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1 | INTRODUCTION

Technological advances continue to improve our ability to detect
landforms and landscape changes (Viles, 2016), and traditional field
surveys are increasingly replaced, or complemented by, remote
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Abstract

Technological advances continue to improve our ability to detect landforms and land-
scape changes. Remote sensing can provide geomorphological information at larger
scales than previously possible but interpreting this information can be more chal-
lenging than for field data. Measuring and mapping roughness elements, such as
boulders and large wood, is essential for understanding geomorphic processes and
restoration in many landscapes where these are abundant. Mapping roughness ele-
ments from aerial orthoimagery is common but could produce different results than
field measurements due to the 2D nature of the imagery and the variable ability to
detect boulders through water and vegetation. We compared measurements of river
boulders from aerial imagery collected by uncrewed aerial vehicles (UAVs) to direct
measurements in the field. We surveyed boulder size, density and spatial distribu-
tions using both approaches at eight river reaches in northern Sweden. We found
that the density, coverage and size of boulders mapped from UAVs were strongly
correlated with those from field measurements, giving confidence in UAV methods.
However, the UAV approach consistently resulted in fewer boulders (30% lower den-
sity), lower boulder coverage and smaller boulders (7% smaller mean b-axis) com-
pared to field measurements. The difference between field and UAV measurements
was strongly associated with river bankfull depth. Therefore, we conclude that UAV
measurements should be restricted to sites with low depth or high visibility through
the water column and where bias in boulder detection with depth is not likely to
influence study conclusions. In reaches with many boulders, overlap of boulders also
likely reduces the suitability of aerial imagery. We conclude that aerial imagery has
high potential for mapping landforms in rivers but is not directly equivalent to field
studies and the implications of hiding by water, sediment and vegetation need to be
considered.

KEYWORDS
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sensing. Remotely collected data, including aerial imagery from satel-
lites or uncrewed aerial vehicles (UAVs) and Light Detection And
Ranging (LiDAR), provide new insights into earth surface processes at
previously impossible scales due to faster data collection and the
opportunity to survey inaccessible sites (e.g. other planets, Mangold
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et al., 2021). However, whilst a wealth of geomorphological informa-
tion is stored in remotely sensed products, extracting and interpreting
this information can be challenging (Brasington et al., 2012).

The field of fluvial geomorphology has benefitted from remote
surveying techniques, now commonly used to map river landforms
and ecology (Acharya et al., 2021; Rivas Casado et al., 2017; Rusnak
et al,, 2018; Woellner & Wagner, 2019). In particular, advances in
UAV technology have increased UAV accessibility, allowing both
scientists and land managers to easily collect and analyse UAV
imagery. For example, river restoration practitioners widely use UAV
imagery to assess and communicate hydromorphological changes
(Langhammer, 2019; Williams et al., 2020; Woodget et al., 2017).

Boulders are important features in many landscapes, influencing
geomorphic, hydrological and ecological processes (Causon Deguara
et al., 2023; Nativ et al., 2022; Pérez-Alberti & Trenhaile, 2015;
Sakamoto & Gomez, 2019). For example, boulders provide roughness
that controls river slope, width (Montgomery & Buffington, 1997;
Nativ et al, 2022) and the distribution of in-channel habitats
(Papanicolaou et al., 2018). However, anthropogenic modification of
rivers has often involved the removal of these roughness elements
(Korpak, 2017; Wohl, 2019), and restoration is now attempting to
replace them because of their positive influence on habitat complex-
ity. Both management and scientific study of boulder-bed rivers
require measuring and mapping these roughness elements (Golpira
et al,, 2022; Lee & Ferguson, 2002; Mason & Polvi, 2023; Nilsson
et al., 2015; Wiener & Pasternack, 2022).

Direct field mapping using a GPS, total station or tape measure
(e.g. Mason & Polvi, 2023), is time-consuming, especially in areas with
high boulder densities (e.g. 100-1000s of boulders/ha; Nativ
et al,, 2022; Wiener & Pasternack, 2022; Sakamoto & Gomez, 2019).
Remote sensing may provide the opportunity to measure boulders,
large wood and other roughness elements at larger scales, in inacces-
sible locations, and with less effort than traditional field techniques.

A wide variety of technologies can be used to map individual parti-
cles. 3D models built from LiDAR or structure-from-motion (SfM) have
been used to map boulders (Resop et al., 2012) and quantify particle
size distributions (e.g. Chen et al., 2019). For example, Wiener and
Pasternack (2022) used aerial LiDAR to automate identification of boul-
ders and bedrock elements. However, without commissioned flights,
widely available LiDAR is usually too sparse (e.g. typically 0.5-3-m res-
olution for well-mapped regions and considerably less across much of
the globe; Hancock et al., 2021), and 3D models in rivers frequently
require some ground-based data collection (Rusnak et al., 2018). There-
fore, whilst a wealth of information is available in 3D models of rivers,
such data are expensive and time-consuming to collect, often requiring
field validation or georeferencing, and the analysis is computationally
intensive, all partially negating the advantages of remote techniques.

In contrast, high-resolution 2D imagery of river environments is
widely available, enabling measurement of particle sizes (Buscombe
et al., 2010; Graham et al, 2005; Lang et al, 2021; Marchetti
et al., 2022). Using aerial imagery, the resolution is frequently insuffi-
cient to map the full grain-size distribution (Carbonneau et al., 2004),
but large roughness elements can still be identified. Thus, studies
using satellite (e.g. Finnegan et al., 2019) and UAV orthoimagery
(e.g. Nativ et al., 2022) have demonstrated the advantages of aerial
imagery for boulder mapping (Causon Deguara et al., 2023; Nativ
et al., 2022; Sakamoto & Gomez, 2019; Wiener & Pasternack, 2022).

However, measuring river boulders from aerial imagery presents
challenges. Boulders are frequently abundant and may be hidden by
other particles, water and vegetation. In a terrestrial setting, Causon
Deguara et al. (2023) compared boulder dimensions derived from
UAV models to the same data collected via direct measurements in
the field, finding a generally good match between the techniques (for
a- and b-axes). However, unlike terrestrial boulder measurements, in
rivers, water restricts the ability to detect boulders, and riparian or in-
channel vegetation may also obscure boulders. Furthermore,
orthoimagery methods only have the possibility to measure boulders
in two dimensions, lacking information on boulder height (Wiener &
Pasternack, 2022). Consequently, there are many reasons to hypo-
thesise that boulder measurements from aerial imagery would differ
from traditional field measurements. Understanding these differences
and the advantages and disadvantages of each approach is important
to evaluate the consequences and potential biases of UAV or field
measurements and to compare between techniques, for mapping
boulders or other landforms in river settings.

In this article, we compare measurements of river boulders from
aerial orthoimagery collected by UAVs to direct measurements in the
field. We investigate boulder measurement in semi-alluvial rivers in
northern Sweden flowing through glacially or meltwater-deposited
boulder fields (Mason & Polvi, 2023). Humans have removed boulders
from most Swedish streams to provide float pathways for timber
(Térnlund & Ostlund, 2006). Timber-floating ended in the 1970s-
1980s, and subsequent restoration efforts have replaced river boul-
ders, because of their hydromorphological and ecological importance
(Nilsson et al., 2005). Understanding the density, spatial distribution
and characteristics of boulders is therefore important to ensure resto-
ration recreates appropriate river morphology and habitats. Mapping
boulder distributions is also important to understand pre-disturbance
fluvial processes. In a study mapping river boulders at sites with low
human disturbance, Mason and Polvi (2023) concluded that river
morphology is primarily driven by glacial legacy boulders and till land-
forms, with limited fluvial influence. They also found little self-
organisation between channel morphology or catchment area and the
degree of boulder influence but reported positive associations
between boulder density, coverage, protrusion and depth.

In this study, we ask how and why do measures of boulders from
UAV-derived orthoimagery and direct field measurements differ? We
also investigate whether mapping boulders by UAV rather than in the
field would change the conclusions of Mason and Polvi (2023) on con-
trols on boulder-bed channel morphology in northern Sweden.

2 | METHODS AND DATA ANALYSIS

We surveyed eight reaches (75-100-m length) in northern Sweden
(Figure 1). Reaches were selected for a previous study to determine
hydromorphological controls on semi-alluvial channel morphology
(Mason & Polvi, 2023). Studied reaches are believed to be without
direct anthropogenic impact to their morphology and boulder distribu-
tions, based on local historical knowledge and visual field inspection.
The eight study reaches varied in catchment size from 11 to 82 km?
and channel width from 5 to 25 m. The surveyed areas ranged from
570 to 2450 m?, and the reach slope ranged from 0.9% to 4.7%. One
field survey (Reach 2) was conducted in August 2020, the others in
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downstream measurements. Further analyses were identical for field
and UAV-based data and are detailed in Section 2.3.

Aerial images were captured using a DJI Phantom Pro UAV (FC6310R
camera with 8.8-mm focal length and 20-MP sensor). The survey was
conducted manually following the centre of the river without any plan-
ning software, capturing images both nadir to the ground and angled.
Flight heights were a compromise between pixel resolution at the gro-
und and spatial coverage, whilst staying above the tree height. In some
reaches, images were collected at multiple elevations to get a broader
view of the reach. Lower elevations range from 27 to 60 m, and higher
elevations range from 45 to 125 m (Table 1). We used Agisoft
Metashape Professional (version 2.0.3) to align the images, scale the
model and generate orthomosaics. Since ground control points were
not collected in the field, known distances in the images (e.g. the length

and width of fully visible large wood pieces from the field survey;
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FIGURE 1 Locations of the eight study reaches in northern
Sweden. Major rivers (in blue) and major cities shown.

October 2020. Field mapping of boulders was conducted for Reach
6 in 2017 and updated in October 2020 to ensure consistency with
the other reaches and the UAV flight. UAV flights were conducted at
the same time as field measurements except for Reach 2, which was
flown in October. We defined boulders as having a minimum b-axis of
1 m and compared the results from UAV imagery and field

measurements.

2.1 | Field measurements

The field surveys were conducted to map reach morphology, sediment
size distribution, in-channel boulders and large wood (for further
details, see Mason & Polvi, 2023). We mapped the channel bankfull
edge using a Trimble S3 total station. All islands larger than 1 m? were
mapped and subtracted from the bankfull area. In addition, we mea-
sured five equally spaced channel cross-sections recording both water
elevation at the time of survey and the bankfull elevation. We sur-
veyed the longitudinal profile to calculate reach bed slope. The parti-
cle size distribution was measured using a 200-particle grid count
over the reach area (Green, 2003).

For all boulders in the reach that were either protruding above
the water surface or completely under the surface, we mapped three
locations with the total station: (1) the highest point, (2) the river bed
elevation adjacent to the upstream edge of the boulder and (3) the
river bed elevation directly downstream of the boulder. We also iden-
tified and measured the boulder b-axis using a 2-m ruler. We defined
the b-axis as the largest diameter perpendicular to the a-axis (the lon-
gest axis). From these field measurements, boulder centre was calcu-
lated as the midpoint between the upstream and downstream
measurements. Protrusion was calculated as the difference in eleva-

tion between the boulder top and the mean of the upstream and

Section 2.1) were used to scale the images and check the measures
(check bars) using the scale bar tool in Metashape. A dense point cloud
was created and manually filtered to remove anomalous points in the
channel. From this, a digital elevation model was built and used to gen-
erate the orthomosaic. Where tree coverage obscured portions of the
channel in the orthoimagery, we selected images for use in the ort-
homosaic that maximised channel visibility. The final pixel size in the
orthomosaics varied between 6.29 and 20.02 mm (Table 1).

The scale and check bars used to scale the models and determine
errors are measured in 3D, whilst our orthomosaics are 2D. To assess
error in 2D (x and y), we extracted the observed and estimated coordi-
nates from the check bar end points, after tie point alignment and
camera optimisation in Metashape. We then calculated the linear dis-
tances of the check bars using the x- and y-coordinates and deter-
mined the error between observed and estimated distances. The error
was scaled by dividing by the observed distance to non-
dimensionalise the error (James et al., 2019). We calculated system-
atic error (accuracy) as mean error (ME) and mean absolute error
(MAE), while random error (precision) was calculated with standard
deviation of the errors (SDE). Since we lacked GCPs, we were not able
to eliminate systematic error, but random error was reduced using the
Sparse Cloud Cleaning (SCC) script (Mohren & Schulze, 2024). With
systematic and random errors, we computed total uncertainty
with  ME and total uncertainty with tj MAE using the root-
sum-squared method. We also computed root mean squared errors to
compare the result with the total uncertainty values. The results of
the different types of errors are presented in Table 1 and Figure 2a. In
order to be more conservative in the propagation of the measurement
error and its influence on boulder counts from the orthomosaic, we
use the larger total uncertainty, calculated with the MAE.

Within the bankfull channel margins, as defined from the field
mapping, we manually digitised the centre point of all visible boulders
above the threshold of 1 m for the visible b-axis (Figure 3). Since the
imagery is 2D, the b-axis measured in the UAV imagery assumes that
the a- and b-axes are visible, and the c-axis is vertical. For boulders
along the channel edge, any boulder that was partly within the chan-
nel area was included. We also digitised the channel area obscured by

riparian vegetation.
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TABLE 1 UAYV flight surveys and processing summary, including final error and image resolution.

Total absolute
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2.3 | Boulder comparisons

For both boulder measurement techniques, boulders and reach maps
were processed in ArcGIS Pro. The ability to measure boulder surface
coverage (at least above the water surface) is an advantage of aerial
imagery but would be prohibitively labour intensive in the field; there-
fore, we simplified boulders to circles in order to directly compare the
two techniques. Boulder circles were centred on measured centre
points (from orthomosaics or total station) with diameters equal to
measured boulder b-axis. Boulder coverage was estimated by sum-
ming the area of boulders without double-counting overlapping areas
and excluding portions of boulders outside of the bankfull channel
margin, to provide a percentage of the channel covered by boulders.
The total number of boulders, boulder density (boulders per m?) and
mean boulder b-axis were also calculated.

To understand and control for the error associated with the ort-
homosaic imagery, we estimated the error propagated from each
image (in m m~Y) to boulder measurements. We did this using the
grain-size distribution measurements from each reach, to calculate
how many extra or fewer grains would be classified as boulders if the
images were scaled smaller or larger than reality. Using the total
uncertainty calculated with MAE and SD for each site, we calculated
the percentage of particles in the grain-size distribution within the
uncertainty range of the 1-m definition and applied these percentages
to the measured boulders. This resulted in an estimate of how the
number of measured boulders would differ due to image scaling errors
(Figure 2b).

To compare the two boulder-measurement techniques, we con-
ducted paired t-tests and correlation analyses for boulder density,
boulder coverage and mean b-axis. To understand why the techniques
might differ, we used linear regressions between the percentage dif-
ference between the measured results and six potential explanatory
variables: mean bankfull channel depth, mean water depth, drainage
area (as a proxy for discharge), vegetation coverage, Dg, and mean
river width. Last, we compared associations between reach boulder
characteristics and other reach characteristics to determine if the
choice of boulder-measurement technique would change our under-
standing of hydromorphological functioning of rivers in northern
Sweden, as determined by Mason and Polvi (2023). These were com-
pared using Pearson’s correlation analyses. For all statistical tests, we
give more confidence to associations significant at the p < 0.05 level
but also discuss those significant at p < 0.1 level, since they may indi-
cate underlying processes of interest, which might be significant at
the 0.05 level if more sites were considered. All statistics were per-

formed in R Studio version 4.1.3.

3 | RESULTS

The number of boulders ranged from 8 to 324 detected from the
UAV orthomosaics and from 8 to 524 measured in the field (Table 2).
All but one reach (Reach 8) had lower boulder density, area and cover-
age with the UAV data than the field data. Site 8 only had eight boul-
ders with both techniques but still had a decrease in boulder coverage
from 1.8% to 1.3% of channel area covered by boulders (—28.5%)
(Table 2). The mean decrease for all eight study reaches was 34%
+22% for boulder density and 33% + 15% for boulder coverage
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FIGURE 2 Orthomosaic errors for each studied river reach. (a) Total error and individual errors for each reach (described in text). (b) Influence
of orthomosaic error on boulder counts across all river reaches. Field error was not quantified.
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FIGURE 3 Example of study reach digitization from UAV imagery (study reach number 4, Langlingsjon). (a) UAV-derived orthomosaic with
channel area within bankfull (reach outline in black). (b) Channel area within bankfull with UAV-digitised boulders in grey and vegetation in green.
Boulder diameters are equal to the b-axis.
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TABLE 2 Boulder metric data for all eight study sites from UAV data and field data. Mean and standard deviation shown for boulder metrics

for both UAV and field data.

Study reach

Boulder metrics Unit 1 2 3 5 6 7 8 Mean SD
Boulders >1 m (Field) - 26 406 524 224 272 77 64 8 200 190
Boulders >1 m (UAV) - 16 324 260 114 108 71 37 8 117 116
Boulder density (Field) ik 0.04 0.17 0.43 0.17 0.29 0.10 0.11 0.01 0.17 0.14
Boulder density (UAV) m? 0.02 0.13 0.21 0.09 0.11 0.09 0.06 0.01 0.09 0.06
Change in boulder density % -38 -20 -50 —49 —-60 -8 —42 0 -34 22
(UAV-field)

Boulder area (Field) m? 22 701 702 351 357 112 82 10 292 286
Boulder area (UAV) m? 14 613 406 196 157 98 57 7 194 213
Boulder coverage (Field) % 3 29 57 27 38 15 14 2 23 19
Boulder coverage (UAV) % 2 25 33 15 17 13 10 1 15 11
Change in boulder coverage % -35 -13 —42 —44 —56 —-12 -30 -29 -33 15
(UAV-field)
< | - —~ - w | T
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FIGURE 4 Boxplots comparing UAV and field data for three boulder metrics. The line represents the median, the box represents the
interquartile range, and the whiskers represent the minimum and maximum values. The difference between UAV data and field data was

significant for all boulder metrics (paired t-test, p < 0.05).

(Table 2; Figure 4). Mean boulder b-axis also decreased from 1.4
+ 0.5 mto 1.3 + 0.4 m (7% decrease). The paired t-tests showed that
UAV-measured boulders resulted in fewer boulders (p = 0.040), lower
coverage (p = 0.037) and smaller boulders (p = 0.031) than field mea-
surements (Figure 4). However, there was a strong positive correlation
between UAV-measured and field-measured boulder metrics (boulder
density, coverage and b-axis values) across all reaches (Figure 5).

Evaluating the controls on the difference between UAV and field
data (Figure 6), mean bankfull depth showed significant linear correla-
tions with percent difference for both boulder density and boulder
coverage (p = 0.019 and p = 0.042, respectively) (Figure 6a,g). Mean
water depth was significantly positively correlated with percent differ-
ence in boulder coverage (p = 0.014). Similarly, mean water depth
had a positive correlation with percent difference in boulder coverage,
which was significant at the p < 0.1 level (p = 0.0503; Figure 6b,h).
Neither drainage area nor vegetation coverage was correlated with
percent difference in boulder density or boulder coverage
(Figure 6c,d,i,j, p > 0.1). Dg4 was significantly correlated with the dif-
ference in boulder density at the p < 0.1 level (p = 0.051), but boulder
coverage was not significant (p = 0.18) (Figure 6e,k). Mean width was
also not correlated with the difference in boulder density (p = 0.91)
or boulder coverage (p = 0.51) (Figure 6f)l).

We also checked to see if uncertainty of the orthomosaic images
used for boulder measurements could explain the differences

between field and UAV results. The total uncertainty based on

systematic and random errors (MAE and SDE, respectively) obtained
from image processing in Agisoft Metashape ranged from 0.008 to
0.241 m m~L. The uncertainty of each image does not explain differ-
ences in either boulder density or boulder coverage, showing no rela-
tionship between the variables (slope statistically equal to zero;
Figure 7).

Last, we compared associations between reach boulder metrics
and other reach characteristics to determine if the choice of boulder-
measurement technique would affect results of an analysis of controls
on river boulder metrics in northern Sweden. We found that UAV and
field data showed broadly the same direction of correlations with
reach and catchment scale variables, but the magnitude of the correla-
tion was much lower for UAV-measured than field-measured boulders
(Figure 8). Analysis of the slopes of all six associations shows a mean
twofold greater relationship in the field measurements compared to

UAV measurements (mean proportion = 2.13, SD = 0.18).

4 | DISCUSSION

41 | How and why do boulder measurements
differ between UAV and field data?

Boulder metrics measured in the field and with UAV were strongly

correlated (Figure 5), and therefore, for many studies, UAVs likely
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FIGURE 5 Correlations between boulder metrics (density, coverage and mean b-axis) between boulder measurements conducted in the field
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FIGURE 8 Associations between boulder metrics (density and coverage) and reach-scale characteristics, Dgs, mean bankfull thalweg depth
and protrusion. All correlations shown were significant (p < 0.05).

provide a quicker and more efficient alternative to field boulder map-

411 |

ping. However, UAV orthophotos also yielded consistently lower

boulder density, boulder coverage and mean b-axis (34%, 32% and 7%
lower, respectively; Figure 4). Explaining these differences is impor-
tant to identify potential biases and evaluate the opportunities and
challenges with each technique. We hypothesised that boulder orien-
tation and interaction with other particles, hiding by water and vege-
tation and error in the orthomosaic generation, might explain
differences between UAV and field mapping. In addition to completely
hiding boulders from view, these factors could affect measured parti-
cle size and coverage. For example, at site eight, the number of boul-

ders measured was the same for both techniques (8), but boulder area

was lower for the UAV (Table 2).

Orientation and other particles

A fundamental difference between the two measurement techniques
is the 2D nature of aerial imagery. In the field, all three axes of the
boulder could be measured, but with UAV only two axes can be mea-
sured, and we cannot know which axes these are. We therefore
assume that visible axes are a and b and that the c-axis is orientated
vertically. Sediment particles are most stable with c-axes vertical;
however, interactions with other particles, such as imbrication and
clustering, often cause particles to settle in other orientations (Church
et al., 1987; Hodge et al., 2009; Rust, 1972). Furthermore, previous

research in these streams has suggested that these boulders have not

been fluvially sorted since deposited by (de)glaciation processes

85U80|7 SUOWWIOD aAea.D 8|qedl|dde aup Aq pausenob afe sajolle YO ‘88N JO SN 10 A%Iq1T8UIIUO /8|1 UO (SUORIPUOO-PUR-SULBHI0D A8 | 1M ARe.d 1[eul|UO//:SANY) SUORIPUOD pue SWB | 8 885 *[G202/.0/7T] Uo AReiqiTauliuo Aeim Aisienuneswn Aq 90T0. dse/Z00T OT/I0p/woo" A3 |1m: Arelq Ut |uoy//:sdiy wiouy pepeojumod ‘g ‘SZ0Z ‘LE86960T



WARD T AL.

(Mason & Polvi, 2023); thus, they may not have experienced sufficient
energy to organise to such a stable state. Therefore, the assumption
of a vertical c-axis may not to be true for many boulders.

As a result, UAV measurements likely underestimate the true size
of boulders since if either the a- or b-axis was vertical, we would
incorrectly assume the c-axis is the b-axis and define boulders accord-
ingly. UAV measurements also assume that particle axes are orien-
tated orthogonal and perpendicular to the horizontal, whereas in the
field, the particle axes can be evaluated at any angle. Therefore, orien-
tation could explain some of the difference between UAV and field
boulder metrics. We were not able to more fully evaluate this from
our data since we did not record the orientation of each axis in the
field.

A further possible cause for differences between UAV and field
boulder measurements is the hiding of all or part of boulders under
other boulders. Many rivers had overlapping boulders. The difference
in boulder density between the two measurements was correlated
with reach D84 (although this was not significant; Figure 6e), perhaps
indicating that more and larger boulders reduce the ability of UAVs to

measure boulders.

41.2 | Obscured by water

The ability to map boulders below the water surface from UAV-based
photography is limited (Wiener & Pasternack, 2022) and dependent
on the visibility though the water. If the water is clear and the surface
smooth, then detecting landforms is possible (Woodget et al., 2015)
although refraction could alter apparent boulder size. However, turbu-
lence or turbidity can restrict visibility or make it entirely impossible
to see any boulders beneath the surface. In this study, there was vary-
ing visibility between the study sites. Dissolved organic carbon leading
to ‘browning’ of boreal streams (Kritzberg et al., 2020) made visibility
below the surface in our studied streams especially poor. In total, only
a few totally submerged boulders were measured (<10 across all sites),
and at three sites, there was no visibility below the water surface
whatsoever. The difference in boulder density and coverage between
UAV and field data was associated with bankfull and mean depth
(Figure 6). This suggests that deeper water results in fewer boulders
and a smaller total boulder area measured by UAV (Figure 9). Deeper
and faster flowing water also likely reduces the efficiency of boulder
detection in the field. However, since extra care was taken to search
these areas under water, the effect will be much less significant than
for UAV imagery.

41.3 | Obscured by vegetation

A further expected disadvantage of UAV measurements of boulders
was vegetation cover. The studied river reaches were all bordered by
riparian birch, pine and spruce forests. However, the proportion of
the channel obscured by riparian vegetation was typically low (5%-
14%) and showed no association with the difference between UAV
and field measures, suggesting that this was not an important factor.
The orthomosaics were carefully modified to provide the best view of
the channel. In future studies, angled UAV images might further

improve visibility.

-True (field-measured)

. boulder size

Water elevation

P | P | L I: L :l
UAV-measured boulder size

FIGURE 9 Conceptual summary of key differences in boulder
measurement from field versus UAV surveys. Particle visibility above
water surface is a key control on the accuracy of UAV measurements.
Particle orientation, obstruction by other particles and vegetation may
also influence the comparison.

414 | UAV orthomosaic errors

Finally, a hypothesised reason for the difference between the two
methods was the error in the orthomosaic imagery. Using scale bars
rather than surveyed targets, increased the error of our orthomosaics.
However, this was also not associated with the differences in boulder
measurements (Figure 7). Whilst there is a possibility that some
boulders were missed or included due to the distortion of the
orthomosaic, other factors (e.g. water) were more important for the
difference in estimates in this study. As the threshold of boulder size
decreases (<1 m), image quality becomes more important as the
boulder size approaches the image error. Both RTK-UAV or ground
control points would further reduce these errors (e.g. from 7 cm to
less than 2 cm; Gomez-Gutiérrez et al., 2024). Using RTK-UAV rather
than ground control points would vastly increase survey speed and
the ability to use UAV boulder measurement in locations without field

access.

4.2 | Can UAVs replace field surveys?

Future studies should appreciate the advantages and disadvantages of
each before choosing a measurement technique (Table 3). It is evident
that both aerial imagery from UAV and field-based boulder measure-
ments captured the relative differences in boulder metrics between
the sites (Figure 5). Consequently, we concur with Mason and Polvi
(2023) that a positive association exists between reach bankfull
thalweg depth and boulder density (and concentration; Figure 8b & e).
This may indicate fluvial adjustment of depth to glacial legacy boul-
ders. However, correlations between boulder metrics and reach char-
acteristics were all weaker for UAV than field data, and there is

therefore a risk that studies relying on orthoimagery will not detect
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TABLE 3 Advantages and disadvantages of field- and UAV-based

WARD T AL.

measurements of river boulders.

UAV-based
Factor Field orthoimagery
Measured Can identify and Can only measure
boulder measure true a-, b- and boulder properties
properties c-axes and protrusion. visible from above,
horizontal axis. Can
easily measure exposed
areas of boulders from
above.
Time and Time-consuming in the <1 h per 100-m site.
survey size field. About 16 h for More if control points
trade-off one 100-m reach. are used.
Processing of field data Digitising of
and creation of boulder  orthoimages is required
maps conducted in the in the lab (about 2 h per
lab (about 1 h per site). site).
Precision Precision is very high Low—no RTK
with ruler and/or total Medium—RTK
station. Precision is High—RTK + ground
lower but still high with  control points
RTK GPS.
Sensitivity to Less sensitive to Very sensitive to

environmental
constraints

obstructions by water
since surveyor can
measure under water.
Tree coverage has little
influence on
measurements except
to determine whether
GPS or total station are
employed.

Field surveys are more
vulnerable to surveyor
subjectivity, which
could vary with weather
conditions.

obstruction by water,
vegetation or other
boulders. Therefore,
best conducted during
low flow conditions but
can also provide
measurements in high
flows when unsafe to
access.

Cannot fly in bad
weather (heavy wind or
precipitation)

Lower risk to surveyors

patterns that would require the extra information on boulder distribu-
tions revealed by field surveys.

Since aerial imagery can only provide information on visible ele-
ments of particles, they will differ from field measurements since not
all particle axes can be measured. However, classification of boulders
by the b-axis, common in field studies, can also be arbitrary (Mason &
Polvi, 2024), so this is not a problematic limitation of UAVs for most
studies. However, water elevation was found to be a key control on
the difference between UAV and field measures. Poor visibility of
boulders is potentially problematic for studies which compare boulder
distributions among reaches, or within a reach, across which visibility
might vary. For example, this could lead to false conclusions of fewer
boulders in deeper (i.e. thalwegs or pools) or higher velocity water
(due to surface disturbance). For studies on boulder spatial distribu-
tions, (e.g. Mason & Polvi, 2023), this could lead to biased results since
pools upstream of boulder steps could hide boulders leading to false
conclusions of boulder clustering. Furthermore, at sites with extensive
vegetation or hiding by other boulders, field measurement may be
preferable.

An advantage of orthoimagery over field measurements is the
ability to map more accurately boulder coverage in the horizontal

dimension, although this comes at the expense of information in the

vertical dimension. Although we could not compare aerial coverage
mapping of boulders to our field techniques, as our measurements
needed to be directly comparable, we mapped boulders using both
methods at one site (Figure 10). We found that mapping boulders as
circles according to b-axis accounted for 86% of the total surface cov-
erage. Whether this additional detail is informative depends on the
research question, but it still does not reduce uncertainties arising due
to water coverage, particle orientation, protrusion or obstruction by
other boulders.

Whilst we focussed on boulders, our comparison applies to other
uses of aerial imagery. Our findings would also apply to satellite
imagery, which offers unparalleled spatial and temporal scales
for environmental analysis (Tomsett & Leyland, 2019). With
increasing availability and use of remote techniques it is important to
evaluate how they differ from field techniques. Whilst there is
research comparing the suitability of different remote sensing
Nikolakopoulos et al., 2023;
Olofsson, 2020), there are surprisingly few comparisons with field

techniques (e.g. Siewert &
surveys. Bangen et al. (2014) compared aerial LiDAR to total station
and RTK GPS surveys of topography. Both water and vegetation
were challenges for LIDAR in this study, due to signal scattering and
attenuation.

Many of the differences between UAV and field boulder
measurements would be reduced if 3D topographic data were avail-
able, rather than 2D orthoimagery. UAVs are commonly used to pro-
duce 3D models of rivers, via SfM or LiDAR. In rivers, these
techniques are challenged by water, which may require a bathymetry
correction to derive subsurface topography, although turbulence and
unclear water can make this impossible and both are common in
boulder-bed streams. Green LIDAR can also be used to sense
topography below the water surface, but with similar constraints
(Kastdalen et al., 2024). Alternatively, UAV are often used in parallel
with specialised bathymetric surveying techniques like Acoustic
Doppler Current Profilers or Sonar (e.g. Koutalakis & Zaimes, 2022),
but these are typically suited to deeper rivers. Many boulder-bed
rivers are likely to be too shallow to be optimal for many of these
techniques but too turbid or turbulent for UAV and LiDAR. Conse-
quently, collecting high-resolution 3D surfaces below water and
between overlapping boulders usually requires some degree of field
data collection (Rusnak et al., 2018), resulting in many of the disad-
vantages of field surveys (Table 3).

Nevertheless, in streams where 3D topography is available this
will negate many of the constraints of the technique over field sur-
veys, since multiple axes of particles can be measured and boulders
can be identified below the water surface. At shallow sites, it is also
possible that the shape and size of boulders can be inferred from
the portions protruding above the water surface, but this will vary
based on boulder characteristics, likely on a site-by-site or even indi-
vidual boulder basis. Furthermore, increasingly, earth science
research is working towards automated identification of boulders
and other features of river environments (e.g. Rivas Casado
et al., 2017), which may be possible both from 3D models and
orthoimagery. Our findings suggest that these studies require a thor-
ough investigation of the implications of their assumptions. Our find-
ings would also apply to satellite imagery, which offers unparalleled
spatial and temporal scales for environmental analysis (Tomsett &
Leyland, 2019).
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FIGURE 10 (a) Boulders were
mapped as circles in this study to allow

comparison between field and UAV data. (a)
(b) At one site (Reach 4), we compared
this method to a measure of aerial
coverage (including all visible boulders
above and below water). Mapping as
circles with diameter of b-axis, captured
86% coverage of the total horizontal
surface area covered by boulders.

Flow direction
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Legend
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5 | CONCLUSIONS

New technologies continuously increase our ability to describe earth
surface processes in more detail and at larger spatial and temporal
scales. Aerial imagery collected by UAV provides a powerful tool to
assess river health and morphology. However, understanding the
extent to which aerial imagery can replace or complement field mea-
surements, and in particular, whether they capture the same variables
and processes as field surveys is important. We aimed to compare
measurements of river boulders from aerial imagery collected by
UAVs to direct measurements in the field to understand how and why
techniques might differ.

We found that UAV boulder measurements resulted in consis-
tently lower values for boulder density, coverage and size (34%, 32%
and 7% less, respectively). However, there was a strong association
across the sites between the boulder metrics measured in the field
and with UAV. Studies estimating boulders from aerial imagery likely
underestimate the amount of boulder compared to field surveys.
However, in a relative sense, the degree of boulder influence can be

effectively captured by UAV surveys.

We found that channel depth was a strong control on the differ-
ence between UAV and field measurements. Therefore, we caution
use of aerial imagery for studies where spatial or temporal bias due to
water coverage could influence results. Such bias in effectiveness of
boulder identification with depth is also likely present with field mea-
surements but less so since boulders can still be identified under the
water. In general, remote sensing studies often have invisible areas
(under trees and under water), and assessing how much missing data
is acceptable is important. Overall, if the limitations of UAV-derived
orthoimagery can be accepted, they provide a cost-effective and effi-

cient alternative to field surveys.
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