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Abstract

:

Accurate and precise measures of channel morphology are important when monitoring a stream post-restoration to determine changes in stability, water quality, and aquatic habitat availability. Practitioners often rely on traditional surveying methods such as a total station for measuring channel metrics (e.g., cross-sectional area, width, depth, and slope). However, these methods have limitations in terms of coarse sampling densities and time-intensive field efforts. Drone-based lidar or drone laser scanning (DLS) provides much higher resolution point clouds and has the potential to improve post-restoration monitoring efforts. For this study, a 1.3-km reach of Stroubles Creek (Blacksburg, VA, USA), which underwent a restoration in 2010, was surveyed twice with a total station (2010 and 2021) and twice with DLS (2017 and 2021). The initial restoration was divided into three treatment reaches: T1 (livestock exclusion), T2 (livestock exclusion and bank treatment), and T3 (livestock exclusion, bank treatment, and inset floodplain). Cross-sectional channel morphology metrics were extracted from the 2021 DLS scan and compared to metrics calculated from the 2021 total station survey. DLS produced 6.5 times the number of cross sections over the study reach and 8.8 times the number of points per cross section compared to the total station. There was good agreement between the metrics derived from both surveying methods, such as channel width (R2 = 0.672) and cross-sectional area (R2 = 0.597). As a proof of concept to demonstrate the advantage of DLS over traditional surveying, 0.1 m digital terrain models (DTMs) were generated from the DLS data. Based on the drone lidar data, from 2017 to 2021, treatment reach T3 showed the most stability, in terms of the least change and variability in cross-sectional metrics as well as the least erosion area and volume per length of reach.
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1. Introduction


Federal, state, and local agencies in the United States and other countries spend significant time, money, and resources on stream restoration efforts, with over USD 1 billion spent annually in the USA [1]. For example, in the Chesapeake Bay watershed, more than 1400 km of restoration is planned to be completed by 2025 for a total cost of around USD 500 million [2]. The term “stream restoration” is used for many different techniques and practices, such as native riparian forest establishment, channel reconstruction, and flow control, as well as dam removal [3].



A common restoration goal is to improve long-term channel stability [2,4]. Researchers rely on morphology metrics, such as channel width-to-depth ratio and cross-sectional area, to monitor change and assess project success [5,6,7]. Government agencies have used the consistency of these metrics over time as criteria for evaluating stream stability. For example, the Virginia Department of Environmental Quality (VDEQ), based on a template produced by the US Army Corps of Engineers (USACE), defined a series of “performance standards” for restoration projects that included criteria such as the change in width-to-depth ratio should be between 1.3 and 0.7 and the cross-sectional area cannot increase or decrease more than 25% over a 10-year monitoring period [8]. However, it is important to note that while some agencies have placed an emphasis on stability as a way to reduce streambank erosion, researchers have noted that “locking in place” should not be a strict goal, since streams naturally experience some level of migration [9,10]. However, in spite of the existence of these criteria, many restoration projects are not properly monitored or evaluated for effectiveness due to the lack of time, money, resources, and/or personnel [11,12]. In addition, many projects are only monitored for a few years at most or not evaluated at all [13,14]. Ultimately, more monitoring and evaluation are needed to learn from successes and failures [2,15].



Traditional methods for monitoring stream change after restoration, such as surveying repeat cross-sectional profiles with a total station or using erosion pins for measuring streambank retreat, have many limitations. These techniques can result in bias depending on how the operator chooses to locate the surveyed points and are prone to measurement errors [16]. In addition, these methods have the potential to physically disturb the stream being surveyed [17]. Traditional surveying methods are limited by the number of point measurements collected, which results in a coarse representation of channel morphology [18]. Repeat surveys with a total station also require a series of permanently marked cross-sections (often steel rebar driven into the ground) which can be lost over time or move due to freeze–thaw processes [19].



To improve on the limitations of traditional surveying, remote sensing technologies, both passive and active, have been utilized to survey streams. Satellite imagery has been used to monitor planimetric changes in river morphology, such as changes in centerline location, channel width, and surface area [20,21,22]. Passive remote sensing with satellite or aerial imagery allows one to survey large reaches over multiple decades. However, by nature, imagery is designed to collect spectral data, not elevation data. It can be difficult to produce accurate measures of channel depth from a raster-based image; however, it is possible under certain conditions, depending on the shallowness and turbidity of the stream as well as the resolution of the images [23,24].



Remote sensing using unoccupied aerial vehicles (UAVs), such as drone-based imagery, also known as structure-from-motion (SfM), has been successfully utilized for surveying stream channels and classifying floodplain vegetation [25], quantifying channel change after flooding events [26,27], monitoring channel morphology post-restoration [28], and measuring streambank erosion [29]. However, passive remote sensing technologies such as imagery and SfM have difficulty penetrating dense vegetation canopy to survey ground topography [30,31].



Active remote sensing using lidar has an advantage over imagery since it directly measures elevation in the form of 3-D point clouds. Aerial laser scanning (ALS) with piloted aircraft has been used to measure channel morphology, generate stream networks, and quantify channel change at resolutions typically around 0.5 to 1 m [32,33,34,35]. However, due to the altitude and scan angle of ALS, properly scanning the sides of streambanks can be difficult, which are critical components of stream profiles [36]. Terrestrial laser scanning (TLS) mounted on a tripod has been used to measure streambank retreat rates as well as channel erosion and deposition volume at a high spatial resolution (0.02 to 0.05 m) [18,37]. However, the TLS platform is best suited for smaller extents and can be cumbersome when surveying larger stream reaches [38].



Advances in UAV payloads including drone-based lidar, also known as UAV-based lidar or drone laser scanning (DLS), have demonstrated the potential of DLS to avoid many of the limitations of other remote sensing technologies [39]. Since drones fly at a lower altitude than piloted aircraft, DLS can produce much higher density point clouds than ALS [36]. Additionally, the lower flight altitude allows DLS to more precisely survey streambanks compared to ALS [36]. Since drones provide a very mobile and versatile platform, DLS can scan over a larger area of interest than TLS on a stationary tripod [18,36]. In many ways, DLS provides the best of both technologies: the scanning extent of ALS with the resolution of TLS [36,39].



Drone laser scanning has only recently been applied to measure channel morphology. Backes et al. [40] scanned a reach downstream of a glacier in Austria using both drone-based SfM as well as drone-based lidar to measure changes in river morphology over multiple years through a 3-D surface change analysis. They found DLS produced a much higher point density (556 points/m2) of the stream channel compared to SfM (190 points/m2) [40]. Islam et al. [41] scanned a 1.2 km reach of the lower Asahi River in Japan using a green laser-based UAV to survey bathymetry (up to 1 or 2 m in depth depending on the turbidity) as well as floodplain topography and vegetation, but this technology is still relatively new and not yet widely available. These studies note the advantage of DLS for surveying large stream reaches at high resolution. However, little research has been carried out to directly compare cross sections measured using traditional surveying methods to those extracted using DLS.



The objectives of this study were as follows: (1) to scan a reach of Stroubles Creek, which underwent a restoration in 2010, multiple times with drone-based lidar (in 2017 and 2021); (2) to compare cross-sectional metrics (e.g., channel width and depth) calculated from a traditional total station survey in 2021 with those derived from drone lidar; and (3) to quantify the changes in channel morphology post-restoration (from 2017 to 2021) using drone lidar data and compare the results between three restoration treatment areas.




2. Materials and Methods


2.1. Study Area


Stroubles Creek is a small, mixed bedrock and gravel-bed stream located downstream of Virginia Tech’s campus in Blacksburg, VA, USA. Its watershed has an area of 15 km2 and consists of developed land use (e.g., the campus, downtown area, and suburban housing) and agricultural land use (e.g., pastures) [42]. The stream has undergone extensive human modification, such as channel straightening, and part of the stream is piped under the university campus and within the town. Due to a history of non-point source pollutant loading from both urban and agricultural sources, Stroubles Creek is on the Environmental Protection Agency’s 303(d) list of impaired streams for aquatic life impairment with sediment identified as the primary stressor [43].



The study area is a 1.3 km reach of Stroubles Creek, which is the research site for the StREAM Lab at Virginia Tech [44]. This reach underwent a stream restoration that was completed in May 2010 [42]. The restoration project divided the reach into three different restoration treatment areas (Figure 1) [42,45]. For the first treatment (T1; 0.5 km), the only action performed was livestock (i.e., cattle) exclusion from the riparian area (Figure 2a). In the second treatment (T2; 0.6 km), in addition to livestock exclusion, the banks were reshaped to a stable grade (3:1) and native woody vegetation was planted (Figure 2b). In the third treatment (T3; 0.3 km), in addition to livestock exclusion and planting vegetation, an inset floodplain was sized to ensure entrainment of sand-sized bed material annually and the D50 of the riffles on average every five years (Figure 2c). While the active restoration activities formally ended in 2010, long-term goals included continually monitoring post-restoration changes in channel morphology through topographic surveys (Figure 1) [42].



This reach of Stroubles Creek has been the site of multiple DLS studies. Resop et al. [36] found the higher resolution of DLS (point density = 455 points/m2) to be better suited for scanning the sides of streambanks and providing detail about the channel profile than traditional ALS (point density = 4 points/m2). Prior et al. [46] used DLS and SfM to quantify hydraulic roughness, while Resop et al. [47] demonstrated how repeat DLS surveys can produce high-resolution measures of annual and seasonal vegetation change. In addition, Christensen et al. [48] utilized a combination of DLS and surveying data to compare floodplain connectivity across the three treatment areas. These studies concluded that DLS is well suited for measuring stream and floodplain topography and has the potential for monitoring morphological changes along Stroubles Creek.




2.2. Data Collection and Processing


2.2.1. Total Station Survey Data Collection


The study reach was surveyed in 2010 with a Topcon GR-3 GNSS receiver (Livermore, CA, USA) (RTK accuracy: 10 mm horizonal, 15 mm vertical) after the restoration project was completed. The survey included 20 cross sections measured irregularly down the 1.3 km reach, with 4 located in T1, 10 in T2, and 6 in T3 (Figure 1). The ends of each cross section were marked with rebar. Each cross section was about 30 to 50 m in length (average 42.3 m) and focused on measuring key components of the stream channel morphology, such as the top of bank (the point where stream flow spills out onto the floodplain), streambank, thalweg (the point of lowest elevation), streambed, and significant changes in elevation. On average, 46 points were measured per cross section (Table 1). The same twenty cross sections were resurveyed in 2021 with a Trimble R10 GNSS receiver (Westminster, CO, USA; RTK accuracy: 8 mm horizonal, 15 mm vertical) using a similar approach [49].




2.2.2. Drone Lidar Data Collection


The DLS system used for this study was a Pulse Aerospace (now AeroVironment) Vapor35 drone (Simi Valley, CA, USA) equipped with a YellowScan Surveyor Core lidar (Montferrier-sur-Lez, France). The lidar system had a near-infrared (NIR) laser with a wavelength of 905 nm and a pulse rate of 300 kHz. Additional details about the DLS system can be found in Resop et al. [36]. The drone was flown at an altitude of 20 m for all surveys [47] (Figure 3). At this altitude, previous studies with this DLS system reported point densities over 400 points/m2 [36,47].



With the lidar payload, the UAV system had a maximum flight time of 40 min [36]. Since the entire study reach was too large to scan in a single flight, each survey was split into two flights: the northern reach and the southern reach. The point cloud data from both flights were merged together into a single dataset during post-processing. Two separate DLS surveys of the study reach were performed: 2017 (March for the north and April for the south) and 2021 (November for the north and December for the south). After data collection, the point clouds were pre-processed, georeferenced, and exported to LAS files for analysis. The 2021 dataset is publicly available on OpenTopography [50].




2.2.3. Drone Lidar Data Processing


The DLS flights were merged into a single point cloud for each survey (2017 and 2021) and processed as LAS datasets using ArcGIS Desktop 10.6 and ArcGIS Pro 3.1 (Redlands, CA, USA). The datasets were projected to NAD 83 UTM Zone 17N and vertical datum NAVD 88. Both DLS surveys consisted of similar scan extents over the study area (Figure 4) and the point clouds had similar densities (Table 2).



The 2017 DLS point cloud was classified for a previous study as ground, unassigned, vegetation, building, and noise [36]. The 2021 DLS dataset was classified using a similar process in ArcGIS. The “Classify LAS Ground” tool was first used to classify ground points using its standard ground detection algorithm. The “Classify LAS by Height” tool was then used to classify the remaining points as either unassigned (height above ground < 0.1 m) or vegetation. The unassigned class represented points uncertain to be ground or vegetation due to the precision of the lidar system [51,52]. Points representing built structures, such as the concrete bridge in the middle of the reach and the three wooden bridges used for water quality measurements, were manually classified as building points by carefully identifying and selecting the points representing built structures in the point cloud.



During processing of the 2017 DLS dataset, Resop et al. [36] observed that two types of misclassifications commonly resulted from the classification algorithms. First, ground points representing the streambank with a sharp gradient could be misclassified as vegetation. Second, vegetation points hanging over the stream could be misclassified as ground. These misclassifications have been noted as limitations of classifying high-resolution DLS point clouds in complex environments such as riverscapes using algorithms traditionally applied to lower-resolution ALS data [36]. As a result of these misclassifications, the points along the channel, which were critical for this study, required manual verification to ensure they were correctly classified. This verification was carried out for the 2017 dataset in a previous study [36] and was similarly performed here for the 2021 dataset.



After georeferencing and classifying the point clouds, it was observed that the 2017 and 2021 DLS point clouds were not properly aligned in the same coordinate system. A bias was observed between the two datasets, particularly for fixed structures like bridges. To correct this issue, the 2017 dataset was aligned to the 2021 dataset using a similar approach as Resop et al. [47]. The “Iterative Closest Point” tool in CloudCompare 2.10 (https://www.cloudcompare.org/ accessed on 1 March 2024) was used to transform the 2017 DLS dataset to minimize the difference between it and the 2021 DLS dataset using built structures (i.e., one concrete bridge and three wooden bridges) as control points.




2.2.4. Generating Cross Sections from Drone Lidar Data


After the DLS point clouds for 2017 and 2021 were classified and verified, they were rasterized to produce digital terrain models (DTMs) representing the bare earth surface. This process was performed on the 2017 dataset by Resop et al. [36] using ArcGIS and repeated here for the 2021 dataset. First, the lidar datasets were filtered to select only ground and unassigned points, which were the points most likely to represent the bare earth surface. The “LAS Dataset to Raster” tool was then used to bin the point clouds to a 0.1 m raster based on the minimum elevation per pixel and a simple linear interpolation to fill in voids, such as the gap resulting from the stream surface. The DTMs were clipped to the scan extent (Figure 4) to remove interpolation artifacts outside of the boundary.



Cross sections were extracted from the 0.1 m DTMs using ArcGIS. A polyline representing the stream center for Stroubles Creek was manually delineated from the 2017 DTM. The “Generate Points Along Lines” tool was used to define a set of points every 10 m along the stream center from the top of the study reach to the bottom. A 20 m buffer was created around the stream center and cross-sectional lines where manually drawn tangential to the stream flow at each point to create a set of cross sections about 40 m in length (average 40.6 m) every 10 m down the reach. In total, 130 cross sections were generated for the study area: 42 for T1, 55 for T2, and 33 for T3 (Figure 5). The “Stack Profile” tool was used to extract the elevations from the 2017 and 2021 DTMs to the cross sections. The result was a set of cross sections for 2017 and 2021 with approximately the same resolution as the DTMs (0.1 m). On average, 407 points were extracted from the drone lidar DTMs per cross section (Table 1).





2.3. Deriving Channel Morphology Metrics


The channel morphology metrics for the 20 cross sections measured using a total station were calculated for a previous study into the long-term morphological changes of Stroubles Creek after restoration from 2010 to 2021 [49]. The top of bank was determined manually for each cross section as the point on the lower bank where there was a clear change in slope [49]. A constant top of bank elevation line was used for each cross section across both years (2010 and 2021). Autodesk Civil3D (San Rafael, CA, USA) was used to calculate the cross-sectional area, width, maximum depth, hydraulic depth, and width-to-depth ratio based on the top of bank line for each cross section for each year (Table 3) [49].



For the 130 cross sections generated using DLS, the top of bank was determined with ArcGIS. Similar to the traditionally surveyed cross sections, the top of banks for both streambanks were estimated as the point where there was a clear change in slope between the stream channel and floodplain [49]. A slope raster was derived from the DTM to assist with identifying the top of bank on both sides of the channel. The top of bank was identified on both streambanks to reduce bias in calculating channel width. The minimum top of bank elevation between both banks (i.e., the lower bank) was used to define the top of bank elevation line for each cross section, similar to Hendrix [49]. A separate top of bank elevation line was created for each cross section for both 2017 and 2021. Like before, this was carried out to reduce bias when measuring change between years. The cross-section profiles and top of bank points were imported into Python and a script was written to calculate the channel morphology metrics (i.e., cross-sectional area, width, maximum depth, hydraulic depth, and width-to-depth ratio) for both 2017 and 2021 using the same definitions as for the total station cross sections (Table 3).



It is important to note one key difference expected between the cross sections measured through traditional surveying and those produced with DLS; when surveying points in the field with a total station, the field crew can measure streambed points below the water surface. However, the cross sections generated from DLS were limited by the near-infrared (NIR) laser of the lidar. Since NIR wavelengths are highly absorbed by water, lidar systems like the one used in this study are unable to reliably collect bathymetric data [36]. Both DLS surveys were conducted when Stroubles Creek was running at baseflow to attempt to minimize this issue. However, for the DLS surveys, the streambed had to be interpolated between the points collected at the bottom of the streambanks and the points on the bed not covered by water using a simple linear interpolation method.




2.4. Comparing Cross-Sectional Metrics between Total Station and Drone Lidar Data


A direct comparison between the total station and DLS data was only performed for 2021 since it was the only time both methods were utilized. For nineteen of the total station cross sections (one cross section in T3 was not covered by the DLS scan), the elevation from the lidar DTM was extracted to each total station point. Initially, the cross-sectional points between the two datasets were not aligned due to georeferencing differences. Six control points surveyed with the total station (one at the base station for each survey day) were used to calculate the elevation bias between the total station and lidar data. The control point bias ranged from −3.19 to 2.05 m. This bias was used to correct the elevation (Z) misalignment of the total station data. The total station cross sections were then shifted to correct translational (XY) misalignments. Once corrected, the mean bias difference (DLSz − TSz) and root mean squared difference (RMSDz) were calculated between the 2021 total station points and the elevation extracted from the 2021 lidar DTM. Points were classified as bank or bed based on the streambank defined by the 2021 DLS data.



In addition to comparing the 2021 total station and drone lidar cross-sectional point elevations, the channel morphology metrics from Table 3 were compared for each cross section. At the locations of the 19 total station cross sections, 40 m long cross sections were manually delineated, sampled to 0.1 m resolution, and the 2021 lidar DTM elevation was extracted. The metrics where calculated for each DLS-derived cross section using a Python script and compared to the metrics calculated from the total station data by Hendrix [49]. The RMSD and R2 were calculated for each metric over the 19 cross sections to represent the level of agreement between the total station and DLS calculations.




2.5. Quantifying Channel Morphology Changes between Restoration Treatments


The change in Stroubles Creek’s channel morphology from 2017 to 2021 was compared between the three treatment reaches based on the drone lidar data. Only change based on the DLS data was analyzed for this study; a change analysis from 2010 to 2021 based on the total station data was performed by Hendrix [49]. The change in each channel morphology metric (Table 3) was calculated as metric2021 − metric2017 for each of the 130 DLS cross sections and summarized over each restoration treatment reach using box plots. The comparative analysis focused on the median and interquartile range (IQR) of the change in each cross-sectional metric between the three treatment reaches (T1, T2, and T3). Channel stability was defined as having the least change (median closer to zero) and least variability in cross section change (smaller IQR) over time.



A surface change analysis was also performed. The DEM of Difference (DoD) was calculated between the 2017 and 2021 drone lidar 0.1-m DTMs to identify the area and volume of erosion and deposition within the stream channel (defined by the 2017 top of bank) in each treatment reach. The DoD was defined as DTM2021 − DTM2017 [53,54,55,56]. With this convention, positive DoD values indicated deposition and negative values indicated erosion. The area of the channel consisting of the water surface (defined by the 2017 lidar gaps) was ignored to avoid any change resulting from interpolation artifacts. To determine significant change, a minimum level of detection (LoD) of 0.2 m was applied, which was used in similar studies [47,57], based on the lidar precision [52].





3. Results and Discussion


3.1. Comparing Cross-Sectional Metrics between Total Station and Drone Lidar Data


The mean elevation bias between the total station points and drone lidar DTM for 2021 was 0.093 m (Table 4), which indicates, on average, DLS over-estimated ground elevation compared to the total station. A slight over-estimation of elevation by the DLS was expected, since lidar pulses cannot perfectly penetrate riparian vegetation to measure ground (Figure 6). This bias was similar in magnitude to the laser precision and comparable to other studies [36,47,52,57]. The RMSDz was 0.176 m over all 867 total station points over 19 cross sections. There was no significant distinction in RMSDz between bank points (0.179 m) and bed points (0.168 m). Bed points consisted of streambed that was not covered by water as well as interpolated bed points.



The mean bias of the bank points (0.095 m) was slightly larger than the bed points (0.082 m) (Table 4). This indicates that the previously noted expectation, that the lidar bias would be greater under the water surface due to NIR absorption, was not as significant as anticipated and likely due to conducting the DLS surveys during baseflow when this reach of Stroubles Creek has an observed depth between 0.13 and 0.34 m [58]. For most cross sections, the bias under the water surface was within the overall bias observed between the total station and DLS measurements (Figure 6). This bias was largest for pool cross sections and cross sections with overhanging vegetation. Both were the case for the example cross section in T3 shown in Figure 6c.



The mean bias over all points (bank and bed) decreased going from treatment reach T1 (0.132 m) to T2 (0.116 m) to T3 (0.025 m) (Table 4). The difference in elevation bias could be due to differences in riparian vegetation. Treatment reach T1 (livestock exclusion) consisted mostly of herbaceous vegetation while reaches T2 (livestock exclusion and bank treatment) and T3 (livestock exclusion, bank treatment, and inset floodplain) consisted mostly of woody vegetation. The denser vegetation in T1 was a likely cause for the higher elevation bias of the DLS data, but this should be explored more in future studies.



One of the advantages of DLS over traditional surveying was the effectiveness of repeat surveys over time. The original 2010 total station survey consisted of 30 cross sections; however, due to missing rebar markers, only 20 were located during the repeat survey in 2021, an effective rate of only 67% [49]. The DLS surveys were able to replicate 130 cross sections over the same stream reach from 2017 to 2021 with 100% effectiveness. Additionally, DLS produced a much higher resolution survey compared to the total station (Figure 6), with 6.5 times the number of cross sections and 8.8 times the number of points per cross section (Table 1).



The cross-sectional metrics derived from the 2021 DLS data showed good agreement with those calculated from the total station data over the 19 cross sections (Figure 7). In particular, the metrics with the best agreement were hydraulic depth (R2 = 0.693), channel width (R2 = 0.672), width-to-depth ratio (R2 = 0.605), and cross-sectional area (R2 = 0.597), which produced good correlations between the DLS and total station data. This indicates DLS accurately replicated the channel morphology measured with a total station. The metric with the worst agreement was maximum depth (R2 = 0.254), which makes sense considering the limitation of DLS in scanning under water surfaces. The RMSD for maximum depth was 0.188 m, which was similar to the RMSDz for streambed points (0.168 m) (Table 4) and within the range of the observed baseflow depth previously noted.



There is no evidence in the literature of any direct comparisons between DLS and traditional surveying for producing stream channel cross-sectional profiles; however, some analogs exist with other lidar platforms. Dietterick et al. [59] compared cross sections generated with ALS to ground surveying for a smaller, forested, mountain stream (watershed area = 5.26 km2) and reported agreements (R2) of 0.653 for depth, 0.810 for width, and 0.859 for area. One important note is that Dietterick et al. [59] identified bankfull elevation in the field for their lidar profiles; however, in our study, the top of bank elevations were derived from the DLS DTMs using GIS, which likely resulted in additional uncertainty. Biron et al. [60] compared ALS to orthophotos for measuring channel width of two larger rivers and reported agreements (R2) of 0.717 (watershed area = 59 km2) and 0.377 (watershed area = 1690 km2). Overall, the correlations we observed between the channel morphology metrics derived from DLS and total station surveying were in line with comparable studies with respect to the relative size of the study stream.




3.2. Quantifying Channel Morphology Changes between Restoration Treatments


For each of the 130 cross sections derived using DLS, the difference between 2017 and 2021 was calculated for each cross-sectional metric and summarized over the three treatment reaches to represent the channel morphology change over time (Figure 8). For cross-sectional area and channel width, treatment reach T3 demonstrated the most stability, in terms of a median change from 2017 to 2021 closer to zero, compared to the other two reaches. The median change in the cross-sectional area was negative in T1 (livestock exclusion; −0.488 m2) but was positive in T2 (livestock exclusion and bank treatment; 0.845 m2) and T3 (livestock exclusion, bank treatment, and inset floodplain; 0.230 m2), indicating aggradation occurred in T1, while erosion was observed in T2 and T3. The median change in channel width was negative in T1 (−0.091 m), was positive in T2 (0.116 m), and was closest to zero in T3 (−0.042 m). Maximum depth increased consistently over all three reaches. The median change in maximum depth was 0.055 m for T1, 0.223 m for T2, and 0.111 m for T3. Treatment reach T1 had a median change closer to zero for both maximum depth and hydraulic depth, compared to the other two reaches.



Stability was also quantified as having a smaller IQR or variability in cross section change. A smaller variability means the cross sections within the treatment reach demonstrated similar changes in morphology from 2017 to 2021. Channel morphology generally increased in stability (i.e., decreased in variability) going from treatment reach T1 to T2 to T3. For example, the IQR for change in cross-sectional area decreased from T1 (2.031 m2) to T2 (1.655 m2) to T3 (1.371 m2), channel width decreased from T1 (1.243 m) to T2 (1.010 m) to T3 (0.549 m), and width-to-depth ratio decreased from T1 (5.255) to T2 (4.246) to T3 (3.164) (Figure 8). Generally, T3 showed the least variability in cross section change for all channel morphology metrics except for maximum depth, which was more similar between the three treatment reaches (Figure 8).



As a specific comparison between treatments, the cross section with the median absolute change in channel width was selected for each reach (Figure 9). Absolute change was used to represent the magnitude of change and prevent positive and negative values from canceling out. The median absolute change in channel width was 0.633 m, 0.474 m, and 0.292 m for T1, T2, and T3, respectively. Generally, the absolute change in channel width decreased going from T1 to T2 to T3. These cross sections demonstrate that all three reaches showed considerable consistency between 2017 and 2021; however, reach T3 was more stable over this time period compared to the other two reaches.



The top of bank was located manually for both banks of each cross section and year to avoid bias in calculating the channel morphology metrics. By defining the left and right top of bank for each cross section based on the slope derived from the drone lidar DTM for each year, we argue this is the most objective way to calculate the top of bank from the DLS data. This resulted in slight differences in the top of bank elevation measured for each year. Between 2017 and 2021, the average absolute differences in top of bank elevations were 0.098 m for T1, 0.108 m for T2, and 0.068 m for T3. These differences were within the precision of the lidar and likely impacted by the riparian vegetation, as already discussed. The top of bank elevation differences were fairly low with respect to the average maximum channel depth in each reach, which was measured from the 2021 DLS data as 1.340 m for T1, 1.292 m for T2, and 1.248 m for T3.



In addition to comparing the DLS-derived cross sections, a 0.1 m DoD was calculated between the 2017 and 2021 DTMs, representing the areas of erosion and deposition over the study reach at high resolution (Figure 10). The stream showed classic patterns of erosion and deposition, particularly along bends and curves in the reach, as the channel migrated over time. Areas of erosion were more likely to occur along the outside of meander bends of the stream channel and areas of deposition were more likely along the point bars and on the inset floodplains. Particularly in treatment reach T1, the erosion areas demonstrated toe erosion and slumping of the upper bank, resulting in slump blocks in the channel. These results show evidence of bank retreat (through erosion) and bank advance (through deposition) as the meander bends increased in amplitude following the historic channel straightening of Stroubles Creek.



The change in area and volume was summarized for each of the treatment reaches (Table 5). Normalized by length, treatment reach T3 (livestock exclusion, bank treatment, and inset floodplain) had the least amount of erosion area (1.481 m2/km). The normalized erosion volume (in m3/km) decreased as one traveled downstream from treatment reach T1 (0.914) to T2 (0.775) to T3 (0.422). A similar trend was observed for deposition, with less difference between T2 and T3.



Treatment reach T1 (livestock exclusion) had the largest normalized deposition volume (4.207 m3/km) and erosion volume (0.914 m3/km) compared to the other two reaches (Table 5). This difference might be due to T1 having a wider channel than T2 and T3, resulting in more potential for deposition. The average channel width for T1 was 17.0 m, compared to 13.4 m for T2 and 14.4 m for T3, based on the 2017 DLS dataset. The median change in channel width from 2017 to 2021 for T1 was −0.091 m, so deposition likely occurred in T1 as the channel continued to narrow from the original widening of Stroubles Creek caused by the cattle access [61]. At the time of the restoration in 2010, T1 was the most over-widened reach. The changes in T1 (e.g., decrease in width and high deposition) are likely due to multiple factors, including the fact it did not receive any treatment beyond livestock exclusion. As a result, T1 has remained dominated by herbaceous vegetation and will likely have the smallest channel once Stroubles Creek ultimately “stabilizes”.



In addition, treatment reach T1 mostly consisted of herbaceous vegetation while reaches T2 and T3 mostly consisted of woody vegetation. It was suspected that the herbaceous vegetation in T1 was more likely to trap sediment than the woody vegetation in T2 and T3, contributing to the higher observed deposition in treatment reach T1. The impact on channel change due to differences in riparian vegetation is worth exploring more in future studies since riparian vegetation type (e.g., grass versus trees) has been shown to influence the width of smaller stream channels [62,63,64,65].



Christensen et al. [48] found that treatment reach T1 demonstrated the highest channel–floodplain connectivity, defined as the interaction of water, sediment, and nutrients between the channel and floodplain at high flow, compared to T2 and T3. They speculated that the higher connectivity resulted in higher rates of channel change, which was confirmed by the findings of this study. Further research is needed to establish the link between channel–floodplain connectivity and streambank erosion. DLS could be a valuable tool for such analysis due to its ability to measure channel morphology at high resolution, as demonstrated by this study.





4. Conclusions


The results of our study demonstrate the effectiveness of using drone-based lidar for measuring changes in channel morphology over time. A reach of Stroubles Creek, which underwent a restoration in 2010, was surveyed in 2010 and 2021 using a total station and in 2017 and 2021 using DLS. In spite of the limitations of NIR-based lidar in scanning channel bathymetry, the DLS-derived channel morphology metrics, such as cross-sectional area and width, showed good agreement with the same metrics calculated from the total station surveys. Total station surveying and DLS both have sources of bias or potential error; further analysis is needed to quantify and compare the uncertainty of each.



Compared to the total station survey, DLS was able to produce a much higher resolution measure of channel morphology with respect to both the number of cross sections and the number of points per cross section. This level of detail could allow for a more comprehensive assessment of reach-level changes in channel morphology following restoration that encourages the design of naturally dynamic channels. A common criticism of current restoration success criteria [8] is that they promote the design of static, single-thread channels. By providing detailed, site-scale topographic data, DLS surveys allow the assessment of more complex fluvial systems, such as zero-order and valley restoration designs [66,67].



Comparing the three treatment reaches, T3 (livestock exclusion, bank treatment, and inset floodplain) demonstrated the most stability from 2017 to 2021 compared to T1 (livestock exclusion) and T2 (livestock exclusion and bank treatment). Based on the channel morphology metrics, the DLS-derived cross sections in T3 had a median change closer to zero (with the exception of channel depth) and smaller variability in cross section change compared to the other two reaches. Additionally, it was observed from the high-resolution lidar DTMs that treatment reach T3 had the least erosion area and volume per reach length, indicating that livestock exclusion, inset floodplain creation, and riparian forest establishment provided the greatest channel stability post-restoration.



One area of future research identified by this study is the impact of riparian vegetation on ground classification errors during lidar data processing. While lidar can penetrate vegetation canopy to measure ground, classification errors persist. As previously discussed, dense vegetation can result in misclassified ground points. These errors result in uncertainty in the lidar-generated DTMs, which then propagate through to create uncertainty in the channel morphology metrics. In this study, the herbaceous vegetation in T1 could have resulted in higher ground classification errors than the woody vegetation in T2 and T3. These errors are expected to be more likely with denser riparian vegetation compared to the relatively sparse vegetation in this study. The impact on lidar data ground classification due to differences in riparian vegetation type and density as well as improved techniques to identify ground points should be explored more in future study.



On a final note, there is much more to stream restoration than just channel stability and channel change over time. The two main goals of the original restoration project were to “improve aquatic habitat” and “reduce sediment loading from eroding banks” [42]. The StREAM Lab at Virginia Tech has ongoing research in place to evaluate these goals. In this study, we only assessed channel change utilizing DLS. More research is needed to assess overall sediment budgets of the three treatments (versus simple average cross-section change) in this complex, human-impacted, natural experiment.
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Figure 1. The three stream restoration treatments applied to Stroubles Creek: T1 (livestock exclusion), T2 (livestock exclusion and bank treatment), and T3 (livestock exclusion, bank treatment, and inset floodplain). Twenty cross sections over the study reach were surveyed in 2010 and 2021 via total station. The background image is ArcGIS Pro World Imagery, dated February 2020. 
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Figure 2. Photos of Stroubles Creek at each of the three stream restoration treatment reaches: (a) T1 (livestock exclusion; taken April 2022), (b) T2 (livestock exclusion and bank treatment; taken April 2022), and (c) T3 (livestock exclusion, bank treatment, and inset floodplain; taken December 2022). 
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Figure 3. (a) The drone taking off for a test flight in September 2021 and (b) the drone flying over Stroubles Creek for a survey in December 2021. 
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Figure 4. The scan extents of the two drone lidar surveys flown over the study area. The background image is ArcGIS Pro World Imagery, dated February 2020. 
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Figure 5. Cross sections generated every 10 m from the drone laser scanning (DLS) data for each treatment reach: T1 (livestock exclusion), T2 (livestock exclusion and bank treatment), and T3 (livestock exclusion, bank treatment, and inset floodplain). The background image is ArcGIS Pro World Imagery, dated February 2020. 
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Figure 6. Example cross sections (in treatment reaches (a) T1, (b) T2, and (c) T3) comparing the total station points to the 0.1-m digital terrain model (DTM) produced with drone laser scanning (DLS). 
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Figure 7. Correlation between the 2021 total station (TS) data (n = 19 cross sections; blue dots) and drone laser scanning (DLS) data represented by the linear regression best-fit line and 95% confidence interval (red area) for each of the channel morphology metrics ((a) cross-sectional area, (b) channel width, (c) maximum depth, (d) hydraulic depth, (e) width-to-depth ratio). 
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Figure 8. Change in cross-sectional metrics ((a) cross-sectional area, (b) channel width, (c) maximum depth, (d) hydraulic depth, (e) width-to-depth ratio), summarized by treatment reach, as measured by drone laser scanning (DLS) from 2017 to 2021 (n = 130 cross sections). The box represents the interquartile range (IQR), the line in the box represents the median, and the diamonds represent outliers. Change was calculated as 2021–2017. 
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Figure 9. The cross section in each treatment reach ((a) T1, (b) T2, and (c) T3) with the median absolute change in width from 2017 to 2021 based on the drone laser scanning (DLS) data. 
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Figure 10. DEM of Difference (DoD) showing areas of erosion and deposition between 2017 and 2021 from drone laser scanning (DLS) 0.1 m digital terrain models (DTMs) over treatment reaches: T1 (livestock exclusion), T2 (livestock exclusion and bank treatment), and T3 (livestock exclusion, bank treatment, and inset floodplain). Elevation difference was calculated as 2021–2017. The background image is ArcGIS Pro World Imagery, dated February 2020. 
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Table 1. Cross section summary statistics for each surveying method over each treatment reach, where T1 was livestock exclusion, T2 was livestock exclusion and bank treatment, and T3 was livestock exclusion, bank treatment, and inset floodplain.
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Surveying Method

(Years)

	
Number of Cross Sections

	
Average Cross Section Length (m)

	
Average Points per Cross Section




	
T1

	
T2

	
T3

	
Total






	
Total station

(2010, 2021)

	
4

	
10

	
6

	
20

	
42.3

	
46




	
Drone laser scanning

(2017, 2021)

	
42

	
55

	
33

	
130

	
40.6

	
407











 





Table 2. Raw point statistics of the two drone lidar surveys performed for the study area.
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	Lidar Survey Year
	Point Count
	Point Spacing (m)
	Point Density (pt/m2)





	2017
	90,427,968
	0.047
	455



	2021
	92,460,991
	0.046
	472










 





Table 3. Channel morphology metrics for each cross section (adopted from Hendrix [49]).
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	Metric
	Definition





	Top of bank
	The elevation where flow spills onto the floodplain



	Cross-sectional area
	The channel area under the top of bank elevation line



	Channel width
	The length of the top of bank elevation line



	Maximum depth
	The distance from the top of bank elevation line to the thalweg



	Hydraulic depth
	Cross-section area/channel width



	Width-to-depth ratio
	Channel width/hydraulic depth










 





Table 4. Point elevation differences between the 2021 total station data and drone laser scanning (DLS) digital terrain model (DTM) summarized by point type (bank or bed) and treatment reach.
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	Total Station Point Type
	Point Count
	Mean Bias Difference (DLSz − TSz) (m)
	Root Mean Square Difference (RMSDz) (m)





	All
	867
	0.093
	0.176



	Bank
	681
	0.095
	0.179



	Bed
	186
	0.082
	0.168



	T1
	126
	0.132
	0.172



	T2
	496
	0.116
	0.184



	T3
	245
	0.025
	0.163










 





Table 5. Summary of erosion and deposition by treatment reach, normalized by the reach length, as measured by drone laser scanning (DLS), based on the DEM of Difference (DoD) from 2017 to 2021 where elevation difference was calculated as 2021 − 2017.
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Treatment Reach

	
Length (km)

	
Area per Length (m2/km)

	
Volume per Length (m3/km)




	
Erosion

	
Deposition

	
Erosion

	
Deposition






	
T1

	
0.429

	
2.683

	
11.759

	
0.914

	
4.207




	
T2

	
0.543

	
2.707

	
1.326

	
0.775

	
0.529




	
T3

	
0.324

	
1.481

	
1.697

	
0.422

	
0.548
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