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Abstract

:

Big Harris Creek, North Carolina, possesses a geomorphic history similar to many drainages in the southern Appalachian piedmont, and was used herein as a representative example of the influence of European settlement on contemporary channel form and processes. The integrated use of historical, dendrogeomorphic, stratigraphic, and cartographic data shows that the conversion of land-cover from a mix of natural conditions and small farms to commercial cotton production in the late 1800s and early 1900s led to significant upland soil erosion, gully formation, and the deposition of legacy sediments on the valley floor. Aggradation was followed by catchment-wide channel incision in the mid-1900s in response to reforestation and the implementation of soil conservation measures. Collectively, the responses form an aggradational-degradational episode (ADE) that produced the geomorphic framework for the contemporary processes operating along the drainage network. Defined, characterized, and mapped process zones (stream reaches of similar form and process) show that the type, intensity, and evolutionary sequence of geomorphic responses varied within the catchment as a function of the position along the drainage network, the erosional resistance of the underlying bedrock, and the valley characteristics (particularly width). Understanding the spatially variable influences of the ADE on contemporary, reach-scale geomorphic processes provides valuable insights for restoration as it helps inform practitioners of the sensitivity and ways in which the reach is likely to respond to future disturbances, the potential impacts of processes on proposed manipulations intended to achieve the project’s restoration goals, and the potential risk(s) involved with channel reconstruction. The latter is strongly controlled by geotechnical differences between erosionally resistant precolonial deposits and easily eroded legacy sediments that locally form the channel banks following the ADE.
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1. Introduction


Recent geomorphic and alluvial stratigraphic studies have demonstrated that, in most environments, humans currently represent the primary driver of geomorphic change, the rates of which are generally orders of magnitude greater than those associated with natural geomorphic processes [1,2,3,4]. Kemp et al. [4], for example, found by analyzing more than 4000 documented rates of sediment accumulation that alluvial deposition in North America was roughly stable for the past 40,000 years before increasing by about 10-fold in response to the anthropogenic disturbances associated with European settlement. The dramatic transition in geomorphic processes following European settlement is widely recognized by the occurrence of dark, organic-rich precolonial deposits that are abruptly overlain by historic sediments [1,5,6,7,8,9,10,11,12,13,14]. In fact, the occurrence of these historical, anthropogenically derived deposits is so pervasive that they are now referred to as post-settlement deposits or, more commonly, legacy sediments (see James [15] for a detailed review of their definition).



The deposition of legacy sediments has largely been attributed to land-use/land-cover changes associated with agriculture (e.g., [5,6,7,8,9,14]) and/or the influx of tailings materials to river valleys from mining operations ([8,16,17,18,19]). The impacts of agriculture are particularly prevalent in North America, where legacy deposits have been recognized throughout the eastern piedmont and the Mississippi River valley, among other locations. The nature and rates of the geomorphic responses to these agricultural disturbances have varied between catchments, in part because of differences in the intensity of the anthropogenic impacts and the inherent geomorphic sensitivity of the landscape [20]. Nonetheless, the general nature of the documented disturbance-response system was often characterized by an aggradational-degradational episode (ADE) that includes the following: (1) the extensive clearing of hillslope and valley bottoms, resulting in major changes in land-cover; (2) hillslope gullying and accelerated soil erosion resulting in increased sediment loads to the channel; (3) enhanced rates of deposition on floodplains and/or upon the channel bed, producing a thick sequence of highly stratified legacy sediments; and (4) a period of renewed land-use/land-cover change, such as reforestation, accompanied by the application of soil conservation practices that reduced sediment production and resulted in channel incision.



Recent studies have shown that such ADEs not only represent an interesting topic of academic analysis, but are of importance to river restoration and contemporary water quality conditions, among a host of other areas of resource management [15]. For example, it is now widely accepted that contemporary sediment loads (and water quality in general) can be significantly influenced by the influx of legacy sediments (and their associated contaminants) to the channel system [21,22,23,24,25]. What is less widely recognized is how historical geomorphic events, and the stratigraphic deposits produced, can impact contemporary channel processes, form, and restoration [20,26,27].



The primary goal of this paper is to explore the influence of the ADE associated with European settlement in the southeastern United States on contemporary channel form and processes with respect to river restoration. River restoration has utilized a wide spectrum of modifications to river channels, floodplains, and/or water, sediment, and chemical regimes to improve degraded watersheds [28]. The goal of restoration is not always to improve ecological functions [28,29]. Herein, however, our primarily concern is with ecological river restoration, which can be defined as the process of assisting river systems to recover from a degraded state by re-establishing the hydrologic, geomorphic, and ecological processes needed to support a natural ecosystem (after [28,30,31]. Defined as such, the primary goal of ecological restoration is to develop a self-sustaining and dynamic system to the degree possible given the regional environmental framework [32,33,34,35,36].



The objective of this study was carried out using the Big Harris Creek restoration project in North Carolina as a representative example (Figure 1). This restoration project is one of the largest and most expensive restoration efforts in North Carolina, and includes the upper 9.6 km2 of Big Harris Creek located within the piedmont physiographic province of Cleveland County, North Carolina near the town of Polkville (Figure 1). As will be shown, the Big Harris Creek Basin exhibits a geomorphic history similar to many rural, headwater catchments in the eastern United States that were impacted by European settlement and characterized by legacy sediments that did not accumulate upstream of mill ponds. Thus, the results obtained from Big Harris Creek are likely to be applicable to a wide range of other catchments.




2. Materials and Methods


A combination of historical, geomorphic, alluvial stratigraphic, topographic, and dendrogeomorphic data was used to document the late Holocene (approximately the past 4000 years) geomorphic history of the watershed. Included in this analysis was the delineation, characterization, and mapping of process zones, which were used to capture the spatial variations in channel and valley morphology, landforms, and processes within a catchment. Process zones were defined as segments of the drainage network that possess similar morphological and process characteristics (Figure 1). For this study, maps originally created by Miller et al. [25] using aerial photography were revised using 1 m resolution LiDAR DEMs obtained from the North Carolina Spatial Download Center. The revision allowed the process zones to more closely align with variations in landscape sensitivity and channel and valley morphologic characteristics of importance to restoration design. The revised process zones were defined on the basis of valley width, the depth of channel incision, the occurrence and extent of alluvial valley fill, the presence of bedrock outcrops along the channel floor, and the existence of amphitheater-shaped headcuts at the upstream end of gullies (Figure 1). Once mapped on the LiDAR DEMs, the processes zones were verified in the field where access was possible (access was inhibited by some landowners). The field observations showed that a few short reaches (~50 to 75 m) of one process zone could be embedded with a different process zone mapped on the LiDAR DEMs. Thus, the longitudinal resolution of the process zones shown on Figure 1 is about 75 m. An unfortunate consequence of the resolution of our mapping scheme is that short (<5 m) reaches of exposed bedrock could not be defined and mapped throughout the drainage network.



The alluvial and colluvial stratigraphy of the valley fill was described in bank exposures at 22 locations within the basin (Figure 1). Delineation and characterization of the stratigraphic units and facies focused on parameters that previous studies had found were useful for the delineation of legacy and precolonial deposits, including (1) color, (2) organic matter content, (3) grain size (texture), (4) stratification, and (5) degree of weathering. The vertical character of the units was described along a narrow (<50 cm) profile that extended from the ground surface to the channel bed. The general stratigraphic and sedimentologic nature of the alluvial materials was defined following the procedures outlined in Kottlowski [37] and Bridge [38], whereas the detailed descriptions in Supplemental Materials (Table S1) were based on the nomenclature outlined in the U.S. Soil Survey Manual [39]. The relative age of the deposits was defined on the basis of artifacts buried within the deposits, the degree of sediment weathering (e.g., buried soils), and the use of dendrochronologic methods. The numeric (absolute) age of the precolonial deposits was also verified by radiocarbon dating of organic materials. Three radiocarbon analyses were performed by International Chemical Inc., Sunrise, FL, USA.



Dendrochronological methods were used to determine (1) the approximate timing of valley floor and terrace stabilization and (2) the rates of bank erosion. Thirty-two tulip poplar trees (genus—Liriodendron) were cored along Upper Big Harris, Upper Stick Elliott, and Royster creeks as well as several tributaries (Figure S2) using a Swedish increment borer. Two cores were taken from each tree at approximately 1 m above the ground. At this height, the inner dates provide a minimum age for the surface. Generally, two to five years can be added to each inner date to estimate tree germination on the surfaces. For this study, the inner dates were used as the best estimate for dating and grouping of the data for analysis, and ages were defined as years before 2017. Following core collection, the cores were mounted, prepared, and cross-dated at Western Carolina University using skeleton plots according to procedures described by Stokes and Smiley [40]. Decadal-scale, bank erosion rates were determined by measuring the amount of erosion that had occurred around the roots of dendrochronologically dated trees growing along the upper edge of the channel banks (patterned after Hupp and Bornette, [40]). More specifically, bank erosion rates were estimated for 17 trees by dividing the amount of erosion by the determined age of the tree, where the amount of erosion was defined as the distance from the channel bank to the most distant root exposed within the channel (Figure S3). The amount of measured erosion is a minimum of that which could have occurred at the site. Thus, the method provides a conservative (minimum) estimate of erosion rates.



Longitudinal and cross-channel surveys were conducted at representative sites along the major process zone types to characterize (1) the dimensions and form of the channel and other landforms (e.g., the floodplain and terraces) within the reach, and (2) the topographic relationships between landforms and stratigraphic units with the reach (Figure 1). All surveys were conducted using a Leica Total Station accurate to <1 cm.



A total of 198 sediment samples were collected at approximately 5 cm intervals from the ground surface to the base of five stratigraphic sections that possessed both legacy sediments and precolonial deposits. Sample intervals did not cross horizon (or layer) boundaries. The sampled stratigraphic sections included USE-1 through USE-4, and BHT-3 (Figure S1). These sites were selected because they are the focus of an associated geochemical fingerprinting study aimed at quantitatively determining the source of the legacy sediments. The grain-size distribution of the <2 mm size fraction was determined at 0.5 phi intervals using a Mastersizer 2000 particle size analyzer (Malvern Instruments, Malvern, UK). Prior to analysis, ~5 g of sediment was combined in a 50 mL beaker with 5 mL of pyrophosphate and ~30 to 40 mL of deionized water. The mixture was stirred and left to sit overnight to aid in particle dispersal. Herein, we use the percent of silt and clay (<63 µm) in the deposits as a simple descriptor of sediment texture because this size fraction strongly influences the cohesion and erodibility of the bank materials. The texture of the <2 mm sediment and the presence of gravel sediments were also described in the field. If present, the intermediate diameter of 5 to 10 gravel clasts was measured using a tape measure.



An historical assessment of land-use change in the basin and surrounding region was also conducted by identifying, obtaining, and reviewing historical documents and aerial photographs pertinent to the area as well as by interviewing local landowners and staff from local land management agencies.




3. Study Area: Geomorphic and Geographic Setting


Land-use/land-cover in April 2018 within the Big Harris Creek project area was dominated by forest (~48%) and grassed/pastured areas (~44%). The remainder of the land-use/land-cover types include homes, turkey farming facilities, roads, and row crops. Prior to restoration in 2017 and 2018, the axial channel of Big Harris Creek and its major tributaries was similar to many headwater drainage systems in the piedmont of the southeastern United States; they were incised by approximately 1.5 to more than 5 m below the valley floor, and the channel was considered by the local restoration community to be hydrologically disconnected from its “floodplain”. Moreover, the influx of sediments and nutrients, derived in large part from bank erosion, were major issues. The implemented project was intended, in part, to (1) reduce the rates of bank erosion to improve water quality (particularly with regards to suspended sediments), (2) hydrologically reconnect selected channel reaches with its floodplain, and (3) improve upon overall ecological health of the channel and riparian ecosystems. The implemented project utilized a wide range of approaches, including the complete reconfiguration and/or reconstruction of channel reaches (including the creation of a channel in a new location on the valley floor), the local use of instream rock and wood structures, the implementation of various forms of bank treatments, and the revegetation of the riparian zone.




4. Results and Discussion


4.1. Geomorphic Responses to Land-Use Change


Historical records were combined with stratigraphic, topographic, and dendrogeomorphic data to assess the geomorphic responses of the Big Harris Creek basin during and since European settlement. The recent geomorphic history of Big Harris Creek roughly corresponds to other drainages that possess legacy sediments that were not associated with mill ponds in the midwestern and eastern United States [5,6,7,9,14]. Dark colored, organic-rich alluvial sediments are located along the base of the channel banks of mid- and downstream segments of the drainage network (Figure 2A,B). Within some drainages (e.g., Upper Stick Elliott Creek, Figure 1), they could be continuously traced along the channel for more than 400 m (Figure 3F). These sediments were interpreted to represent precolonial floodplain deposits on the basis of (1) radiocarbon dates obtained on samples of organic materials collected from within the deposits or along its upper surface that range between 290 +/− 30 YBP and 3760 +/− 30 YBP (Table S3); (2) the occurrence of local buried soils, particularly at the surface of the deposits; and (3) their lack of historic artifacts. The upper 0.5–2 m of these precolonial deposits was dominated by weathered, non-stratified, organic-rich, loamy materials (Table S1), interpreted as a buried A-horizon, suggesting the floodplain surface was generally stable and characterized by relatively slow rates of deposition. The dark-colored, cohesive sediments grade downward into grey (mottled) fine-grained, silt to loamy sands that subsequently transition near the base of the banks into coarse sands and gravels (Table S1). Clasts within the gravel deposits are often encompassed by a fine-grained loamy to loamy sand matrix. Collectively, the sediments form a fining-upward sequence commonly associated with the alluvial floodplain architecture of single-thread, meandering channels.



Immigration to the area of Big Harris Creek began during the mid-1700s. Most settlers practiced general farming with an emphasis on self-sufficiency while also producing some crops and other goods for market. Dispersed populations and extensive land-use practices characterized the region until the Civil War (1861–1865). A typical antebellum farm included a mix of free-range livestock (usually pigs), vegetable gardens, a few orchard trees, and corn fields for their own consumption and as a commodity. Woodlands provided fuel, building materials, and wild game. Fields that had lost their fertility were sometimes allowed to revert to woodland. The result was not a natural conditions, but a landscape that was only lightly and intermittently impacted by settlers without any large-scale clearing of the landscape [41].



The southeastern United States is historically known for its cotton plantations, but very little cotton was grown in Cleveland County, the location of Big Harris Creek, until after the Civil War (~1865) when the enthusiasm for commercial cotton production grew [42]. By World War I, Cleveland County was one of North Carolina’s most productive cotton-growing regions. Cotton, as a row crop, required whole-scale clearing of both upland and lowland areas, enhancing the likelihood of runoff to erode surface soils. Trimble [7] suggests that about 10 to 12.7 cm of topsoil was eroded from upland areas in the region of Big Harris Creek. Other estimates suggest the losses of topsoil were even higher, ranging between 15 and 20 cm [43]. In addition to the widespread removal of topsoils by sheet and rill erosion, gullies formed on hillslopes and within zero-order drainages, particularly in response to tropical storms and hurricanes that tracked across the region (e.g., in 1916). As occurred in other parts of the piedmont [6,14], the enhanced sediment loads led to the relatively rapid deposition of legacy sediment on floodplains and within the channel bed (Figure 2A,B).



The legacy deposits abruptly overlie the precolonial deposits and are characterized by highly stratified, dark reddish brown to buff-colored sediments that contain historic artifacts (e.g., metal straps), indicating that the unit post-dates European settlement. At many sites, the legacy deposits can be subdivided into three distinct units of varying grain size and cohesion ranging from cohesive loams to loose sand (Figure 4). The uppermost unit (ranging from about 10 to 35 cm in thickness) is typically dominated by massive (non-stratified), dark brown to reddish brown sandy loams (Table S1). The grain size distribution of these materials is relatively uniform (Figure 4). This upper unit frequently overlies stratified and/or laminated sands or loamy sands of variable thickness. Locally, particularly along Stick Elliott Creek (Figure 2B), laterally discontinuous lenses of well-sorted, loose sand that exceeded 30–40 cm in thickness occurred for a few meters to tens of meters along the channel. At other sites, loose, well-sorted layers of sand were interbedded with darker, loamy sands. This intermediate unit overlies dark brown loam to loamy sands interbedded with darker colored loamy sediments that measure from 5 to 10 cm in thickness [25]. The finer-grained loamy sediments often contain significant amounts of organic matter that was presumably derived from the underlying precolonial deposits (Table S1).



The legacy deposits ranged from 0 to more than 2 m in thickness and, along Stick Elliott Creek, varied primarily as a function of the topography of the precolonial surface (Figure 3F). The precolonial surface appears to have been primarily controlled by erosional processes, as indicated by (1) the abrupt erosional contact between the precolonial and legacy sediments (Figure 2A,B) and (2) the incorporation of dark, organic-rich “clasts” of precolonial sediments into the basal unit of the legacy sediments.



Many Cleveland County farmers were early adopters of terracing and other soil conservation practices (e.g., contour farming) as a response to extensive upland erosion. However, the terraces within the Big Harris Creek project area (Figure 1 and Figure 5) were not constructed until the mid-twentieth century, after or at the end of the cotton growing era. In addition, by the early 1930s, farmers, including Mr. Clemmie Royster, who owned a significant part of the watershed at the time, began to shift away from cotton to pasturage and turkey farming, a trend that continued through the 1940s and 1950s.



Historic records obtained from other parts of the southeastern piedmont suggest that the conservation measures reduced soil erosion, an observation supported by dendrochronologic data collected in the Big Harris Creek basin [7]. More specifically, many of the oldest trees on the valley floor, which were dated using dendrochronologic methods, appear to have germinated after the mid-1950s (Figure 6), suggesting that the reworking of the valley floor surface by floods and the deposition of legacy sediments during overbank events had declined to a rate that allowed for the increased germination and growth of riparian trees. Deposition on the floodplain surface may also have declined in response to channel incision along mid- and downstream reaches of the channel network. The determined age of trees growing on the surface of terraces inset within the incised channel (e.g., at Site SG4, Figure 5 and Figure S2) indicates that downcutting, presumably in response to declining sediment loads, had begun by the early 1940s and 1950s, and ultimately exposed both precolonial and legacy sediments along the channel banks [25]. The examination of sequential aerial photographs and Google Earth images showed that land-use/land-cover changes since the 1960s were relatively minor and had a limited impact on channel form.




4.2. Spatial Variations in Channel Morphology and Geomorphic Response to Disturbance


In spite of being a relatively small headwater basin, the differences in the type and magnitude of the responses during the ADE described above (Figure S4) resulted in significant spatial variations in the morphological framework of the channel and valley system that existed prior to restoration in 2017–2018. These spatial variations were categorized and mapped in the form of seven distinct process zones (Figure 1), briefly described in Table 1. Two of these process zones represent gullies or gully-systems that were presumably created during the period of cotton production, and are evident on the LiDAR DEMs (Figure 1 and Figure 5). The majority of these gullies, referred to as inactive gullies (Figure 1), are located on hillslopes, typically terminate downslope on the valley floor, and have become stabilized since their formation by the re-growth of vegetation (e.g., forest cover) on the gully bed and banks (Figure S5). These gullies show little evidence of recent erosion. Active gullies, however, remain in the basin (Figure 1 and Figure 5). The majority of active gullies extend upslope from existing low-order channels, and occur in concave-up topographic lows devoid of a distinct channel (called an unincised ephemeral channel, Figure 1). In most cases, active gullies are linked downstream with “deeply incised channels” and terminate upstream in an amphitheater-shaped headcut (Figure 5) that is migrating upslope. These active gullies are often entrenched more than 5 m into the hillslope materials, creating steep banks; the floors of these gullies tend to be relatively flat (Figure 3A). The occurrence of dark, organic-rich precolonial soils at the top of many headwater gullies, and the presences of terraces with trees dating to the early 1940s and 1950s within the downstream deeply incised channels into which the gullies enter (Figure 3B), indicate that gully formation and the incision of these headwater drainages were coeval and likely occurred during the late 1800s or early 1900s (during commercial cotton production).



Deeply incised channels primarily occur in upstream areas of the drainage network, but are not uniformly distributed throughout the catchment; they are only found in three of the eight tributary subbasins (Figure 1). Morphologically, deeply incised channels represent reaches where the channel has incised to depths in excess of 4 m below the valley floor, creating steep, locally unstable banks (Figure 3B,C). Alluvial valley fill is limited within these reaches. Where present, older (precolonial) alluvium occurs as narrow (<~5 m), discontinuous accumulations that form a surface that abuts relatively steep hillslopes.



Lateral channel migration within the deeply incised channel reaches following incision has been limited (~10–15 m, Figure 3B,C), presumably by the bank materials, which are predominantly composed of erosionally resistant upland soils, sediments, and saprolite (similar to Figure 2C), as well as by the height and volume of material that must be eroded and transported out of the reach during lateral migration. The lateral migration that has occurred has allowed for the deposition of legacy sediments that are associated with small inset fill terraces or floodplains within the incised trench, rather than on the valley floor.



Morphological similarities between active gullies and deeply incised channels (Table 1) may allow the former to be mis-identified as a pre-disturbance stream reach (at least one was for Big Harris Creek). The active gullies, however, differ in several important ways to the deeply entrenched channels identified and mapped for the Big Harris Creek project area, including (1) the gullies are historic features that did not exist prior to European settlement, (2) they are often characterized by flow magnitudes and frequencies that differ from adjacent meandering channels because of differences in drainage areas, (3) they lack fluvial landforms and in-channel features such a floodplains and pool and riffle sequences, and (4) they differ from meandering streams in the nature of the surface water-groundwater interactions that are required for many biological functions. Restoring such systems to a meandering, perennial system that is hydrologically linked to a newly created floodplain will be difficult at best along gullies as the effort would involve developing a channel where one, until relatively recently, did not exist, and within a local geomorphic and hydrologic setting that may not be conducive to the maintenance of a meandering stream.



The sediment generated during gully formation and the incision of deeply incised channels was transported downstream where it was re-deposited as legacy sediments on the valley floor and within the channel producing 1 to >2 m of channel aggradation (Figure S4) (evidence for the linkage between upstream incision and downstream aggradation is discussed in more detail below). The deposition of these legacy sediments was not uniform throughout the watershed, but predominantly occurred along wide, lower gradient reaches of the valley system where precolonial alluvial deposits were prevalent (mapped alluvium in Figure 1).



Aggradation was followed by channel incision, producing an entrenched channel bound by alluvial deposits composed of both precolonial and legacy sediments. Although not well constrained, stabilization of the valley floor as indicated by increased tree germination (Figure 7) suggests that incision primarily occurred from the late 1940s through the 1960s. Incision, however, is continuing to occur, albeit at a slow rate, in some locations as indicated by knickpoints in resistant bedrock (Figure S6). These bedrock outcrops form local base level controls that help determine the degree of upstream degradation. The depth of incision has generally been on the order of 1 to 2 m where it was measured along the drainage network (e.g., at the described stratigraphic sections (Figure 1, Table S1) or, in more detail, along the longitudinal survey conducted within the lower reaches of Upper Stick Elliott Creek, Figure 3F). In the latter case, bedrock outcrops form topographic highs of more limited incision along the channel (Figure 3F).



A few short reaches of the drainage network within the Big Harris Creek basin consisted of alluvial reaches with riparian wetlands. While the banks of these process zones were dominated by precolonial and legacy sediments, the channels consistently contained local outcrops of resistant bedrock that appears to have reduced the magnitude of channel incision (as discussed in more detail below). Lateral migration of the channel following the mid-1900s, however, has been significant, locally exceeding 20 to 25 m (Figure 3D).




4.3. Channel Evolution in Response to Historic Land-Use Changes


Given our imprecise understanding of the morphological, hydrological, and process characteristics that should be applied to create newly restored stream channels, one of the most difficult challenges of restoration is to appropriately parameterize restoration design [32]. The typical approach to parameterization involves the modification of channel morphology to obtain a stable state as perceived for a reference system that serves as a guiding target in terms of channel dimensions, planform, and gradient [7,44,45,46]. The use of such morphologically targeted approaches has become the topic of considerable debate [47,48,49,50,51], in part because it fails to adequately create a dynamic, continually changing river system that is required for many ecosystem functions and services [52]. Rather, the primary goal in many cases is to produce a geomorphically stable channel. In fact, many mitigation banking systems are based on achieving geomorphic stability [52].



Nevertheless, the need to focus more on ecosystem functions and less on geomorphic stability (in which the channel is effectively locked in place) is increasingly being recognized as an essential component of ecological restoration, and requires the creation of a dynamic, self-sustaining system [35,36].



Recent studies have argued that the development of a dynamic, self-sustaining system should be based on the natural range of variability in channel and valley form over a time scale that captures the geomorphic responses associated with both natural and human-induced disturbances as determined by historical analyses [27,53]. In essence, such analyses document the changes in river form and processes that result from threshold crossing events, and that result in river metamorphosis (as envisioned by Schumm [54]). These responses have often been presented in terms of channel evolution models (CEMs), which describe the stages through which a river will progress in response to a disturbance. Historically, CEMs have most commonly been used to describe the evolutionary pathway of single-thread rivers during and following an episode of incision, particularly in response to base level lowering or channelization [55,56,57,58]. Here, we refer to such descriptions as the classical model of channel evolution (after Booth and Fischenich [59]). The intent is to subdivide the response of the river into relatively simple morphological stages and processes that can be used, among other purposes, to (1) assess stream conditions [59], (2) develop guidelines into the type of rehabilitation practices that can be applied [56], (3) determine the general nature or type of channel that should be designed given the river’s current state [44,45,60], and (4) predict the trajectory of future stream channel adjustments [53,59].



The classical model mentioned above is perhaps the most widely used model by restoration practitioners. This CEM includes five stages through which an incising single-thread river progresses from a stable channel to a renewed channel in a quasi-equilibrium state at a lower level (Figure S7). Specific stages in the progression include the following: (1) A degrading channel where bank heights have yet to exceed the critical height needed for mass wasting processes. Thus, the banks remain stable (Type I channels, Figure S7). (2) A degrading channel where bank heights exceed the critical bank height needed for mass wasting, producing bank instability (Figure S7, Type II). (3) An increase in channel width by bank failure, which may be accompanied by minor channel aggradation that occurs in response to a lowering channel slope that reduces the channel’s sediment transport capacity (Figure S7, Type III). (4) A continued phase of bank erosion via mass wasting, but at a reduced rate. The sediment transport capacity of the channel during this stage of development is exceeded by the sediment supply, resulting in channel aggradation. The channel is approaching a new quasi equilibrium condition and sediment begins to accumulate along the channel margins (Figure S7, Type IV). Finally, (5) new quasi equilibrium channel possessing a stable alluvial bed and banks. Channel migration also produces a new floodplain inset within the constructed trench (Figure S7, Type V). The CEM as presented above envisions a systematic transition in the dominate processes from a period of rapid incision to a phase of reduced incision accompanied by bank erosion and channel widening, to a period of continued widening and channel bed aggradation. The sequence ends in a quasi-equilibrium channel in which both the channel and floodplain are inset below the original valley floor (Figure S7).



Since these earlier studies, it has become apparent that a single CEM cannot be universally applied to an entire catchment because of reach-scale differences in the nature and sensitivity of the channel to adjust to a disturbance as governed by such factors as sediment supply, local hydrologic regime, channel and valley gradient, the nature of the bed and bank materials, and vegetation cover [20], among other parameters. Herein, we examine the channel evolutionary changes associated with the ADE that was initiated by land-use changes in the Big Harris Creek basin for the major types of process zones, including deeply incised channels, entrenched alluvial channels (within narrow and wide valleys), and alluvial channels with riparian wetlands (Figure 1; Table 1). The evolutionary changes in the valley and channel system (described in the previous section) produced spatial variations in the boundary conditions that control the contemporary channel processes and adjustments to disturbance. Specific boundary conditions that have been described in previous studies include valley morphology (slope and width), sediment and water fluxes, vegetation cover, and the ease with which geomorphic adjustments are propagated along the drainage network [53,61,62].



While deeply incised channels are located in tributary subbasins, their distribution cannot be entirely explained by the position along the drainage network. In fact, field observations suggest that they are associated with the three tributary basins whose channels lack significant outcrops of resistant bedrock; rather, they are underlain and/or cut into highly weathered saprolite. Other distinguishing characteristics include the limited occurrence of precolonial valley fill deposits, and their high degree of channel bed degradation. Royster Creek, in which the channel has incised on the order of 5–6 m (Figure 3C), depending on location, is a good example. Field observations failed to identify any resistant outcrops of bedrock along the channel, although the channel floor and lower banks were often formed in highly weathered saprolite (e.g., sites RC-1, RC-2, Table S2).



Degradation presumably started with the onset of commercial cotton production. Simon and Hupp [57] found that, along alluvial channels in western Tennessee, downcutting was initially rapid, and then decreased as the bed reached an asymptotic elevation of no net change. Early incision along the deeply incised channels in the Big Harris Creek basin was also likely to have been rapid. While not widespread, narrow, spatially discontinuous inset terraces occur within the incised trench (Figure 3B,C), which are vegetated by trees dating back to the late 1940s to 1960s (e.g., SG-4, Table S3). These inset terraces indicate local channel widening and lateral migration occurred prior to a renewed phase of incision that resulted from the decline in sediment influx following the construction of upland (hillslope) terraces and the transition from cotton to pasture and forests. The presence of existing knickpoints and knickzones along the channel, combined with multiple sets of more recent inset strath terraces (e.g., along Royster Creek), indicates that incision continues to be a significant process. We believe, however, that the rate of incision has become more limited in comparison with earlier periods of downcutting as the channel cut through the unconsolidated upland sediments, often composed of cohesive sands (e.g., in Figure 2C) and reached the more erosionally resistant saprolite found in the channel bed and lower banks (see, for example, RC-1, RC-2, Table S2). Channel widening and bank erosion has also occurred locally along these process zones since the mid-1900s, but again is likely to be limited by the common occurrence of saprolite and cohesive upland sediments and soils in the steep channel banks. Thus, over a period of more than 120 years, channel evolution has been dominated by multiple episodes of incision, which were occasionally accompanied by bank erosion and channel/trench widening. In combination, these processes led to the formation of local, discontinuous inset terraces along the channel (Figure 7).



The evolutionary trajectory and morphological character of the channels differ significantly from the deeply incised channels described above (Figure 7). After the transition to cotton cultivation, legacy sediments were deposited on the valley floors (and thus on top of precolonial deposits) along the entrenched alluvial channels. Channel and valley aggradation were followed by channel incision during the mid-1900s, exposing both legacy sediments and precolonial deposits in the channel banks. The modern channel bed is usually characterized by a layer of unconsolidated sediments of varying thickness that overlies bedrock. In some locations, the unconsolidated sediments are sufficiently thick to form pool and riffle sequences; in other areas, bedrock is exposed along the channel (Figure S6). Following degradation that occurred in the mid-1900s, the primary process within these reaches has been bank erosion; bank erosion rates since the mid-1900s have been estimated, using dendrogeomorphic methods, to average 2.74 cm/year (Figure 6B). The general lack of an inset floodplain along the channel (Figure 3E), except at pronounced meander bends, indicates that bank erosion primarily resulted in channel widening. Thus, channel evolution since the mid-1900s has roughly followed the initial stages of the classical CEM, in that widening was accompanied locally by the minor accumulation of sediment on the channel bed (Figure 7). Sediment is also deposited on the valley floor during overbank flooding.



Both past and current changes in channel morphology along entrenched alluvial channels were and continue to be linked to the geomorphic responses that occur in upstream areas of the catchment. For example, the onset of cotton production appears to have led to the upstream development of gullies and the incision of deeply incised channels. Sediment produced in these areas was then transported downstream and directly led to the channel and valley floor aggradation observed along the entrenched alluvial channels (Figure S4). This linkage is particularly pronounced along Upper Stick Elliott Creek (Figure 1), where an inset terrace is located along deeply incised channels in headwater reaches (Figure 3B). The surface of this terrace possesses trees that were dated from 1945 to 1952 at site SG-4 (Table S2), as well as younger trees that were not dated. Downstream, trees growing on legacy sediments that immediately underlie the valley floor date to the early 1960s (Table S2), suggesting a coeval period of formation (within the accuracy of the available dendrochronologic data). The downstream transition point from degradation to aggradation can be viewed as an energy fulcrum where the transport capacity of the channel upstream of the fulcrum exceeded the available sediment load, resulting in degradation, whereas downstream of the fulcrum, the available energy was less than that needed to transport the incoming sediment, resulting in aggradation. The linkage shows that there is a high degree of landform connectivity between the two types of process zones. Put differently, geomorphic responses (incision in this case) were propagated downstream throughout the project area.



A similar spatially divergent event also occurred following incision of the entrenched alluvial channels in the latter part of the 1900s. In this case, incision appears to have been locally and spatially limited. Along the upstream reaches of the entrenched alluvial channels of Upper Stick Elliot Creek, for example, a terrace composed of sand-sized sediment is inset below the valley floor and discontinuously occurs along the channel (USE-6, Figure S1). The surface of the terrace is devoid of older trees (<~30 years), suggesting it post-dates the initial period of channel incision that occurred during the 1940 to 1960s. We speculate that the terrace was formed by a minor, short-lived aggradational and degradational event that occurred along upstream reaches of many entrenched alluvial channels (e.g., Stick Elliott Creek). More specifically, the inset fill terrace is thought to represent a form of complex response (in the form described by Schumm [63]) where continued upstream gully migration and incision within the deeply incised channels during the latter 1900s generated enough sediment to locally and temporarily exceed the transport capacity of the channel downstream. The produced deposit was subsequently entrenched as upstream reaches adjusted to incision and sediment loads declined. The temporary and localized deposition of sediment during a longer and spatially more extensive episode of downcutting is not unusual and is often referred to as a non-linear response [64,65]. It is non-linear in that the incision did not follow a single trajectory, but was affected by an episode of deposition.



As noted above, the combined geomorphic histories of the deeply incised channels and the entrenched alluvial channels show the following: (1) there is a high degree of landscape connectivity along the drainage network such that upstream responses are propagated downstream and, in doing so, the response may result in opposing processes (e.g., aggradation as opposed to degradation); and (2) the evolution of the entrenched alluvial channels may be non-linear, and short-lived episodes of aggradation may be imposed on a longer-term trajectory of incision. Channel evolution was also influenced by the occurrence and erosional resistance of the underlying bedrock.



The influence of the underlying bedrock was particularly pronounced along alluvial channels with riparian wetlands (Figure 1). The bedrock appears to have had three significant effects on channel evolution. First, the formation of bedrock knickpoints, along with the lack of bedrock in the channel banks, and the overall depth of incision as shown on the channel cross-sectional surveys (Figure 3D), indicate that the magnitude of incision was limited after reaching the coherent (unweathered) bedrock. Rather, the predominant process was lateral channel migration, which formed a new floodplain set below the valley floor (Figure 3D). Second, the general lack of significant incision appears to have allowed for more frequent overbank flooding, and a closer link between channel and floodplain hydrology. Flood debris is extensively located on the valley floor along the reach. Third, the bedrock consists primarily of metamorphic rocks, such as metamorphosed felsic rocks (e.g., granites) and micaceous schists and phyllites. These rock types are generally impermeable unless extensively fractured, and allow water to “pond” on top of the bedrock, thereby creating the hydrologic conditions required for the formation of wetlands (i.e., water tables at or near the ground surface). A key point derived from the above data is that channel evolution along this process zone type differs from the other process zones. The response was dominated by a relatively minor incision followed by more extensive lateral channel migration and floodplain development once degradation impinged on bedrock.



Spatial differences in morphological adjustments and pathways, such as those described above, are often characterized in terms of landscape sensitivity (or, simply, sensitivity), which Brunsden and Thornes [61] defined as the likelihood that a given change in the controls of the system will produce a sensible, recognizable, and persistent response in the landform of interest. Miller et al. [66] and Chambers et al. [67] applied the concept of sensitivity to small upland watersheds in the Great Basin of central Nevada, and argued that sensitivity could be qualitatively categorized as a function of the rate and magnitude of the responses to past disturbances. In other words, the likelihood that a given reach will incise, for example, could be defined by its sensitivity to incision as judged from the reach’s past geomorphic history. However, past responses are not necessarily a perfect guide to future responses, and any assessment of the system’s current sensitivity requires an understanding of the factors that control sensitivity in general. Chambers et al. [67] found that, in central Nevada, increases in both basin and reach-scale sensitivity were associated with channels characterized by high stream power, large sediment supplies, and channel bed and bank materials that could be easily eroded during moderate floods. A similar combination of factors was identified by Miller and Kochel [68,69] to have controlled the stability of reconstructed channel reaches and the performance of instream structures within the Blue Ridge and Piedmont physiographic provinces of North Carolina. In this case, the potential risk of project failure as defined by significant (threshold crossing) changes in channel form along reconstructed channels were associated with streams possessing high stream powers, large sediment supplies and transport rates, and easily eroded bank materials.



The implications of sensitivity to restoration can be illustrated for the two predominant types of process zones in the Big Harris Creek basin. Historically, deeply incised channels exhibited a high degree of sensitivity to incision as demonstrated by the significant depths of downcutting that occurred following the adoption of cotton as a cash crop. As degradation progressed, the confined nature of the deeply incised channel reaches presumably increased, producing relatively high stream powers along the contemporary channels. While increases in stream power would typically increase reach-scale sensitivity, the influence of the potentially elevated transport capacity appears to have been counteracted by relatively resistant bed and bank materials that currently limit both incision and bank erosion. The potential for the channel within these reaches to undergo rapid change is, in general, reduced by the cohesive, highly weathered upland sediments and soils (including saprolite) that form the channel perimeter (e.g., RC-1, RC-2, Table S1). These reaches, then, currently exhibit a relatively low sensitivity to future disturbance. In contrast, entrenched alluvial channels represent highly dynamic reaches that have exhibited significant episodes of channel bed aggradation and degradation, valley floor deposition, and bank erosion. Currently, the potential of additional incision is locally controlled by erosionally resistant bedrock exposed in the channel floor that serves as local base level (grade) controls (e.g., along the lower reaches of Upper Stick Elliott Creek, Figure 3F). Moreover, the occurrence of unconsolidated precolonial and legacy sediments in the channel banks, including layers of loose sand in the legacy deposits (Figure 2, Table S2), has allowed for high rates of bank erosion (Figure 6). In fact, monitoring data collected along entrenched alluvial channels show that downstream reaches of Big Harris Creek possess some of the highest suspended sediment loads reported for the piedmont of the southeastern United States [25]. These sediments are locally deposited and stored on the valley floor during overbank flooding. In combination, the high potential for significant adjustments via bank erosion and lateral channel migration, combined with the potential for the reach to undergo both aggradational and degradational episodes when perturbed, suggest that these stream segments are highly sensitivity to both natural and anthropogenic disturbances.



Morphologically, the relatively wide valley floors of the entrenched alluvial channels, combined with their reduced depths of entrenchment, in comparison with the deeply incised channels, allow for the application of a broader range of channel modifications during a rehabilitation/restoration project. In fact, it is the entrenched alluvial channels/valleys that are most often targeted for restoration. This, then, sets up a paradox in that the reaches that are morphologically most amiable to current restoration approaches possess the highest sensitivity to respond to future disturbances within the basin.




4.4. Influence of Channel Evolution on Restoration Design and Performance


The classical model of channel evolution was developed for alluvial rivers possessing erodible bed and banks. The majority of restoration projects, however, are conducted on small, headwater basins where flow conditions are more manageable [52] and that are similar to Big Harris Creek. The channel system in Big Harris Creek has roughly evolved in accordance with the classical CEM, characterized by incision followed by bank erosion and channel widening. However, the occurrence of bedrock along the channel floor of Big Harris Creek has altered the specifics of channel evolution in that the depth of incision does not typically create bank heights that exceed the critical heights needed for bank failure by rotational or planar slides. Rather, bank erosion is dominated by a combination of corrasion and slab failures that is directly related to bank stratigraphy. Below the upper most 20–35 cm of the ground surface, the more highly stratified legacy sediments are primarily eroded by corrasion, in which individual grains are moved by the adjacent stream flow. The erosion of these sediments produces a concave-in (or depression) within the bank profile that resides between the upper, more cohesive sediments that are subject to slab failure, and the lower, more resistant precolonial deposits (Figure 8). In many areas, the upper, dark-colored precolonial deposits form a “ledge” along the bank, illustrating their more resistant nature (Figure 8 and Figure S8). The difference in resistance does not appear to be related to overall differences in grain size. For example, the percentage of fine sediment (silts and clays) generally controls the degree of unconsolidated sediment cohesion and erodibility. On average, a slightly larger percentage of silt and clay occurs in the precolonial deposits (Figure 9) than the legacy sediments, but the difference was statistically insignificant (t-test, p = 0.05). The primary difference between the two units is in their degree of decimeter-scale stratification (Figure 2 and Figure 4; Table S1). The upper precolonial deposits possess little stratification, but consist of massive, fine-grained, cohesive sediments. In contrast, the legacy deposits are highly stratified with individual layers that vary in grain size from slightly cohesive loams to loose sands (Figure 4; Table S1). Resistance of the precolonial deposits is also promoted by coarse-grained gravels near the base of the banks and, to a much lesser degree, by tree roots and vegetation (Figure 8). Interestingly, coarse gravels are generally absent from the legacy deposits (Table S1), presumably because they were primarily derived from the erosion of upland soils and sediments as well as the upper precolonial deposits.



In light of the above, channel evolution along the entrenched alluvial channels of Big Harris Creek differs from the classical model in several important ways. First, the depth of incision is dictated by the underlying bedrock, and the rate of incision may not decline as a quasi-equilibrium state is achieved (as noted by Simon and Hupp [57]). The potential magnitude of incision, in both the past and future, can be determined by assessing the elevation of the underlying bedrock. Incision along the entrenched alluvial channels of Big Harris Creek never reached the depths required to initiate bank failure by rotational or planar sliding. Thus, bank erosion is likely to be dominated by corrasion and localized slumping, rather than larger scale rotational or planar slides.



Second, both the processes and rates of bank erosion during channel evolution were strongly influenced by local bank stratigraphy. The rates of bank erosion will primarily be determined by the erosional resistance of the precolonial deposits at the base of the banks. Attempts to characterize bank stability and erosion rates using rather simple models that primarily consider bank heights and/or a single descriptor of bank material composition (e.g., the Bank Erosion Hazard Index, BEHI [70]) are likely to result in erroneous assessments. This argument is supported by data from the much larger Haw River in the piedmont of North Carolina, where Macfall et al. [71] found that the magnitude of bank retreat was not correlated to either bank height or the BEHI. Bank erosion and stability may be more appropriately determined using algorithms such as the Bank Stability and Toe Erosion Model (BSTEM, [72]), which allows for the analysis of stratigraphically complex banks and the assessment of bank steepening by bank toe erosion, which is likely to be of importance to bank stability where precolonial deposits occur. The cohesive nature of the precolonial deposits may also be of significance in determining the hydraulic geometry of the contemporary channel. Dunne [73] found that the critical shear stress required to entrain the cohesive bank toe material was a first-order indicator of the hydraulic geometry of fine-grained threshold channels.



The stratified nature of the entrenched alluvial channel banks also has significant implications for channel design. For example, channels developed as part of an ecological restoration project require a mobile channel with deformable banks. This follows, in part, because channel migration produces new habitats that are required from sustainable aquatic ecosystems. It is necessary, then, to construct banks that can be eroded, thereby allowing for channel migration, while maintaining a quasi-equilibrium form. Prior to European settlement, bank erosion and lateral channel migration were presumably limited by the cohesive nature of the floodplain sediments, and the coarse gravels found at the base of the banks (and overlying bedrock as describe above). In contrast, between about 35 and 60% of the modern channel banks are now composed of easily eroded legacy sediments (Table S1). Attempting to create a mobile, yet geomorphically stable stream where legacy sediments comprise the channel banks is likely to be difficult at best, given the ease with which loose, sandy sediments can be removed from the banks and from around root wads and other forms of bank treatment [68,69]. It should also be recognized that, during future disturbances in which sediment transport capacity is altered such that it exceeds sediment availability, the primary response will predominately involve bank erosion (e.g., channel widening and/or alterations in planform morphology), rather than rapid or significant incision. The possible exception is the case where a new channel is constructed at a higher elevation in an attempt to “reconnect” the channel to its floodplain. In doing so, the channel banks are likely to be primarily composed of legacy sediments, whereas the channel bed rests on the more resistant pre-settlement deposits (Figure 10). To date, the geomorphic impacts of significant flooding along Big Harris Creek have been limited, but where bank erosion has occurred, it was located along reaches where the channel banks were composed of legacy sediments (or reworked legacy sediments) (Figure 11a,b).



Channel evolution observed along entrenched alluvial channels also raises the question as to whether the construction of a new channel at a higher elevation is a sustainable approach. Paleochannels preserved within the precolonial deposits, combined with channel bed gravels at the base of the banks and that rest on the bedrock, show that the modern channel has downcut to the level that existed prior to cotton farming (see Figure 2A, for example). Where a new channel is constructed at a higher elevation between two reaches for which the bed elevation was not altered, the historical data suggest that the channel is likely to downcut and return to the channel bed elevation that existed both prior to European settlement and following the implementation of soil conservation measures and that was controlled by bedrock. Indeed, the reach along Upper Stick Elliott Creek that was constructed at a new elevation during the restoration program is currently incising, as indicated by several knickpoints developed in precolonial deposits and a channel bed generally devoid of loose, unconsolidated sediments (Figure 11c,d). While the depth and rate of erosion, as well as knickpoint migration, have been limited by the relatively high erosional resistivity of the precolonial deposits, we believe that degradation will continue until bedrock is encountered.



An alternative approach to address the potential problems cited above is to maintain the retarded by the deformable, yet erosionally resistant nature of the precolonial deposits. Thus, channel migration will occur, but presumably at more sustainable rates without the excessive use of hardened wood or rock structures. Moreover, legacy sediments have been shown to be an important source of suspended sediments to the channel that negatively impacts water quality [21,22,24,25]. Miller et al. [25], for example, argued that the relatively high sediment concentrations and loads measured along Big Harris Creek were at least partly due to the widespread occurrence of legacy sediments in the channel banks. The removal of legacy sediments from the immediate channel perimeter has the potential to not only decrease the rate of bank erosion (if the channel was raised to a new elevation), but improve water quality. Third, the created floodplain will likely be hydrologically reconnected to the channel, returning the system to a closer resemblance of its former hydrologic regime, including the development of riparian wetlands. Booth and Loheide [74,75], for example, examine the advantages and disadvantages of removing the legacy sediments to create riparian wetlands.





5. Conclusions


Most river restoration projects focus on small, headwater drainages, which account for more than 70% of total stream length in the continental United States [76] and tend to be more easily modified. Big Harris Creek is one such basin, and the site of one of the largest stream restoration projects in North Carolina. Like most rivers in the southeastern and eastern Piedmont physiographic province in the United States, it underwent an ADE in response to land-use changes in the late 1800s and early 1900s, followed by the implementation of soil conservation practices in the mid-1900s. In spite of its small size and the relatively uniform intensity of disturbance, geomorphic responses and reach-scale evolutionary pathways within the catchment varied significantly as a function of position along the drainage network, the valley width, and the erodibility of the underlying bedrock, among other factors. It is widely accepted that such historical, spatially variable changes in channel form and processes produce the framework for contemporary and future channel processes and adjustment mechanisms. However, time and financial constraints often limit the ability of practitioners to conduct detailed reach-scale assessments of the project basin. During this study, a qualitative analysis of the spatial variations in geomorphic responses during the ADE was undertaken using a combination of historical, stratigraphic, and LiDAR data. The analyses resulted in the characterization and mapping of specific reaches, referred to as process zones, that were dominated by similar landforms, processes, evolutionary pathways, and landscape sensitivity to disturbance. The developed understanding of historical alterations along the process zones can be used, among other purposes, to (1) assess current stream channel conditions and stability, (2) develop an understanding of the potential risks associated with channel modification at the reach-scale, (3) gain insights into channel design given the river’s current form and bounding bed and bank materials, and (4) predict the trajectory of future stream channel adjustments.



In the case of Big Harris Creek, the controls of bed and bank material composition were particularly important along entrenched alluvial channels where resistant bedrock outcrops limited channel incision, and the mode and rate of bank erosion were controlled by the occurrence of easily eroded legacy sediments (often composed of loose sand layers) that overlie cohesive, erosionally resistant precolonial sediments. Practitioners designing reconstructed channels should carefully consider the potential risks of developing channel banks in legacy sediments (or fill composed of the legacy sediments). In contrast, the erosional resistance of the precolonial deposits, including the occurrence of basal gravels that overlie bedrock, suggests that they may allow for the formation of deformable banks needed for ecological restoration.
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Figure 1. (A) Map showing the location of the Big Harris Creek basin in North Carolina; (B) Spatial distribution of the seven defined process zones within the basin and the location of the described stratigraphic sections. Mapped areas of alluvium characterized by legacy sediments overlying precolonial deposits. North Carolina map from the USGS. LiDAR DEM from the North Carolina Spatial Data Download Center (https://sdd.nc.gov/, accessed on 10 October 2021). See Table 1 for process zone characteristics. Figure S1 and Table S1 provide the location and descriptions of specific stratigraphic sections. 
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Figure 2. Bank exposure located along an entrenched alluvial channel (A) near the confluence of Stick Elliot and Fletcher Creek, and (B) upstream, along Stick Elliot Creek. Reddish brown to buff-colored sediments in photos A and B represent stratified legacy deposits that locally contain loose, sand-sized sediments. Dark, organic-rich sediments are interpreted as cohesive, erosionally resistant precolonial deposits; (C) highly weathered alluvial sediments and soil that underlie upland areas (hillslopes) near the confluence of Stick Elliott and Fletcher Creeks. See Figure 1 and Figure 5 for stream channel locations. 
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Figure 3. Representative topographic surveys across the major process zones defined within the project area, including (A) an active gully at the headwaters of Stick Elliott Creek, (B,C) deeply incised channels, (D) an alluvial channel with riparian wetlands located along the axial channel of Big Harris Creek, and (E) an entrenched alluvial channel along Stick Elliott Creek; (F) a longitudinal profile along the lower reach of Stick Elliott Creek shows the relationship between the contemporary channel bed (thalweg)(yellow line), the valley floor (orange line), and the contact between the legacy and precolonial deposits (green line). See Figure 1 for survey locations. 
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Figure 4. Variations in the percent of silt and clay in alluvial deposits described in the channel banks near the mouth of the Big Harris Creek project area (BHT3, Figure S1). Graph and photograph show the finer-grained, more indurated nature of the precolonial sediments, and occurrence of commonly observed sandy strata within the legacy sediments (figure from Miller et al. [25]). 
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Figure 5. LiDAR DEM showing detailed view of geomorphic features along Stick Elliott Creek. Lettered orange circles represent the locations of photographs shown in Figure 2; blue circle represents inset terrace with dated trees. LiDAR DEM from the North Carolina Spatial Data Download Center (https://sdd.nc.gov/, accessed on 10 October 2019). 
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Figure 6. (A) Histogram showing the variation in the approximate age of the trees on the valley floor of entrenched alluvial channels. Age does not account for collection of tree cores at ~1 m above ground. Exact date of germination is likely to be 2–5 years prior to date shown; (B) rates of bank erosion estimated from tree age and width of exposed tree roots from channel banks. Includes trees from along Stick Elliott Creek, Upper Big Harris Creek, and Royster Creek. Figure updated from Miller et al. [25]. 
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Figure 7. Schematic of channel and valley evolution since European settlement along the predominant process zone types in Big Harris Creek. Evolutionary pathways based primarily on topographic and stratigraphic data collected along the drainage network. 
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Figure 8. Commonly observed morphology of alluvial channel banks. Note undercut surface materials composed of legacy sediments and stabilized by roots. More resistant, dark colored precolonial sediments overlie alluvial gravels located at the base of the bank. Bank erosion occurs by combination of corrasion of fine particles creating an undercut section, and subsequent failure of slabs by cantilever mechanisms. 
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Figure 9. Comparison of the fine-grained sediment content of the precolonial and legacy sediments along entrenched alluvial channels. Box represents 25–75% of samples; horizontal line is the mean; small square is median; whiskers represent maximum and minimum values. 
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Figure 10. Channel construction along Stick Elliott Road. The banks of the newly constructed channel will consist of easily eroded legacy sediments, whereas the channel bed will rest on more resistant, and finer-grained, precolonial deposits. 
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Figure 11. (a,b) Erosion that occurred along the lower reaches of Big Harris Creek near the downstream terminus of the project. Bank erosion was presumably enhanced by the relatively erodible nature of the sandy legacy deposits (or reworked legacy deposits) that form the channel banks; (c,d) exposed precolonial deposits along bed of reconstructed channel of Stick Elliott Creek. Note that knickpoints developed in the resistant precolonial deposits. 
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Table 1. Summary of process zone types and characteristics. See Figure 1 for spatial distribution of process zones.
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	Reach
	Valley

Characteristics
	Slope
	Description





	Unincised Ephemeral Channel
	Concaved depression lacking a defined channel
	Relatively high

(~0.02)
	Concaved depression that grades downstream to active or inactive gully, or perennial channel. Floor of depression generally composed of upland or colluvial soils.



	Active Gully
	Relatively steep, concaved depression without alluvial sediments
	Relatively high

(~0.02+)
	Low-order, trench (generally > 2.5 m) cut in colluvial or upland sediments; often found at upstream most section of the drainage network; occasionally occur as trench cut into hillslope; gully often terminates in amphitheater shaped headcut; reach dominated by ongoing incision, headcut migration, and/or bank erosion; no legacy sediments present; limited sediment storage or other channel features



	Inactive Gully
	Hillslope or concaved depression without alluvial sediments
	Relatively high

(~0.02)
	Low-order, trench cut in colluvial or upland sediments that have been re-vegetated; bottom of trench exhibits limited erosion or sediment transport. Occasionally terminates upstream in amphitheater shaped headcut with no recent signs of erosion. Some local storage of colluvial sediment.



	Entrenched Alluvial Channel with Narrow Valley
	Narrow, well-defined alluvial valley floor
	Moderate to low

(~0.01–0.015)
	Channel entrenched 1–3 m below narrow valley floor that possesses limited alluvial sediments; may possess an inset terrace within the trench; banks are often semi-vertical and composed of both pre- and post-settlement (legacy) deposits as well as upland sediments; reach dominated by bank erosion and minor channel incision; local occurrences of bedrock on channel floor. Sediment storage occurs in the channel bed, the inset terrace when present, and on the valley floor.



	Entrenched Alluvial Channel with Wide

Valley
	Wide, well-defined alluvial valley floor
	Moderate to low

(~0.01–0.015)
	Channel entrenched 1 to >4 m below valley floor; channel bed prone to large changes during floods, but composed of well-defined morphologic units; banks are typically vertical, and subject to significant erosion by corrasion and with frequent slab failures; in-channel storage is high in bars and on the valley floor; bank materials dominated by both legacy and pre-settlement; local bedrock exposures.



	Alluvial Channel with Riparian Wetlands
	Wide, alluvial valley
	Moderate to low

(~0.01–0.015)
	Channel entrenchment is limited and cut into alluvial fill; riparian wetlands with small springs border channel; bedrock close to surface, and locally outcrops in bed and banks; reaches are currently stable; moderate sediment storage in channel bars and on floodplain/valley floor.



	Deeply Incised Channel
	Variable valley width composed of both colluvial and alluvial sediments
	High to moderate

(~0.15–0.2)
	Channel entrenched 4–5 m below valley floor; trench walls, composed of relatively old alluvial deposits and saprolite; confined flow allows for efficient sediment transport; erosion of steep trench walls is significant; post-settlement deposits limited to local terraces inset in trench, particularly along downstream reaches.
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