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Hidden sediment sources: Locating and studying road-draining gullies using a geospatial 

model and field measurements 

 

 

 

 

Abstract 

 

Sedimentation is a major pollution problem in North Carolina according to the North Carolina 

Sediment Pollution Control Act. Gullies formed by road drainage are a potential source of 

sediment, especially in the mountainous western portion of the state (WNC). However, due to 

steep topography and dense vegetation, these features are difficult to locate. This study aimed to 

leverage high resolution LiDAR-derived digital elevation models (DEMs) from the state of 

North Carolina to locate road-draining gullies remotely using a geospatial model. Specifically, 

the goals of the project were to identify road-draining erosional features automatically, examine 

whether they are linked with particular environmental conditions, and determine how they may 

impact the landscape in terms of being connected sources of sediment. We used an empirical GIS 

approach to identify gully candidates within the two-county area which included slope as part of 

a multivariate logistic model. This approach highlighted areas that may be gullies but also 

identified broad areas of DEM cells that were not gullies. In order to answer the project 

questions, we visually examined the areas highlighted by the model and then determined areas 

that were gullies adjacent to roads using a field-based approach. We identified gullies in both 

Jackson and Haywood counties, and our initial conclusion is that they play a small role in the 

overall sediment budgets of the landscapes. However, this process is likely important on a 

hillslope or small watershed scale, especially because  it is likely that more gullies may be 

located with an improved algorithm or more searching time. The promising aspect of this work is 

that it does appear we can more clearly answer questions about water and sediment connectivity 

on high resolution DEMs (0.5 m grid cells). Several environmental variables (e.g., landcover, 

geology and soils) were examined to determine any links to gully formation, and our initial 

conclusion is that these variables had little impact on the system’s ability to resist gully 

formation. The key variables that seem to emerge to explain gully locations are very local site 

conditions: slope and ditch length, the latter of which we estimated in the field. We hope to go 

back to determine if we can either improve our empirical approach or adopt another approach 

that improves our ability to automatically locate gullies relative to non-gully locations. We hope 

the results of this study have enhanced understanding of human-influence over drainage 

networks and erosion/sedimentation issues in WNC, and be useful to local governments and 

water quality advocacy organizations. 
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Hidden sediment sources: Locating and studying road-draining gullies using a geospatial 

model and field measurements 

 

 

1. Introduction 

 

 

1.1 Background and significance 

 

According to the NC Sedimentation Pollution Control Act (1973, c. 392, s. 1.) “the 

sedimentation of streams, lakes and other waters of this State constitutes a major pollution 

problem” and “control of erosion and sedimentation is deemed vital to the public interest and 

necessary to the public health and welfare…” The steep slopes of the western portion of North 

Carolina (NC) exacerbate the problem of erosion and sedimentation (e.g. Kennedy, 2013), as 

does continued development. Furthermore, the rough terrain and the accompanying dense 

vegetation makes it difficult to locate potential sources of sedimentation in the field. This is 

especially true for sources of sediment related to road-draining ditches that may develop long 

after the development of roads. 

 

Road-draining ditches can deliver diffuse runoff that dissipates over a hillslope (Figure 1A), 

connect to a stream via a designed ditch (Figure 1B), or develop erosional features, such as 

gullies, that can unintentionally directly connect to stream networks (Figure 1C) (Wemple et al., 

1996). When road runoff from these features connects with existing perennial streams, it can 

increase the quantity and degrade the quality of water in the connected stream networks 

(Wemple et al., 1996; La Marche and Lettenmaier, 2001; Tague and Band, 2001; Gannon et al., 

2016). Understanding the extension of the drainage network may help us understand the human 

impacts of surface water quality in western NC and better quantify the effects of impervious 

cover on water quality and aquatic life. Furthermore, the locations of ditches that have developed 

into erosional features will help local government and non-profit organizations who are 

interested in site remediation. 

 

 
Figure 1. Conceptual model of three roadside-ditch scenarios. The solid blue lines represent 

streams, the blue dots represent roadside-ditch water flow, dashed blue lines represent gully 

water flow, and the red dots indicate a connection with the stream. Panel A shows a ditch that 

dissipates over the hillslope and does not connect to the stream. Panel B shows a ditch that 

  

A.  Dissipation B.  Connection C.  Gully Formation 
No direct contribution of   

 water or sediment 
   Direct delivery of water  

but minimal sediment 
Direct delivery of water  
 and sediment 
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continues to connect with the stream without causing additional erosion. Panel C shows a 

roadside ditch that develops into an erosional gully and connects with the stream.  
 

The literature examines the hydrologic role of roads and ditches in forested catchments in a 

variety of landscapes. Conceptually, roads play the specific role of extending the drainage 

network, with some roads draining directly into channels, some delivering flow which diffuses 

down hillslopes, and others draining onto slopes and forming gullies that connect them to larger 

drainage networks (Wemple et al., 1996; Croke et al., 2005). In one study (La Marche and 

Lettenmaier, 2001), the distance of a road culvert to the nearest stream and the curvature of the 

area around the channel predicted the connection of roads to channels through gullies. In the 

Cascades, forest roads increased peak flows in small deforested basins over those that were 

deforested with no roads (Jones and Grant, 1996) indicating the importance of the interactions of 

deforested patches and road network. Similarly, Swank et al. (2001) documented the highest 

increase in peak flow rate after logging in a catchment with an extensive road network 

(watershed 28), and La Marche and Lettenmaier (2001) observed increased peak flows due to 

roads in a catchment undergoing commercial forestry. 

 

The role of roads is to increase the volume of storm flow and decrease the time to peak flows at 

the catchment outlet (Wemple et al., 1996; Storck et al., 1998; Tague and Band, 2001). Roads 

produce overland flow because of their decreased infiltration capacities (near zero in the case of 

pavement) and by capturing shallow subsurface flow on the cut bank (Wemple et al., 1996; Luce, 

2002). Water derived from roads has been examined (Clinton and Vose, 2003), particularly their 

impact on total suspended solids. Clinton and Vose (2003) indicated relative to gravel roads, 

total suspended sediments off a stretch of paved road (before reaching the channel) was 

relatively low and decreased with distance from the road. This study, however, did not address 

the potential for sediment delivery if an erosional feature develops below a road drainage ditch. 

 

As a general theme, land cover change has received significant attention in the Southeast 

hydrologic literature, as many studies show that human alteration of forests increases storm 

flows, water yields, and sedimentation. These increases are generally independent of the 

presence of roads. For example, Swank et al. (2001) indicated that a clear-cut hardwood forest 

increased runoff by 28 percent over expected values without the clear cut, but the flood 

hydrograph for large events (>2 cm of rain) changed little due to land cover change (peak flow 

increased only 10%). Runoff yield decreased over time until it moved back to pre-cutting 

discharge levels, but spiked again due to gradual forest succession (Swank et al., 2001). 

Alternatively, increased baseflow, and presumably groundwater recharge, is related to increased 

forest cover in the Southern Appalachians. After measuring higher surface permeability (20 cm) 

in alluvial and saprolite parent materials with forest cover (Price et al., 2010), Price et al. (2011) 

found that baseflow during a drought was higher in watersheds with higher forest cover. 

Presumably, higher forest cover not only meant additional transpiration, lowering baseflow, but 

also increased groundwater recharge by creating infiltration pathways for water. This watershed 

study (Price et al., 2011) did not specifically address runoff related to roads, as it looked at land 

cover at the watershed scale. Other studies have shown additional impacts resulting from 

development. For instance, increased erosion from development increased sedimentation rates in 

a western North Carolina lake (Miller et al., 2005). While other studies have modeled the 

specific effects of roads in forested mountain catchments (Storck et al., 1998; Tague and Band, 
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2001; Buchanan et al., 2013), this has not been done in the Appalachian Mountains or in the 

southeastern US. Another study directly addressed road impacts in a southern Appalachian 

catchment. Gannon et al. (2016) investigated the water quality and quantity impacts of a road-

draining ditch that connected with a headwater stream in Cullowhee, NC. They found the single 

road-draining ditch and gully contributed up to 12% of stormflow for the 40-ha watershed and 

impacted the concentrations of several solutes in streamwater. 

 

In addition to field studies of individual features and catchment scale modeling of the 

hydrological impact of ditches, several studies have endeavored to map roadside ditches using 

LiDAR derived digital elevation models, or DEMs (Hans et al., 2003; Buchanan et al., 2013; 

Lindsay and Dhun, 2015; Rapinel et al., 2015). These studies have been conducted in mostly low 

relief areas such as agricultural areas in Iowa (Hans et al., 2003), a region with about 20 m of 

relief in Ontario (Lindsay and Dhun, 2015), wetlands and meadows in France (Rapinel et al., 

2015), and agricultural areas in central New York (Buchanan et al., 2013). In addition to offering 

example methodologies that may be useful in the steeper terrain of western North Carolina, this 

previous work shows that ditch delineation has been successful with DEM resolutions 

significantly coarser (1m – 10m grid cells) than the newly available NC data. 

 

In this study, we aimed to build on this previous work to advance our understanding of road-

draining erosional features in a mountainous region in the southeastern US. To do this we 

addressed the following research questions. 

 

1. How common are road-draining erosional features? 

2. Are road-draining erosional features more prevalent in areas with certain landcover, 

geology, soils, or topography? 

3. Can a model be trained to remotely and automatically identify these features?  

 

 

2. Methods 

 

2.1 Definition of landscape elements in the road-ditch-gully system 

 

Using previous work, we present the different elements of the road gully system in Figure 2. The 

conventions assume that roads in steep topography are created by cut and fill processes. Ignoring 

the actual road construction, the uphill side is the cutslope, the downhill side is the fillslope, and 

a ditch runs at the base of the cutslope. The ditch ends at the ditch relief culvert which goes 

under the road and drains onto the fillslope. The term “ditch relief” is used in the literature to 

differentiate these culverts from stream culverts that allow streams to flow from one side of the 

road to another. 
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Figure 2. View of a typical road way defining landcape elements of the hillslope road system 

after Jones et al. 1999. 

 

2.2 Ditch relief gully detection model development and testing 

 

The first step in developing a model to locate these features on the landscape was to build a 

training dataset. To do this, we first searched the paved road network in Jackson County, NC for 

gullies using the statewide 1-meter resolution DEM. Suspected features were noted and recorded 

for in-person inspection. Each feature was then visited to verify that it existed and was a road-

draining erosional feature (see section 2.3). If features were determined to not be an eroding, 

road-draining gully, they were dropped from the analysis. The confirmed features were then used 

to develop the model. 

 

To develop a model capable of locating these features automatically, we next created a random 

set of 180 points across the landscape and manually checked each one to be sure they did not fall 

in erosional features. These points served as “non-gully” points in a multivariate logistic 

regression. Next, several measures of topography and landscape position, were extracted for each 

gully and non-gully point in the dataset. Using the geospatial toolbox in ESRI ArcGIS, we 

calculated distance to roads, topographic roughness, slope, topographic position index, and 

topographic roughness index for Jackson County and extracted values to our gully and non-gully 

points. 

 

Upon completion of the model-development dataset, we developed a predictive model using a 

multivariate logistic regression (MLR). The MLR considered multiple landscape variables to fit 

a model that predicted where a given data point was on a scale of zero to one, zero being zero 

probability it is a gully and one being 100% probability it is a gully. We ran MLRs in R (R 

development team, 2020) in a stepwise fashion, systematically excluding and including each 

potential explanatory landscape variable. From those results, we identified the model with the 

highest adjusted R2 to use moving forward. The model equation allowed us to input several 

landscape variables for a point to calculate the probability that that point was a gully. Therefore, 

we could test the model by performing the calculation on a grid of the different landscape 

variables from an adjacent county to identify cells with a high probability of being a gully. 

 

We generated the same landscape measure grids for the neighboring Haywood County and ran 

the model. We then manually identified the areas the model identified as having the highest 

probabilities of being an erosional feature. Those areas were first marked in a GIS, visually 

Fillslope 

Culvert 

Cutslope 

Ditch 
Paved  
Road 
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assessed on a DEM, and then a subset was visited in the field to determine whether they were 

erosional features. Suspected features from the model and confirmed features were then 

compared to help assess the efficacy of the model. 

 

2.3 Field verification and characterization of gullies 

 

Gully sites in Jackson and Haywood counties were inspected in the field for two purposes: 1) to 

confirm there was a road-draining gully, and 2) to capture reconnaissance-level field traits of the 

setting and the gully. In Jackson County, gully sites were initially identified virtually using 

DEMs and then 96 were verified in the field prior to development of the model. In Haywood 

County, where the model developed for Jackson county was applied, select gullies were visited 

after potential locations had been identified with the model and visual inspection of DEMs. For 

Jackson County, all gullies described were inspected. In Haywood County, 47 of the 85 gully 

sites identified were inspected (see section 3.1 for details).  

 

A road draining gully, referred to simply as a gully in this report, had the following traits: did not 

contain perennial water flow, had a channel form at least 0.5 m deep and at least several meters 

long, began where stormwater left the road (via culvert, ditch, or diffusely), and had no gully or 

incised channel form on the upslope side of the road opposite the downslope gully. 

 

A field data form was developed after multiple field visits and trial uses by project research 

technicians. The general goals of the field methods were to capture basic traits of gullies and 

their settings, be largely objective and efficient, and be able to completed consistently and 

accurately by project technicians. Once trained, field evaluations took about 15 minutes per site. 

 

The field data collected included four components: 1) location data and photos; 2) setting 

information (geomorphic position, slope traits, streams, etc.); 3) road-side ditch and, where 

present, culvert traits; and 4) gully traits. Specific traits evaluated included evidence of erosion 

and sedimentation in ditches and gullies; dimensions and materials of ditches, gullies, and 

culverts; minimum length of ditch upstream with no water outlet, and evidence of stormwater 

flow from road/culvert to gully (for examples, see Figure 3). The field data form was adapted to 

an electronic form for use with the ArcGIS Collector application (ESRI, 2020) (Figure 4). Field 

data entered into the Collector app were analyzed to try to identify traits that lead to gully 

formation and be available for the StoryMap (see section 2.7).  

 

Most field work took place during summer and fall when green vegetation made it difficult to 

assess the gully more than a couple meters from the road edge. The COVID-19 pandemic caused 

major delays and disruptions in doing field work because of safety concerns, availability of 

student research technicians, access to equipment, and State and Western Carolina University 

regulations. 
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Figure 3. Pictures of gully sites as part of field verification and characterization: a) eroding ditch 

leading to culvert, b) head of gully just off road, c) actively eroding gully, d) road storm water 

capture area feeding culvert (with major gully—out of photo), and e) annotated field photo 

showing water-eroded pathway from road to gully. 

 
 

 
Figure 4. Image of ArcGIS Collector app showing part of field data collection form and map 

with gully sites. 
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2.4 Detailed field characterization and analysis of representative gully types 

 

To better understand the nature of gullies in the field, four representative gully sites in Jackson 

County were examined in detail to complement the reconnaissance-level field observations 

described above. For each gully, we measured the width and depth, the diameter of the culvert, 

and the length of the ditch that contributes to relief culvert with a tape. We also measured the 

field slope and the distance from the bottom of the culvert to the gully. Finally, we observed the 

soil materials that the gullies eroded into. Gullies were observed from the road to tens of meters 

downslope. These gullies were also extracted from the larger DEM in the program RiverTools to 

qualitatively understand how these field observations compared to how gullies were depicted on 

DEMs. 

  

2.5 GIS methods to examine connectivity and landscape susceptibility to gullying 

 

Once gullies were identified through the model, we then used ArcGIS to extract data to answer 

the project questions. Using a shaded relief image of the area, all gullies were traced to determine 

a length. During this process, we also evaluated whether the gullies connected to the larger 

drainage network. We looked for whether the gully lines intersected channel forms on the DEM 

to determine connectivity. If they did not intersect, we measured the straight-line distance from 

the end of the gully to the channel form to determine the distance to connectivity. 

 

The other variables that we needed for to answer the questions included soil type, lithology, and 

slope. We could not determine ditch length for the dataset because although ditches are visible, it 

is impossible to determine where they enter ‘ditch-relief’ culverts. Determining where water may 

flow across the road is difficult even in the field. Slope information was derived from the DEM 

in ArcGIS. Summary soil data (percent county coverage and physical and geomorphic properties 

of the soils) were derived from USDA (1997a; 1997b) 

 

2.6 Land cover analysis 

 

We used National Land Cover Database (NLCD) products and the Watershed Boundary Dataset 

to delineate and evaluate current watershed conditions within Jackson County. We extracted land 

cover percentages (i.e., impervious cover, forests, and vegetated but not forested areas) at 

multiple spatial scales (HUC12 scale, and 100m and 200m buffers around each gully). We used 

ArcGIS to display, overlay, and extract NLCD cover type information at the sub-watershed scale 

(i.e., HUC12), and to create and extract data from within various buffer sizes (i.e., 100m, 200m) 

surrounding gully features. 

 

2.7 StoryMap 

 

To provide land managers, policy makers, and the general public with information about road-

draining gullies, we created a story map for all gullies identified in Jackson County (completed) 

and most identified gullies in Haywood County (in progress). A story map is a web-based map 

created within a geographic context that contains supporting attribute information in an 

interactive environment. It is a map that contains legends, text, and photos to provide interactive 

functionality to help users explore the content. Along with locational information, our story map 
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contains data about each gully including its physical characteristics, composition, distance to 

nearest road, and evidence of erosion or remediation. The Collector app was used to collect 

information on gully locations, collect gully data, and take photos. 

 

3. Results 

 

3.1 Model results 

 

Manually located gully locations and randomly generated non-gully locations from were 

established for Jackson County are shown in Figure 5. After testing many iterations of a 

multivariate logistic regression using the calculated topographic measures, the best performing 

model included topographic roughness, topographic position index, topographic roughness 

index, and slope coverages. The R2 for the model used and the resulting equation was as follows:  

 

Probability a cell is a gully =  

1/(1+exp(-(-4.96829 + (-.02920 * rough) + (-1.25181 * tpi) + (.20486 * tri) + (.05172 * slope)))) 

 

In the equation above, rough is topographic roughness, tpi is topographic position index, tri is 

topographic roughness index, and slope is maximum slope. 

 

When this model was applied to the same coverages computed from Haywood County, a 

maximum probability that any given cell was a gully was assigned (between 0 and 1). We 

filtered any cells below a threshold probability and marked those areas as potential gullies, as 

they represented to the top range of probability values in the county. The model identified other 

features beyond gullies, such as road cuts and streams. Therefore, the data was post-processed 

manually by visual examination of model output and DEMs to exclude non-gully features. 140 

potential gullies were identified from this process in Haywood county (Table 1). Those features 

were then visited in the field to determine whether they were a gully or not. Of the 140 features 

identified as probable road-draining gullies, 85 occurred on paved roads (the focus of this study). 

Of the 85 sites, 47 were visited. Of these 47, road-draining gullies were confirmed at 33 sites, 

they were not present at 4 sites, and they could not be confirmed at 10 sites (too dense of 

roadside vegetation) (Table 1). Finally, a detailed visual analysis of the parts of the DEM from 

Haywood county without the prediction grid was carried out to locate potential gullies missed by 

the analysis. This hand-analysis yielded did yield more gullies not previously identified. Both in 

the field and visually on the computer DEMs, increased time spent searching for gullies did 

result in more finding more gullies. 
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Figure 5. Shaded relief map visually representing the amount of field verified gullies as well as 

the randomly generated data points. 
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Table 1. Summary of road draining gully prospects identified by model with manual, visual 

post-processing. 

Item Number Comments 

Total no. gully prospects 140  

Gully prospects on dirt roads  
55 

This reflects errors in the GIS road 
layer used to distinguish paved from 
unpaved roads 

No. gully prospects on paved roads 85  

No. gully prospects not visited 
38 

12 excluded because of field safety 
concerns (on interstate) 

No. gully prospects visited 47  

Gullies confirmed 
33 

29 of these sites have complete field 
data 

Confirmed site is not road draining 
gully 

4 
1 stream, 2 had upslope gully too, 1 
no gully 

Could not determine  
10 

Heavily vegetated site precludes 
seeing off road 

 

3.2 Summary of traits from field verification of gullies 

 

Over 80 gully sites were verified in the field for presence and collection of general site data 

(Table 2). The field data collected in this process included quantitative data and categorical data, 

most which could be converted to number values for quantitative analysis. For data analysis, 

gully sites were grouped based on the degree of stormwater erosion they displayed at the road-

gully connection. Each connection was attributed as having one of three erosion categories: Some 

(none to minor evidence of surface water… bent or moved organic debris), More (evidence of 

soil erosion, rills, etc.), or Lots (gullies and connection to stormwater clear). Overall, 68 percent 

of gully sites showed erosive features (i.e. Lots and More) at the gully-road transition site (Table 

2). Culverts were present at 84% of the sites. Culvert placement and road design led to a wide 

range of distances from the road to the gully head, overall ranging from 0 to about 15 m. 

 

 

Most field traits measured (ex. ditch width, gully width, ditch shape) showed no correlation with 

the road-gully connection erosion category. Indeed, no variable measured showed a statistically 

significant difference in these connection erosion categories, but two did show trends. Overall, 

the upslope ditch length contributing flow to the gully site was greatest at sites with ‘Lots’ of 

Table 2. Summary of gully sites visited as part of field verification process in Jackson and 

Haywood Counties.  

County 

Overall 

no. sites 

visited 

No. sites 

with 

complete 

data set 

No. sites 

with 

culverts 

Range, 

distance 

from road 

edge to 

gully head 

(m) 

Evidence of Erosive Stormwater path from road to 

gully head 

Lots (direct to 

gully) 

More (soil 

erosion, rills) 

Some-Minor 

(organic debris 

moved/bent) 

Jackson  67 51 41 0-15 5 28 18 

Haywood 31 30 27 0-10 13 9 8 
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erosion evidence at the gully-road transition (Figure 6 b and c). Likewise, sites with ‘Lots’ of 

erosion evidence were most likely to be fed by ditches which also showed signs of erosion 

(Figure 6 a and d). 

 

 

3.3 Results of detailed field characterization sites 

 

Table 3 shows field measurements for four sites, and they provide sense of the scale and 

characteristics of these “typical” ditch relief gullies. Gullies are in excess of 2-m deep and 2-m 

wide, even close to the culvert (Figure 7). In the field, the gullies cut through soil, colluvial and 

saprolite materials. Three out of the four gullies appeared to have significant riprap in place used 

to try to stabilize headward erosion into the fillslope, so obviously were identified as problem 

Figure 6. Box plots show traits of ditches associated with the degree of stormwater erosional 

connection from the road to gully (“Lots” is more erosion; “some is minimal”.  Figures a) and c) 

show that road-side ditches with at least partly eroded perimeters are more common where the 

road-gully connection is erosive.  Likewise, figures b) and d) show that longer, undrained ditch 

runs are associated with erosive road-gully connections.  In plots, whiskers are ranges, boxes are 

standard deviations, and small squares are means. 
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locations (also see, Figure 7). Some of these gully sites are complex and show a long history of 

erosion caused by road drainage. In some cases, gully depth is now limited by exposure of 

bedrock (Figure 7). 

 

 

Table 3. Summary of measurements collected at 4 ditch relief gullies, Jackson County, N.C. 

Site: Cull Mtn.  Webster 

Little 

Canada 

Little 

Canada II 

Ditch Length (m) 63 0A 136 --B 

Disturb moderate high moderate high 

Road Slope (%) 19.43 5.24 3.49 --B 

Ridge or Hollow 

broad 

hollow hollow ridge hollow 

Culvert diameter (m) 0.44 0.33 0.46 0.61 

From end of culvert 

down to gully (m) 0.36 --B 0.02 1.2 

Distance for ditch to 

gully (m) 14.2 0A 13.4 18.9 

Material saprolite 

some 

colluvium 

soil (cuts in 

saprolite 

downslope) 

 soil, rip 

rap 

Gully slope (m/m) --B 0.58 0.11 0.40 

Width (m) 2.6 3.5 2.6 2 

Depth (m) 2.3 2.3 0.9 0.7 

Width on DEM (m)         

Depth on DEM (m)         

Ditch Incision width (m) 0.34 0 0.73 --B 

Ditch Incision depth (m) 0.19 0 0.11 --B 
A No ditch, parking lot         
B Data not collected         
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Figure 7. Photos of detailed field characterization gully sites. a) ditch relief culverts are difficult 

to see even in the field. b) and d) 2-3 meters deep actively eroding gullies with bedrock exposed. 

c) gully head is shallow near road but becomes over 2 meters deep downslope (e). The size, 

complexity and trees in some large gullies (ex. (d)) shows some sites have had active gully 

systems for decades. Road design features, such as an extended, supported culvert (f) also 

indicate some sites have a long history of erosion. 

 

3.4 Landscape susceptibility 

 

3.4.1 Gully identification and size 

 

Overall, we identified 60 road-draining gullies, most at relief culverts in Jackson County and 50 

in Haywood County were used to analyze density, connectivity, and susceptibility. These results 



19 

 

represent the current population of gullies that have been identified in these areas. The results 

will be fine-tuned as we continue to evaluate our searching routines. 

 

The mean length for the Jackson County gullies was 66 m, with a total mapped length of 3.8 km. 

In Haywood County, the mean length was 75 m, with a similar total mapped length of 3.8 km. If 

we convert these numbers to drainage density (kilometers of channel relative to square 

kilometers of area), the drainage densities are 3.0 x 10-3 km-1 (Jackson County) and 3.31 x 10-3 

km-1 (Haywood County).  

 

3.4.2 Gully connectivity 

 

The percentage of gullies that appear visually connected to the larger drainage network in 

Jackson County was 45% and in Haywood County was 54%. The mean distance to a channel for 

unconnected gullies was 51.4 m for Jackson County and 47.4 m for Haywood County.  

 

3.4.3 Lithology and soils 

 

The gullies were found in most common soils in both counties. For example, gullies were found 

in soil types that cover 73% of the area in Jackson County and 80% of the soils in Haywood 

County. Like most of the soils in the county, the surface textures of the soils are largely sandy 

loams and loams (see Tables 4a and 4b), with one instance of a clay loam in Jackson County 

(Braddock soil). Gullies were less common in colluvial soils (only 10% were in colluvium in 

Jackson County), but tended to be in less-developed, younger Inceptisol soils. Sixty-five percent 

of gullies in Jackson County and 72 percent in Haywood are developed in Inceptisols. 

 

One difference between the two counties is the greater number of gullies that develop in soils 

derived from metasedimentary rocks in Haywood County. Many of these soils develop into 

channery loams with fragments of metasediments in them. There were discrepancies between the 

lithology dataset and the parent material field in the geology coverage.  

The lithology coverage indicated that no soils formed in metasedimentary rocks in Jackson 

County, while the soil coverage included at least some soils in the Junaluska-Tsali-Brasstown 

group which have a metasedimentary parent material. 

 

More specific lithologic data is presented in Table 5. These data show that gullies form in the 

common rock types in both counties. For example, Jackson County has a significant amount of 

gneiss in the county, and the gullies form in it. Similarly, Haywood has a greater concentration 

of metasedimentary rocks, and this is reflected in the data. Note that despite the differences in 

parent materials, the number of identified gullies is fairly similar.  

 

3.4.4 Measurement of critical slope 

 

Slopes at the gully initiation point vary from around 7° to 64°. Most of the data are in the range 

of 20-40° for the initiation of erosion, with the mean of 33°. A t-test assuming equal variances 

indicates that the mean slope is significantly higher (p<0.01) in Jackson County (Smean=37°) than 

in Haywood County (Smean=28°) (Figure 8) 
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Figure 8. Histogram of slopes at gully initiation points for both counties (n=111). 

 

3.5 Land cover 

 

Land cover was extracted at multiple spatial scales to examine any correlations to the presence 

and abundance of gully features. We used the 2001, 2006, 2011, and 2016 National Land Cover 

Datasets (NLCD) to extract broad land cover percentages (i.e., impervious cover, forests, and 

vegetated but not forested areas) at multiple spatial scales (HUC12 scale, and 100m and 200m 

buffers around each gully). Out of 60 gullies in Jackson County, 52 were located in watersheds 

dominated by forest cover while eight were located in watersheds with predominantly non-

forested cover. The majority of gullies (i.e., 12) were located in the Soco Creek watershed, the 

majority of which also happens to be dominated by forest land cover. Land cover analysis was 

not completed for Haywood County. 

 

Overall, land cover in Jackson County watersheds has not changed much over time as indicated 

by very small changes in land cover class percentage since 2001. The largest loss was in 

deciduous forest cover, which decreased by 0.53% between 2001 and 2016. The largest gain was 

made in grassland/herbaceous cover which increased by 0.28% from 2001 to 2016. 

 

4. Discussion 

 

4.1 Using a model to locate gullies 

 

We were able to get a model to fit the data pretty well for Jackson County. However, when that 

model was applied to Haywood County, the magnitudes of the probabilities were much lower, 

but the high end of those probabilities still located gullies. With some systematic post-

processing, we could probably zero in on just the gullies, but different modeling approaches 

likely need to be explored. That being said, this is a complex problem and so any ability to locate 

these features is forward progress, and the model made it easier to locate gullies in Haywood 

County than just doing it all visually. 
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Table 4a. Description of soil units where gullies occur in Jackson County, N.C. Percent county is the percentage of area in a county 

where the soil is found and percent gullies is the percent of gullies that initiate in that soil type. 

Soil Series 

Number 

of 

Gullies 

Percent 

Gullies 

Percent 

County 

Soil 

Classification 
Parent Material Surface Soil Texture 

Braddock Clay 

Loam (BKC2) 
1 1.67 0.84 Typic Hapludults 

Old alluvium and 

colluvium 
Clay loam 

Chandler Gravelly 

Fine Sandy Loam 

(Cd) 

5 8.33 5.68 
Typic 

Dystrocrepts 

Saprolite, high 

grade micaceous 

rocks  

Gravelly, fine sandy loam 

Chestnut-Edneyville 

(Cn) 
2 3.33 0.84 

Typic 

Dystrocrepts  

Saprolite, high 

grade rocks 

(Che).; Saprolite 

high grade 

micaceous rocks 

(Edn.) 

Gravelly, fine sandy loam 

Cleveland-Chestnut 

Rock outcrop 

complex (Cp) 

5 8.33 4.83 

Typic 

Dystrocrepts 

(Clev.); Typic 

Dystrocrepts 

(Che.) 

Saprolite, high 

grade 

metamorphic 

rocks (Clev.); 

Saprolite, high 

grade micaceous 

rocks (Ch). 

Sandy, loam (Clev.); gravelly, fine 

sandy loam (Che.) 

Cullasaja-

Tuckasegee 

Complex, Stony 

(Cu) 

3 5.00 10.78 
Typic 

Haplumbrepts 
Colluvium  

Very cobbly, fine sandy loam (Cul.); 

Gravelly loam (Tuc.) 

Edneyville-Chestnut 

(ED) 
22 36.67 15.70 

Typic 

Dystrocrepts 

Saprolite high 

grade micaceous 

rocks (Edn.); 

Saprolite, high 

grade micaceous 

rocks (Ch). 

Gravelly fine sandy loam 
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Soil Series 

Number 

of 

Gullies 

Percent 

Gullies 

Percent 

County 

Soil 

Classification 
Parent Material Surface Soil Texture 

Evard-Cowee (EV) 12 20.00 17.30 Typic Hapludults  

Saprolite, high 

grade 

metamorphic 

rocks 

Gravelly loam (Eva.), Gravelly sandy 

loam (Cow.) 

Junaluska-

Brasstown Complex 

(Jb) 

1 1.67 0.71 Typic Hapludults  

Saprolite, 

metasedimentary 

rocks  

Channery fine sandy loam 

Junaluska-Tsali 

Complex (Jt) 
2 3.33 1.33 Typic Hapludults 

Saprolite, 

metasedimentary 

rocks  

Channery fine sandy loam 

Nikwasi fine sandy 

loam (Nk) 
1 1.67 0.54 

Cumulic 

Humaquepts  
Recent Alluvium Fine sandy loam 

Plott fine sandy 

loam (Pw) 
1 1.67 9.26 

Typic 

Haplumbrepts 

Saprolite high 

grade 

metamorphic 

rocks 

Fine sandy loam 

Saunook gravelly 

loam (Sa) 
3 5.00 2.36 

Humic 

Hapludults 
Colluvium  Gravelly loam 

Tuckaseegee-

Whiteside complex 

(TWC) 

1 1.67 1.74 

Typic 

Hamplumbrepts 

(Tuc.); Aquic 

Hapuludults 

(Whi.) 

Colluvium  
Gravelly loam (Tuc.), Fine sandy loam 

(Whi.) 

Water 1 1.67 0.93 N.A. N.A. N.A. 
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Table 4b. Description of soil units where gullies occur in Haywood County, N.C. Percent county is the percentage of area in a county 

where the soil is found and percent gullies is the percent of gullies that initiate in that soil type. 

Soil Series 

Number 

of 

Gullies 

Percent 

Gullies 

Percent 

County 

Soil 

Classification 
Parent Material Surface Soil Texture 

Brasstown-

Junaluska 

Complex (Bs) 

3 6.00 4.24 
Typic 

Hapludults  

Saprolite low 

grade 

metasedimentary 

rock 

Channery loam 

Cheoah Channery 

Loam (Ch) 
1 2.00 2.04 

Typic 

Haplumbrepts  

Saprolite low 

grade 

metamorphic rock 

Channery loam 

Edneyville-

Chestnut (ED) 
4 8.00 21.47 

Typic 

Dystrocrepts 

Saprolite high 

grade micaceous 

rocks (Edn.); 

Saprolite, high 

grade rocks (Ch). 

Gravelly fine sandy loam 

Evard-Cowee (EV) 4 8.00 9.40 
Typic 

Hapludults  

Saprolite, high 

grade 

metamorphic 

rocks 

Gravelly loam (Eva.), Gravelly 

sandy loam (Cow.) 

Oconaluftee 

Channery Loam 

(Oc) 

1 2.00 0.97 
Typic 

Haplumbrepts 

Saprolite low 

grade 

metasedimentary 

rock 

Channery loam 

Plott fine sandy 

loam (Pw) 
9 18.00 14.08 

Typic 

Haplumbrepts 

Saprolite high 

grade 

metamorphic 

rocks 

Fine sandy loam 

Saunook loam (Sd) 1 2.00 7.13 
Humic 

Hapludults 

Colluvium 

metamorphic and 

igneous rock 

Loam 
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Soil Series 

Number 

of 

Gullies 

Percent 

Gullies 

Percent 

County 

Soil 

Classification 
Parent Material Surface Soil Texture 

Soco-Stecoah 

complex (So) 
5 10.00 6.00 

Typic 

Dystrocrepts 

Saprolite low 

grade 

metasedimentary 

rock 

Channery loam 

Tanasee-Balsam 

complex (Te), 

eroded stony 

3 6.00 0.37 
Typic 

Haplumbrepts  

Colluvium 

metamorphic and 

igneous rock 

Sandy loam (Tan.); Cobbly sandy 

loam (Bal.) 

Trimont gravelly 

loam (Tr) 
4 8.00 2.05 

Humic 

Hapludults 

Saprolite 

weathered from 

high-grade 

metamorphic and 

igneous rock 

Gravelly loam (Eva.) 

Tuckaseegee-

Cullasaja complex 

(Tv), extremely 

stony 

1 2.00 1.17 
Typic 

Haplumbrepts 

Colluvium 

metamorphic and 

igneous rock 

Gravelly loam (Tuc.); very cobbly 

loam 

Udorthents (Ud), 

loamy 
1 2.00 0.70 

    
 

Water (W) 1 2.00 0.22      

Wayah sandy loam 

(Wa) 
1 2.00 5.46 

Typic 

Haplumbrepts 

Saprolite high-

grade 

metamorphic or 

igneous rock 

Sandy loam 

Wayah sandy loam 

(We), windswept 
2 4.00 1.37 

Typic 

Haplumbrepts 

Saprolite high-

grade 

metamorphic or 

igneous rock 

Sandy loam 
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Soil Series 

Number 

of 

Gullies 

Percent 

Gullies 

Percent 

County 

Soil 

Classification 
Parent Material Surface Soil Texture 

Wayah loam (Wh), 

windswept 
3 6.00 1.91 

Typic 

Haplumbrepts 

Saprolite high-

grade 

metamorphic or 

igneous rock 

Sandy loam 

Whiteoak cobbly 

loam (Wo), stony 
6 12.00 1.36 

Umbric 

Dystrochrepts 

colluvium low-

grade 

metasedimentary 

rock 

Cobbly loam 
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Table 5. Lithologic breakdown of the rock types underlying the gully initiation point in Jackson 

and Haywood counties. 

  

  

Jackson County 

n=60 

  

Haywood County 

n=50 

  

Number Percent Number Percent 

amphibolite 0 0.00 17 28.33 

biotite gneiss 30 50.00 4 6.67 

gneiss 5 8.33 5 8.33 

granitic gneiss 15 25.00 8 13.33 

metasedimentary 

rock 0 0.00 16 26.67 

quartz diorite 10 16.67 0 0.00 
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4.2 Gully location, density and connectivity 

 

Previous studies (Montgomery et al., 1994; Wemple et al., 1996) documented that gullies played 

a role in extending the drainage network in catchments with forest roads. Our algorithm helped 

us find gullies, but the total number we identified were not large relative to the area of the 

counties. As indicated in the results, the gully density was 3 x 10-3 km-1 in both counties or, 

roughly, 3 m of gully per km2 area. To put this in some context, the results of a GIS analysis of 

the Tuckasegee River Basin (1/3 USGS DEM; channel threshold area = 0.5 km2), the drainage 

density is 1.1 km-1, which is over 30 times the density of the found gullies. 

 

Wemple et al. (2001) mapped 0.04 to 0.08 gullies km-2 related to forest service roads in the 

Cascades. Our density was on the lower end of that range of 0.042 to 0.046 gullies km-2. Wemple 

et al. (2001) reported other erosional feature in the field area, including a range of landslides that 

we did not attempt to identify in this project although, we know in our region that small 

landslides and soil slips are often associated with roads. 

 

Several possible reasons may lead to identifying a few ditch relief gullies related to paved roads. 

One reason is that paved roads are uncommon in the mostly rural region, particularly in upland 

areas where roads usually are gravel. As we examine the landscape, there is the possibility our 

algorithm missed gullies, and we are continuing to scrutinize the algorithm and landscape to 

determine if there are not more gullies than we identified to date. Regardless, it does appear that 

relief gullies associated with paved roads are not a common feature on the landscape.  

 

Sediment production associated with these features can be estimated to an order of magnitude by 

considering the length of gullies and assume a width and depth of 2 x 2 meters, which seems to 

be a reasonable cross-section given our field observations. By using these data and assuming a 

reasonable density of 1200 kg/m3 of soil/sediment, the sediment production would be 0.15 

Mg/ha in Haywood County and 0.14 Mg/ha in Jackson County. Even if all the erosion occurred 

in one year, these production rates would be on the very low end of the sediment production rates 

that are summarized in MacDonald and Coe (2008; Table 1) for forest roads. MacDonald and 

Coe (2008) include a range of processes including failures, while our estimates include only 

gully erosion. However, the size of this back-of-the envelope-estimate indicates that ditch relief-

gullies may contribute locally to sedimentation in streams but play a minor role in the sediment 

budget of the area at large. 

 

Overall, around half of the ditch relief gullies that were identified appear to connect to a drainage 

system, thus directly extend the natural drainage network. LaMarche and Lettenmeier (2001) 

used a model to predict that 24% of their road-related gullies reached the larger drainage 

network. Similarly, about half the ditch relief gullies identified by Wemple et al. (1996) 

conveyed water to either a saturated area or stream within 20-m of the road. Our data indicates 

that about half of the eroded sediment does make it to streams where it might impact aquatic 

ecosystems. While there seems to be limited impact of gullies on stream systems, the use of 

high-resolution DEMs provides new insight into these problems insofar that we can visually 

access connectivity. 
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LaMarche and Lettenmeier (2001) identified two variables that determined whether a ditch 

connected to a stream, specifically length to the stream and curvature. They explain that 

curvature indicates convergent parts of topography, but they use 30-m DEMs in this work so 

curvature represents a more landscape-scale feature than we would measure on a 1-meter DEM. 

We examined whether the length to a stream is significant to connectivity by using the gully 

length (for those connected to streams) or the gully length + distance to nearest stream for those 

not connected to streams. The latter is an approximation because it uses a straight-line estimate 

and does not follow a hillslope flowpath. These data show that around 2/3 of gullies connect 

when they begin less than 50-m from a channel. Above 50-m it is much less likely that a gully 

will be connected (Figure 9). 

 

 
Figure 9. Graph showing the number of gullies that are connected or not connected. The x-axis 

reflects the distance of the gully culvert to the nearest stream. 

 

 

4.3 Slope and area as driving forces 

 

In the beginning of this work, we, following Montgomery (1994) hypothesized that slope was a 

critical variable in erosion, as it is related to previous models of gully formation. If water flows 

onto the soil surface, then erosion is related to shear stress on the surface indicated by the depth 

slope product:  

𝜏 = 𝜌𝑔ℎ𝑆       (1) 

Where ρ is water density, g is gravitational acceleration, h is the flow depth and S is the slope 

(m/m). This expression indicates why slope is an important variable in this discussion. Wemple 

et al. (1996) indicated that ditch relief gullies formed on slopes above 40 degrees. 
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Based on our experience in the field, some slopes may experience scour instead of the tractive 

force flowing water because the culvert is some distance above the soil surface and water 

plunges. This is particularly true as the gully grows and incises away from the bottom of the 

culvert. Our field data suggest a variation in distance from the bottom of the culvert to the soil 

surface from 0.02 to 1.19 m. One site had to relocate the culvert with flexible pipe to reduce the 

amount of scour, and three of the four sites documented in Table 3 had riprap. Regardless, the 

erosion still requires some critical slope to occur. 

 

An examination of initiation slopes for the two counties suggests that erosion can occur in fairly 

low slope areas. Five of the gullies that are formed occur at less than 10 degrees, and these sites 

merit more consideration in understanding how erosion can occur at low slope angles. Typically, 

most failures occur between 20 to 40 degrees, but there is not a clear slope threshold angle in 

these data. Given the data below, this implies that flow from ditches would be higher in these 

locations to compensate for a lower slope and generate the shear stress necessary for erosion 

(Equation 1). 

 

Notably, the mean slope angle is significantly higher in Jackson County relative to Haywood 

County. This occurs despite the fact that mean slopes for Jackson County (22°) and Haywood 

(23°) are quite similar. More work is needed to untangle the differences between the two 

counties. 

 

Following Montgomery (1994) and Moody and Kinner (2006), one would hypothesize that the 

amount of water available for erosion would be a function of the area contributing the relief 

culvert multiplied by the rainfall rate. In steady-state form, the amount of infiltration excess 

overland flow going into the culvert is: 

 𝑄 = (𝑖 − 𝑖𝑠)𝐴𝑒𝑓𝑓       (2) 

Where i is the rainfall rate, is is the soil infiltration rate and Aeff is the effective contributing area. 

Moody and Kinner (2006) also provide a case for a transient hydrograph, but we use the steady 

state expression here for clarity. Equation 2 assumes that all water is delivered from overland 

flow, but as others have pointed out, saturation subsurface flow (SSF) on the cutslope side can be 

intersected by the road course. We have seen some of this—particularly flow right under the leaf 

surface—at the gully described by Gannon et al. (2016). Equation 2 indicates that if i increases 

or the contributing area (Aeff) increases then the amount of water in the culvert to erode goes up. 

 

Our initial assumption was that we needed to capture the watershed area that feeds the catchment 

to assess the amount of work needed for erosion. In other words, Aeff = Awatershed. However, this 

assumes that the volume of water contributions from the watershed is significant relative to the 

volume contributions from the road itself. If the culvert hydrograph is dominated by runoff from 

the pavement, then perhaps we only need to consider what length of road feeds each culvert and 

can ignore the contribution of the groundwater flow from the cutslope when considering erosion 

risk. 

 

4.4 Conceptual model resisting forces 

 

While the model would be slightly different for scour erosion or tractive erosion, the ability of 

cohesive soils to resist this force is critical for gully formation. Our hypothesis going in was that 



30 

 

these resisting forces would be dependent on soil type, but we can reject this hypothesis as the 

gullying was found in soils that represented 70-80% of the area in both counties. Gullying 

occurred in colluvial and residual soils, in Ultisols and Inceptisols, and in soils derived from 

metasediments and high grade metamorphic and igneous rocks. The only soil parent material that 

was uncommon was alluvium which is likely to be present in flatter parts of the landscape like 

terraces and floodplains.  

 

The likely reason for the similarities in gully initiation sites was the similarity in texture of the 

surface soils. Most soils were sandy loam or loamy in texture, and thus would have limited 

cohesion. The soils also had a significant gravel to cobble concentration as many of the 

descriptions included qualifiers like “gravel” and “cobble.” Some soils, particularly in Haywood 

county were classified as channery loam, or loam with chunks of sedimentary parent materials.  

 

Once erosion occurs, the downcutting occurs rapidly through the solum. In the field, we 

measured gully depths up to 2.3 m, with up to 5.8 m3 of erosion per m of channel. The gullies we 

observed cut through a variety of materials including colluvial deposits and saprolite, and one 

gully channel showed the knickpoint structure of the underlying bedrock (Figure 7 b & d). Thus, 

some of the structure of the solum appears that it will control the gully evolution, but the 

formation seems to be relatively independent of geology or soils.  

 

4.5 Land cover as a driving force 

 

Land cover class information was extracted from the NLCD at the watershed and plot scales. As 

mentioned in the Results section, there were no clear trends between land cover and gully 

presence or abundance. While this may not be very surprising at the watershed scale, we do find 

it surprising at the plot scale. We extracted land cover immediately surrounding (100m and 200m 

radii) the initiation point of each gully feature in Jackson County. Results indicate there were an 

abundance of gully features in watersheds and plot buffers dominated by forest land cover, while 

there were also no gully features located in some watersheds and plot buffers dominated by 

impervious and other non-forested land cover. 

 

It is well established in the literature that increasing the amount of impervious surface within a 

watershed tends to increase runoff, which can lead to gully formation. Given the amount of 

impervious surface in some watersheds we expected to greater negative correlations, at least in 

several cases. However, this was not the case. We speculate that the reason for this is that land 

cover impacts in the case of gullies are on the micro-scale (i.e., the road itself) rather than at the 

broader scales that can be observed using moderate-resolution (30m) geospatial data. 

 

There were also no major changes in land cover over the 15-year period analyzed. This could be 

due in part to the age of the gullies themselves. Many of these gully features are decades old, and 

may have occurred when roads were first installed or prior to being paved. It is possible that the 

gullies formed prior to 2001, which was our “baseline” data point, and that little change has 

occurred since that time. 
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4.6 Benefits and new issues created by using a high-resolution DEM 

 

The most significant benefit of using the new high-resolution DEM is the ability to identify gully 

features and assess their connectivity which is now visible. Earlier studies of connectivity of 

drainage systems used modeling (LaMarche and Lettenmeier, 2001) or relied on gullies close to 

the road (Wemple et al. 1996) to assess that connectivity, but the new high resolution LIDAR-

derived DEM improves our ability to see these features in space. Figure 10 (a) shows a three-

dimensional model of one of the gullies that we observed in the field, and the gully is clearly 

visible, as it in on a shaded relief DEM.  

 

The second image in Figure 10 (b) indicates the issue with analyzing contributing area using a 

high-resolution DEM. The bluer the area, the more likely it is to have flow (assuming area = 

flow). The ditch along the interface of between the cutslope and the road collects a lot of water, 

but the water does not get transmitted onto the fillslope below. The issue is obviously that DEM 

algorithms like the D-8 algorithm (used in Arc-GIS) or the RiverTools multiflow direction 

algorithm can’t see culverts. Thus, the water gets conveyed in the ditches down the road and 

never crosses to be added to the cutslope. 

 

 
 

Figure 10. Three-dimensional models of the field site in Upper Cullowhee Creek drainage: a) 

colors indicate slope parts and elevation range (orange is highest elevation, above the cutslope), 

and b) computed multi-flow direction algorithm where blue colors indicate more contributed 

area. The blue (relatively high contributing area) part is intercepted by the road ditch and does 

not make it into the gully. 

 

5. Conclusions and recommendations 

The goals of the project were to identify road-draining erosional features automatically, 

examining whether they are linked with particular environmental conditions, and determine how 

they may impact the landscape in terms of being connected sources of sediment. 

 

We used an empirical GIS approach to identify gully candidates within the two-county area 

which included slope as part of a multivariate logistic model. This approach highlighted areas 
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that may be gullies but also identified wide swaths of DEM cells that were not gullies. In order to 

continue to answer the project questions, we examined the areas the model highlighted and then 

visually determined areas that were gullies adjacent to roads. The advantage of the high 

resolution DEMs is that the gullies are quite visible, so once we found the gullies, we were then 

able to trace them and examine their connectivity. As described in the discussion, other similar 

studies had to make approximations or do extensive field work to determine connectivity. 

Having worked through the other questions in this study, we hope to go back to determine if we 

can either improve this empirical approach or adopt another approach that improves our ability to 

sense gullies relative to non-gully locations. For example, Clubb et al. (2014) present and 

compare several algorithms intended to locate channel heads that might be employed. The 

problem we face in implementing many approaches outlined in the literature is the difficulty in 

reliably calculating contributing area in a landscape dissected by roads, drainage ditches, and 

culverts. 

 

We identified gullies in both counties, and our initial conclusion is that they play a small role in 

the overall sediment budgets of the landscapes. First, the length of identified gullies was only 

3m/1 km2. While it is likely that more gullies may be located with an improved algorithm or 

searching for locations next to roads, the density of paved roads, which we restricted our analysis 

to, means this process is likely important on a hillslope or small watershed scale. Additionally, 

while half the gullies clearly connect water and sediment with larger drainage systems, it also 

means that in half the gullies, eroded sediment is often deposited 200 m from of its source. 

Connectivity is more likely if the ditch relief culvert is within 50-m of a drainageway. A 

promising aspect of this work is that it does appear we can more clearly answer questions about 

water and sediment connectivity on high resolution DEMs (0.5 m grid cells). 

 

Several variables were examined to determine how they were linked to gully formation including 

landcover, geology and soils. Our initial conclusion is that these variables had little overall 

impact on the system’s ability to resist gully formation. The lack of these variables showing up 

may be due to the relative homogeneity of the environment local to steep mountain roads, where 

the soils are mostly sandy-loams and the watersheds are relatively forested. The key variables 

that seem to emerge at local-site scales, in this case are slope and ditch length, the latter of which 

we have estimated in the field. While some gullies do erode at low slope angles, it appears that 

most only occur at angles in excess of 20 degrees.  

 

Ditch length is an approximation for the amount of water that can be added to the system. Field 

work has indicated that as contributing ditch length increases, erosion is more likely in the ditch, 

suggesting an increase in water. In analyses like that of Montgomery (1994), contributing area is 

the proxy for the amount of water driving gully incision. In our study, paved roads shed all of the 

water into the ditch, and it is possible that much of the water that drives erosion comes from the 

road. If this is the case, we would need to focus on determining the effective ditch length for the 

gully, but we would not have determined the overall contributing area which is difficult to 

determine in a system dissected by roads, ditches and ditch relief culverts.  
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Appendix 1 

Abbreviations 

 

 

DEM – Digital Elevation Model 

GIS – Geographic Information System 

HUC – Hydrologic Unit Code 

Kg/m3 – Kilograms per cubic meter 

Km – Kilometer  

LiDAR – Light Detection and Ranging 

M – Meter  

Mg/ha – Milligrams per hectare 

MLR – Multivariate Logistic Regression 

NC – North Carolina 

NLCD – National Land Cover Database 

USGS – United States Geological Survey 
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Appendix 2 

 

 

o Presentations and publications: 

▪ Wright, Charles; Hogan, Hannah; Duggins, Holly; Gannon, John P; Styers, Diane; 

Lord, Mark; and Kinner, David, 2019, Developing a Method to Remotely Locate 

Road-Draining Gullies Using a High Resolution Digital Elevation Model: 

American Geophysical Union Fall Meeting, San Francisco (December 2019). 

 

▪ Hogan, Hannah; Wright, Charles; Gannon, J.P., Styers, Diane; Kinner, David; and 

Lord, Mark, 2019, Developing a method to remotely locate erosional features 

using a high resolution digital elevation model: Geological Society of America 

Abstracts with Programs, Vol. 51. (March 28, 2019; Southeastern Geological 

Society of America Meeting, Charleston, SC) 

 

▪ Gannon, J.P., Styers, Diane; Kinner, David; and Lord, Mark, 2019, Examining the 

effects of resolution and roads on DEM-derived drainage networks: Geological 

Society of America Abstracts with Programs, Vol. 51. (March 28, 2019; 

Southeastern Geological Society of America Meeting, Charleston, SC) 

 

o Patents, data sets, or web sites: 

▪ Jackson County and Haywood County gully geospatial datasets 

 

o Efforts at technology transfer or communication of results to end users, policy makers, or 

others (beyond, or based on, the items from the two bullets above): 

▪ Jackson County, NC Gullies and River Features, an ESRI ArcGIS StoryMap: 

https://wcuedu.maps.arcgis.com/apps/MapJournal/index.html?appid=9e37cdeec4

7144a1b72a63c2d6888c3d 

 

 

https://wcuedu.maps.arcgis.com/apps/MapJournal/index.html?appid=9e37cdeec47144a1b72a63c2d6888c3d
https://wcuedu.maps.arcgis.com/apps/MapJournal/index.html?appid=9e37cdeec47144a1b72a63c2d6888c3d



