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Abstract: 
Soil erosion is the first order measure of agricultural soil sustainability. Clear economic 
incentives and accounting of public and private true cost are needed to identify pathways from 
conventional to transformational, biologically intensive management. Erosion occurs 
disproportionately from critical source areas (Rittenburg et al., 2015), but the spatial distribution 
and temporal variability in erosion mechanisms are not well characterized. Conservation 
planning, agricultural management, and physical soil dynamics span scales from millimeters to 
kilometers. Our limited ability to observe diffuse erosion constrains the application of focused 
conservation implementation. We utilized an Unmanned Aerial Vehicle (UAV) imaging and 
photogrammetry to generate ultra-high resolution maps of diffuse erosion on the Palouse. We 
hypothesized that the colocation of spatial erosion patterns and on-farm yield and soil data allow 
explanations of spatially explicit true cost accounting.  
 
Long-term objectives of the project as they relate to the BIOAg Program included: 
 

1. To observe the erosion patterns and sediment cascade across landscape compartments 
throughout a fall-winter-spring season.  

2. To determine the accuracy and precision of a photogrammetric measurement of the total 
sediment flux from a catchment.  

3. To field test the use of multispectral imaging for measurement of surface soil carbon 
distribution.  

4. To evaluate current conservation modeling of long-term erosion with observed erosion 
dynamics in coordination with the PCD and develop conservation management 
recommendations.  

5. To evaluate true cost accounting spatially on the landscape based on sediment 
connectivity patterns and soil health and productivity metrics. 

 
Project Description: 
This project leveraged UAV imagery taken across the winter period of water year 2021 to 
directly observe the location, severity, and evolution of soil erosion in the Palouse. Successive 
observations of one primary site provided direct observation of erosion in space and time. 
Analysis of soil loss patterns allowed initial estimates of true cost accounting of long-term 
erosion and soil degradation. We built on past BioAG UAV and remote sensing grants and 
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collaborated with the Palouse Conservation District (PCD) to identify conservation projects 
based on critical source areas.  
 
Outputs 
1. Overview of Work Completed and in Progress: 

Overview of work completed:  
1) In 2020, we established one main study site and two cooperative sites working with a 

graduate student of Dr. Alexander Fremier. Eight missions were flown from 
November to April at the primary field site. Soil samples were taken at 0-5, 5-15, and 
15-30 cm in March, but COVID lab closures postponed indefinitely the soil analysis.  

2) Surface reconstructions and surface change data were generated.   
3) Initial results were presented at the American Geophysical Union Fall meeting in 

December 2021.  
            Work in progress: A manuscript on comparison of observed surface changes across 

management is in preparation.  
 

2. Methods, Results, and Discussion:  
 

Methods 
 
In cooperation with the Palouse Conservation District, one main site was selected north of 
Moscow, ID (see Figure 1). Two sites east of Spangle, WA with parallel methodologies were 
added in cooperation with Dr. Fremier's MS graduate student, who is also a Spokane 
Conservation District planner, with results pending. The main site has an average annual 
precipitation of approximately 600 mm. The field is under mulch tillage, and the 2020 crop was 
garbanzos, planted into winter wheat for the 2021 season leaving low residue coverage. 
Historical imagery provided evidence of annual rill to gully formation.  

 

 
Figure 1. Site location and ground control point arrangement. 
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Successive UAV missions captured the change over time across the 2021 water year (See Table 
1 for mission details). The drone used was a Matrice 210 by DJI managed by Dr. Fremier and 
Dr. Von Walden, equipped with a Zenmuse ™ 20 mega pixel camera. All missions were flown 
by Ames Fowler, commercial remote pilot #4371450, with help of an undergraduate assistant. 
Three elevations were flown at approximately 65 m 20 m and 10 m, with a double grid flown at 
20 m for effective three-dimensional reconstruction. A 3.5 ha portion of the field was selected to 
optimize UAV coverage at 20 m flights on one set of batteries. A small catchment, with historic 
evidence of rill formation was flown at the 10 m elevation. Flights occurred monthly to capture 
precipitation and overland flow events (see Figure 2). Dense point clouds were computed for 
each flight from the imagery and ground control point locations using Agisoft Metashape PRO 
1.6. We used CloudCompare to perform additional surface alignment, to evaluate cloud distance 
differences, and to produce Digital Elevation Models from the point cloud data at various 
resolutions. Additional spatial data analysis was conducted in R.    
 
 

Table 1. Photogrammetry mission details. 

Camera Zenmuse s4 
Sensor resolution 4096×2160 
Sensor size 1 inch 
Focal length 8.8 mm 
GCP measurement HiperV Topcon RTK 
GCP number 30 
GCP accuracy  H = 10 mm V 15 mm RKT 
Image overlap 65% double level 
Elevation 65 m, 20 m (double grid), subsection (10 m) 
Speed 21 km/h, 14 km/h 
Network Double grid, perpendicular 
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Figure 2. Daily precipitation (top), cumulative precipitation (middle), and Missouri Flat Creek 

Watershed stream flow (bottom) with photogrammetry missions dates (vertical dashed blue 
lines). 

 
Mission error was analyzed at 30 ground control points. We used painted, steel plates mounted 
60 cm above ground level on steel fence post driven 60 cm into the ground. These points were 
painted with a black and white check a pattern and the center vertices were measured using a 
high accuracy, TOPCON Hiper V global positioning system. Error in each mission was assessed 
by comparing the measured ground control point location to the structure from motion estimated 
location. The level of detection (LOD) was calculated between missions by solving for the 
standard deviation of the difference of digital elevation model (DEM; USGS, 2021),  
 

𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 = �𝜎𝜎𝐷𝐷𝐷𝐷𝑀𝑀1
2 + 𝜎𝜎𝐷𝐷𝐷𝐷𝑀𝑀2

2  

 
where 𝜎𝜎𝐷𝐷𝐷𝐷𝑀𝑀2  is the standard deviation of the error in each DEM. The LOD then is 
 

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑡𝑡 ∗ 𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 
 
where t is the t statistic of choice. We used 1.95 for a 95% significance.  

 
We evaluated erosion estimates and surface topographical properties. Survey differences were 
calculated for successive flights by differencing DEM of the full study site. High resolution 
surfaces of one rill in the catchment were processed using C2M3 in CloudCompare. High 
resolution topographic characteristics were calculated for the first benchmark flight (November 
20, 2020) as a power series of 50 mm resolution (50, 250, 1250, and 6250 mm). Slope, flow 
direction, flow accumulation, and roughness were calculated at each resolution. We primarily 
analyzed change across two key periods; period one was 11/21/2020 to 01/14/2021, and period 
two was 01/14/2021 to 03/20/21.   
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Soil loss and yield proxy data informed on the true cost of soil erosion. Sentinel-2 imagery was 
used to calculate the normalized difference vegetation index (NDVI) in mid-June as a proxy for 
winter wheat yield (Wang et al., 2019). The 2021, 2019, 2017 imagery, for the field under winter 
wheat was used to develop an average NDVI map. We used static winter wheat enterprise budget 
values from Painter (2009) to distribute an estimated profitability for each and the average to the 
field site for comparison with topographical and observed surface erosion values. We calculated 
the nutrient loss value of observed eroded soils from Duffy (2012) and estimated yield loss from 
soil depth loss above 4 cm LOD (Walker et al., 1987), projected up to the 10 m sentinel-2 
resolution. The additional loss was subtracted from the average yield profitability per ha map. 
Collaborations with the PCD to identify critical source areas (CSAs) with soil erosion modeling 
at a 30 m resolution were compared to site observations. Efforts to evaluate soil organic carbon 
were halted by lack of lab access due COVID-19 and the Delta variant.  
 
Results 
 

In this result section, we first 
present error across the winter missions, observed change detection, and observed high 
resolution surface characteristics. Then we relate the observed surface changes and patterns to 
yield and cost accounting.  
 
High resolution change detection requires evaluation of global error propagation into the level of 
detection. Much of this global error was from low resolution in the X and Y direction of the 
ground control global positioning survey. Box plots of the control point error for total error are 
shown in Figure 3, and disaggregated X, Y, and Z errors are shown in Figure 4. Much smaller 
error components (mean and standard deviation) were present in measurements in the Z 
direction. These smaller Z errors were within the equipment’s error tolerance. Larger error in the 
X and Y direction were likely due to difficulty in stabilizing the rover survey rod on the elevated 
ground control points. Solving of the level of detection between each successive mission, a LOD 
of 0.0559 to 0.0608 m was achieved (Table 2). At this resolution only larger rill features are 
detectable.   

 
 

 

Figure 3. Total error for 
successive missions across 30 
ground control points. 
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Figure 4. The X, Y, Z components of error from successive missions from 30 ground control 
points. 

  

Table 2. The level of detection between successive flights calculated from measured ground 
control point locations. 

Mission   σ
DoD 

 LOD(t=1.96) 
1 to 2 0.0310 0.0608 
2 to 3 0.0310 0.0608 
3 to 4 0.0285 0.0559 
5 to 6 0.0289 0.0566 

 

 

 

Figure 5. Measured ground control points (red) 
and estimated ground control points (green) with 

derivation from the measured ground control 
magnified by 1000 for visibility. 
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The total error in the ground control is much larger than precision of the aerial surveys across all 
missions. An investigation of the structure from motion estimation of the ground control points 
showed the XY distance between the estimated point locations were smaller than the XY 
distance from the measured point (see Figure 5). The much higher precision of the successive 
ground control point estimates provide evidence that the surveys can be compared with much 
greater accuracy than reported from the ground control error calculations. Recalculation of the 
level of detection for the average of the estimated ground control points produced LOD of 
0.0146 to 0.0221 m, an approximately three times greater spatial resolution (Table 3). This 
average estimated location of the ground control points was not used to replace the measured 
values in this analysis, though it has been done elsewhere (Meinen and Robinson, 2020). The 
result of this estimation value is real levels of detection lower than the measured value but likely 
higher than this precision value.  

 
Table 3. The level of detection between successive flights calculated from the mean of the 

estimated ground control point locations. 

 
 
 
 
 
 
 
 
 
 
One precipitation event, which occurred on January 12, 2021, with a precipitation intensity 
return period of less than two years, was responsible for the major rill formation of the winter 
season. Subsequent events produced minimal, additional rill formation, though rill deepening and 
increased channel conductivity was observed. The change in the field surface from the base line 
mission on November 20, 2020 to immediately following the critical event on January 14, 2021 
clearly captured rill to gully formation in the basin of the field site, and two distinct rills forming 
from small, steep sub catchments on the southwest facing side of the site (see Figure 7). No clear 
rills formed on the steep northern slope of the field site. All following precipitation events were 
much smaller and the additional surface change from January 14, 2021 to March 20, 2021 did 
not produce considerable surface change (see Figure 8). Both comparisons contain considerable, 
distortion error on the outside edges of the field site, here values were cropped to 20 m out from 
the ground control points. Filtering erroneous surface difference change greater than 0.35 m and 
assessing surface change greater than the series of LOD +/- [20, 25, 30, 40, 50 mm] produced 
decreasing estimated erosion rates (see Table 4). Separating diffuse erosion from global 
distortion in registration error is a major limiting factor.       

Mission  σDoD LOD(t=1.96) 
1 to 2 0.0075 0.0146 
2 to 3 0.0077 0.0152 
3 to 4 0.0109 0.0214 
5 to 6 0.0113 0.0221 
6 to 7  0.0058 0.0113 
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Table 4. Calculated erosion rates across a range for the level of detection (LOD) for period 1 
and period 2. Low LOD, less than 40 mm, are shaded in red to denote low confidence. 

LOD (MM) PERIOD 1: EST. EROSION RATE (T/HA) PERIOD 2: EST. EROSION RATE (T/HA) 
20 -21.89 -31.98 
25 -12.4 -17.59 
30 -7.81 -8.53 
40 -4.61 -1.64 
50 -2.95 -0.363 

 
 

Figure 6. Surface change 20/11/20 to 21/01/14. 

Figure 7. Surface change 21/01/14 to 21/03/20. 
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Low elevation flights (~10 m) of the central rill formation captured higher resolution surface 
change of a small subset area for successive flights (see Figure 8). Higher resolution imaging of 
the rill network shows strong central channel formation in the upper half of the rill flow path and 
a breakdown of main channel structure in lower half. Much less change is visible in the same 
location for the later period of observation. There is visible formation of a single channel 
forming in the lower half of the rill system, connecting the rill to the larger rill at the bottom of 
the sub catchment. This rill evolution is direct evidence of the sediment conveyor, a theoretical 
concept of the sediment transport rate dependence on successive precipitation events of 
significant magnitude. Additionally, we observed the detachment, transport and delivery of 
sediment from the up-slope position to the toe slope position.  
 

 
Figure 8. Rill surface change from 10 m flights for periods 11/20/20 to 01/14/21 (left) and 

01/14/21 to 03/20/21 (right). 

 
In addition to surface change detection, high resolution aerial surveys measured high resolution 
surface characteristics that are more robust to small distortions and global errors. High resolution 
slope captures changes in microtopography and, in particular, the edges of rill formations. 
Features which were difficult to make out in surface change detection, are clearer, such as the rill 
formation at the second half of the rill system for January 14, 2021 to march 20, 2021 (see Figure 
(9).  
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Figure 9. Rill form captured by slope at the 50 mm resolution for January 14 2021 (left) and 

March 20, 2021 (left). 

The location of rill formation was highly correlated with high resolution, continuous flow 
direction flow accumulation. The detected rill formation from the surface change was collocated 
with high flow accumulation for DEM resolutions less than or equal to 1.25 m (see Figure 10). 
The approximate rill formation threshold for this site and year’s maximum precipitation event 
was 250 m2. The 50 mm resolution flow accumulation captured flow anisotropy observed in the 
aerial images of rill formation (see Figure 11). The pattern of rill formation was a common 
pattern observed in the field as rill forms followed furrow direction.  

 

Figure 10. Flow direction calculated for digital elevation model data at 250, 1250, and 6250 mm 
resolution. 
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Figure 11. Example extent of 50 mm resolution flow direction and image of the approximate 

location with visible furrow impact on flow. 

Yield variability, assessed using NDVI as a proxy, demonstrated dominant topographic controls 
on yield, profitability and cost accounting of erosion. At the 10 m resolution of Sentinel-2 
imagery, there is insufficient evidence to support the relationship of event scale erosion 
structures to yield and profitability (see Figure 12). The down slope accumulation of water, 
sediment and carbon; and the feedback of increased productivity in the toe slope position, both 
strongly influenced by flow accumulation, produces a counter balancing forcing on those small 
areas of surface change directly observed in this study. Aggregating the structure from motion 
differences to the 10 m resolution of the Sentinel-2 data, a striking linear relationship of both 
NDVI and aggregated surface change (over the first period) with the 10 m topographic wetness 
index (TWI) with values less than nine (see Figure 13). These relationships to TWI produce a 
strong linear relationship between the average NDVI and the aggregated surface change. The 
surface change TWI relationship was not observed for the second period, reducing the likelihood 
that the relationship with TWI is a function of global error and suggesting the aggregated surface 
change patterns, below the LOD, may be capturing the downward movements of sediment.  
 

 
Figure 12. the NDVI of the field site. 
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Figure 13 the relationship between average NDVI (left)and surface change from period one 

(center) with the topographic wetness index and the resulting relationships between the average 
NDVI Surface change from period one (right).  

Full cost accounting of soil erosion is challenged by the poor connection of annual scale 
observable erosion to long-term hillslope patterns and difficulty in separating the topographic 
effects on yield loss from the amplified effects of soil loss. Long-term yield variability effects of 
spatial productivity demonstrate stable low profitability zones on the hilltops, outside of the rill 
formation zones (see Figure 14). Using the 40 mm LOD from Table 4, the average erosion rate 
of the field was 6.25 t/ha (2.79 t/ac), which equates to approximately 0.5 mm/yr spread across 
the site. The direct, one year loss in nutrient value of the soil from volumetric soil loss using the 
estimated nutrient loss values of $2.31/ metric ton (Duffy 2012) produces a $14.44/ac cost of 
erosion. The compounding loss in yield potential signal is hidden by the technologically driven 
gain in yield noise and the “natural” heterogeneity in soil depth/ yield potential of the 
topography. The one cm soil loss on a 50 cm A-horizon of a Naff silt loam produced a 0.04% 
yield loss (Walter et al., 1987), making an annual loss of ~0.05 cm insignificant at the decadal 
scale. This calculation does not encapsulate all the loss in productivity feedbacks (i.e., soil 
health) nor the observed nonlinear nature of yield losses. 
    

 
Figure 14. The spatial profit per acre, translated form NDVI yield proxy and a static winter 

wheat enterprise budget. 

Discussion  
 
Field scale measurement of surface change at the resolution of erosion at the annual level is 
challenging. The observations of interest are very similar to the LOD we are currently able to 
attain and the computation cost of processing the gathered data is large. Conservation questions 
about the location and severity of erosion may be better served by focusing on high resolution, 
surface topography derivatives with features that are robust to global distortion error and allow 
larger tolerances. We recommend the use of slope, flow accumulation, and roughness data for 
the location of rill formations at 50 mm.  
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High resolution topographic and surface change investigations hold promise for understanding 
land surface evolution on the Palouse. The high heterogeneity in natural features, management, 
and the frequency-magnitude distribution of runoff events in the region promotes the 
development of longitudinal sites and citizen science efforts to expand the collection of data 
across the region. Now, with conservation districts and producers often in possession of UAV 
resources, data sharing, particularly of missions before and after winter seasons hold great 
promise. With time and coordination, the full range of winter outcomes across all hillslope and 
management configurations could be collected. Long-term monitoring is needed to capture large, 
infrequent events.   
 
Erosion studies (Fowler, 2021) point to the need for better high-resolution monitoring of our 
hillslope systems because the long-term geomorphological patterns are not well described by 
erosion plot investigations or the erosion models these data have supported. In this study, we 
observed intensive rill formation largely constrained to moderate to high flow accumulation 
areas of sub catchments. The importance of plan form curvature in producing rill formation is 
well known, yet not often captured in common erosion modeling. Concurrent, physically-based 
modeling in the region (Fowler, 2021) reduced the modeling unit of analysis to 30 m in an effort 
to capture critical source areas of erosion, yet, comparing the observed erosion pattern to the 
long-term patterns produced by the model for mulch tillage, the model estimated low or no 
erosion in much of the landscape, particularly the hilltops (see Figure 15). Historic photo 
evidence captures the hillslope wide rill formation under more intensive tillage and likely high 
precipitation magnitude, low frequency events.  

 
Figure 15. Physical modeling long term annual average erosion of the Palouse River Watershed 

at the location of the main field site of this study (Fowler 2021). 

We currently cannot systemically describe the spatial distribution of soil depth and soil organic 
matter as a function of the highly constrained rill morphology. We have two conceptual 
paradigms. First, is the observed pattern of rill formation and physically-based, mechanistic 
erosion models developed from erosion plot observations. Rills only form where the overland 



14 
 

flow energy produces a force on the bed (shear stress) greater than the soil's strength (critical 
shear stress). This means observed and simulated erosion occurs only on the steep mid-slope and 
deposition occurs as the flow energy decreases (see Figure 16). This first conceptual model 
neglects sediment loss from the top and shoulder of the hill, despite widespread evidence of 
exposed paleosol subsoils or “clay knobs” in the landscape (Walker et al., 1987). Second, 
observed topsoil (A-horizon) depths capture the pattern of erosion; hilltops, and shoulders act as 
sediment sources, steeper mid-hillslope positions gain and lose sediment, potentially with low 
net change, and toe slopes accumulate sediment with the exception of incised channels (see 
Figure 16). Water, a major plant growth limiting resource, accumulates down slope, as seen with 
the strong relationship between topographic wetness index and NDVI. Erosion investigations by 
isotope investigations in the Palouse support this second paradigm (Busacca et al. 1993).  

 

 
Figure 16. Two theoretical paradigms. The flow energy paradigm (left) and A horizon depth 

(right). 

There are three non-exclusive hypotheses to explain this missing long-term mechanism. First, 
there is a biological A-horizon producing feedback with net-primary production that leads to the 
profile depth differentiation and is self-reinforcing. More net primary production, enabled by the 
down slope flow of water and nutrients produces more soil carbon and chemical weathering in 
the down slope position which in turn enhances the down slope primary production. Second, rill 
systems increase connectivity of the hilltop position and the toe slope position so that the long-
term net sediment loss terms of the steep hillslope are smaller than the top slope where there is 
no sediment source. Exposure of subsoil on hilltops is simply a function of soil loss rates being 
larger than formation over a sufficiently long period of time. The small magnitude of the annual 
loss rate has not been effectively observed and is not represented in current empirical nor 
physically-based erosion models. The net change on the mid-slope section is either not negative 
or is just slower relative to the natural variation of depth given hypothesis one. Third, historic 
tillage erosion, associated primarily with the directional moldboard plow and/or widespread 
sheet erosion resulting from no residue cover, aggregate degradation, and surface capping are 
responsible for total slope soil loss rates greater than we now observe and again is not well 
represented in our erosion modeling (Walker et al., 1987). This missing mechanistic link does 
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not illuminate a new phenomenon, but it does highlight an opportunity (and need) for academic 
guidance of management of the heterogeneous landscape and the limited connection between 
short-term erosion models (10’s of years) and landscape evolution models (1000’s of years).      

 
Accounting for the cost of erosion on the landscape is challenging because of the topographic 
heterogeneity. The spatial distribution of yield proxy NDVI and estimated profitability suggest 
some hilltops are no longer profitable to farm on average, and the added cost of nutrient loss 
further reduces the overall profitability of the field. Prior investigation of yield change under 
erosion loss and technology changes suggested technology masks yield potential loss (Taylor and 
Young, 1985). Lost yield potential becomes compounding fixed cost that is difficult to calculate 
with any precision.  

  
Conclusions 
 
High resolution rill formation was captured over a winter season. Insufficient accuracy of ground 
point survey (~50 mm) and global distortion in co-registration between missions limited our 
ability to observe erosion at the effective resolution of annual change. High resolution surface 
derivatives provide a more robust mean of identifying rill formation location and intensity. The 
focus on rill formation may miss the connecting mechanism controlling soil, nutrient and water 
loss down hill producing high correlation between NDVI and topographic flow wetness. 
Delivery of sediment from the hilltop and shoulder slope position is not well supported by 
current soil erosion models. Annual surface change erosion estimates and long-term proxy yield 
distributions provide insight on the spatial cost of erosion. 
 
3. Publications, Handouts, Other Text & Web Products: 
 
Presentation:  
Fowler, A., Boll, J., Flanders, S., Fremier, A., 2021. “Meso-scale, direct observation of rill 
formation and roughness.” AGU Fall meeting 
 
Publication in preparation.   
 
4. Outreach & Education Activities: NA 
 
Impacts  

• Short-Term: This work advances the current scientific efforts to understand the effective 
work flow and data processes needed to effectively leverage UAV for high agricultural and 
geosciences.  

• Intermediate-Term: The data set of this work and associated effort will inform future 
meso-scale remote sensing efforts and supports the development of a meso scale remote 
sensing repository for institutional and citizen science collaborations.  

• Long-Term: This study provides ground for interdisciplinary synthesis in the connection of 
agricultural erosion measures with landscape formation processes for the advancement of 
agroecological landscape stability.  
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Additional funding applied for/secured: funding for this specific topic was not applied 
for. This research has potential to be continued as part of the newly funded National Science 
Foundation National Research Traineeship project (PI: Boll), using a community-engagement 
approach.  
 
Graduate students funded: Ames Fowler, Ph.D. 
 
Recommendations for future research:  

- This study supports future development of long-term monitoring efforts to capture the 
threshold of rill formation across the heterogeneous landscape ideally with partners like 
the USDA LTAR, conservation districts, and others.  

- There is clear need to close the gap on long term and short-term erosion processes. 
Making this connection is needed for effective spatially distributing a true cost 
accounting on the landscape.   
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