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ABSTRACT 

Gully erosion is a major land management challenge globally and a particularly significant issue in dry-tropical 

savanna rangelands tributary to the Great Barrier Reef, Australia. This study investigated linkages between 

hillslope hydrological connectivity pathways and gully geomorphic change in the Burdekin River basin. High 

resolution (0.1 m) topographic and land cover data derived from low-cost aerial (via Unmanned Aircraft 

System, UAS) structure-from-motion with multi-view stereo photogrammetry (SfM) was used to map fine-

scale connectivity patterns and quantify headcut retreat at the hillslope scale (~150,000 m2). Very high 

resolution (0.01 m) topographic models derived from ground-based (via hand-held digital camera, GB) SfM, 

were used to quantify the morphology and geomorphic change of several gully arms (300-700 m2) between 

2016 and 2018. Median linear, areal, and volumetric headcut (n=21) retreat rates were 0.2 m yr-1, 0.8 m2 yr-1, 

and 0.3 m3 yr-1, respectively. At all study sites, the points where modelled hydrological flow lines intersected 

gullies corresponded to observed geomorphic change, enabling spatially explicit identification of gully 

extension pathways as a result of overland flow. Application of an index of connectivity demarcated parts of 

the hillslope most connected to the gully network. Bare areas, roads and cattle trails were identified as 

important runoff source areas and hydrological conduits driving gully extension. GB SfM accurately 

reconstructed complex morphologic features including undercuts, overhangs, rills and flutes, providing 

insights into within-channel erosion processes. This study contributes to an improved understanding and 

modelling of hydrogeomorphic drivers of gully erosion in degraded savanna rangelands, ultimately benefiting 

gully management. 

  

Keywords: Drone - hydrogeomorphology - index of connectivity - overland flow - runoff - Unmanned Aircraft 

System (UAS)  

 

1 | INTRODUCTION 

Gully erosion is a globally significant land degradation problem that reduces water quality (Bartley et al., 2014a; 

Wantzen, 2006), decreases agricultural and rangeland productivity (Daba et al., 2003; García-Ruiz, 2010), and 

damages infrastructure (Fox et al., 2016; Jungerius et al., 2002; Nyssen et al., 2002). The hydrogeomorphic 

factors (e.g., rainfall, soil, topography, ground cover) and processes (e.g., seepage, piping, fluting, tension 

cracking and mass movement) driving gully development are complex, varying not only across spatial and 

temporal scales but also in specific form and process as gullies develop (Poesen et al., 2003; Sidle et al., 2019). 

While considerable progress has been made in our knowledge and understanding of these factors and 

processes during the past century (see recent reviews by Bocco, 2016; Castillo & Gómez, 2016; Poesen, 2018; 

Sidle et al., 2019; Vanmaercke et al., 2016), continued research is needed to improve our ability to accurately 

predict and model gully initiation, extension and stabilisation processes, erosion rates, and contributions to 
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end-of-catchment sediment loads, as well as to inform optimal land management strategies (Poesen, 2018). 

Such research is particularly needed in tropical landscapes, which have received less attention than more 

temperate environments (Castillo & Gómez, 2016), despite widespread gully erosion in tropical settings (Sidle 

et al., 2006; Thomas, 1994).  

 

Recent advances in remote sensing techniques (e.g., Light Detection and Ranging, ‘LiDAR’, and Structure from 

Motion with Multi-View Stereo photogrammetry, ‘SfM’) and platforms (e.g., Unmanned Aircraft Systems, 

‘UAS’), have greatly improved our ability to understand and model the hydrogeomorphic factors and processes 

driving gully erosion (Sidle et al., 2019). In recent years, SfM has become a major source of topographic data 

in the geosciences (Westoby et al., 2012). This survey technique utilises multiple overlapping photographic 

images of a scene, taken from multiple viewpoints, to reconstruct three-dimensional (3D) landscape geometry 

(Smith et al., 2015), providing a low-cost alternative to LiDAR. Images can be captured from both aerial (e.g., 

via UAS) and ground-based (‘GB’, e.g., via handheld digital camera) platforms (e.g., Callow et al., 2018; Koci et 

al., 2017). To date, most SfM research has focused on testing and refining the method and quantifying 

landscape geomorphic features (e.g., James et al., 2017; Smith & Vericat, 2015). In gullied environments, SfM 

has been used to quantify the spatial distribution of gully systems as well as gully morphology (e.g. Castillo et 

al., 2014; Frankl et al., 2015; Glendell et al., 2017; Kaiser et al., 2014). Few studies have utilised both aerial and 

GB SfM data to quantify and describe gully erosion processes. Aerial SfM surveys can provide the spatial 

coverage necessary to capture important catchment characteristics (e.g., topography, land cover), but struggle 

to reconstruct complex morphologic surfaces (e.g., undercuts, overhangs), particularly when view of the 

ground is obscured by vegetation (Koci et al., 2017). In contrast, GB SfM is more capable of quantifying fine-

scale gully morphologic features, but is limited in survey extent. Thus, utilising aerial and GB SfM survey 

information offers great potential to better understand and model gully morphology, morphologic change, 

and the catchment characteristics driving gully development at different scales.  

 

Topography is a particularly important hydrogeomorphic factor influencing gully erosion as it to a large extent 

dictates where runoff concentrates in the landscape (Patton & Schumm, 1975). In the past, topographic 

thresholds for gully head development have been widely employed based on empirical relationships between 

drainage area and slope (summarised in Torri & Poesen, 2014). A limitation of this approach is that it cannot 

provide spatially explicit information about gully extension pathways, or the key landscape factors that may 

be influencing gully evolution. The increasing accessibility of high resolution (sub-centimetre to sub-metre) 

topographic and land cover information derived from LiDAR and SfM (DeLong et al., 2018; Liu, 2008; Smith et 

al., 2015) is opening the door to more spatially explicit mapping and modelling of fine scale overland flow 
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pathways (Heckmann & Vericat, 2018) and how these are linked to, and influence extension of, actively 

eroding systems. 

 

The concept of hydrological and sediment ‘connectivity’ provides a useful framework for investigating the 

linkage between overland flow pathways and gully evolution. In general terms, hydrological and sediment 

connectivity describes the coupling of landforms (e.g., hillslopes to channels) and the associated linkages and 

transfers of water and sediment (Bracken & Croke, 2007; Heckmann et al., 2018; Sidle et al., 2017). Over the 

past 20 years, several connectivity indices have been described, such as the ‘Volume to Breakthrough’ 

approach of Bracken and Croke (2007) and the ‘Network Index’ of Lane et al. (2009). More recently, the 

topographically-based index of sediment connectivity (IC), originally proposed by Borselli et al. (2008) and later 

modified by Cavalli et al. (2013), has been developed to utilise high-resolution digital terrain models. The IC is 

strongly controlled by topography and considers the characteristics of the drainage area and the flow path 

length that a particle travels to arrive at the target (e.g., a channel or the catchment outlet). While the revised 

IC was developed in the context of mountainous alpine environments, it could potentially be used to 

characterise fine-scale spatial connectivity patterns in lower-gradient gullied catchments and thus determine 

where in the landscape runoff is likely to accumulate and therefore where gullies are likely to initiate and 

extend. Linking spatial connectivity maps with high resolution land cover information could also shed light into 

the influence of other landscape factors on gully development, such as the spatial distribution of vegetation 

(Bartley et al., 2006; Ludwig et al., 2005), as well as the presence of roads and trails (Croke et al., 2005; Sidle 

et al., 2004).            

 

Gully erosion is a particularly significant issue in dry-tropical savanna rangelands tributary to the Great Barrier 

Reef (GBR) World Heritage Area, northeast Queensland, Australia (Bartley et al., 2014a). In this region, the 

introduction of livestock grazing post-European settlement in the mid-1800s is suggested to have triggered 

widespread gully development (Bartley et al., 2018; Hughes et al., 2009; Lewis et al., 2007; Shellberg et al., 

2010). Based on available mapping and modelling, there is an estimated 87,000 km of gullies in the GBR 

catchments (Wilkinson et al., 2015). While early modelling studies originally suggested surface erosion (e.g., 

sheetwash, rilling) sources supplied most of the sediment to rivers in the region (e.g., McKergow et al., 2005), 

recent sediment tracing studies (e.g., Caitcheon et al., 2012; Olley et al., 2013; Wilkinson et al., 2013) and 

improved modelling estimates (e.g., McCloskey, 2017) now suggest that gully and bank erosion are the 

dominant sediment sources. The off-farm loss of sediments and particulate nutrients reduce productivity of 

grazing enterprises (Ash et al., 2011; MacLeod & McIvor, 2008; Roth, 2004) and negatively impact downstream 

GBR ecosystems (Coles et al., 2015; De'ath & Fabricius, 2010; Waterhouse et al., 2017). Growing concerns 

about the declining health of the GBR’s ecosystems have prompted large Government investments in gully 
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remediation activities, in an effort to improve the quality of water entering the GBR (State of Queensland, 

2018). However, it is widely acknowledged that effective gully erosion management in this region requires an 

improved understanding of the hydrogeomorphic factors and processes driving gully development (Shellberg 

et al., 2013; Wilkinson et al., 2018).  

 

This study aims to investigate the linkages between hillslope hydrological connectivity and gully geomorphic 

change in savanna rangelands tributary to the GBR, using low-cost UAS and GB SfM. The study sites are located 

in the Burdekin River basin, which provides the largest source of sediment and particulate nutrients to the 

GBR (Bainbridge et al., 2014; McCloskey, 2017). We first evaluate the accuracy of UAS and GB SfM topographic 

models of four hillslope gully systems within the Upper Burdekin catchment. We then quantify fine-scale 

hydrological flow pathways and link these to spatial patterns of gully geomorphic change over two wet seasons. 

Finally, we characterise hillslope hydrological connectivity patterns and investigate the influence of various 

landscape factors on flow routing. Our findings will contribute to an improved understanding and modelling 

of the hydrogeomorphic factors and processes involved in gully development in savanna landscapes, 

ultimately benefiting the management of gullies in tropical rangelands and elsewhere. 

 

2 | MATERIALS AND METHODS 

2.1 | Study site 

The study sites are located in the Weany Creek (13.6 km2) and Wheel Creek (10.5 km2) sub-catchments within 

the Upper Burdekin Catchment (~36,000 km2), a tributary to the Burdekin River basin (130,000 km2) that drains 

to the GBR in northeast Queensland, Australia (Figure 1). The catchments have granodiorite lithology and the 

predominant soil classification is a Red Chromosol, a duplex sandy clay loam (Isbell, 1996). Chromosol soils 

cover approximately 12% of the Burdekin River basin and have been identified as erosion hotspots and 

therefore targets for management interventions (Gilad et al., 2012). The climate is dry-tropical with two 

distinct seasons; a summer wet season between December and April and a dry season between May and 

November (Jarihani et al., 2017). The mean annual rainfall (1900–2012) in the Weany and Wheel Creek 

catchments is 686 and 782 mm year-1, respectively (Wilkinson et al., 2018). Rainfall is subject to high 

interannual variability linked to the phase of the Southern Oscillation (Nicholls, 1991). Vegetation is 

characterised by a discontinuous upper stratum of Eucalyptus spp. and a more continuous understory of 

annual and perennial grasses, forbs, and small shrubs (Mott et al., 1985). Cattle grazing commenced in the 

area after 1850 and remains the dominant land use today. Previous research (Bartley et al., 2010; Bonell & 

Williams, 1987; McIvor et al., 1995; Roth, 2004) and observations from our field studies indicate that 

infiltration excess or Hortonian overland flow (Horton, 1933) is a primary runoff generation process in this 

landscape, owing to the typically high rainfall intensities (Tables S1) and generally low soil infiltration capacity 
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(Figure S1). Saturation overland flow may also generate runoff during and following prolonged wet periods, 

most likely confined to saturated soils in riparian corridors, swales, and areas of shallow soil (Jarihani et al., 

2017).  

 

FIGURE 1 

 

Across the Weany and Wheel Creek catchments, four hillslope gully systems were investigated, labelled ‘G1’, 

‘G3’, ‘G6’ and ‘G8’. The gullies are classified as valley-side or valley-head gullies (Brice, 1966) and occur as 

linear or branching features along hillslope drainage lines. The selected sites are considered representative of 

the broader catchment, containing a diversity of gully features and ground cover conditions and have been 

the subject of previous studies (Koci et al., 2017; Wilkinson et al., 2018). UAS surveys covered the entire 

hillslope system (~150,000 m2), while GB surveys covered a single gully within the broader system (~300–700 

m2). G1 is a V-shaped gully with two headcuts (1–1.5 m deep), steep sidewalls (45–90°), and a narrow gully 

floor (0.2–1 m wide) (Figure 2a). G3 is a U-shaped gully with a single distinct headcut (0.5 m deep) that sits 

below a small (~1 × 0.5 m deep) incised drainage depression, very steep sidewalls (70–90°) ranging in height 

from 1 to 2.5 m, and a slightly wider gully floor (1–1.5 m) (Figure 2b). G6 has a single main headcut (~1 m deep) 

that sits ~5 m downstream of two smaller headcuts (~0.3 m deep), sidewalls ranging in gradient from steep 

(45–90°) to more gentle (<45°), and gully bed widths ranging from 0.2 – 1 m (Figure 2c). G8 has multiple head 

cuts (0.5-1 m deep) in the upper 15 m and narrows into a more linear feature with V-shaped walls (45–90°) 

and a narrow gully floor (0.2–0.5 m wide) (Figure 2d). 

 

FIGURE 2 

 

2.2 | SfM workflow 

UAS surveys of each hillslope gully system were completed in October 2017 and 2018 while GB surveys were 

completed in October 2016, 2017 and 2018 (Table 1) For each UAS survey, a DJI Phantom 4 Advanced 

quadcopter captured images at a height of 60 m in a double grid pattern with nadir viewing angle and 90% 

forward and 75% side overlap. To minimise the potential for vertical doming (James & Robson, 2014), a second 

set of images was captured in a double grid pattern with an off-nadir (30°) viewing angle, but with only 40% 

forward and side overlap. For the GB survey, images were captured with a hand-held Panasonic GH3 DSLR 

camera with a Panasonic Lumix G 20 mm (35 mm equivalent = 40 mm) prime lens, in a systematic pattern 

outlined in Koci et al. (2017). Ground control points (GCPs) were distributed across the survey areas and 

surveyed with a Real Time Kinematic Global Navigation Satellite System (RTK GNSS) receiver. Independent RTK 
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GNSS validation points were also collected at the time of each survey, covering the survey area of interest and 

individual gully cross-sections.  

 

TABLE 1 

 

Agisoft PhotoScan V1.4 (AgiSoft LLC, 2018) was used to process the UAS and GB imagery to produce 

georeferenced dense multi-view stereo point clouds and ortho-photo mosaics (Table 2). Mean georeferencing 

error was 0.03 m (min = 0.004, max = 0.08) for the GB survey and 0.07 m (min = 0.04, max = 0.09) for the UAS 

survey (Table S2). PhotoScan’s point cloud classification procedure was used to remove trees and shrubs from 

the UAS dense point clouds, while preserving topographic detail in gullied areas.  

 

TABLE 2 

 

2.3 | DEM preparation and accuracy assessment 

DEMs derived from the classified dense point clouds, were generated using the ‘rasterize’ tool in 

CloudCompare (v2.9) (Girardeau-Montaut, 2018). The minimum elevation point at each pixel was used to 

model the terrain surface, as it has the greatest chance to represent the surface within vegetated areas 

(Javernick et al., 2014). The UAS-based DEMs (U-DEM) were generated at 0.1 m pixel size, whereas the Ground-

based DEMs (G-DEM) were generated at 0.01 m pixel size. DEM elevation accuracy was evaluated outside of 

Agisoft PhotoScan by comparing elevation values of independently surveyed RTK GNSS points (i.e., RTK GNSS 

points not used in SfM georeferencing) with concordant points extracted from the DEM and presented as the 

root mean square error (RMSE). Additionally, survey repeatability was assessed by comparing DEMs produced 

from two GB surveys undertaken consecutively at each site, within each survey year, using the DEM of 

Difference (DoD) technique described in section 2.4.  

 

2.4 | Geomorphic change 

The assessment of geomorphic change between repeat U- and G-DEMs was conducted based on the DoD 

technique (Wheaton et al., 2010), using the Geomorphic Change Detection v7.1 add-in (Riverscapes 

Consortium, 2018) to ArcGIS Desktop v10.6. A simple minimum level of detection (minLoD) was used to 

account for uncertainties in the DEMs (Brasington et al., 2003) calculated as: 𝑚𝑖𝑛𝐿𝑜𝐷 = 𝑡(𝜎𝑍12 + 𝜎𝑍22)0.5     (1) 

where, t is the critical t-value for a 95% confidence interval (t = 1.96), and σZ1 and σZ2 are estimated 

uncertainties of DEM1 and DEM2, respectively. DEM uncertainty was assumed to equal the RMSE of 
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independently surveyed RTK GNSS validation points. To be consistent, the maximum minLOD for each survey 

technique was applied to all sites, equal to 0.3 m and 0.2 m, for the U- and G-DEMs, respectively.  

 

2.5 | Flow pathways and the Index of Connectivity 

Raw DEMs must be hydrologically corrected prior to hydrogeomorphic analyses (Jarihani et al., 2015). In this 

study, U-DEMs were hydrologically corrected in WhiteBox Geospatial Analysis Tools v3.4 software package 

(Lindsay, 2016) using the Breach Depressions tool. This tool removes topographic depressions and apparent 

dams in the DEM in order to enforce continuous flow by breaching through topographic barriers. ArcGIS was 

then used to quantify flow direction (D-Infinity) and flow accumulation. Flow accumulation was reclassified to 

show only flow lines with a contributing area > 10 m2 (minor flow lines) and > 100 m2 (major flow lines).  

 

The IC was computed in ArcGIS using the Connectivity Index ArcGIS toolbox (Cavalli, 2016), according to the 

equation:  𝐼𝐶 =  log10 (𝐷𝑢𝑝𝐷𝑑𝑛) =  log10 ( 𝑊.𝑆.√𝐴∑  𝑑𝑖𝑊𝑖.𝑆𝑖𝑖 )      (2) 

 

where Dup is the upslope component and refers to the potential for downstream routing of water and sediment 

produced upslope, Ddn is the downslope component and takes into account the flow path length that a particle 

travels to arrive at the nearest target or sink, W̅ is the average weighting factor of the upslope contributing 

area (dimensionless), S̅ is the average slope gradient of the upslope contributing area (m/m), A is the upslope 

contributing area (m2), di is the length of the flow path along the ith cell according to the steepest downslope 

direction (m), and Wi and Si are the weighting factor and slope gradient of the ith cell, respectively. The 

weighting factor (W) used to model the impedance to runoff and sediment movement is a local measure of 

topographic surface roughness, derived from high resolution DEMs. IC can assume values ranging from -∞ to 

+∞, with connectivity increasing for larger IC values. The ‘IC Channel’ function was used to show the potential 

connection of water and sediment between the hillslope and the perimeter of the gully of interest. The ‘IC 

Outlet’ function was used to show connectivity patterns within specific gully headcuts of interest. The IC was 

selected because it: (i) is a distributed geomorphometric index, easily derived from a DEM, (ii) can be 

computed with reference to specific target features (i.e., gullies), and (iii) has been adapted for high-resolution 

DEMs.  

 

3 | RESULTS 

3.1 | Structure-from-Motion DEM accuracy 
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Across the hillslope, RMSE in elevation of U-DEMs ranges from 0.06 to 0.12 m (Table 3). Across individual 

gullies, overall RMSE in elevation of G-DEMs, ranges from 0.03 to 0.08 m. The distribution of elevation error is 

approximately normal, although there is variation in skewness (Figure 3a, b). Visual analysis of the spatial 

distribution in elevation error (Figure 3c, d) shows that higher elevation errors are often in areas of dense 

ground cover or complex morphology (e.g., steep gully sides, undercuts). Both U- and G-DEMs provide good 

representations of gully cross-sectional profiles, closely mirroring the profiles surveyed by RTK GNSS (Figure 

3e, f). Overall RMSE between DEMs produced from two separate GB surveys of the same site, collected 

consecutively, ranges from 0.02 to 0.09 m.  

 

TABLE 3 

 

3.2 | Hydrological flow pathways and gully geomorphic change 

Geomorphic change (> the minLOD) occurred in all four gully arms between 2016 and 2018, with most erosion 

between 2017 and 2018 (Table 4), corresponding to increased annual rainfall (Table S1). At G1, the net erosion 

volume between 2016 and 2018 was 17.1 m3, while headcut retreat was ~0.4 m. A major flow line (contributing 

area >100 m2, Figure 4a left panel) intersects G1 at each headcut, corresponding to areas of greatest 

geomorphic change (Figure 4a right panel). Inspection of the 3D GB SfM model (Figure 2a) show significant 

scour and undercutting around the base of the headcuts. A convergence of minor flow lines (contributing 

area >10 m2, Figure 4a right panel) on the upper left side of the gully, immediately downstream of where the 

two main headcuts converge, is driving the development of a new lateral headcut. Several other minor flow 

lines intersect the gully sides, contributing to localised rilling, fluting, and sheet wash. Scouring and deepening 

of the gully bed and lower sections of the side walls is evident. Weathered bedrock is exposed in some sections 

of the gully bed. At G3, the net erosion volume between 2016 and 2018 was 3.0 m3, while headcut retreat was 

~0.3 m. Erosion primarily occurs at the gully head, corresponding to the intersection of two major flow lines 

(Figure 4b). Weathered bedrock is exposed in the gully bed along the entire length of the gully. No major flow 

lines intersect the gully sides, resulting in a mostly linear morphology. At G6, the net erosion volume between 

2016 and 2018 was 3.1 m3, while headcut retreat was ~0.1 m. Unlike G1 and G3, two major flow lines, and 

several minor flow lines intersect the gully sides, which may contribute to gully widening (Figure 4c). The more 

gently sloping sides of G6, however, are vegetated with trees, grasses, and small shrubs, which may effectively 

stabilise the banks. Weathered bedrock is exposed at the main gully head, reducing the rate of headcut retreat. 

Two small headcuts have formed ~5 m upstream of the main headcut, corresponding to the intersection of 

two major flow lines. At G8, the net erosion volume between 2016 and 2018 was 18.5 m3, while head cut 

retreat was ~0.1 – 0.7 m. Multiple major and minor flow lines intersect the upper half of the gully, resulting in 
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channel bifurcation (Figure 4d). There is evidence of mass wasting, riling, and fluting at these headcuts and 

along the gully edges.  

 

TABLE 4 

FIGURE 4 

 

3.3 | Hillslope hydrological connectivity  

The hydrological connectivity maps (Figure 5) show the potential connection of water and sediment between 

the hillslope and the main gully system. As expected, across all hillslopes, connectivity is generally highest 

closest to the main channel and progressively decreases away from it. Across the hillslope however, lines of 

high IC values are clearly demarcated around major flow concentration areas, indicating the primary pathways 

which route water and sediment toward the gully. Being areas of high flow accumulation and low surface 

roughness, high IC pathways are good indicators of the most likely paths of gully extension. At G1 headcut 1 

(G1HC1) (Figure 5a) for example, the existing headcut is likely to split in two, with one headcut extending to 

the north-west and the other to north-east. Examination of the 3D GB model supports this interpretation, with 

clear signs of headcut divergence (see inset in Figure 5a). Similarly, at G3HC1, the existing headcut is likely to 

split in two, with one headcut extending to the north and the other to north-east (Figure 5b).  

 

Linking the location of high IC pathways with high resolution ortho-photo mosaics enables interpretation of 

the likely sources of runoff generation and flow routing. At G1HC1 (Figure 5a) for example, the high IC pathway 

extending north-east toward the catchment boundary aligns with a cattle trail, which captures a large 

proportion of runoff from the upper part of the catchment and routes it toward the gully head. At G3 (Figure 

5b), a number of scalded (i.e., persistently bare) areas and cattle trails, as well as an old access road in the 

upper catchment are highly connected to the gully system. Similarly, at G6HC5 (Figure 5c), a ditch diverting 

water off of an unsealed road at the top of the catchment is linked directly to the gully head. At G8 (Figure 5d), 

ground cover is uniformly low, numerous cattle trails lead directly to the gully head, and an unsealed road at 

the top of the catchment is directly connected to the gully system (Figure 6). The cumulative effect of these 

catchment characteristics is that runoff is delivered efficiently to gullies, resulting in relatively high headcut 

retreat rates at G8 (Table 5).   

 

FIGURE 5 

FIGURE 6 
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Between 2017 and 2018, median linear, areal, and volumetric headcut (n=21) retreat rates were 0.2 m yr-1 

(range: 0 – 0.3 m yr-1), 0.8 m2 yr-1 (range: 0 – 9.0 m2 yr-1), and 0.3 m3 yr-1 (range: 0 – 4.2 m3 yr-1), respectively 

(Table 5). There is no relationship between volumetric headcut retreat and: (i) headcut catchment area; (ii) 

headcut mean catchment slope; or (ii) headcut mean IC value (Figure 7).  

 

TABLE 5 

FIGURE 7 

 

4 | DISCUSSION 

4.1 | Linking hillslope connectivity to gully erosion 

High resolution (0.1 m) mapping of fine-scale hydrological flow pathways (derived from UAS SfM), coupled 

with very high resolution (0.01 m) topographic modelling of individual gully arms (derived from GB SfM), 

enables spatially explicit identification of where gully expansion is most likely to occur and provides insights 

into key within-channel erosion processes. At all study sites, the points at which modelled flow pathways 

intersected the main gully channel, corresponded to observed geomorphic change between 2016 and 2018 

(Figure 4). Most of the extension occurred at the gully heads as a result of waterfall and plunge-pool erosion, 

scouring around the base of the headcut, undermining the back walls, and eventually leading to mass failure 

(Bull & Kirkby, 1997). Where flow pathways intersected the gully sides, rilling and fluting features were present, 

and in some cases were developing into new lateral headcuts (e.g., at G1 and G8). Scouring and deepening of 

the gully bed was also evident, although exposure of weathered bedrock at all sites suggest further deepening 

may be limited. While minimal gully wall erosion (and therefore widening) was observed during the relatively 

short study period, longer-term studies in the region suggest that gully wall erosion is also an important 

sediment source (Wilkinson et al., 2018). Given the dispersive nature of Chromosol soils (Chittleborough, 

1992), soil piping processes may also lead to bank instability in some areas (Fox & Wilson, 2010), but this was 

not observed. Further analysis of within-channel erosion processes and extension pathways would greatly 

benefit from the coupling of repeat high resolution topographic surveys as described in this study, with 

physical measurements (e.g., soil structural stability, hydraulic conductivity, gully discharge) in and around 

actively eroding gullies. 

 

High resolution mapping of hillslope connectivity patterns, using the IC (Cavalli et al., 2013),  enables spatially 

explicit identification of the primary flow pathways routing water and sediment toward the gully (Figure 5). 

Being areas of high flow accumulation and low surface roughness, high IC pathways are good indicators of the 

most likely paths of gully extension and can help to identify the key landscape factors influencing gully 

evolution. In this study, overlaying IC maps with high resolution ortho-photo mosaics, revealed particularly 
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high connectivity in areas of low ground cover, and direct linkages between actively eroding gullies and roads 

and cattle trails. Previous research has highlighted the critical role that bare patches play in generating runoff 

on savanna hillslopes (Bartley et al., 2010; Ludwig et al., 2005; Ryan et al., 2015), but the effect of roads and 

cattle trails has received less attention (Croke et al., 2005; Sidle et al., 2004). Roads and trails have very low 

hydraulic conductivity (Figure S1), which not only generate Hortonian overland flow, but also intercept runoff 

from upslope and adjacent areas, which can be directed towards the gully system (Sidle & Ziegler, 2010; Sidle 

et al., 2006). While further research is needed to quantify the degree to which roads and trails increase 

hydrological connectivity in these savanna rangelands, it is clear these features are important runoff source 

areas and hydrological conduits driving gully extension and should be given greater consideration in catchment 

management activities. 

 

Along with more traditional metrics such as slope and area, calculating the IC with respect to major headcuts 

within each hillslope has potential to provide additional information about the relative susceptibility of an area 

to headcut retreat. Hillslopes with higher hydrological connectivity are expected to be more susceptible to 

runoff and erosion and therefore exhibit greater geomorphic change. In this study, however, a clear 

relationship between volumetric headcut retreat rates and mean IC values was not established (Figure 7). This 

is likely due to the limited geomorphic change observed over the one monitored wet season (Table 5), as well 

as differences in rainfall among the catchments which produce variable headcut retreat rates (Table S1).  

 

The median rate of linear (0.2 m yr-1), areal (0.8 m2 yr-1), and volumetric headcut retreat (0.3 m3 yr-1) between 

2017 and 2018 (Table 5), are somewhat lower than estimated global median headcut retreat rates of 0.89 m 

yr-1, 3.12 m2 yr-1 and 2.2 m3 yr-1, respectively (Vanmaercke et al., 2016), although are in line with those reported 

by other studies of hillslope gullies in the region (e.g., Wilkinson et al., 2018). Other studies of typically larger 

‘alluvial’ gullies, which are incised into and drain alluvial deposits, along high stream-order and main river 

channels, have reported higher retreat rates of <0.5 m yr-1 to >10 m yr-1 in some extreme cases  (Brooks et al., 

2009; Shellberg et al., 2016). It is worth noting, while annual rainfall during the study period was within ~20% 

of the long-term average, few large rainfall events (i.e., daily rainfall > 50 mm) were observed (Table S1). Large 

and intense rainfall events, such as those associated with monsoonal lows or tropical cyclones, have been 

shown to generate large runoff volumes, irrespective of vegetation cover (Bartley et al., 2014b; McIvor et al., 

1995; Roth, 2004), and therefore have the potential to produce greater headcut retreat rates than those 

reported here. Longer-term monitoring (~5-15 years) of gully retreat rates is needed to account for the highly 

variable climatic conditions typical of these tropical landscapes (Bartley et al., 2014b). Ideally, such monitoring 

should encompass the full spectrum of gully types and stages of evolution, and include measurement of local 

soil, vegetation, land use and rainfall characteristics, at different scales (Sidle et al., 2017). This information 
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would aid in the development of improved process-based models capable of predicting erosion rates and 

potential contributions to end-of-catchment sediment loads (Poesen, 2018; Sidle et al., 2019). 

 

This study applied a previously developed index of connectivity (Cavalli et al., 2013) which primarily considers 

topographic controls on hydrological and sediment connectivity. Moving forward, future development and 

application of connectivity indices in this landscape should consider the incorporation of other important 

hydrogeomorphic parameters, such as vegetation, rainfall and soil characteristics. For example, in addition to 

topographic information, the spatial distribution and characteristics of vegetation cover could be extracted 

from SfM or LiDAR survey data and used as roughness parameters within the existing IC algorithm (e.g., Lizaga 

et al., 2018). Where spatially distributed rainfall information is available, rainfall erosivity could be also 

incorporated into the IC (e.g., Chartin et al., 2017), as could spatially distributed soil infiltration and erodibility 

(e.g., Gay et al., 2016). A multi-parameter connectivity index could potentially provide a more robust 

representation of water and sediment transfer pathways across gullied savanna landscapes and would enable 

assessment of how connectivity changes in response to natural variations in vegetation and rainfall. Such 

assessments would benefit from an evaluation of the optimum resolution of topographic and landscape data 

required for different applications (e.g., Jarihani et al., 2015). Preliminary analysis in this study suggests that 

DEM resolutions of 0.1-0.5 m would be suitable for quantification of fine-scale connectivity patterns at the 

hillslope scale (e.g., 1-25 ha), while lower resolution (e.g., 1-2 m) DEMs would be more suitable at the small 

catchment scale (e.g., 10 – 20 km2), but this requires further validation. Finally, further development of 

connectivity indices should be supported by field studies aimed at validating predicted spatial patterns of 

connectivity as well establishing relationships between index values and actual water and sediment transfer 

and yields (Heckmann et al., 2018).  

 

4.2 | Using Structure-from-Motion photogrammetry in land management activities 

This study demonstrates that low-cost aerial and ground-based SfM survey techniques can produce high 

resolution and accurate topographic and landcover data within gullied savanna rangelands at different scales, 

proving valuable information for land management. At the hillslope scale (~1-25 ha), low-altitude (e.g., ~ 60-

100 m above ground level) aerial SfM can be used to rapidly inventory catchment characteristics that may be 

influencing gully evolution (e.g., topography, hydrological flow pathways, vegetation patterns, roads and trails). 

An IC can then be developed with this information and used to identify specific catchment areas and/or gully 

systems most connected to a specific point of interest (e.g., the catchment outlet), and therefore prioritised 

for management intervention. Once a priority area has been identified, more detailed mapping and monitoring 

can then be implemented. For example, in situations where detailed information about gully morphology (e.g., 

undercuts, overhangs) and fine-scale morphological change is required, GB SfM can be used to produce very 
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high-resolution (0.01 m) topographic models of individual gully arms and erosion features (~0.001-0.1 ha). This 

information is often lost in aerial SfM surveys, particularly when view of these features is obscured by 

vegetation. Identification of intersection points between hydrological flow pathways and the actively eroding 

gully, together with knowledge of the main within-channel erosion processes, can then be used to guide 

decisions about the most effective erosion control measures (Kirkby & Bracken, 2009; Prosser & Winchester, 

1996; Wilkinson et al., 2018). For example, if mass failure at the gully head is the primary erosion mechanism, 

erosion control should aim to reduce overland flow concentration within the headcut catchment area, for 

example through revegetation and tree planting, reduced stocking density, and/or fencing. If gully walls are 

eroding, then revegetation along the side walls may help to stabilise the banks. If the gully floor is scouring, 

then porous check dams may reduce gully sediment yield. Once an intervention has been put in place, repeat 

SfM surveys over time (~5-15 years) would enable detailed analysis of landscape recovery related to the 

effectiveness of gully remediation measures.  

 

It must be noted, while the SfM workflow is relatively straightforward to implement, practitioners should be 

aware of its limitations (Koci et al., 2017) and thoroughly consider different elements of survey design and 

processing (James et al., 2017). Surveying densely vegetated areas, for example, remains particularly 

problematic and, in this study, forced the exclusion of two additional sites from the analysis. Despite a rapid 

uptake of SfM by the geosciences community (Smith et al., 2015), there  remains some uncertainty as to 

optimal survey and processing designs in different landscapes and geomorphological applications, and so 

continued technical research is required. The approach documented in this study, for example, would benefit 

from further testing to determine the optimum number, overlap, height and angle of image of acquisition, as 

well as the optimum number and distribution of GCPs. Such testing would enable faster and more efficient 

surveys and processing and may help to further improve model accuracy. 

 

5 | CONCLUSION 

This study sought to investigate linkages between hillslope hydrological connectivity pathways and gully 

geomorphic change in savanna rangelands tributary to the GBR, using low-cost UAS and GB SfM.  Both UAS 

and GB survey techniques delivered high resolution and accurate topographic models of gullied hillslopes. 

These topographic models were used to map fine-scale hydrological flow pathways and derive an index of 

hydrological connectivity, providing spatially explicit information about where gully extension is most likely to 

occur due to overland flow and insights into landscape factors contributing to gully extension (e.g., scalded or 

bare areas, roads, and cattle trails). Examination of very high-resolution 3D SfM models allowed interpretation 

of the dominant within-channel processes driving gully extension, including mass wasting, particularly at the 

gully head, rilling and fluting along the gully sides, and gully bed scour. As such, this study contributes to an 
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improved understanding and modelling of gully erosion in savanna landscapes, ultimately benefiting the 

management of gullies in tropical rangelands and elsewhere. 
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Tables 

 

Table 1. Survey parameters used in the 2018 Unmanned Aircraft System (UAS) and Ground-based (GB) survey. 

Note, the same UAS survey parameters were applied in 2017 and 2018, with the exception that in 2017, 

camera focus was set to automatic. For the GB survey, the same survey parameters were applied across all 

survey years, with the exception that only 10 Ground Control Points (GCP) were used in 2016. In 2016 and 

2017, an Ashtech Magellan Promark 500 Real Time Kinematic Global Navigation Satellite System (RTK GNSS 

receiver) was used to survey GCPs and validation points (10 mm horizontal and 20 mm vertical manufacturer 

accuracy). 

Parameter UAS Survey GB Survey 

Platform DJI Phantom 4 Advanced Panasonic GH3 

Lens DJI 8.8 mm (35 mm equivalent = 24 

mm) 

Panasonic Lumix G 20 mm (35 mm 

equivalent = 40 mm), Mark II, ASPH 

Sensor 1” CMOS 4/3″ CMOS 

Sensor resolution 20 MP 16 MP 

Image resolution 20 MP 8 MP 

ISO Auto Auto 

Aperture Auto Auto 

Shutter speed 1/800 Auto 

Focus ∞ Auto 

Mission planning DJI Ground Station Pro NA 

Image capture height (m 

AGL) 

60 m ~ 1.5 m 

Ground sampling distance ~1.6 cm pixel-1 ~ 0.1 cm pixel-1 

Image capture pattern Double grid See Koci et al. (2017) 

Viewing angle Nadir, Off-Nadir (30°) Typically between 10 – 30° 

Overlap Nadir: 90% Forward, 75% Side 

Off-Nadir: 40% Forward, 40% Side 

Typically > 9 images for a given 

area, captured from various 

perspectives  

Survey area ~150,000 m2 ~ 300 – 700 m2 

Number of photos ~ 1500 - 2000 ~ 1000 - 1500 

Number of GCPs 20 32 

RTK GNSS receiver model 

(manufacturer horizontal 

and vertical accuracy, mm) 

CHC i80 (8, 15) CHC i80 (8, 15) 

 

  

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=8&cad=rja&uact=8&ved=0ahUKEwjvlKmdpPzPAhUDppQKHSIkDG0QFgguMAc&url=http%3A%2F%2Fwww.lasersurveyingequipment.com.au%2Fgnss%2Fgps-systems%2Fashtech-magellan-promark-500&usg=AFQjCNG_yCDj28HFbtbe1QPiDxQum4Z5oQ&sig2=pFsVxhiqbfmp43rOVf7OmQ&bvm=bv.136593572,d.dGo
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Table 2. Agisoft PhotoScan processing parameters and workflow. UAS: Unmanned Aircraft System; GB: 

Ground-based; RTK GNSS: Real Time Kinematic Global Navigation Satellite System; GCP: Ground Control Point.  

Step Description 

1. Image alignment 

and sparse point 

cloud clean 

 

• Align images using 'high' accuracy setting. 

• Clean sparse point cloud using gradual selection tool: 

- Reconstruction uncertainty: Level = ~10 and ~50 for UAS and GB surveys, 

respectively. 

- Projection accuracy: Level = ~3 for both UAS and GB survey. 

2. Scaling and 

Georeferencing 

 

• Import coordinates of GCPs and identify their precise location.  

• Adjust reference settings to be 'physically realistic' (James et al., 2017): 

- Marker accuracy (m) = 0.02 m, reflecting RTK GNSS survey accuracy. 

- Marker accuracy (pixel) = 0.5 pix, reflecting approximate root mean square 

error of GCPs. 

- Tie point accuracy (pixel) = 0.3 pix, reflecting approximate root mean 

square reprojection error of tie points.  

3. Sparse point cloud 

clean and model 

optimisation 

 

• Clean sparse point cloud using gradual selection tool: 

- Reprojection error: Level = ~3 for both UAS and GB survey. 

• Optimise sparse point cloud: 

- Use the sfm_georef tool (James et al., 2017) to determine optimal camera 

model parameter set†. 

4. Dense point cloud 

generation and 

classification 

• Build dense point cloud. 

• Classify 'ground' and 'non-ground' points using 'Classify':  

- Cell size: 5 m; 

- Maximum distance: 0.25 m; 

- Maximum angle: 15°.  

5. Ortho-photo 

mosaic generation 

• Build mesh. 

• Build texture. 

• Build ortho-photo mosaic. 
† In this study, investigation of the effect of different camera model parameters sets on overall network performance using the 

sfm_georef V3.1 tool (James et al., 2017), revealed negligible (mm-scale) variations in the root mean square error (RMSE) of control 

and check points, for both UAS and GB surveys. The default camera model, including f, c1, c2, k1, k2, k3, p1 and p2 parameters, 

aligning to model C of James et al. (2017) and Callow et al. (2018), was used in the optimisation procedure. 
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Table 3. Root mean square elevation error (m) in the comparison of independant RTK GNSS validation points 

(i.e., points not used in SfM georeferencing) and points extracted from Unmanned Aircraft System (UAS) and 

Ground-based DEMs (U- and G-DEM, respectively). n: number of validation points; RMSE: root mean square 

error; NA: not applicable. 

 

 

  

Gully 

system 

Survey 

area 

U-DEM G-DEM 

2017 2018 2016 2017 2018 

n RMSE n RMSE n RMSE n RMSE n RMSE 

G1 Gully 262 0.13 263 0.05 159 0.06 262 0.07 263 0.06 

 Hillslope 682 0.10 460 0.07 NA NA NA NA NA NA 

G3 Gully 120 0.13 232 0.12 158 0.07 120 0.08 232 0.07 

 Hillslope 488 0.12 539 0.09 NA NA NA NA NA NA 

G6 Gully 136 0.13 194 0.06 222 0.06 136 0.04 194 0.03 

 Hillslope 521 0.10 408 0.06 NA NA NA NA NA NA 

G8 Gully 171 0.06 276 0.10 168 0.04 171 0.03 276 0.03 

 Hillslope 591 0.07 439 0.09 NA NA NA NA NA NA 
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Table 4. Gully volumetric change over the two-year study period (2016-2018), derived from Ground-based (GB) 

DEMs of Difference (minimum level of detection = 0.2 m). Negative values indicate net erosion.  

Site Net volume change (m3) 

 2016 – 2017 2017 – 2018 2016 – 2018 

G1 -1.2 -9.1 -17.1 

G3 -0.2 -2.7 -3.0 

G6 0.2 -2.4 -3.1 

G8 -4.0 -8.1 -18.5 
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Table 5. Area, mean slope, and Index of Connectivity (IC) statistics for the catchment areas of headcuts, 

derived from the 2017 UAS survey, and linear, areal and volumetric headcut retreat, derived from Unmanned 

Aircraft System (UAS) DEMs of Difference (minimum level of detection = 0.3 m) between 2017 and 2018. Min: 

minimum; Max: maximum, Std. Dev.: standard deviation.  

Headcut Area 

(m2) 

Mean 

slope 

(m m-1) 

Mean 

IC 

Min. IC Max. IC Std. Dev. 

IC 

Linear 

headcut 

retreat 

(m yr-1) 

Areal 

headcut 

retreat  

(m2 yr-1) 

Volume 

headcut 

retreat  

(m3 yr-1) 

G1 

G1HC1 6939.9 0.071 -5.207 -7.278 -0.542 0.643 0.3 0.93 0.660 

G1HC2 2313.9 0.072 -5.050 -7.026 0.825 0.630 0.2 1.36 0.861 

G1HC3 4714.4 0.069 -5.002 -7.263 0.821 0.607 0.2 0.66 0.378 

G3 

G3HC1 48363.8 0.147 -5.435 -7.568 0.105 0.462 0.1 1.22 0.658 

G3HC2 13489.2 0.158 -5.140 -7.253 -0.044 0.494 0.2 1.70 0.793 

G3HC3 966.0 0.140 -4.697 -6.463 -0.827 0.470 0.2 0.27 0.010 

G3HC4 5074.2 0.145 -5.062 -7.199 0.959 0.544 0.0 0.0 0.0 

G6 

G6HC1 6169.1 0.158 -5.031 -7.126 1.005 0.601 0.1 0.45 0.174 

G6HC2 343.7 0.120 -4.191 -6.405 -0.595 0.692 0.1 0.15 0.050 

G6HC3 6675.3 0.144 -5.140 -7.139 -0.517 0.585 0.1 0.19 0.068 

G6HC4 6897.5 0.149 -4.941 -6.948 -0.351 0.597 0.2 0.79 0.325 

G6HC5 8402.2 0.141 -5.123 -7.499 -0.295 0.702 0.1 2.22 1.229 

G6HC6 87.3 0.173 -3.332 -5.129 -0.287 0.651 0.2 0.01 0.003 

G6HC7 106.2 0.150 -3.585 -5.596 -0.112 0.699 0.2 0.18 0.064 

G6HC8 440.1 0.150 -3.874 -5.914 -0.214 0.755 0.1 0.63 0.241 

G8 

G8HC1 6638.3 0.080 -5.508 -7.232 -0.053 0.670 0.3 8.99 4.188 

G8HC2 1570.4 0.071 -5.008 -6.672 -0.062 0.719 0.3 3.43 1.557 

G8HC3 904.9 0.070 -4.831 -6.672 -0.159 0.782 0.2 1.73 0.830 

G8HC4 697.5 0.077 -4.494 -6.447 -0.054 0.833 0.1 0.23 0.078 

G8HC5 6287.8 0.067 -5.107 -6.961 -1.009 0.611 0.2 2.52 1.651 

G8HC6 4582.8 0.080 -5.182 -6.757 -0.528 0.555 0.1 0.94 0.322 
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Figure legends 

Figure 1.  Map showing the location of the study sites within the Weany Creek and Wheel Creek catchments, 

within the Upper Burdekin catchment and part of the Burdekin River Basin. The gully probability mapping is 

available from the State of Queensland (2012). The hillshaded Digital Elevation Models (DEMs) are derived 

from airborne Light Detection and Ranging (LiDAR) captured in 2013, outlined in Tindall et al. (2014). 

 

Figure 2. Ground-based Digital Surface Models of: (a) G1; (b) G3; (c) G6; and (d) G8, with inset photographs 

used in the Structure-from-Motion photogrammetry procedure. 

 

Figure 3.  Histogram showing the distribution of difference in elevation between independently surveyed Real 

Time Kinematic Global Navigation Satellite System (RTK GNSS) validation points (i.e. point not used in 

Structure-From-Motion georeferencing) and concordant points extracted from (a) Unmanned Aircraft System 

DEM (U-DEM); and (b) Ground-based DEM (G-DEM), for the 2018 survey of G3. Map showing the magnitude 

of difference in elevation between RTK GNSS validation points and concordant points extracted from the (c) 

U-DEM; and (d) G-DEM, for the 2018 survey of G3. Comparison of cross-sectional profiles among different 

survey platforms across (e) G3; and (f) G8, for the 2018 survey. 

 

Figure 4. Major hydrological flow lines (contributing area > 100 m2) (left panel), and minor hydrological flow 

lines (contributing area > 10 m2) and gully geomorphic change (0.2 m minimum level of detection) between 

2016 and 2018 (right panel) at: (a) G1; (b) G3; (c) G6; and (d) G8. 

 

Figure 5. Index of connectivity (IC) calculated with respect to the main channel at: (a) G1; (b) G3; (c) G6; and 

(d) G8. The catchment areas of the major headcuts within each gully system are also shown. High IC pathways 

were classified with four bins defined and high IC values considered to be within the range of lower 3 bins. 

Inset graphics are Ground-based Structure-from-Motion with Multi-View Stereo photogrammetry 

reconstructions at the gully head with arrows indicating likely path of headcut retreat.  

 

Figure 6. Hydrological flow pathways (contributing area > 100m2) in contributing area of G8 Headcut 1. Black 

arrows indicate where cattle trails capture and re-orientate overland flow. Solid circle around arrow indicates 

where a break of slope on an unpaved road becomes a major hydrological flow pathway. Dashed circle 

indicates a scalded (i.e., persistently bare) area adjacent to an actively eroding gully. 
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Figure 7. Relationship between volumetric headcut retreat (derived from Unmanned Aircraft System DEMs of 

Difference analysis between 2017 and 2018 survey) and: (a) headcut catchment area; (b) headcut mean 

catchment slope; and (c) headcut mean IC value.  
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SUPPLEMENTARY MATERIALS 

 

Supplementary material 1 

Table S1. Summary of rainfall recorded near to the monitored gully systems (see Figure 1). The water years of 2015/2016, 2016/2017, and 2017/2018, are 

denoted as ‘15/16’, ‘16/17’ and ‘17/18’, respectively. A water year commences on July 1 and ceases June 30. NA: Not Available; SP: Study Period. Negative 

values indicate the study period annual rainfall was lower than the long-term mean annual rainfall. Long-term (1900-2012) mean annual rainfall estimated 

using the AWAP gridded monthly rainfall dataset for Australia (Jones et al., 2009). 

 G1 G3 G6 G8 

 15/16 16/17 17/18 15/16 16/17 17/18 15/16 16/17 17/18 15/16 16/17 17/18 

SP annual rainfall 581.4 744.8 835.8 630.0 688.0 774.4 568.4 667 665.8 NA 652 838 

Difference between SP annual rainfall 

and long-term mean annual rainfall (%) 

-15.2 8.6 21.8 -8.2 0.3 12.9 -17.1 -2.8 -2.9 NA -16.6 7.2 

Number of days with > 50 mm  4 5 4 4 4 3 3 3 2 NA 3 3 

Peak daily intensity (mm day-1) 139.8 111.8 135.6 139.4 106.4 117.4 87.2 108 111 NA 102.2 148.8 

Peak hourly intensity (mm hour-1) 98.0 39.6 45.0 109.0 45.2 17.4 76 37.8 30.8 NA 24 57.4 

Peak 30 min. intensity (mm 30 min-1) 80.6 32.8 33.8 109.0 NA 17.4 63.6 32.2 NA NA NA 32 
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Supplementary material 2 

Figure S1. (a) Boxplots of saturated hydraulic conductivity (Ksat) on trails, scalds and litter/vegetated land 

types. x = mean concentration, within box centre horizontal line = median concentration, within box upper 

and lower horizontal lines = upper and lower quartiles respectively, vertical black lines denote 1.5 times the 

interquartile range, circles indicate outlier points. Ksat was measured with a Mini Disk Infiltrometer at 15 

sites for each land type.  Photograph of infiltration measurement at (a) trail; (b) scald; and (c) litter land 

types. 
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Supplementary material 3.  

 

Table S2. Georeferencing error of Ground Control Points (GCPs) for the Unmanned Aircraft System (UAS) and Ground-based (GB) survey. Error (m) is 

calculated as the root mean square error between the actual position of the GCPs, derived from Real Time Kinematic Global Navigation Satellite System 

(RTK GNSS) measurements, and the estimated position of the GCPs, derived from the Structure-from-Motion photogrammetry model. Error (pixel, ‘pix.’) is 

calculated as the root mean square reprojection error for the GCPs calculated over all photos where the GCPs are visible. Years 2016, 2017, and 2018, are 

denoted as 16’, 17’ and 18’, respectively. X: x-coordinate; Y: y-coordinate; Z: elevation coordinate.  

Error G1 G3 G6 G8 

UAS Ground UAS Ground UAS Ground UAS Ground 

17’ 18’ 16’ 17’ 18’ 17’ 18’ 16’ 17’ 18’ 17’ 18’ 16’ 17’ 18’ 17’ 18’ 16’ 17’ 18’ 
X 

(m) 

0.032 0.026 0.014 0.021 0.008 0.018 0.028 0.007 0.002 0.010 0.031 0.031 0.006 0.029 0.011 0.023 0.043 0.009 0.011 0.011 

Y 

(m) 

0.039 0.028 0.009 0.024 0.009 0.023 0.023 0.009 0.002 0.008 0.023 0.021 0.011 0.022 0.008 0.021 0.037 0.008 0.013 0.010 

Z 

(m) 

0.061 0.033 0.026 0.013 0.013 0.026 0.036 0.012 0.002 0.013 0.070 0.052 0.010 0.021 0.015 0.079 0.048 0.005 0.012 0.008 

Total 

(m) 

0.079 0.050 0.031 0.035 0.018 0.039 0.051 0.017 0.004 0.018 0.082 0.064 0.016 0.038 0.020 0.085 0.073 0.013 0.020 0.017 

Total 

(pix.) 

0.445 0.482 0.661 0.639 0.570 0.591 0.511 0.682 0.574 0.497 0.707 0.568 1.029 0.572 0.569 0.573 0.486 0.810 0.613 0.648 

 


