studies. I separate North American and European/Japanese case studies 

based on the much longer period of human involvement in Old World ( Europe) river and 
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floodplain management (e.g., Hudson et al., 2008) and the more gradual geomorphic 

readjustments of Old World river systems compared to New World (colonial) river systems (e.g., 

Brierley et al., 2005).   I hypothesize that, given these differences, the response of floodplain 

functions to restoration efforts will be noticeably different.  The degree of artificial levee 

adjustment (low, medium, high) is categorized in the “magnitude” column of each case study, 

with the range set by the case studies.  “Low” indicates alterations made to single levees in one 

or several places with impacts that can be described along a river reach less than 10 kilometers 

long.  “High” indicates alterations made to artificial levees along river lengths measured in the 

hundreds of kilometers.  “Medium” alterations fall between low and high and the alterations to 

artificial levees are measured in tens of kilometers.   

 I organized the case study synthesis around four main themes but was able to 

discuss other ideas as well.  The main themes are:  

(i) Limits of selected case studies; 
(ii) Reconnection and reconfiguration; 
(iii) Restoration-scale dilemma; and 
(iv)  Unique place-based challenges.   
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Table 4.1. Selected case studies of efforts to restore floodplains by levee alteration in North America.     
Location Floodplain functions 

analyzed 
Summary Elapsed 

timea 
(years) 

Magnitudeb  Other stressorsc Reference 

Baraboo River, 
Wisconsin, US 

fluxes, enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry 

controlled reconnected floodplain (a 
gate was installed in the levee) 
experienced water storage flux based 
on weather and high temporal and 
spatial denitrification rates 

1-2 low none known Orr et al., 2007 

Kissimmee 
River, Florida, 
US 

fluxes, enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat diversity 
and biodiversity 

reconnection of river and floodplain 
through canal and levee 
modification 

1-20  high headwater lakes 
are managed for 
flood control and 
biodiversity  

Toth et al., 1998; Toth, 
2010; Toth and van der 
Valk, 2012; Koebel 
and Bousquin, 2014; 
Jones, 2017; Koebel et 
al., 2021  

Olentangy 
River, Ohio, 
US 

enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat diversity 
and biodiversity 

invasive species removal and levee 
breaches partially reconnect 
floodplain and decrease vegetation 
biodiversity while improving 
exchanges of total N and C  

3-4 low discharge is 
controlled by 
Delaware Lake 
releases; research 
site is in an urban 
watershed 

Zhang and Mitsch, 
2007; Swab et al., 
2008 

Napa River, 
CA, US 

enhanced habitat diversity 
and biodiversity, hazard 
mitigation 

varying responses of vegetation to 
levee removal in straightened 
reaches 

8-30 medium urban watershed 
 

Bechtol and Laurian, 
2005; Diggory and 
Parker, 2011.   

Sacramento 
River, 
California, US 

enhanced habitat diversity 
and biodiversity 

levee setbacks resulted in greater 
abundance and diversity with larger 
elapsed time    

3-12 high discharge 
regulated by dams 
and diversions   

Golet et al., 2008 

Cosumnes 
River, 
California, US 

fluxes, enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat diversity 
and biodiversity 

levee breaches reconnected the river 
and floodplain; sand splay 
complexes added topographic 
variability; induced high levels of 
anaerobic ammonium oxidation, 
denitrification, and primary 
productivity; plant communities 
responded more stochastically   

3-20 medium discharge is 
unregulated by 
dams   

Florsheim and Mount, 
2002; Swenson et al., 
2003; Ahearn et al., 
2006; Sheibley, 2006; 
Trowbridge, 2007; 
Hoagland et al., 2019 

Pocomoke 
River, 
Maryland, US 

fluxes, enhanced spatial 
heterogeneity of 

levee breaches improve trapping of 
P, N and sediment on floodplains, 
thereby improving water quality 

1 low watershed is 
heavily altered by 
human use   

Noe et al., 2019 
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Location Floodplain functions 
analyzed 

Summary Elapsed 
timea 
(years) 

Magnitudeb  Other stressorsc Reference 

hydrology and 
biogeochemistry 

Missouri River, 
Iowa, US 

enhanced habitat diversity 
and biodiversity, hazard 
mitigation 

levee setback resulted in reduced 
flood stages and improved 
biodiversity 

5 low discharge is 
heavily regulated 
for navigation, 
flood control, and 
power generation 

Smith et al., 2017 

Puyallup and 
Carbon Rivers, 
Washington, 
US 

enhanced habitat diversity  levee setbacks on glacially fed river 
results in greater riparian habitat 
diversity  

6 medium discharge is 
regulated for 
power generation   

Konrad et al., 2008 

Chilliwack 
River, Canada 

enhanced habitat diversity 
and biodiversity 

floodplain reconnection resulted in 
new habitat for coho salmon 

1-4 medium none known   Ogston et al., 2014 

 
Note. aElapsed time indicates the years between levee alteration and data collection. bMagnitude indicates the degree of levee alteration.   cOther stressors 
indicate other anthropogenic stressors that continue to operate in that river’s basin.   
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Table 4.2. Selected case studies of efforts to restore floodplains by levee alteration in Europe and Japan.   
Location Floodplain functions 

analyzed 
Summary Elapsed 

timea 
(years) 

Magnitudeb  Other stressorsc Reference 

Rhine, Rhone, 
Moesa, 
Hinterrhein, 
Emme, and 
Thur Rivers, 
Switzerland 

fluxes, enhanced habitat 
diversity and biodiversity 

comparison of carbon storage 
and soil organic matter 
stabilization from levee 
setbacks and natural 
floodplains; potential 
catchment scale effects on 
habitat and biodiversity 
relationships     

4-11 medium relocated banks 
stabilized; discharge is 
regulated on some 
rivers by dams or locks   

Rohde et al., 2005; 
Pasquale et al., 2011; 
Bullinger-Weber et al., 
2014 

Danube River, 
Austria 

fluxes, enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat 
diversity and 
biodiversity, hazard 
mitigation 

reconnecting floodplains on 
free-flowing part of channel 
below Vienna impacts 
microbiota and fish guilds 
with mixed results   

1-20 medium flow is highly 
regulated by upstream 
chain of 
impoundments   

Tockner and Schiemer, 
1997; Tockner et al., 
1998, 1999; Schiemer et 
al., 1999; Luer et al., 
2007; Reckendorfer et 
al., 2013; Griselda et al., 
2019; Ramler and 
Keckeis, 2019; Mayr et 
al., 2020 

Danube River, 
Germany 

fluxes, enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat 
diversity and biodiversity 

floodplain reconnection and 
improved habitat diversity 
results in improved 
biodiversity;  target riparian 
vegetation establishment 
inhibited by floods and limited 
study time   

1-3 medium flow is regulated for 
hydropower   

Stammel et al., 2011; 
Pander et al., 2018; 
Stammel et al., 2021.   

Rhine and 
Meuse Rivers, 
The 
Netherlands 

enhanced habitat 
diversity and 
biodiversity, hazard 
mitigation 

room for the river, which 
involves levee setbacks, 
reduces flood levels and flood 
consequences; other stressors 
reduced restored habitat and 
fish biodiversity over time   

13-30 high rivers and basins 
continue to be highly 
influenced by humans 
through canalization, 
flow regulation for 
hydropower, and land 
cover changes 

Klijn et al., 2018; Schmitt 
et al., 2018; Stoffers et 
al., 2021 

Skjern River, 
Denmark 

fluxes, enhanced habitat 
diversity and biodiversity 

restoration design allows 
limited reconnection of 
floodplain;habitat 
improvement rate is low   

8-10 high basin is mostly 
agricultural and 
channel lacks LW due 
to stream management 

Pedersen et al., 2007; 
Kristensen et al., 2014 
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Location Floodplain functions 
analyzed 

Summary Elapsed 
timea 
(years) 

Magnitudeb  Other stressorsc Reference 

Órbigo River, 
Spain 

enhanced habitat 
diversity and biodiversity 

levee removal altered riparian 
vegetation towards natural 
state 

2-4 high flow regime is 
regulated by upstream 
reservoir to allow 
diversions for 
agriculture   

Martínez-Fernández et 
al., 2017 

Middle Ebro 
River, Spain 

enhanced habitat 
diversity and 
biodiversity, hazard 
mitigation   

levee removal and flood flow 
improved habitat diversity and 
biodiversity   

3-20 medium limited flow regulation 
by dams and diversions 

Gumiero et al., 2013; 
González et al., 2017 

Long Eau 
River, England 

enhanced habitat 
diversity and 
biodiversity, hazard 
mitigation 

levee removal and setback 
improved flood mitigation and 
improved floodplain 
biodiversity 

17 low highly regulated, 
dredged, banks are 
mown   

Gumiero et al., 2013 

Pite and Ume 
Rivers, Sweden 

enhanced habitat 
diversity and biodiversity 

levee removal on streams used 
for timber harvest increased 
floodplain connectivity and 
biodiversity with different 
results on habitat and 
biodiversity relationships 
between vegetation and 
aquatic organisms 

1-20 
 
 

 

medium ongoing restoration 
efforts of the same 
type continue; the Ume 
is regulated 

Lepori et al., 2005; 
Helfield et al., 2007; 
Helfield et al., 2012 

Tummel River, 
Scotland 

enhanced habitat 
diversity and biodiversity 

floodplain landforms and 
vegetation biodiversity return 
to natural state after 50 years 
of levee abandonment  

100 medium flow regulated for 
hydropower   

Parsons and Gilvear, 
2002. 

Allt Lorgy, 
Scotland 

fluxes levee alteration increased 
channel-floodplain interaction 
and bank erosion   

5 low restored section 
represents ~ 70% 
length of impacted 
length 

Williams et al., 2019 

Kushiro River, 
Japan 

fluxes, enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat 
diversity and biodiversity 

levee removal induced 
floodplain reconnection and 
riparian vegetation 
biodiversity 

1 medium channelized reaches 
upstream 

Nakamura et al., 2014 
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Note. aElapsed time indicates the years between levee alteration and data collection. bMagnitude indicates the degree of levee alteration.   cOther 
stressors indicate other anthropogenic stressors that continue to operate in that river’s basin
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4.3.1 Limits of selected case studies from English-language journals.   

The limits of the case studies are apparent in geographic extent (Figure 4.2), the degree of 

restoration compared to the degree of alteration by artificial levees and other stressors (Tables 

4.1 and 4.2; chapters 2 and 3), and the limited elapsed time between restoration and data 

collection (Tables 4.1 and 4.2).  Case studies represent the northern hemisphere mid-latitudes 

ranging between 27 °N (Kissimmee River, U.S.) and 66 °N (Pite and Ume River, Sweden).  

Conspicuously absent are documented examples of floodplain restoration via levee alteration 

from South America, Africa, and Australia.   
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Figure 4.2. Selected case study location, magnitude of alteration, and elapsed time 
between alteration and data collection.  (C) Case studies are concentrated in the northern 
hemisphere in (A) North America, (B) Japan, and (D) Europe.  Low (L) magnitude impacts one 
or two levees and less than 10 river kilometers.  Medium (M) magnitude restoration impacts 
between 10 and 100 river kilometers.  High (H) magnitude restoration impacts hundreds of river 
kilometers.     

The case studies summarized here indicate that the floodplain area impacted by 

restoration is very small compared to the total area impacted by artificial levees and other 

stressors.  Using the United States as an example, the length of artificial levee alteration from 
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case studies in Table 1 (the largest two examples are 161 km on the Sacramento River (Golet et 

al., 2008) and 70 km on the Kissimmee River (Koebel and Bousquin, 2014)) and impacts are far 

less than 1% of total artificial levee length estimates in the continental U.S. (~228,000 km, Knox 

et al., 2022a).  In terms of floodplain reconnection to channels, restoration efforts only reconnect 

1-2% of disconnected floodplain area (the two largest examples are ~54 km2 on the Sacramento 

River (Golet et al., 2008) and ~80 km2 on the Kissimmee River (Koebel and Bousquin, 2014)) in 

the U.S. (8,100 km2, Knox et al., 2022b).  I cannot make comparable quantitative assessments for 

Europe or Japan because the total extent of artificial levees there is unknown.  

Artificial levees are just one (very influential) anthropogenic factor stressing floodplain 

functions, with almost every floodplain restoration project contending with outside stressors that 

impact restoration effectiveness (Tables 1 and 2).    Effective restoration for target species must 

occur at the relevant habitat scale (Lepori et al., 2005).  Nearby artificial levee (either 

upstream/downstream or setback) constraints on effectiveness of restoration on the Cosumnes 

and Pocomoke Rivers and rivers in Switzerland (Rohde et al., 2005) indicate the ability of 

anthropogenic features to adversely impact low and medium magnitude restoration.  Negative 

impacts of flow regulation include the combination of minimal environmental flows with 

regulated flows (e.g., the Dutch portions of the Rhine and Meuse Rivers), a complete lack of 

environmental flows (e.g., the Spanish Órbigo River), and physical barriers to the movement of 

rare species (e.g., the German portion of the Danube).  Many case studies recognized that 

effectiveness was limited by the degree of elapsed time between restoration and data collection, 

an issue that may become more important as the scale of restoration increases (Wohl, Lane, & 

Wilcox, 2015).  Case studies with limited time between implementation and evaluation included 
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those on the Olentangy, Napa, Sacramento, and Cosumnes Rivers in the US, as well as rivers in 

Germany, Denmark, Sweden, and Spain.  

I do not necessarily see a consistent difference in the effectiveness of Old versus New 

World floodplain restoration projects. Site-specific details, such as magnitude of the restoration 

effort and constraints external to the restoration (e.g., flow regulation), appear to exert a greater 

influence than length of history of human alteration. The length of time that a site has been 

altered could certainly influence floodplain response to restoration. Plausible scenarios include 

such a long period of alteration that aquatic or riparian species have gone extinct or 

terrestrialisation of the floodplain has been so thorough that simply inundating the floodplain 

cannot restore lost functions. However, the existing literature on floodplain restoration projects is 

not yet sufficient to determine whether there is a consistent difference in floodplain response in 

Old versus New World settings as a result of the differences in history of alteration. 

4.3.2 Reconnection and reconfiguration.   

Bernhardt and Palmer (2011) make the distinction between restoration that involves 

reconfiguration (designing artificial channels or connections to floodplains) and reconnection 

(removing barriers to connection between natural channels and floodplains). They note the scant 

record of reconfiguration successes.  Restoration is an experimental process situated within a 

wider social context (Gross, 2002) that involves value assignment and careful consideration of 

potential costs, benefits, and tradeoffs of possible outcomes.  Several case studies indicate that 

reconfiguration strategies are one way in which practitioners select certain components and 

outcomes over others.  By employing hardened intake structures to secondary channels, for 

example, the designers of the Chilliwack restoration assigned greater value to habitat stability in 

the near term at the cost of potential habitat decline in the long term due to decreased scouring 
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flows (Ogston et al., 2014).  In similar fashion, designers of the Skjern River restoration 

engineered channel floodplain connections to limit smolt predation at the cost of limited 

floodplain inundation and habitat development (Kristensen et al., 2014).  In contrast, the 

reconnection of channels replaced by straightened canals seems to be very effective over a range 

of elapsed times (e.g., Kissimmee, Napa, and Kushiro Rivers).  Compared to different restoration 

methods, floodplain-channel reconnection can be an effective method to improve fish 

biodiversity (Ramler and Keckeis, 2019).  A secondary point is that some of these successful 

restorations represent studies with comparatively longer elapsed time, indicating that restoration 

outcomes should be evaluated over a longer time horizon. 

4.3.3 Restoration scale dilemma.   

One aspect of this dilemma is the inverse relationship of restoration scale and observation 

resolution. This issue is illustrated by Ahearn et al. (2006), who were able to record primary 

productivity and other data at high spatial and temporal resolution in the Cosumnes River 

floodplain because of the small floodplain area (0.36 km2).  This contrasts with a larger-scale 

restoration project (~10 km river corridor) where finer features such as boulders or large wood 

and subdivisions of aquatic habitat were undetectable using remote sensing (Konrad et al., 2008).  

The need to restore floodplains on a larger scale, discussed in section 3.1, poses challenges for 

the need to study floodplain complexity at finer spatial and temporal resolutions (Ahearn et al., 

2006).  The second component of the dilemma is that small-magnitude restoration, which allows 

for finer resolution analyses, is commonly impacted by other stressors outside the study area, as 

discussed above.  The Cosumnes River floodplain experienced artificially low inundation rates 

because of the small floodplain size and fringing artificial levees.  Similarly, the performance of 

levee setback sites for biodiversity across Switzerland was based mostly on proximity to nearly 
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natural sites, which indicates the important role of nearby stressors (Rohde et al., 2005).  The 

literature reviewed here at least provides a way forward given this dilemma, which will not be 

solved solely through more data, faster computing, better algorithms, and high-resolution remote 

sensing.  Specifically, lessons learned and improved conceptual models developed at small 

magnitude restoration studies can facilitate more effective restoration at greater spatial scales.         

Numerical modeling does have an important role to play in floodplain restoration. The 

increasing computational power of personal computers makes it more feasible to use 2D and 3D 

models to simulate the effects of floodplain restoration. Application of the models may still be 

limited by the need to provide spatially and temporally explicit input and validation data, as well 

as limitations on what the models simulate. Surface-water hydrologic and hydraulic models 

coupled with sediment transport models have advanced rapidly in recent years (e.g., Van Manh 

et al., 2015; Gilbert and Wilcox, 2020), for example, but models that effectively couple these 

physical processes with simulations of biogeochemical cycling or species or biotic community 

dynamics are limited (e.g., Theng et al., 2022).  

Table 3 lists examples of numerical simulations used to evaluate the effects of levee 

alteration. Studies listed here include 1D hydraulic models (e.g., Remo et al., 2012), combined 

hydraulic-sedimentologic models (e.g., Jones et al., 2018), and combined hydraulic-plant growth 

models (e.g., Ahn et al., 2006).  For at least the next few years, conceptual models of interactions 

among water, sediment, biogeochemical processes, and biotic communities are more likely to be 

used than numerical models. Conceptual models, like numerical models, can be most effective if 

they are based on knowledge of multiple, interacting variables and if they are informed by 

monitoring of restoration effects over timespans relevant to the process of interest (e.g., years to 

decades for vegetation community response; Shafroth et al., 2010; Kui et al., 2017).  
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Table 4.3. Selected case studies of simulations to restore floodplains by levee alteration   

Location Floodplain functions 
analyzed 

Summary Model type(s) Reference 

Middle 
Mississippi 
River, US 

hazard mitigation simulation scenarios 
indicate effectiveness of 
levee setbacks combined 
with buy backs given 
floodplain development 
and decreased flood 
stages from levee 
alteration   

1D hydraulic ( 
HEC-RAS & 
Hazus-MH) 

Dierauer et al., 
2012; Remo et 
al., 2012 

Wisconsin, 
River, 
Wisconsin, 
US 

enhanced habitat 
abundance and diversity, 
enhanced biomass and 
biodiversity, hazard 
mitigation 

simulation and field data 
indicate levee setbacks 
provide some flood 
mitigation with little 
impact to vegetation 
biodiversity 

1D hydraulic (HEC-
RAS) 

Gergel et al., 
2002 

Sangamon 
River, 
Illinois, US 

fluxes, enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat 
abundance and diversity, 
enhanced biomass and 
biodiversity 

simulation of different 
options for levee 
setbacks or gates on N 
and P storage and 
biodiversity involves 
tradeoffs in N/P storage 
and biodiversity 

2D environmental 
(CASM) 

Bartell et al., 
2020 

Illinois River, 
Illinois, US 

fluxes, enhanced habitat 
abundance and diversity, 
enhanced biomass and 
biodiversity 

different approaches 
involving levees and 
levee pumping are 
evaluated to restore 
floodplains  

1D hydraulic; 2D 
plant growth; UNET 

 

Sparks et al., 
1990; Ahn et 
al., 2006 

Illinois River, 
Illinois, US 

enhanced habitat 
abundance and diversity, 
enhanced biomass and 
biodiversity, hazard 
mitigation  

simulation of analysis 
and site selection of 
tradeoffs between 
economic costs of 
setbacks, flood risks, 
and biodiversity   

1D hydraulic (HEC-
RAS) 

Guida et al., 
2016; Remo et 
al., 2017 

Iguacu River, 
Brazil 

hazard mitigation simulation of levee 
removal to increase 
flood storage in an urban 
watershed 

pseudo 3D 
hydrologic- hydraulic 
(MODCEL) 

Miguez et al., 
2015 

Upper Mid-
western, US 

enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry 

simulation of levee 
removal indicates 
improved nitrate-
nitrogen processing in 
the floodplain 

2D nitrogen 
biogeochemical 
numerical; 1D 
hydraulic (HEC-
RAS) 
 

 

Gergel et al., 
2005 

Lower White 
River, 
Washington, 
US 

storage simulation indicates 
improved sediment 
storage in reconnected 
floodplain after levee 
removal or setback   

1D hydraulic (HEC-
RAS); 2D 
sedimentologic 
(AdH) 

Jones et al., 
2018 
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Sacramento 
River, 
California, 
US 

enhanced spatial 
heterogeneity of 
hydrology and 
biogeochemistry, 
enhanced habitat 
abundance and diversity 

simulation of levee 
setback impacts to 
floodplain reworking 
and connection to 
cutoffs indicates site-
specific thresholds can 
be used to maximize 
habitat with minimal 
cost 

2D river channel 
migration model 

Larsen et al., 
2006 

American 
River, 
California, 
US 

hazard mitigation simulation of flood risk 
from future development 
and climate 

2D hydrologic 
(HadCM2); 1D 
hydraulic (HEC-
RAS); economic 
model for climate 
and urban scenarios 

Zhu et al., 
2007 

White River, 
California, 
US 

enhanced habitat 
abundance and diversity, 
enhanced biomass and 
biodiversity, hazard 
mitigation 

simulation of levee 
setbacks reduces flood 
heights and improved 
salmonid habitat  

2D hydraulic 
(RiverFlo-2D); 3D 
Stream Tube model; 
3D fish foraging and 
bioenergetics model 

Black et al., 
2016 

San Joaquin 
River, 
California, 
US 

enhanced habitat 
abundance and diversity, 
enhanced biomass and 
biodiversity 

simulations of impacts 
of levee setbacks, 
bypasses, and climate 
projections indicate that 
successful restoration 
must include both 
floodplain reconnection 
and augmented reservoir 
releases  

2D climate (B1PCM 
& A2GFDL); 2D 
hydro-ecologic 
(HEC-EFM); 1D 
hydraulic (HEC-
RAS) 

Matella and 
Merenlender, 
2015   

 

The use of Decision Support Systems (DSS) that can integrate numerical and conceptual 

versions of parameter response to changes in floodplain-channel connectivity may prove to be 

particularly useful in the context of floodplain restoration. An example for environmental flows 

is the DRIFT DSS software developed for integrated flow assessments by King, Brown, and 

others (King et al., 2004; Brown et al., 2006, 2013), which has now been applied to multiple 

watersheds in southern Africa.  Another example evaluates fish and vegetation habitat 

availability given different flow scenarios (Passero, 2020).  This approach, when combined with 

the societal designation of acceptable levels of alteration in a floodplain (King and Brown, 

2018), explicitly provides a mechanism for including stakeholder perceptions and values. Given 

the societal context in which river and floodplain restoration occurs, including socioeconomic 
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considerations such as stakeholder perceptions is likely to be critical to efforts to expand the 

magnitude and spatial extent of floodplain reconnection via modification of artificial levees. 

4.3.4 Unique place-based challenges.   

This is the simplest way to explain why certain restoration measures are effective at one 

location but not at another.  The nexus of river and floodplain restoration in altering functions 

and form experiences the same tension that arises in fluvial geomorphology between the need to 

identify universal physical processes amidst site-based contingency and characteristics (Wohl, 

2014).  The restoration of floodplain connection on high-gradient bedrock rivers, which are the 

exception to the more common restoration on lowland alluvial rivers, illustrates this dilemma.  

Several restoration projects (Puyallup, Chilliwack, and the Pite/Ume Rivers) are distinct for their 

location along high-gradient bedrock rivers.  Two of these experienced almost immediate 

positive restoration effects over a period of 6 years at the Puyallup River (Konrad et al., 2008) 

and 1-4 years at the Chilliwack River (Ogston et al., 2014).  Levee removal along the Pite and 

Ume Rivers (Lepori et al., 2005; Helfield et al. 2007, 2012), which had differing levels of 

success with respect to desired outcomes, illustrates why expectations for restoration projects 

along similar types of rivers may be disappointed.  Riparian vegetation responded quickly to 

levee removal along the Ume River but slowly along the Pite River (Helfield et al., 2007, 2012). 

The different vegetation responses are attributed to (i) different substrate at the restoration sites 

because of differences in glacial history, (ii) the limited elapsed time, which was up to 20 years, 

(iii) different pre-existing vegetation patterns on the Pite River secondary channels and the Ume 

River primary channels, and (iv) incorrect restoration scale compared to the habitat scale of the 

target organism (Helfield et al., 2012).  Cursory similarities (i.e., high-gradient bedrock streams 

in northern Sweden, similar artificial levee type and restoration method) fail to explain the 
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differences in riparian vegetation response.  Notably, none of the case studies on high-gradient 

bedrock rivers mention other stressors as a reason for restoration ineffectiveness despite flow 

regulation for hydropower above the Puyallup site and many kilometers of fringing artificial 

levees near the Pite/Ume Rivers restoration sites.  These case studies illustrate the potential for 

successful restoration on high-gradient bedrock rivers, but also the need to appreciate site-

specific characteristics.   

4.4 Conclusion 

My intent is to explore floodplain functions and how they are impacted by artificial 

levees.  I define five floodplain functions (material fluxes, enhancement of spatial heterogeneity 

of hydrology and biogeochemistry, enhanced habitat abundance and diversity, enhanced biomass 

and biodiversity, and hazard mitigation) and selected floodplain restoration case studies that 

involve alteration to artificial levees.  Floodplain functions are highly integrative and based 

primarily on lateral connectivity between the channel and the floodplain, which is why artificial 

levees are so harmful to floodplain functions.  Case studies are concentrated in North America 

and Europe on lowland alluvial rivers and generally include data collection within 30 years of 

restoration.  Artificial reconfiguration of floodplain connectivity achieved limited success.  

Reconnection of channels and floodplains seems more likely than reconfiguration to set 

floodplains on a trajectory to more fully restore floodplain functions.  Case studies highlight the 

dichotomy between restoration site scale and study resolution, although future case studies will 

continue to inform conceptual models of restoration and it is critical to continue multi-decadal 

monitoring of the effects of floodplain restoration.  Restoration effectiveness varied by location 

and highlights the need to apply restoration techniques that are relevant to a specific location.  

Some of these considerations include the impacts of other stressors (e.g., flow regulation) on 
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connectivity after barrier removal, the site’s geologic history, and the scale of restoration 

required by the target species.    
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Chapter 5  Conclusion 

 

Fully functioning floodplains are a vital component of river ecosystems and of great 

value to humans.  It is very important to understand how anthropogenic features influence 

floodplain functions so that humans can accurately understand the costs and benefits associated 

with different decisions involving river corridors and floodplains.  As such, it is important to 

investigate how artificial levees, a widely used anthropogenic feature, impact floodplain 

functions.  In this dissertation, I estimated artificial levee locations in the continental United 

States.  Over 182,000 km of potential levees were detected in the CONUS, with a high 

concentration along smaller streams in the Mississippi and Missouri Basins. These results 

suggest that the NLD includes about 20% of total artificial levee lengths.  Given the long history 

of artificial levee construction in the CONUS, including construction by landowners and 

municipal levee boards (Hudson et al., 2008), I contend that the combination of potential levees 

and those in the NLD is an underestimation of total artificial levee length in the CONUS.  

Surprisingly, the best performing model used for detecting artificial levees was one that did not 

use topographic data or the shape of levees, but instead used the land cover, basin, and distance 

from stream variables, indicating the value of land cover and spatial patterns of anthropogenic 

features to modeling. This modeling methodology avoids detection of natural levees for two 

reasons.  First, artificial levees occupy a very specific land cover - distance from stream variable 

space which arises from patterns of artificial levee construction.  Second, natural levees develop 

on rivers with high suspended sediment concentrations and overbank flooding, and many of 

these locations now have artificial levees installed.  I used the locations of potential levees and 

NLD levees to modify the 1 arc-second (30 m resolution) NED digital elevation model by 
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deleting levees from it.  I then used the hydrogeomorphic floodplain algorithm, GFPLAIN, to 

compare floodplain extent from topography with and without levees.  Surprisingly (again), the 

floodplain extent on the unmodified topography was slightly larger than floodplain extent with 

levees deleted.  This previously unknown dimension of artificial levee impacts to floodplains 

illustrates that we have massively underestimated the ecological and hydrological damage of 

levees.  The areas of agreement, anthropogenically connected, and anthropogenically 

disconnected floodplains were 957,111 km2, 8,911 km2, and 8,100 km2, respectively.  Over 30% 

of the CONUS floodplain was either cultivated or developed land cover, indicating one of the 

reasons for the trend noted by White (2000) in the last century.   

I identified five floodplain functions: (1) fluxes of water, solutes, and particulate 

materials; (2) enhanced spatial heterogeneity of hydrology and biogeochemistry; (3) enhanced 

habitat abundance and diversity; (4) enhanced biomass and biodiversity; and (5) hazard 

mitigation.  Restoration case studies involving artificial levee alteration indicated the heavy 

concentration in North America and Europe, with an elapsed time of less than 30 years between 

restoration and evaluation.  In the United States, restoration targeted much less than 1% of river 

kilometers impacted by artificial levees and 1-2% of disconnected floodplains.  Most case studies 

were impacted by stressors outside the study site such as flow regulation, which emphasizes that 

the degree of impacts to floodplain functions are likely much larger than impacts just from 

artificial levees.  Researchers struggled to balance the scale of restoration with the study 

resolution in time and space and discovered that different restoration techniques performed 

differently in varied locations for diverse reasons.  

The combined effects of artificial levees, flow regulation, channelization, and land 

drainage on floodplain functions are massive.  In the CONUS alone, the impacts to floodplains 
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documented in this dissertation are just one ecological impact among many that converted more 

than 50% of the estimated 900,000 km2 of wetlands present historically to other uses since 1780 

(Vileisis, 1999).  The 17,000 km2 cumulative alteration of CONUS floodplains identified here is 

comparable to other estimates of floodplain development in the CONUS ranging between 14,000 

and 23,000 km2 (Vileisis, 1999).  Placing this dissertation in the context of even more extensive 

alterations to floodplains and floodplain functions creates an even greater sense of urgency to 

understand and promote floodplain restoration.   

These analyses contain several limitations.  I was not able to ground-truth most of the 

potential levees.  This is partially a limitation inherent to artificial levees given their shape 

(created to mimic a natural feature and two-dimensional at certain scales) and their history 

(constructed for hundreds of years and maintained with varying levels of rigor).  However, data 

collected at the location of potential levees by researchers or citizen scientists could assist 

validation.  These types of data include: local historical sources from public libraries or historical 

societies; accurate measurements of potential levee dimensions; and sediment cores.  Another 

limitation was the degree of filtering of the NLD as training data, which resulted in the inclusion 

of dams that are classified as artificial levees in the NLD.  The use of the 100-year 

hydrogeomorphic floodplain as the study extent mitigated against the inclusion of coastal levees 

in the training data.  The deletion of artificial levees from topography is limited in that this 

method does not necessarily result in the height that natural levees would have if the location 

was undisturbed.  I was limited by only searching English-language journals and the subsequent 

focus on North America and Europe for restoration.  I avoided defining floodplain restoration 

beyond the specific situation of artificial levee adjustment. The limited elapsed time between 
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floodplain restoration and analyses is agnostic on whether floodplain functions were actually 

restored, or if the stage was set for the restoration of functions.    

Some exploration of the impacts of data resolution and aggregation on the analyses and 

results is called for because floodplain functions operate across multiple spatial and temporal 

scales (e.g., Amoros and Bornette, 2002; Tockner and Stanford, 2002).  This dissertation’s 

incorporation of only the spatial component of artificial levees (about half of the entries in the 

NLD list a construction date) has several implications.  This snapshot approach of levee 

identification, which combines the current location and land cover associations of artificial 

levees constructed sometime in the past, weakens the land cover – levee patterns on which  the 

CONUS model (i.e., model 12) is based.  This approach also limits the ability to estimate 

potential levee construction date and any subsequent ability to use that date to limit inclusion of 

levees to, for example, more recent construction dates, for floodplain extent analyses.  It is still 

unclear whether the relatively poor ability of models to detect artificial levees using levee shape 

is more related to inappropriate DEM resolution or the inherent limits of using levee shape for 

this purpose given the similarity of levee shape to other natural and anthropogenic landforms.  

The trend of this study to aggregate results at the HUC2 basin and CONUS level fills an 

important gap in our understanding of the impacts of artificial levees on floodplains at a 

continental scale.  However, it’s my hope that the public availability of the floodplain extent 

results at a 30 m resolution can be used to improve understanding of levee impacts to fluvial 

dynamics at the scales of both the floodplain and individual waterbodies (e.g., Amoros and 

Bornette, 2002).              

These analyses also provide other opportunities for future research.  Artificial levee 

identification of this type should be attempted in Europe.  Future work on identification could 
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also include testing additional variables from different data types (e.g., spectral data, road data) 

and distance from streams of order 7-10.  Ground-truthing of potential levees could continue 

digitally, making use of the smaller geographic extent of potential levees by testing variables 

derived from higher resolution topographic data, as well as on the ground by researchers and 

citizen scientists.     

Floodplain calibration could take into account different methods that weigh stream order 

contribution differently and include calibration at a finer spatial resolution.  The method by 

which artificial levees are deleted from the topography using focal means could be replaced by a 

process of modeling natural levee height.  I could have compared three floodplain extents (as-is 

topography with levees, topography with NLD levees deleted, and topography with potential 

levees deleted) to compare the contribution of NLD and potential levees to disconnection 

separately.   The ability to compare potential levee height with modelled natural levee height 

provides another data point to validate potential levees.   

To improve the global coverage of my restoration review in the future, I could 

collaborate with researchers fluent in the languages used in regional journals.  Future work could 

also determine how to remotely identify floodplain functions or at least their proxies.   

In summary, this is an exciting area of research with much more work to do.  This 

dissertation highlights the importance of understanding artificial levee impacts on lateral 

connectivity and floodplain functions and identifies some pathways for future research.   
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Appendix A: Supplemental information for Chapter 2: Identification of Artificial 
Levees in the Contiguous United States 

 

Our initial modeling efforts focused on discovering an accurate and parsimonious model 

that could be applied to the contiguous United States in a reasonable amount of time using a 

personal computer and Google Earth Engine.  I did not establish an accuracy threshold but knew 

that an effective model needed to at least detect known artificial levees well.  Initial efforts 

employed SVM and GLM models with five geomorphic variables, the 2016 NLCD variable, a 

“distance from any stream” variable, and the ~2,100 HUC8 basins as a factor variable with 

~2,100 levels.  I created a national probability map using a partial GLM model and discovered 

that the presence of levees in the training data strongly influenced the model output so that it was 

not possible to identify areas with potential levees in the ~1,200 basins without NLD coverage.  

In the second iteration, I added Random Forest models and generated training and validation data 

from the GFPLAIN flood model area.  Covering about 10% of the land area of the contiguous 

United States, the floodplain area appears to provide an effective way to reduce the studies’ 

geographical and variable domain and computational load.  The assumption that potential levees 

fall within the floodplain area is supported by the presence of most NLD levees in the floodplain.  

However, this assumption could be revisited later.  I attempted to generate all of the variables I 

used here to include distance from stream order 1-10 in GEE.  Google Earth Engine required 

~130 hours to collect five geomorphic variables, the NLCD, and stream order 4-10 (with NA 

values beyond 5 km due to memory constraints) at 30,000 locations.  This method was too slow 

to apply nationally and with model performance stabilized at 0.7 kappa, the method also was not 

sufficiently accurate.  These modelling efforts, and those in the case study, led us to the present 

method and model.   
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Based on the case study, I expected the full model (model 1) to outperform other models.  

However, after it took ~24 hours to collect the geomorphic variables from GEE for the larger (n 

~ 3,060,000) sample, I began looking for a more parsimonious model.  I discovered that the land 

use and spatial model (model 12) outperformed the full model which included geomorphic 

variables with the larger sample (0.94 kappa versus 0.84) and similar but slightly lower 

performance with the smaller sample (0.65 kappa versus 0.69).  Model performance in the case 

study using both sets of variables was similar as well.   
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Figure A.1. Calibration results from the 100-year hydrogeomorphic floodplain 
delineation.  (a) CONUS map of the 18 2-digit HUC basins with the number denoting the basin. 
(b) The F measure of fit is plotted for each stream order and treatment b value in each 2-digit 
HUC basin.  The selected treatment (corresponding to b value), with the highest average F 
measure of fit in each basin, is listed on top of the tile plot.  The b value corresponding to each 
treatment is listed at the bottom of the plot.    
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Figure A.2. Confusion matrices of CONUS models from table 2.4.    
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Figure A.3. Two artificial levees in the NLD.  (a) Over 7 m high, a massive levee west of the 
overbank structure at the Old River Complex, Louisiana, USA.  (b) Almost invisible, Fort 
Collins North- Cache La Poudre River, ~1 m high, Colorado, USA, indicated by two arrows.   
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Figure A.4. Confusion matrices of LMR models from table 2.6.    
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Appendix B: Supplemental information for Chapter 3: A river ran through it: 
floodplains as America’s newest relict landform 

 

Floodplain model calibration 

I delineated floodplains using the hydrogeomorphic floodplain delineation tool, GFPLAIN 

(Nardi et al., 2006; Nardi et al., 2013), which runs as three python scripts in ArcGIS Pro.  There 

are two main steps: (1) DEM pit filling, determination of flow direction and cell accumulation, 

and identification of the river network based on contributing area threshold, and (2) flow height 

estimation along the network based on the upstream contributing area and the following scaling 

relationship based on Leopold and Maddock (1953): 

    FH = aAb       (1) 

where FH is the flow depth for the A contributing area, with a and b dimensionless scaling 

parameters (Scheel et al., 2019).  Regional flow depth – contributing area scaling laws are 

especially valid (Annis et al., 2022), so I calibrated the scaling parameters in each 2-digit HUC 

basin with FEMA flood map areas A and AE (Table B.1) along streams of orders one through 

six, as described in more detail in chapter 2.  I selected 50 km2 for the contributing area 

threshold, based on previous research (Annis et al., 2019; Scheel et al., 2019) and applied 

GFPLAIN separately in each HUC2 basin.   

Stream order contribution normalization 

 I compared stream order contribution to disagreement areas to that in the agreement areas 

using the following equation, where “X” indicates the stream order and “disagreement area” is 

either anthropogenically connected (AC) or anthropogenically disconnected (AD) floodplain: 

            (2) 
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𝐴𝑟𝑒𝑎 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑏𝑦 𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑎𝑟𝑒𝑎 = 𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑟𝑑𝑒𝑟 𝑋 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑑𝑖𝑠𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑎𝑟𝑒𝑎𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑟𝑑𝑒𝑟 𝑋 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑎𝑟𝑒𝑎  

Normalized difference metric 

I developed a metric, normalized difference, to indicate the type of alteration most prevalent in a 

HUC8 or HUC2 basin.   

            (3) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  (𝑆𝑢𝑚 𝑜𝑓 𝐴𝐷 𝑎𝑟𝑒𝑎)−(𝑆𝑢𝑚 𝑜𝑓 AC 𝑎𝑟𝑒𝑎)(𝑆𝑢𝑚 𝑜𝑓 𝐴𝐷 𝑎𝑟𝑒𝑎)+(𝑆𝑢𝑚 𝑜𝑓 AC 𝑎𝑟𝑒𝑎)  
 

This metric ranges from -1, indicating completely artificially flooded, to +1, indicating 

completely disconnected floodplain.  I calculated this metric for each HUC2 basin by 

determining the mean value of HUC8 basins there.    
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Figure B.1. Area of stream order contribution to anthropogenically connected and disconnected 
floodplain areas by HUC2 basin.    
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Figure B.2. Topography modification for NLD and potential levees.  The topography within 90 
m of the levee centerline is modified by applying a focal mean with a 120 m radius using only 
the topography between the 90 m and 150 m buffers.    
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Figure B.3. Cumulative alteration by anthropogenic floodplain disconnection and connection 
where the degree of alteration is indicated by dot density, with one dot representing 10 square 
kilometers.    
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Table B.1. Sources and descriptions of data used in study. 

Data Description Source 

Elevation 
Derivatives for 
National 
Applications 
(EDNA)- 
DEM 

30-m resolution 
DEM 

Gesch et al. (2002) 

National 
hydrography 
dataset (NHD) 
High 
Resolution 

National stream 
location and 
orders 

Buto et al. (2020) 

FEMA Flood 
maps 

"A" and "AE" 
flood zones 
indicating the 
100 year 
recurrence 
interval 

https://msc.fema.gov/portal/advanceSearch  

1:250,000-
scale 
Hydrologic 
Units of the 
United States 

2-digit 
Hydrologic Unit 
Code (HUC2), 
Watershed 
Boundary 
Dataset units 

Seaber et al. (1987) 

National levee 
dataset (NLD) 

known locations 
of artificial 
levees 

https://levees.sec.usace.army.mil/   

Potential 
levees 

potential 
locations of 
artificial levees 
not in the NLD 

https://doi.org/10.4211/hs.729c0aea00bb48d6b6814c147e4318c4 

Land Cover 
(NLCD) 

National Land 
Cover Database, 
2016, 30-m 
resolution 

Jin et al., (2019) 

 

  

https://doi.org/10.4211/hs.729c0aea00bb48d6b6814c147e4318c4


 

139 
 

Table B.2. Area in square kilometers of each type of area and the normalized difference by 

HUC2 basin. 

HUC2 basin Agreement 

(km2) 

Anthropogenically 

connected (km2) 

Anthropogenically 

disconnected (km2) 

Normalized 

difference 

New England (1) 13,463 1 2 0.65 

Mid-Atlantic (2) 33,647 20 23 0.23 

South Atlantic-Gulf (3) 223,063 378 575 0.16 

Great Lakes (4) 25,378 10 11 0.18 

Ohio (5) 32,939 273 244 0.08 

Tennessee (6) 8,850 1 0 0.30 

Upper Mississippi (7) 73,917 786 971 0.06 

Lower Mississippi (8) 117,658 4,252 2,462 0.00 

Souris-Red-Rainy (9) 22,767 44 83 0.07 

Missouri (10) 81,588 992 1,024 0.11 

Arkansas-White-Red 
(11) 

59,114 850 803 0.08 

Texas-Gulf (12) 84,760 190 273 0.09 

Rio Grande (13) 29,765 70 68 0.15 

Upper Colorado (14) 12,168 0 0 0.36 

Lower Colorado (15) 28,366 82 86 0.10 

Great Basin (16) 37,210 9 12 0.33 

Pacific Northwest (17) 40,731 179 197 0.12 

California (18) 31,730 776 1,267 0.16 

Total (km2) 957,113 8,911 8,100  
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Table B.3. Max and median slope (in degrees) of anthropogenically connected and disconnected 

floodplain areas in the Lower Mississippi basin (HUC2 no. 8). 

 Anthropogenically 

connected 

Anthropogenically 

disconnected 

Max slope per area (mean) 2.3 2.3 
Max slope per area (median) 1.02 1.18 
Median slope per area (mean) 1.25 1.58 
Median slope per area (median) 0.47 0.84 
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Table B.4. Percent of land use using the 2016 NLCD in anthropogenically connected and 
disconnected, and agreement floodplains for the CONUS.   

 

 

 

 

 

 

Land use Anthropogenically 

connected 

Anthropogenically 

disconnected  

Agreement 

Barren land 0 0 3 
Cultivated crops 47 36 18 
Hay pasture 8 11 6 
Deciduous forest 7 7 4 
Evergreen forest 2 6 4 
Mixed forest 2 3 1 
Developed high intensity 1 1 0 
Developed low intensity 3 4 2 
Developed medium intensity 2 2 1 
Developed open space 5 5 3 
Emergent herbaceous 
wetlands 

3 3 7 

Woody wetlands 12 8 17 
Herbaceous 4 7 7 
Open water 2 2 17 
Perennial snow ice 0 0 0 
Shrub and scrub 2 5 10 
Unclassified  0 0 0 


