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River systems in forested catchments are strongly influenced by wood and sediment loading from both natural
(e.g. masswasting) and anthropogenic (forestry) sources. In order to effectivelymanage impacts on property, in-
frastructure and the broader ecosystem, as well as to better assess the interactions between large wood (LW),
channel morphology and flow hydraulics, more efficient and accurate surveying techniques are required. We
present an evaluation of Structure from Motion (SfM) photogrammetry and point-cloud-based techniques for
capturing the geometry and volume of LW in the field. Wood accumulations can be notoriously complex 3D ob-
jects, with multi-scalar features, and thus difficult to quantify with photogrammetric methods. We introduce a
novel workflow to generate volumetric information of organic material accumulations, using SfM and a suite
ofmeshing algorithms. The volumes of two accumulations are assessed individually, using severalmeshing tech-
niques, and are comparedwithmore conventional volume estimates. Results show volumetric variations of b19%
between the interpolated volumes frompoint clouds and those ofmeshes, and a slight overestimation of volumes
using simple geometric primitives. We discuss the nature of noise and errors that arise within processed results
from SfM software (Pix4D) and offer some criteria for generating high quality point cloudmodels of highly irreg-
ular and complex organic material piles. More detailed 3Dmesh representations of LW accumulationswill be ef-
fective for improving computer-aided modelling of jam-induced floods, backwater effects and impacts on
channel morphology. Measuring the size and geometric distributions of wood elements, assessing deposit vol-
ume and porosity, or estimating the proportion of organic fine material in the deposit, are important quantities
to be assessed for wood accumulations in rivers. The photogrammetric methodology presented herewith will
be useful for forestry and freshwatermanagers to estimate LWquantities, but also to develop accurate 3Dmodels
of prototype LWaccumulations, independent of cameramodel and environmental condition, for a range of appli-
cations and LW accumulation assessment.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Large wood (LW)

Natural forest disturbance and modern forest harvesting techniques
produce significant quantities of large wood (LW) in steep mountain
terrain. Once recruited to the fluvial system, this organic material
tends to accumulate and develop into jams. LW is defined according
to the characteristic dimensions (i.e. diameter) of the pieces. A widely
used criteria is wood pieces with a minimum diameter of 0.1 m and at
least 1 m length (Nakamura and Swanson, 1994; Jackson and Sturm,
2002; Baillie et al., 2008; Wohl and Jaeger, 2009; Ravazzolo et al.,
itzer),
ckland.ac.nz (H. Friedrich).
2015; Mao et al., 2017). Gurnell (2013) defined a LW accumulation as
a deposit consisting of several wood pieces, while at least one wood
piece shows LW dimensions and blocks a stream section partly or fully.

LW is, in general, a valuable part of a fluvial ecosystem, providing
habitat and environmental complexity for numerous living organisms
(Fausch and Northcote, 1992). Wood can protect stream sections from
erosion and it regulates a river's sediment budget, due to sediment stor-
age and energy dissipation processes (Megahan and Nowlin, 1976;
Swanson et al., 1976; Platts et al., 1983; Bilby and Ward, 1989;
Montgomery et al., 2003). Besides the beneficial ecological and hydrau-
lic roles of LW in fluvial systems, there are also challenges. The presence
of LW accumulations in river channels may dramatically increase the
risk potential for human population and infrastructure during high-
flow events (Braudrick and Grant, 2001; Le Lay et al., 2013;
Schmocker and Weitbrecht, 2013). Clogging processes at constricted
cross-sections can result in a reduction of the conveyance capacity
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(Rusyda et al., 2014; Gschnitzer et al., 2017), leading to overtopping of
stop banks and flooding of the riparian zone, aswell as changes in chan-
nelmorphology (local erosion and aggradation processes), and backwa-
ter effects (Knauss, 1995; Le Lay et al., 2013). Backwater effects
potentially increase static and hydrostatic pressure conditions at the
blocked location, accompanied by stress on adjacent hydraulic struc-
tures and the environment. Organic finematerial (OFM) can fill intersti-
tial space within the LW jam, decreasing the porosity of the deposit and
further reducing the effective cross-sectional area. OFM is defined as
discrete wood pieces, leaves or grass with smaller dimensions than
LW, and a minimum size of 1 mm. This added complexity within the
jam leads to further accumulation and exacerbation of backwater effects
(Schmocker and Weitbrecht, 2013; Schalko et al., 2016). The role of
OFM in jams and flood dynamics has largely been neglected in past re-
search, however it is assumed to significantly affect hydraulic flow be-
haviour and LW accumulation structure.

There are a number of important quantities to be assessed in
inventorying, monitoring and modelling LW accumulations: deposit
geometry (Piegay, 1993), accumulation porosity (addressed by
Boivin and Buffin-Bélanger (2010)), orientation of wood compo-
nents (Ruiz-Villanueva et al., 2016), but also obtaining accuratemea-
surements of the bulk volume of the deposit with regards to the
influenced stream reach, which all affect flow hydraulics and chan-
nel morphology significantly (Gippel, 1995; Gschnitzer et al., 2017;
Schalko et al., 2018). In previous studies, several methods have
been applied to estimate LW volume in riparian zones and stream
channels as a review of Ruiz-Villanueva et al. (2016) reveals. For
LW accumulation assessment and wood-budgeting, Boivin et al.
(2015) considered measurements of the ‘air-wood’ volume by ap-
plying a rectangular model with accumulation length, width and av-
erage height. Other volume assessing methods include developing
scaling relationships relating wood accumulation to catchment
size, the proportion of forest cover in the catchment upstream, for-
ested river length (Uchiogi et al., 1996), and the density of landslide
occurrence upstream (Rigon et al., 2008). Wood load has further
been related to wood flux estimations, the nature of terrestrial sup-
ply sources, decay rates, and riparian storage (Benda and Sias,
2003). Other researchers, such as Cordova et al. (2006), Brown
et al. (2014) and Dixon and Sear (2014), counted and measured sin-
gle wood logs along river sections in order to get a more accurate es-
timation of LW volume. None of the previous studies have
considered irregularities of wood logs, which impacts the accuracy
of estimates of volume and porosity. LW volume can be determined
accurately using water displacement methodology (Brown et al.,
2014), however this method is not efficient for estimates of larger
wood quantities, e.g. an entire LW accumulation and whole stream
sections. Although volumetric assessment of LW has been addressed
throughout various LW investigations (Harmon et al., 1986;
Lienkaemper and Swanson, 1987; Gurnell et al., 2002; Webb and
Erskine, 2003; Manners and Doyle, 2008; Dixon and Sear, 2014;
Wohl et al., 2017; Martin et al., 2018), the stated volumes are mostly
rough estimates rather than exact measurements. The importance of
obtaining precise assessments varies with the working scale of the
study; rough measures are fine for broader inventories of LW depo-
sition and wood-flux budgeting, but site-specific process studies
may require more refined estimates. The complexity of these de-
posits introduces some important challenges for accurately resolving
volumes quickly, with minimum field effort.

Managers and researchers are often interested in capturing the
volume of the LW accumulations, as well as the composition, includ-
ing sediments, OFM and LW pieces. High-resolution photogramme-
try can therefore be used for (i) LW budgeting, in order to estimate
how much organic material has been mobilized and deposited fol-
lowing higher magnitude floods, (ii) identification of key logs, for a
better understanding of initial LW accumulation mechanisms and
deposition processes, (iii) monitoring existing LW accumulation at
constricted cross-sections, to observe how wood structures develop
over time, and (iv) estimation of backwater effects that arise during
flood events, due to the reduced cross-sectional flow area.
1.2. High-resolution techniques for LW estimation

Quantitative assessment of fluxes of wood and sediment through
river systems is undergoing something of a revolution, with the intro-
duction of light detection and ranging (LiDAR) scans (Geerling et al.,
2007; McKean et al., 2014; Magnussen et al., 2018), and Structure
from Motion (SfM) acquisition for capturing the geometric configura-
tion of depositional forms (Hildreth et al., 1995; Westoby et al., 2012;
Javernick et al., 2014; Prosdocimi et al., 2015; Smith et al., 2016;
Wróżyński et al., 2017; Tunnicliffe et al., 2018). This has important im-
plications for wood budgeting applications (Janisch, 2006; Steeb et al.,
2017), where quantitative differences between river channel configura-
tion can be used to assess system trajectories and rates of transport.
Floodplains, bars, and woody accumulations can be captured at a den-
sity of over a million points/m2 (Smith et al., 2016).

Advanced measurement technology and methodologies have shed
further light upon the dynamics of LW accumulations. Airborne remote
sensing methodologies have been used to quantify volumes of large
wood accumulations for mass balance models (Steeb et al., 2017), de-
tection of instream LW (Atha and Dietrich, 2016), and identification of
LW sources (Kasprak et al., 2012), however such studies tend to capture
only coarse geometry of LWwith a resolution of 1–8 points/m2 interpo-
lated from LiDAR scans. This resolution is sparse, relative to wood size
(Fig. 1), and there is little potential for extracting detailed information
about surface texture and volume, leading to the need for further man-
ual quantification methods (Richardson andMoskal, 2016). Some stud-
ies have used terrestrial laser scanning (TLS) for LW surveying (Boivin
and Buffin-Bélanger, 2010; Tonon et al., 2014; Grigillo et al., 2015) and
have achieved spatial resolutions in the range of 150 points/m2 to 1
point/mm2 and higher. Other LW researchers, using conventional pho-
togrammetry techniques, have reported inaccuracieswhenwood pieces
were smaller than individual pixels (Marcus et al., 2003). With lower
resolution imagery, it can also be challenging to distinguish LW from
gravel and other objects with similar spectral characteristics (Colvard,
1998; Wright et al., 2000).

SfM photogrammetry is becoming a powerful tool to map surfaces
and model topographic terrains (Morgan et al., 2016; Smith et al.,
2016). In-situ digital photogrammetry has already been proven effec-
tive in fluvial geomorphology studies, from aerial mapping of larger
stream sections (Immerzeel et al., 2014; Dietrich, 2016; Tunnicliffe
et al., 2018) to close-range studies of grain sizes characteristics, in a
range of a few millimeters (Snapir et al., 2014; Ferreira et al., 2017;
Wróżyński et al., 2017). The use of smartphones for SfM photogramme-
try in the field has been demonstrated by Nocerino et al. (2017), work-
ing on a 3D acquisition tool for mobile-based object reconstruction, and
Micheletti et al. (2015b), who developed a digital terrain model (DTM)
from a 5MP smartphone camera. Even with relatively low-resolution
images, suitable 3D models can be generated. The level of detail cap-
tured by lower resolution cameras can be increased with a larger num-
ber of images (Dikovski et al., 2014) and close-range image acquisition.
In SfM photogrammetry applications, prototype equivalent pixel size
varies in a range of ≈ 102 to 103 points/m2 (Smith and Vericat, 2015).

Only a few applications using SfM (exclusively) for LW research
have been documented (Byrnes and Hasbargen, 2016; Truksa et al.,
2017; Sanhueza et al., 2018; Sanhueza et al., 2019). In general, it has
been found that SfM photogrammetry shows similar performance to
TLS and aerial laser scans (ALS) in overall model quality (Mancini
et al., 2013; Kaiser et al., 2014; Tonon et al., 2014), however, it outper-
forms substantially when it comes to time efficiency and operation
costs. The Skagit Watershed Council (2017) described in their report
that it is generally possible to estimate volumes of LW accumulations



Fig. 1. LW composition and required points/m3 to resolve a SfM photogrammetry point cloud model.
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using SfM photogrammetry, albeit with a few difficulties obtaining con-
sistent results under field conditions.

A hybrid approach was used in the course of the Trinity River
Restauration Program (TRRP, 2018), where LW jams were investigated
using both TLS and SfM photogrammetry. A comparison of these point
cloud models showed that TLS provides a higher overall point density,
however SfM generates better surface models because of more viewing
angles (Peterson et al., 2015). Peterson et al. (2015) indicated that half
of the computed SfM photogrammetry tie points got lost because of
water reflections and background vegetation. SfM photogrammetry
for LW accumulations is thus limited to reconstructing features above
the water surface, and the method cannot generate high quality point
cloudswhenwater ismoving, due to a lack ofmatchingpoints in the im-
ages. Two general principles underlie successful SfM applications:
(i) the object and surroundings in the images should be stationary,
and (ii) when using low quality images, the number of images should
be increased to maintain overall quality of the generated point clouds
(Dikovski et al., 2014).

1.3. Unstructured point cloud mesh

In parallel with developments in photogrammetry and active scan-
ning techniques, the mathematical techniques for interpolating volume
from noisy scattered 3D point cloud data (point set processing) have
been advancing, as outlined in the work of Berger et al. (2017). In geo-
graphical and land-management applications, LiDAR and photogram-
metry point clouds are commonly interpolated into a 2D raster
format, using weighted triangulation (e.g. inverse distance weighted
(IDW), nearest neighbour) or binned averaging of point elevations. Re-
solving finely-featured, complex, unordered 3D surfaces is more chal-
lenging. The pathway from an unordered point cloud to a stand-alone
3D object with ‘watertight’ surfaces (no holes in the enclosing mesh)
is fraught with a number of difficulties, and each meshing technique
has strengths and weaknesses, depending on the application.

The challenge of generating a mesh from an unstructured point
cloud is a rapidly evolving frontier in computational geometry and
computer graphics (Fuchs et al., 1977; Marton et al., 2009; Kazhdan
and Hoppe, 2013). The development of meshes, voxels (volumetric
pixels) and other digital representations of physical structures from un-
structured point clouds has flourished in the medical sciences (Palagyi
et al., 2006; Mattingly et al., 2015), archaeology (Doneus et al., 2011;
Brutto and Meli, 2012), agriculture and forestry (Rosell et al., 2009;
Wallace et al., 2016), computer-aided design (Kim and Li, 2006; Liu
et al., 2014; Peterson et al., 2015; Shepherd and Treddinick, 2015) and
many other natural sciences. Assessment of tree canopy (Riley and
Crowe, 2006) and stem volumes (Dassot et al., 2012; Hosoi et al.,
2013; Zhang et al., 2017) has been a strong motivation for converting
complex point clouds into volumetric mesh.

Software and programming libraries for meshing arbitrary point
clouds, such as the Computational Geometry Algorithms Library
(CGAL, 2018), CloudCompare (CloudCompareV2, 2016), MeshLab
(Cignoni et al., 2008), OpenMesh (www.openmesh.com), and Point
Cloud Library (PCL) by Rusu and Cousins (2011), available as open-
source mesh processing tools, have rendered many of these techniques
more accessible to general users.
1.3.1. Cleaning
The quality of the details captured within the volumetric model will

depend greatly on the resolution of the SfMmodel relative to the scales
of interest (Fig. 1), as well as noise from interpolation errors and the
bundle adjustment (BA) process. Dense point clouds are required for
good surface reconstruction (Maiti and Chakravarty, 2016), although
there are gains to be made by cleaning and subsampling point clouds
for more uniform distribution and better data processing performance
(Pauly et al., 2002; Cheng and Lau, 2017). Point clouds exceeding
roughly ten million points become difficult to manage on current pro-
cessors (e.g. multi-core Intel i7, AMD Zen series) with 32Gb + of
RAM. Thus, it isworth giving some consideration to the required resolu-
tion for the survey study area. Point cloud software will have numerous
options for segmenting or down-sampling the point cloud; points can
be selected at random, or bias can be used to selectively thin points

http://www.openmesh.com


Fig. 2.Whakatiwai Riverwith scourhole and LWaccumulation (a), single emergingwood logs as part of the buried accumulation structure (b),finegravel bar development indownstream
direction and coarse gravel bar development upstream (c) in October 2017 when SfM data have been obtained, in comparison to a further accumulation stage in March 2018 (d).
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within clusters, balancing the overall point density within the subsam-
pled cloud.

1.3.2. Normal estimation
Meshing of point clouds requires orientation information - normals -

of individual points for realistic surface reconstruction: the raw input
points have no inherent structure or orientation information. This orien-
tation information for points can be computed with consideration of
neighbouring points and view directions. There are several strategies
for estimating the outward-facing direction for points that locally define
a surface (Mitra andNguyen, 2003; Rusu, 2009). A larger number of im-
ages may additionally contribute to improved model accuracy, by en-
abling the generation of denser meshes (Micheletti et al., 2015b).

1.3.3. Surface reconstruction
In contrast to sedimentary surfaces, such as floodplains and bars, fi-

brous targets, such as organic materials, present a number of challenges
for volumetric capture, because of the highly complex and multi-scalar
nature of the constitutional elements – from fine organic detritus, to
large logs, to stems and branches with intricate, involuted and interwo-
ven details (Fig. 1). A large variety of surface meshing algorithms is
available (Berger et al., 2014), however, the most common ones are
Delaunay-based methods (Cazals and Giesen, 2006), and screened
Poisson surface reconstruction (PSR) (Kazhdan et al., 2006), as the
codes are highly stable and reliable (Berger et al., 2014).

1.4. Objectives

Methodological limitations restrict current understanding of LW
dynamics (Thevenet et al., 1998; Peterson et al., 2015; Steeb et al.,
2017). In this paper we focus specifically on the potential of SfM pho-
togrammetry as a technique for assessing LW accumulation volume.
The detailed photogrammetric point clouds (point density
N 106 m−2) generated from photos taken at two study sites yield ac-
curate volumetric information of wood accumulations, with a range
of possible applications independent of camera model and environ-
mental conditions.

The objectives of this paper are to:

1. Evaluate quantitative LWaccumulationmeasurements from the field
and outline special considerations for capturing the geometry of
complex LW accumulations.

2. Evaluate techniques that represent LW accumulation surfaces, from
geometric primitives to Delaunay triangulation, to implicit meshing
techniques, such as PSR.



Fig. 3.Organic material accumulation at the Hapuku River. Downstream view (a), upstream view (b) and a perspective showing the boulder and wood log with intact root wad, initiating
the accumulation (c).
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3. Assess LW accumulation volume, using a software aided ‘2.5D’ paral-
lelepiped approach, between a lower bounding surface and the SfM
model.

We further discuss practical applications and prospective directions
of further analysis, including classification of the point cloud, bulk prop-
erties (porosity, density) and assessing fines content. The generated
point cloud andmeshmodelsmay provide key information on LWaccu-
mulation structure (geometry) and surface texture that can beuseful for
future processing and the application in computer-aided modelling.

2. Study sites

2.1. Whakatiwai River – Hunua Ranges, North Island, New Zealand

The Whakatiwai River is a 4th order stream located in the North Is-
land of NewZealand (Fig. 4) (MfE, 2010). The stream is characterized by
a relatively short distance of 10 km from source to estuary, draining a
catchment area of roughly 12 km2, with a maximum elevation of
about 500 m above sea level (m.a.s.l.). Land cover was estimated to be
roughly 50% forests in the upper catchment and 50% grassland in the
lower regions (Jones, 2017). At the Whakatiwai bridge (37°05′14.2”S;
Fig. 4. Compositional estimates of the accumulation at
175°18′05.5″E), shortly upstream the estuary into the Firth of Thames,
an organic material accumulation was observed at the central pier col-
umn (Fig. 2a). The accumulation shows signs of upstream gravel bar de-
velopment, with some accompanying scour (Abbe and Montgomery,
1996; Abbe and Montgomery et al., 2003). The wetted channel width
at the bridge cross-section is 15 m, with signs suggesting a bankfull
width of about 25 m (lower edge of bridge deck). The height of the or-
ganic material accumulation was measured to be 1.1 m above water
level. Left and right wings of the accumulation extended 2 to 2.6 m,
measured from the pier centre. The consolidated accumulation shows
a wide base, narrowing toward the top. Field photos of the LW accumu-
lation (Fig. 2 and Fig. 4) document the accumulation composition. The
organic material accumulation at the Whakatiwai River comprises
roughly 10% LW and another 10% of branches and wood particles with
a diameter in a range of 0.02 to 0.10 m. OFM occupies about 55% of
the entire accumulation. The remaining 25% consists of gravel, sand
and silt, in a mixture with organic particles.

2.2. Hapuku River – Kaikōura, South Island, New Zealand

The catchment area of the Hapuku River is located in the Kaikōura
Ranges (Fig. 4), with peaks of 2.600 m.a.s.l. (Mount Manakau). The
the Whakatiwai River and the Hapuku River sites.



Table 1
Camera specifications used for data collection in the field.

GoPro Huawei Nova 2i

Model Hero3 Black Edition RNE-L22
MP 12 16 + 2 (secondary rear camera)
Format JPEG image JPEG image
Sensor type CMOS CMOS BSI
Sensor Dimension (mm) 6.17 × 4.55 4.939 × 2.469
Focal length (mm) 2.98 4.00
35 mm focal Length (mm) 15 27
ISO range 100 to 154 50 to 100
Exposure range (sec) 1/120 to 1/447 1/50 to 1/128
F-stop 2.8 2.2
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Hapuku River runs a relatively short distance (20 km) from the alpine to
the South Pacific Ocean, north of the town of Kaikōura. The Hapuku
River is a 5th order stream with one main tributary, the Puhi Puhi
River (MfE, 2010). The catchment area is 135 km2, covered mainly
(55%) by indigenous vegetation, 25% naturally bare, 19% grassland and
only 1% exotic forest (Jones, 2017). The channel bed shows large
amounts of indigenous wooden particles, with a broad variety of tree
species. The lower reaches the Hapuku River braid into multiple chan-
nels. An organicmaterial accumulation as shown in Fig. 3, was identified
in the Hapuku stream channel (42°18′0.24”S; 173°41′31.2″E) at an ele-
vation of 168 m.a.s.l. The channel spans 15 m, with a few intervening
vegetated channel bars at the observed cross-section. A boulder (1 ×
0.9 × 0.6 m, a-b-c axis), together with a log (4 m long and 0.17 m in di-
ameter), provided an anchor point for the retention of organic material
(Fig. 3c). The log alignswith the flow direction and shows an intact root
wad facing upstream. Immediately upstream of the root wad, woody
material was clogged to an average height of 0.40 m. The Hapuku accu-
mulation shows a higher number of LW components, which was visu-
ally estimated to be 25% in the field (Fig. 4). The accumulation
contains just under 60% of OFM, resulting in 85% organic material for
the entire accumulation, whereas the remaining 15% are considered to
be abiotic fine material (sediments).

3. Methodology

3.1. Camera models

To promote optimum overlap (matches) for high quality digital ele-
vation model (DEM) reconstruction (Gruen, 2012), our data sets com-
prised 72 and 120 oblique images obtained with two standard camera
devices, (i) two GoPro Hero3 Black Edition cameraswith a 12MP sensor
and (ii) a 16 + 2MP Huawai Nova 2i smartphone camera.

The Whakatiwai River dataset was obtained using GoPro cameras
(Table 1). Two GoPro cameras were installed on a portable aluminium
stand. The cameras were set 0.4 m apart with converging fields of
view, set 20° toward the centre. The cameras were controlled via tablet
to capture images simultaneously. Altogether 36 images of the organic
material accumulation were taken with each camera, resulting in a
dataset of 72 close-range images. Eight cylindrical rulers, each
200 mm long, were placed on and around the accumulation for scaling
purposes. Parts of the streamchannel were covered bywater, which ob-
scured views of a small section of the organic material accumulation.
The sky was slightly overcast on the day of image acquisition, ensuring
very good light conditions.

The Hapuku River datasetwas obtainedwith a standard smartphone
device, a Huawei Nova 2i (Table 1). This relatively inexpensive
smartphone has two rear cameras, 16MP and a secondary 2 MP, to
add further depth information to the images. Images from the two cam-
eras are integrated directly on the smartphone. To scale the jam forma-
tion, four checker boards, 100 to 200 mm long and 50 mm wide, with
25mmsquares,were placed in the area of the organicmaterial accumu-
lation. The area of interest was roughly 20 m2 in size, and photos were
taken from a distance of 1 to 3 m from the surface of the accumulation.
Images in the Hapuku stream channel were obtained during very low
runoff conditions. Nowater surfaceswere captured in any of the images.
Weather conditions were strongly overcast with diffuse light condi-
tions, providing good conditions for field SfM photogrammetry.

3.2. Image acquisition

The dataset contains oblique images taken from positions at ground
elevation to ~2 m above ground. We aimed to capture as much surface
detail as possible, avoiding any background depth of field, as this has
been shown to provide good reconstruction results (Zhang et al.,
2016; Jiang and Jiang, 2017). Individual LW pieces are identifiable, and
OFM is resolved at b10mm (Fig. 1). Fig. 5a and b show the orthomosaic
with overlapping images and the oblique orientation of the camera dur-
ing acquisition, moving in a spiral trajectory around the LW accumula-
tion covering 360°.

3.3. Point cloud processing

Photogrammetric processing was carried out using a commercially
available SfM software package, Pix4DMapper (Pix4D Switzerland,
2018). Pix4D was selected for its user-friendly interface and workflow.
Pix4D provides a coherent metadata and data set, including all images,
camera models, point clouds, meshes, measurements (e.g. volume esti-
mation) and a comprehensive technical quality report.

After initial processing (Step 1, Fig. 6 and Table 2), including point
matching and point cloud generation, internal and external camera pa-
rameters were iteratively adjusted. This is done by loading automati-
cally evaluated and optimised camera details into the Image
Properties Editor and setting the principal points for x and y of the cen-
tre of the image. Using the BA technique, the software can determine
the intrinsic camera parameters, such as lens characteristics, and the ex-
trinsic camera parameters, such as positional information (Eltner et al.,
2016). Our procedure continues with reprocessing of the first step, be-
fore the generated tie points are scaled in Pix4D according to the previ-
ously placed scaling bars. An arbitrary coordinate systemwasused,with
the x-axis aligned to the flow direction.

The reoptimisation process incorporates prototype dimensions
from scaling and orientation input into the point cloud model. The
point cloud densification (Step 2) was then carried out, and a Digital
Surface Model (DSM) was generated (Step 3), which is required to
develop a volumetric model. The densified point cloud model pro-
vides the basis for meshing and surface reconstruction techniques
described below. All software settings for our Pix4D workflow are
listed in Table 2. We used a desktop PC with Windows 7 64-bit,
16GB RAM, i7–6700 3.40GHz CPU and a NVIDIA Quadro K600 graphic
card, resulting in processing times of≈ 20 h for a dataset with 72 12-
MP photos.

Following the densified point cloud generation, the LW accumula-
tion was isolated from the rest of the point cloud model using manual
segmentation tools in CloudCompare, and cleaned from outlier points
for further processing steps, including surface reconstruction. The final
bounding dimensions for the LW accumulations in the point cloud
model were 4.5 × 5.8 × 2.4 m (Whakatiwai River) and 3.3 × 3.8
× 1.8 m (Hapuku River).

3.4. Point cloud meshing

The point clouds normal were computed using Meshlab's ‘Compute
normal for point set’ function, employing 10 neighbour points and a
view direction toward the upward vertical to achieve best results. For
surface reconstruction, we employed both (1) explicit triangulation
methods and (2) implicit modelling of the point cloud in order to re-
solve the woody material. Both methods have inherent advantages,



Fig. 5. Image overlap and the corresponding organic material accumulation for theWhakatiwai River (a) and the Hapuku River (b). Green indicates areas with five andmore overlapping
images, facilitating the generation of high-quality point cloud models. Orange indicates the minimum number of two overlapping images required for SfM photogrammetry. The black
dotted lines represent the organic material accumulation, showing an area of low overlapping images for the Whakatiwai accumulation, which was partly inaccessible due to water
(a), and full overlap for the Hapuku accumulation (b). Both organic material accumulation models (on the right) show oblique camera positions, obtained spirally around the object at
an elevation of 1.5 to 2.0 m.

7G. Spreitzer et al. / Geomorphology 346 (2019) 106851
and have been employed in various geoscience applications (Frank
et al., 2007; Yang et al., 2019).

The Delaunay triangulation and Voronoi diagram algorithm (Mitra
andNguyen, 2003) are used to compute points for unsampled locations,
exactly in-between three points of the 3D point cloud. These methods
are considered to be ‘explicit’, as they employ the input points to repre-
sent the surface. According to the newly computed points, one surface
plane is created when connecting the computed points with each
other. The Voronoi diagram builds up on a grid of connections between
the centres of the circumcircles of the previously computed points from
the Delaunay triangulation (Amenta and Bern, 1999), as featured in
Pix4D.

The screened PSR (Kazhdan et al., 2006; Kazhdan and Hoppe,
2013), featured inMeshLab, uses the Poisson equation for computing
the best-fit surface for a dense point cloud model, using a sparse set
of points instead of the full areal. This method belongs to the ‘im-
plicit’ family of techniques that employ a function that is fit to the
point cloud. Implicit techniques suffer from difficulties in capturing
discontinuities, such as edges and corners, which may lead to arte-
facts in the resultant model. Despite this, the PSR method offers the
best chances of minimum holes andmesh distortions over a complex
point cloud. Altogether we used three meshing approaches:

(i) A simplified mesh model based on Delaunay triangulation was
generated using Pix4D. This mesh was generated on a restricted
number of 106 faces in total (considering the entire point cloud
model). Resolution was kept as default with an octree depth of
12 over a texture size of 8192 × 8192 pixels. The isolated LW
accumulations consequently show about half a million faces
(7·105 faces for the Whakatiwai River and 4·105 faces for the
Hapuku River).

(ii) The Delaunay triangulation (nearest-neighbour triangulation)
with Voronoi filtering in CloudCompare (CloudCompareV2,
2016) is used for a xy-plane with triangulation on the point
clouds' convex hull. The maximum length for triangle edges is
set to 0.1 and it produces a 3D mesh structure based on the
projected 2D point cloud (xy-plane) in this Delaunay 2.5D ap-
proach.

(iii) For PSR (Kazhdan and Hoppe, 2013) in MeshLab (Cignoni et al.,
2008), a reconstruction depth of 12, with an adaptive octree
depth of 5, has been selected to achieve the bestmeshing results.
The scaling factor is set to 1.0, with a minimum number of 5
samples.

All our meshes were filtered for isolated pieces, duplicated or
unreferenced vertices, and zero area faces in MeshLab, allowing a
proper volumetric computation of the generated 3D LW accumulation
models.

3.5. Volumetric techniques

Volumes of our 3D point cloud and mesh models were computed
via two software workflows: a predefined Pix4D tool ‘Volumes’, and
CloudCompare's ‘Compute 2.5D Volume’ tool. The volume domain



Fig. 6. SfM photogrammetry workflow.
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consists of the octree subdivided to its finest level (10) in
CloudCompare and with the standard resolution setting (12) in
Pix4D. The volume is discretised into voxels, and estimated accord-
ing Eq. (1). Model resolution is equivalent to the ground sampling
distance (GSD), the product of the length (Li) and width (Wi) of a
basal surface cell. The vertical dimension (Hi) is the distance from
the lower bounding basal surface to the top of the mesh model.

Vp4d ¼ ∑iLi∙Wi∙Hi ¼ ∑iGSD
2
i ∙Hi ð1Þ

An essential modelling question involves specification of this lower
basal surface, as well as any lateral boundaries (e.g. pier column, boul-
ders). There are potentially significant uncertainties of this lower
boundary between the wood accumulation and bed substrate. Depend-
ing on the inferred characteristics of the subjacent surface (e.g.
floodplain, bank, bedform), one can either specify a plane or an undulat-
ing bed that best matches the observed topography. This lower surface
may be further obscured by deep/muddy water, overhanging wooden
pieces and reflections, making interpolation difficult. Lateral boundaries
may be further refined by trimming the model using geometric primi-
tives, such as wedges, ellipsoids, cylinders and cones.

Volume estimates in CloudCompare are generated using the 2.5D
volume computation tool. This tool allows the user to compute volu-
metric information of the generated meshes in Pix4D, CloudCompare
and Meshlab by subtracting a reference surface (based on a custom de-
fined footprint area). Similar to the algorithm applied in Pix4D, the vol-
umetric tool in CloudCompare also uses an elementary parallelepiped
with corresponding footprint area that is multiplied by the difference
in height (CloudCompare, 2018). The grid step is set to a minimum of
0.001 m, and empty cells between the top of the mesh and the basal



Table 2
Data acquisition and Pix4D software processing settings and times.

Process Clarification Setting Processing
time

Data
Acquisition
In-Situ

Obtain images and
dimensions of the LW
accumulation

1–2 h

1.Initial
Processing

Key Image Scale Full 6–8 h

2.Point Cloud
and Mesh

Point Cloud Densification
-Point Density

High (Slow) 9–13 h

Image Scale Multiscale, 1
(Original image size,
Slow)

Settings Medium Resolution
(8192 × 8192)

3.DSM and
Orthomosaic

Default except of Counter
Lines

DXF (El. Interval:
0.10)

1–2 h
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reference surface are interpolated. Empty cells are kept at minimum
height for the 3D LW accumulation model. This tool samples the same
number of points on the mesh as on the original point cloud. The basal
surface for the Whakatiwai accumulation includes a planar bottom
and a cylinder for the adjacent bridge pier. The Hapuku model has a
wavy surface that is consistent with the local surveyed topography;
points representing the large boulder were cropped out.

As a check on the level of precision gained in our volumemodels, we
developed a geometrical model of the LW accumulation for each field
site using primitives in CAD to approximate thewoody elementswithin
the organic material formation. Volume estimates from the geometrical
models are compared to the three mesh models. At the Whakatiwai
River, the deposit most closely resembles a cone, built up at the bridge
pier, effectively a cylinder. The dimensions of the organic material accu-
mulation were obtained from measurements in the field (Fig. A.1). The
cylindrical volume of the bridge pier, r = 0.20 m and h = 1.10 m, is
subtracted from the cone model, r = 1.90 m and h = 1.10 m. All mea-
surements from theWhakatiwaifield site are based on the predominant
water level elevation. The resulting prototype volume (VW,pro) was esti-
mated using Eq. (2), showing an approximation to prototype geome-
tries.

VW ;pro ¼ π∙r2cone∙h
3

−π∙r2pier ∙h ð2Þ

A trapezoidal prismwas chosen to represent the organicmaterial ac-
cumulation at the Hapuku River. The Hapuku accumulation (Figs. 3 and
A.2) shows similar dimensions to the Whakatiwai. Both accumulations
Fig. 7. Point cloud models of the organic material accumulation
are relatively small, consolidated and consists of large quantities of
OFM (Fig. 4). A prototype volume approximation of the Hapuku accu-
mulation (VH,pro; Eq. (3)) is obtained by using an irregular trapezoid;
a = 0.85 m, b = 2.00 m, l = 3.00 m and h = 0.40 m, determined
from measurements in the field.

VH;pro ¼ aþ b
2

∙l∙h ð3Þ

None of the volumetric models account for the porosity of the de-
posit. Essentially the photogrammetric model provides better capture
of the complex surface, but the internal structure of the deposit remains
obscured.

4. Results

4.1. Point cloud results

TheWhakatiwai organic material accumulation model had an aver-
age of 45,640 keypoints/image, whereas 37.4% of theses keypoints in
every image are matched points (Table A.1) for a median of 17.06
matched 2D keypoints/image. The dense point cloud model of the
Whakatiwai accumulation, Fig. 7a, had almost 37·106 3D points. GSD
for the organic material accumulation model at the Whakatiwai River
was 1.9 mm. The volume domain of the point cloud model at the
Whakatiwai River encompasses roughly 4.5 × 5.8 × 2.4 m, or 63 m3.
This results in a point density of 1.25·106 points/m2 projected area, or
5.15·105 points/m3 (Table A.2).

By contrast, the Hapuku organicmaterial accumulation densemodel
had 44.5·106 3D points (Fig. 7b). The volume domain here was roughly
3.3 × 3.8 m × 1.8 m, or 23 m3. Thus, the accumulation model at the
Hapuku River shows an average point density of 3.56·106 points/m2

over the projected planform area or 1.96·106 points/m3 (Table A.3).
The resolution achieved in the model (1.96·106 points/m3) readily

resolves distinct particles larger than 1.3 mm. Despite the high level of
detail in both organic material accumulation models, occasional pro-
truding branches are not reconstructed properly.

Pix4D provides a statistical assessment of camera correction re-
quiredwithin themodel, in order to counteract the effects of lens distor-
tion. The initial, un-optimised imagery from the GoPro camera had a
camera error of 0.01%. This high-quality correction is enabled by lens
correction factors stored in the Pix4D lens database. The Huawei
model is not in this database, with a difference between initial and
optimised error of 3.64%, revealing the influence of lens correction fac-
tors on model quality. In the Quality Report, Pix4D suggests re-
optimisation for project with errors exceeding 5%. Nevertheless, we
at the Whakatiwai River (a) and at the Hapuku River (b).
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loaded the optimised camera parameter into the image property editor
and reprocessed the project. The reoptimisation process resulted in
identical parameters for initial and optimised focal length, a 100% opti-
misation of our smartphone camera.

4.2. Meshing results

For both point cloudmodels, three differentmesh types were gener-
ated (see Section 3.4 above) for comparison of volumetric measure-
ments within each organic material accumulation. The Whakatiwai
organic material accumulation had an average of 2.84·106 faces/m3

(Table A.2) and the Hapuku site had an average of 6.97·106 faces/m3

(Table A.3). The implicit Poisson surfaces tended to have the highest
density of faces, while the explicit Delaunay meshes had roughly 20–
30% fewer. The Pix4D output had by far the lowest density, typically
by about two orders of magnitude (Table A.3).We selected a maximum
resolution for the Pix4D volume model of 1·106 faces/m3.
Fig. 8. Organic material accumulation from the Hapuku field site. The selection shows a 0.80 ×
Delaunay 2.5D mesh (c) and the screened Poisson Surface Reconstruction (PSR) mesh (d).
Fig. 8 shows a rendering of the organic material accumulation Point
Cloud (a), Simplified Pix4D mesh (b), Delaunay 2.5D mesh (c), and PSR
mesh (d) at the Hapuku River. The original point cloud is displayed in
Fig. 8a, showing a very high level of detail. In particular, small wooden
pieces and OFM are resolved at a high point density. The screened PSR
has shown best results, resolving sticks and twigs down to 1.3 mm in
the model. As can be seen in Fig. 8d, non-optimised point normal com-
putation results in bubble formation at the end of the protruding
branches. Furthermore, thin strands of wood and other individual parti-
cles emerging from the model are inaccurately captured in the transi-
tion zone between the channel bed and the organic material
accumulation, whereas the other mesh models do not show any such
artefacts resulting from point normal estimation. The simplified Pix4D
mesh (Fig. 8b) has shown a high level of detail, considering the mesh
was built from only a fraction of the faces of PSR and Delaunay 2.5D
mesh. In the simplified Pix4D mesh model, wooden particles with a
minimum diameter of 3.5 mm could be fully reconstructed. The model
0.50 m section, displaying the original point cloud (a), the simplified Pix4D mesh (b), the
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further shows a relatively smooth transitioning between individual
emerging particles and organic material accumulation, indicating ideal
point normal orientations. A limited number of wooden particles can
be identified in the Delaunay 2.5D mesh (Fig. 8c), where it is assumed
that computed edge length strongly influences model resolution.
4.3. Volumetric results

An estimate of the total wood volume within each of the two accu-
mulations was made by integrating the volume between the mesh
and the basal bounding surfaces for eachmodel type, aswell as integrat-
ing the volume of the geometric primitive model. Fig. 9 shows
orthoimages of the organic material accumulations in Pix4D. The base
surface was set to an elevation in accordance with the coarse gravel
bar upstream and the fine material in the downstream reach of the
accumulation.

Results from the Pix4D volumetric toolwere set as the reference vol-
umes for each site in order to evaluate the performance of the photo-
grammetry software package, Pix4D, for volume estimates. With a
computed GSD resolution, Li · Wi, of 3.61 mm2 the Pix4D Volume
(VP4D) for the Whakatiwai organic material accumulation was 3.75 m3
Fig. 9.Volume computation of the organicmaterial accumulations using the Pix4D volume tool.
volume computation, red: the vectors for volume estimation, and orange: the mathematical co
spective from the top to the bottom.
(Table 3). The mathematical approximation using geometric primitives
resulted in a volume of 4.02 m3.

At the Hapuku River site, a GSD of 1.3 mm was achieved, for a base
raster resolution of 1.69mm2. A total volume (VP4D) of 1.54m3 was ob-
tained. An average accumulation height of 0.40 m was estimated in the
field, and this was used to generate a mathematical trapezoidal model
for theHapuku organicmaterial accumulation that was used for volume
approximation. The resultant volume was 1.71 m3.

CloudCompare was used for the calculation of point cloud andmesh
volumes. The original point cloud models achieved best approximation
of the reference volume computed with the Pix4D volume tool. The
point cloud volume for the Whakatiwai accumulation is 3.65 m3 and
1.50 m3 for the Hapuku accumulation, both showing a variance of 2.6%
from the reference volume. The Poisson model would appear to have
generated the most accurate surface reconstruction; however com-
puted volumes vary from 3.6% (3.89 m3) at the Whakatiwai River up
to 18.8% (1.83 m3) at the Hapuku River. Delaunay 2.5D mesh shows
largest volume deviations, with N40% difference, for both organic mate-
rial accumulation models. Due to these large differences, volumes gen-
erated based on Delaunay 2.5D mesh were considered to be invalid for
standard deviation and error estimates. Details of all organic material
accumulation volume computations for the Whakatiwai and the
On the left (a):Whakatiwai and right (b): Hapuku River; Green: shows the basal surface for
ne model left and trapezoidal prism model right. Top view, front view and side view per-



Table 3
Overviewof the results frommeasured and computed accumulation volumes. The volume
measuredwith the Pix4DVolume Tool represents our reference value for volume compar-
ison. Furthermore, measured dimensions from the field are presented together with com-
puted volumes, using a Mathematical Approximation, the Original Point Cloud and three
meshes of the organic material accumulation at the Whakatiwai and Hapuku River.

Volume computation variant Whakatiwai
River

Hapuku River

Pix4D Volume Tool (ref. volume)
Pix4D Volume Tool, VP4D (m3) 3.75 1.54

Mathematical Model Cone Irregular
trapezoid

Length (m) racc = 1.90
rpier = 0.20

a = 0.85
b = 2.00

Width (m) – 3.00
Height (m) 1.10 0.40
Math. Approximation Volume, VM.A. (m3) 4.02 1.71
Variance from VP4D (m3) 0.27 (7.2%) 0.17 (11.0%)

Point Cloud
Original Point Cloud Volume, VP.C. (m3) 3.65 1.50
Variance from VP4D (m3) 0.10 (2.6%) 0.04 (2.6%)

Mesh
Simplified Pix4D Mesh Volume, VSpl (m3) 3.62 1.64
Variance from VP4D (m3) 0.13 (3.4%) 0.10 (6.5%)
PSR Mesh Volume, VPSR (m3) 3.89 1.83
Variance from VP4D (m3) 0.14 (3.6%) 0.29 (18.8%)
Delaunay 2.5D Mesh Volume, VDel (m3) 2.22 0.90
Variance from VP4D (m3) 1.53 (40.9%) 0.64 (41.6%)

Statistics
Standard Deviation all 0.6580 0.3261
Standard Error all 0.2686 0.1331
Standard Deviation excl. VDel 0.1662 0.1328
Standard Error excl. VDel 0.0743 0.0594
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Hapuku River are given in Table 3. The standard deviation and standard
error of themean are assessed relative to the volumemeasuredwith the
Pix4D volume tool. The boulder captured in the Hapuku datasetwas not
considered for volume computation and removed from all point cloud
and mesh models.

5. Discussion

5.1. Complex LW accumulations

TheWhakatiwai accumulation was scanned using two GoPro Hero3
cameras equippedwith fisheye lens. Due to the large field of view of the
GoPro's fisheye lens (≈115°), more background information was cap-
tured than when using a smartphone camera. This resulted in a
bounding box computed for the Whakatiwai point cloud model (243
× 67 × 13 m or 211,653 m3) that was six times larger than the Hapuku
point cloud model (137 × 38 × 9 m or 46,854 m3), even though the
wood accumulations were of similar size. In contrast to more typical
nadir images (obtained from airborne cameras), oblique images have
non-orthogonal overlap characteristics, since the movement is not lon-
gitudinal but rather radial around the object (Micheletti et al., 2015a).
When obtaining imageswith shallower angles relative to thehorizontal,
variation in depth increases for images taken further away from the ob-
ject (Smith and Vericat, 2015; Pix4Dmapper, 2018). This results in
fewer available key points and a low percentage of image information
contributing to the matching processes; this effect came into play in
the present study. The Hapuku accumulation shows almost twice the
number of computed 3D densified points as theWhakatiwai accumula-
tion model (Table A.1). In general, a high density point cloud and good
overlapping matches (Fig. 5) are indicative of minimal influence from
the background field.

Both of our reconstructed organicmaterial accumulation point cloud
models show similar resolution and an extremely high point density,
reflecting a key strength of Pix4DMapper, with close point spacing
(Alidoost and Arefi, 2017) and high spatial accuracies (low noise)
(Burns and Delparte, 2017). These high-quality point cloud models
ensure that individual particles at the accumulation surface are resolved
with a resolution in the range of 10−4 to 10−3 m. To resolve a gapless
surface structure in the model, a high level of detail is required, espe-
cially when large amounts of OFM are present (Fig. 4). Some of the pro-
truding branches around the main organic material accumulation are
not properly reconstructed, as they got lost at the stage of tie point pro-
cessing and filtering. Reconstructed elements (minimum diameter of
10 mm), however, show a high level of detail, adding significant infor-
mation about LW accumulation composition, shape, geometry as well
as surface texture and roughness.

Based on the meshing results, the simplified Pix4D mesh presents a
good compromise between quick processing times and a high level of
detail. This is the intrinsic challenge in photogrammetric surveying:
finding a suitable compromise between better quality imagery acquisi-
tion, faster processing routines and very high resolution data output
(Micheletti et al., 2015a). The resultant models have a lower number
of faces, but present a reasonably accurate surface reconstruction. The
simplified Pix4D mesh also has the benefit of accurate point normals,
avoiding bubble formation (Boltcheva and Levy, 2016) at protruding
branches, a problem observed with screened PSR (Fig. 8d).

For both of our organic material accumulation models, the PSR
method, completed in MeshLab, generated the highest number of
faces; almost twice the number of faces as original points in the
model. The number of computed faces and the quality of the generated
surface depends strongly on the defined octree depth (Maiti and
Chakravarty, 2016), which was set to 12 for surface reconstruction of
the organic material accumulations. Our Delaunay 2.5D triangulation
resulted in about 1.5 times more faces than points, however, it showed
less detail in surface reconstruction, formed by poorly-shaped triangles
showing sharp edges (Gao et al., 2013), and large deviations in volume
of the accumulation models.

5.2. Volumetric computations

In total, six individual volume estimates were developed for each of
the Whakatiwai and the Hapuku organic material accumulations. Vol-
ume comparisons within each of the accumulation models are based
on the reference volume (Pix4D Volume Tool) that is computed with
the volumetric tool in Pix4DMapper. This reference volume is then com-
pared to the corresponding point cloud model, three mesh models and
the mathematical approximation. The Delaunay 2.5D mesh, which has
been computedwith amaximum edge length of 0.1, showed the largest
deviation. For both organic material accumulations, the application of
the Delaunay 2.5D mesh resulted in volumes that were 40% less than
the corresponding reference volume. These large deviations observed
in our results may be explained by a lack of truly 3D geometrical struc-
tures (limited to 2.5D), as standard Delaunay methods do not consider
the Z-value of points properly (Verbree and Van Oosterom, 2003), and
are further restricted because of a pre-defined maximum edge length
for mesh generation (CloudCompare 2.5D, 2016).

Results from both original point cloud models tended to show a
slight underestimation of volume (2.6%), relative to the reference vol-
ume. The simplified Pix4D mesh showed a deviation of b7%. As shown
in Table 3, the PSR mesh tended to have a higher volume (up to 19%)
than others, even though (qualitatively) it seemed to follow the con-
tours of the point clouds more closely than others (Fig. 8). Both of our
mathematical approximations overestimated the computed volume by
up to 11%. The original point cloud and Pix4D volume tool estimates
are consistent with these results, which are all in a range of b7% devia-
tion from the reference, except the PSRmesh for the Hapuku accumula-
tion, revealing an overestimation by 19%. The overestimation of the PSR
mesh on the Hapuku river is possibly related to the larger number of
protruding branches, which are prone to forming a hull (bubbles) dur-
ing the meshing process (Matsuda and Ukita, 2011; Boltcheva and
Levy, 2016), leading to an inflated volume estimate. The results provide
some confidence in the use of the reduced and simplified output from
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the Pix4D volume tool. Our findings provide some insight into complex
geometries of LW accumulations (thin isolated strands of wood, sharp
corners) that can cause the meshing algorithms to fail.

There are two further important sources of error: (1) the alignment
of the lower boundary surface is critical, and thus it is important to re-
produce this surface as faithfully as possible; and (2) the software fol-
lows strict algorithms in regards volume computation, which can lead
to failure when applied to particularly complex LW accumulations. A
general problem here is the assessment of volume within material
that sticks out from the woody mass. Empty space between ground
and protruding branches is not dealt with adequately in a ‘2.5D’ ap-
proach. The software locates the farthest point, perpendicular to the
base surface and computes the volume for each GSD unit
(Pix4Dmapper, 2018), without taking into account any further surface
information of the accumulation body. This error strongly depends on
the volume of long, thin protruding geometry (branches), but also on
point cloud quality with non-filtered outlier points above the base sur-
face. The error emerging from outlier points is limited due to the fine
resolution of the point cloud and the fact that only a small number of
points can be recognised exactly perpendicular to the base surface
plane and GSD unit.

The average interpolation error of the Pix4D volume tool has been
assessed to be 1.5 times the GSD in the z-direction (Pix4Donline,
2018), with a maximum error of 2.5 mm times the footprint area of
the accumulation. Thus, this particular error is negligible, due to
the high resolution of the point cloud model and the error intro-
duced via base surface alignment. Expressed as a volume, the upper
bound error of 2.5 mm difference in elevation would result in a
Fig. 10. Simulation of the effects on channel morphology using the Whakatiw
deviation of ±0.01 m3. Considering this magnitude of error, the
SfM photogrammetry methodology presented here for volume com-
putation represents an improvement from the previously applied
volume estimate techniques, such as counting and measuring indi-
vidual logs (Cordova et al., 2006; Brown et al., 2014; Dixon and
Sear, 2014), or applying a rectangular model for air-wood volume es-
timation (Boivin et al., 2015).

There are time and cost benefits to be gained from the rectangular
(parallelepiped) approach to estimate volumes directly in the field
(Boivin et al., 2015), which can be obtained within a few minutes after
measuring the three axes. In contrast, it takes about 21 h to acquire
data and execute SfM volume computations (Table 2), although with
significant gains in volume accuracy. Pix4DMapper is currently slightly
more expensive thanAgisoft Photoscan (Agisoft LLC Russia, 2018), how-
ever, freely available SfM photogrammetry solutions such as VisualSfM
(Wu, 2013; VisualSFM, 2018) and SfM-Toolkit (Astre, 2015) can be used
for this stage in the processing pipeline to keep expenses to aminimum.
Processing times can be reduced drastically by subsampling point
clouds after dense cloud generation, with the advantage of preserving
key surface characteristics (Wu and Kobbelt, 2004; Tazir et al., 2016).
One may also subdivide complex point clouds into multiple segments
for processing (Miknis et al., 2016); further studies are needed to eval-
uate how volumetric error varies as a function of model detail.
Wróżyński et al. (2017) computed volumes of stockpiles using SfMpho-
togrammetry and achieved processing times of less than one hour, in-
clusive of data acquisition. These processing times may also apply for
SfM photogrammetry-based LW volume estimations, although wood
accumulations show more complex surface texture.
ai accumulation model embedded into a Delft3D (2011) environment.



Fig. A.1. Top view of the Whakatiwai organic material accumulation, top left side. The transparent red circle represents a cone with a height of 1.10 m and a base diameter of 3.80 m in
approximation to the prototype LW accumulation. Site view of the Whakatiwai River with bridge and gravel bars, top right side, and two illustrations from the left and right perspective
of the LW accumulation.
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5.3. LW accumulation assessment

There is a need for accurate, detailed, and objective techniques for
estimating wood volumes in a variety of management contexts. Con-
ventional large-scale surveying methods have gained popularity for
wood budgeting applications (Ulloa et al., 2016; Tonon et al., 2017),
yet with increasing distance between sensor and wood the spatial
model accuracy decreases (Fig. 1). Challenges arise when LW pieces
are smaller than the achieved model resolution (Marcus et al., 2003;
Tonon et al., 2018). Therefore, a combination of field- and aerial survey-
ing could improve volume estimates significantly (Boivin et al., 2017).

Phillips et al. (2018) outlined the need for a better quantitative cap-
ture of the effects from post-harvest debris flows, in order to better in-
form predictive models. The same is required for assessing wood
inputs from natural forest disturbance such as fire, landslides and ava-
lanches, or heavy storm events. This is the current focus of numerous
LW studies (Thevenet et al., 1998; MacVicar et al., 2009; Ruiz-
Villanueva et al., 2014b; Steeb et al., 2017; Sanhueza et al., 2018), how-
ever, themass and volume of wood still remains rarely described (Ruiz-
Villanueva et al., 2019). Although a broad variety of volumetric survey-
ing methods for LW sources exists; including LiDAR (Kasprak et al.,
2012; Atha and Dietrich, 2016), aerial photogrammetry (Boivin et al.,
2017; Sanhueza et al., 2018) and manually conducted measurements
(Piegay, 1993; Boivin et al., 2015), precise quantification of LW sources
remains challenging. Mazzorana and Fuchs (2010) found that
transported wood act as a potential risk amplifier during flood events,
for which reason a fundamental knowledge of the available wooden
quantities in vulnerable fluvial systems is essential.

Risk analyses are a widely discussed topic in the LW community,
with various analysis proposed to better understand the probabilities
and process linkages that bring wood from the hillslope to the river
(Comiti et al., 2016). Risk factors can be better characterized by carrying
out volumetric surveys of wood accumulations along this gradient
(Zischg et al., 2018), before the occurrence of ‘LW incidents’ (Cave
et al., 2017). Our methodology provides an example application for
the assessment of LW volume at a high resolution, as suggested by
Hübl et al. (2002), but also for governmental authorities that require
forestry and earthworks plans, where SfM photogrammetry can be
used to assess LW quantities, which are available at a field site and at
risk for entering a stream system during forest harvesting operations
in a watershed (Reddy, 2017). The technique can be widely and rapidly
deployed, with data collection and processing donewithin 24 h and can
be applied to emerging assessment frameworks, such as the Risk As-
sessment for the National Environmental Standards for Plantation For-
estry (Ministry for Primary Industries, 2017).

Due to the fact that individual LW pieces and entire accumulation
structures in a stream can alter channel morphology (Mosley, 1981;
Wohl and Scott, 2017) and discharge behaviour (Gschnitzer et al.,
2017; Schalko et al., 2018), all affecting safety aspects in regards dis-
charge conveyance and resilience of river-crossing infrastructure, inves-
tigations on LW accumulation volume (Lienkaemper and Swanson,
1987), geometry (Cordova et al., 2006; Dixon and Sear, 2014), and



Fig. A.2. Top view of the Hapuku organic material accumulation, top. The transparent red trapezoid represents a mathematical approximation to the prototype LW accumulation. A side
perspective of the LW accumulation is shown in the bottom sketch.
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orientation in the channel (Abbe and Montgomery, 2003; Ruiz-
Villanueva et al., 2016) are essential. Detailed surveys providing high-
resolution data of LW accumulations, however, are infrequently re-
ported. Thus a lack of meaningful assessment opportunities arise in
the field of LW research. The introduced method provides a powerful
and compact tool for accurate assessment of existing LW structures
and wood sources in the riparian zone to gain information about
(i) wood budgeting and the quantity of available wood (Benda et al.,
2003; Schenk et al., 2014; Sanhueza et al., 2018; Tonon et al., 2018) on
a basis of pre- and post-flood assessment, (ii) residence times LW accu-
mulation volume and development during flood events, when organic
material is removed or deposited (Sanhueza et al., 2018), and (iii) accu-
mulation structure and orientation with respect to the flow (Daniels,
2006; Ruiz-Villanueva et al., 2016). This is needed to estimate effects
on hydraulic flow behaviour and impacts on channel morphology.
Improving the compositional information, such as relative pro-
portions of wood, branches, sediment, organics and pore space
(Piegay, 1993; Boivin and Buffin-Bélanger, 2010; Schalko et al.,
2018), is a major challenge in the quantification of LW accumulation
assessment. The techniques presented herewith performwell in cap-
turing the ‘envelope’ of the deposit, and providing a detailed record
of the texture, yet estimates of deposit porosity remain biased to-
ward the outer shell. Backwater effects, changes in channel morphol-
ogy and drag forces on the accumulation body strongly depend on
the ratio of void volume over total volume (Pagliara and Carnacina,
2010; Schalko et al., 2018; Schalko et al., 2019). Void volume may
be determined from surface texture, which can be filtered for colours
(Orru et al., 2016) (e.g. wood, grass, sediments) to broadly estimate
compositional proportions. The mesh can be further manipulated,
using techniques such as mesh skeletonization (AlRatrout et al.,
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2018) in order to resolve major compositional members (tree stems,
major branches) and collect statistical information on the geometri-
cal arrangement of these structural items. Seitz et al. (2018) success-
fully demonstrated the application of a SfM photogrammetry
workflow to estimate porosity of soil samples using a laboratory
setup and water replacement methodology.

These previous studies on porosity estimates using SfM method-
ology can significantly contribute to incorporating LW accumula-
tions in computational fluid dynamics (CFD) modelling. Accurate
3D mesh models, and information about roughness parameters
(Gippel, 1995; Manners et al., 2007), angularity (Lisle, 1986; Lai
and Bandrowski, 2014), hydraulic losses (Knauss, 1995; Shields,
2001; Schalko et al., 2018) are furthermore of considerable impor-
tance for CFD modelling (Xu and Liu, 2017). Major advances have
been achieved in recent years with the application of 2D (Ruiz-
Villanueva et al., 2014a; Ventres-Pake et al., 2019), but also 3D LW
computational models (Smith et al., 2011; Allen and Smith, 2012;
Lai, 2016) to evaluate hydraulic flow behaviour. For example, a pro-
totype accumulation model can be used for investigating the effects
on flow and channel morphology in presence of a LW accumulation
(Fig. 10). Low grid resolution can cause high distortions, numerical
diffusion and instabilities (Allen and Smith, 2012) in CFD models,
and so it is important to provide a smooth, yet sufficiently detailed
model surface in order to capture the relevant process(es) without
introducing resistance from mesh imperfections. The work pipeline
we have presented here provides a number of options for developing
a suitably detailed mesh for hydraulic simulations involving LW
accumulations.
6. Conclusions

We developed detailed models of prototype organic material accu-
mulations that can be used for accurate volume measurements and 3D
modelling.We outlined the research need andwe show that SfMphoto-
grammetry offers significant improvement over existing approaches,
such as volume estimation from observation and rough estimation
based on single log dimensions, or parallelepiped approaches. We
discussed the need for generating a detailed yet ‘watertight’ surface
(no holes in the enclosing mesh) from an unorganized point cloud for
the modelling of complex organic forms.
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The importance of using appropriate distance to the object for image
capturing, collecting a sufficient number of images and using a suitably
high-resolution camera sensor is highlighted. Furthermore, we review
theworkflow from point cloud generation in Pix4D tomesh generation,
comparing three different meshing techniques (Simplified Pix4D,
Delaunay 2.5D, and PSR), and point out relative advantages. It is
shown that 2.5D techniques are affected by overhanging geometry;
the Poisson techniques generate large artefacts in the presence of thin,
poorly defined branches that protrude from the main accumulation;
the simplified Pix4D model manages to avoid these pitfalls to generate
a low-polymesh that preserves important surface details. It was further
found that the Pix4D volume tool slightly overestimates the volume of
the initial point cloud model, by 2.6%, for both field sites. Using the
PSR mesh provided the best overall result relative to the reference vol-
umes. While we conclude that the original point cloud can be used for
rapid volume estimates, a watertight hull is required for modelling ap-
plications that take into consideration surface texture and roughness.

The final results reveal that the meshing algorithm from Pix4D is
superior to the other techniques in that it has a low poly count and a
robust topology that is highly suited to volume estimation and rapid
processing. The other techniques generated more highly resolved
models, however, they also tended to have a very high number of
faces, and more spurious features, relative to the initial point cloud.
The user needs to assess the requirements for their analysis, with re-
spect to model resolutions, processing times, and accuracy before-
hand in order to achieve the best project outcome.

We suggest that the technique should be used to improve the
workflow (and subsequent analyses) in the field, as well as in the
laboratory, for a suite of LW assessment tasks in the course of wood
budgeting, habitat characterisation, assessing sediment retention
while looking at LW influence on river morphology, and potentially,
modelling hydraulic interactions by implementing most realistic
prototype accumulation models.
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Appendix A
Table A.1

Pix4D point cloud statistics.
Camera model
 GoPro Hero3 Black Edition
 Huawei Nova 2i
RNE-L22
iver
 Whakatiwai
 Hapuku

btained Images
 72 (2 × 36)
 120

esolution (pixel)
 4000 × 3000
 4608 × 2304

alibrated images (%)
 100
 100

itial Camera Optimisation (%)
 99.99
 96.36

nal Camera Optimisation (%)
 –
 100

ean Key-Point/Image
 45,640
 55,059

atching (matches/calibrated image)
 17,061
 15,029

eoreferencing
 No
 No

D Keypoints Bundle-Block-Adjustment
 1,188,967
 2,029,796

D Point Bund-Block-Adjustment
 434,674
 781,169

ean Reprojection Error (pixels)
 0.411
 0.192

umber of 3D Densified Points for the total field site
 45.9 · 106
 93.6 · 106
SM Resolution (mm/pixel)
 1.9
 1.3
D
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Table A.2

Whakatiwai River organic material accumulation point cloud and mesh characteristics with densities for projected footprint area and accumulation volume.
Specification
A
V
N
N
D
D
D

A
V
N
N
D
D
D

Point Cloud
 Simplified Pix4D
 Delaunay 2.5D
 PSR
Box dimensions LW accumulation
x (m)
y (m)
z (m)
4.4893
5.8370
2.4187
4.3823
6.3464
2.5352
4.4893
5.8370
2.4187
4.6884
5.8370
2.4251
rea projected (xy)(m2)
 26.204
 27.812
 26.204
 27.366

olume (m3)
 63.379
 70.507
 63.379
 66.364

umber of points
 32,665,931
 –
 –
 –

umber of faces
 –
 707,462
 50,829,207
 77,628,354

ensity projected (points·m−2)
 1,246,610
 –
 –
 –

ensity projected (faces·m−2)
 –
 25,437
 1,939,7640
 2,836,354

ensity (points·m−3)
 515,405
 –
 –
 –

ensity (faces·m−3)
 –
 10,034
 801,986
 1,169,728
D
Table A.3

Hapuku River organic material accumulation point cloud and mesh characteristics (without boulder) with densities for projected footprint area and accumulation volume.
Specification
 Point Cloud
 Simplified Pix4D
 Delaunay 2.5D
 PSR
Box dimensions LW accumulation
x (m)
y (m)
z (m)
3.3034
3.7814
1.8222
3.2571
3.7647
1.2386
3.3037
3.7814
1.2533
3.4860
3.7814
1.2334
rea projected (xy)(m2)
 12.492
 12.262
 12.493
 13.182

olume (m3)
 22.764
 15.188
 15.657
 16.259

umber of points
 44,522,655
 –
 –
 –

umber of faces
 –
 400,068
 73,116,103
 91,886,732

ensity projected (points·m−2)
 3,563,951
 –
 –
 –

ensity projected (faces·m−2)
 –
 32,626
 5,852,799
 6,970,707

ensity (points·m−3)
 1,955,804
 –
 –
 –

ensity (faces·m−3)
 –
 26,342
 4,669,907
 5,651,425
D
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