
Abstract

The possibility of analysing the characteristics and volume of in-
channel large wood (LW) is of importance for river management but
the traditional manual field activities are usually time-consuming and
not easy to apply at a larger spatial scale. This paper presents an alter-
native and faster method to detect the characteristics and measure-
ments of large wood in rivers by using the terrestrial laser scanner
(TLS) technology. Field-measurements data and TLS scans were col-
lected in August 2013 along 14 ha of the Piave River (Italy) analysing
230 and 208 woody elements for the manual method and the TLS one,
respectively. TLS data were processed using the Cyclone 7 software
and the LW measurements were extracted adopting two specific tools.
The resulting low margin of error in the comparison between field data
and those derived from TLS surveys confirmed the ability of TLS in the
detection of large wood and wood jams characteristics. The greatest
deviations were found for wood jams height which the TLS showed a
tendency to overestimate (+24.37%) and LW length with a slight
underestimation (–19.76%). Considering the wood volume, the rela-
tive difference between the TLS and manual method was within a neg-
ligible margin of error of ±7%. Characteristics and measurements of
LW in rivers can be obtained from TLS surveys, but some progress in

this technique is still needed to allow a better management of the 3D
point cloud and a faster extraction of the wood measurements. The
proposed method represents an alternative tool for faster and repeated
surveys of wood characteristics in a complex river environment, ensur-
ing a reliable quantification of spatial and temporal variation of wood
volume.

Introduction

Braided rivers are complex environments with at least two channels
separated by bars and islands (Leopold and Wolman, 1957) that under-
go frequent morphological adjustments, such as erosional and deposi-
tional processes, even after ordinary flood events. Gravel-bed braided
rivers often have riparian woodlands along their banks that are fre-
quently eroded, transported and deposited by floods (Gurnell et al.,
2005). The assessment of the spatial distribution and amount of large
wood (LW) in a riverine environment is a key factor under many
aspects, including fluvial dynamics (Piegay, 2003), biodiversity
(Gurnell et al., 2005), carbon sequestration (Guyette et al., 2002), and
natural hazards (Mazzorana et al., 2009). In fact, wood is important for
its influence on the structural complexity of a riverine environment
(Keller and Swanson, 1979; Bilby and Ward, 1989) as well as on flood-
plain dynamics (Wohl, 2013). In-channel wood plays an important role
on the morphological changes accelerating the process of fluvial
islands formation (Gurnell et al., 2005), and causing local or channel-
wide aggradation due by sediment retention processes (Mao et al.,
2008; Wohl, 2013). Moreover, from an ecological point of view, the
wood is a source of organic matter for macro and micro invertebrates
and promotes pool formation (Rosenfeld and Huato, 2003), offering
refuge for a variety of aquatic organisms. However wood does not just
have positive feedbacks on the riverine environments, as it can
increase flood hazards, particularly in correspondence to critical cross-
sections or close to man-made structures (Diehl, 1997; Comiti et al.,
2008; Mazzorana et al., 2009).
As a result, wood has gained greater attention in riverine environ-

ment management, at both basin and fluvial scale (Montgomery and
Piégay, 2003; Mao et al., 2008). Knowledge on the dynamics of wood in
rivers and its interactions with other fluvial components (e.g. morpho-
logical units, vegetation, sediments) can be useful to ensure a proper
management of in-channel wood. Notably, information on the amount
of wood in a water course as well as the transport capacity are required
for defining correct management approaches, for design suitable
retention structures and to better prevent wood influence on critical
sections (Comiti et al., 2012).
In this context, the increasing attention on the role of LW in rivers

and torrents has led to the development of new methods for an effi-
cient recognition of in-channel wood. The traditional measuring tech-
niques are based on manual surveys in the field, which are very time-
consuming. Moreover, the conventional approach is often difficult to
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apply at a large spatial scale. To overcome this limit, considerable
attention has been given to the possibility of using remote-sensing
techniques that could provide data at a lower cost than the traditional
field inventories (Næsset 2004; Holopainen and Talvitie, 2007). These
techniques, including airborne laser scanner and terrestrial laser scan-
ner (TLS), enable the acquisition of three-dimensional data of scanned
objects, with specific x, y and z coordinates.
Since 2003, numerous studies have explored the ability of TLS tech-

nology in a forest environment both for individual trees and accumula-
tions. For instance, it has been used to estimate fire behavior by map-
ping volumes of fuel wood (Seielstad and Queen, 2003), to automatical-
ly reconstruct single stand trees in a stand (Pfeifer et al., 2004) and to
estimate the percentage of dead trees in unmanaged forests (Bater et
al., 2007).
Despite the extensive application of TLS for the recognition of wood

parameters in a forest, there are few studies in the literature focusing
on the capacity of this device to provide reliable information on wood
in a complex fluvial environment, such as a gravel-bed river. This kind
of technology could represent a useful tool for river applications, allow-
ing rapid and accurate acquisition of data at a medium spatial scale.
These data would permit us to assess the amount, variability and spa-
tial distribution of wood in rivers.
The aims of the present study are: i) to evaluate the ability of TLS to

provide the main wood characteristics needed for wood volume assess-
ment along two sub-reaches of a gravel-bed river; ii) to conduct a qual-
itative analysis to define parameters like shape, wood type and orien-
tation.

Study area

The study was conducted along the Piave River, a gravel-bed river
located in Veneto region (north-eastern Italy). The Piave River flows for
about 220 km from the Alpine region (at 2037 m a.s.l.) to the Adriatic
Sea. The drainage basin covers an area of 3899 km2 characterised by sed-
imentary rocks (mainly limestone and dolomite). The entire river catch-
ment lies in a humid and temperate continental climate zone with an
average annual precipitation of 1350 mm. Floods occur mainly in sum-
mer and autumn connected with snowmelt, rainstorms and the rainiest
periods. The river course can be divided into three main zones with dif-
ferent features. In the upper part, the river is incised in bedrock and has
a quite narrow channel, whereas in the middle part it forms a multi-
threaded channel pattern with a wide valley. In the lower part of its
course, the river has a meandering morphology alternating with reaches
confined by artificial embankments (Surian, 1999).
The research was conducted in two study areas (Figure 1) located

along the middle course of the river. The first area is upstream of
Belluno and shows a braided morphology whereas the second, down-
stream of Belluno, features a wandering channel pattern. In this reach
the riverbanks are bordered by riparian vegetation dominated by Salix
spp. and Populus spp. that ensure a constant supply of large wood.
Further details on the flow regime, morphology, islands dynamics and
riparian woody communities, of the Piave River and basin, are avail-
able in the literature (Comiti et al., 2011; Picco et al., 2012a, 2012b;
Rigon et al., 2012; Delai et al., 2014; Kaless et al., 2014; Picco et al.,
2014a, 2014b).

Materials and methods

Field data and TLS surveys were collected along the study area dur-

ing a field survey campaign in August 2013. Wood elements were iden-
tified with diameter greater than 10 cm and/or length more than 1 m
(Jackson and Sturm, 2002). Both single pieces of LW and wood jams
(WJ) were included, in order to explore the considerable variability of
wood and the ability of TLS to recognise it. We considered the WJ as
heterogeneous accumulations of woody of various sizes (Thevenet et
al., 1998), whereas the large wood pieces were further divided in logs,
trees and shrubs. During the traditional field activities a total of 230
wood elements were analysed: 100 wood jams and 130 large woods.
Traditional tape and tree calibre were used for the detection of the

main wood characteristics. For the wood jams, the length (JL), width
(JW) and height (JH) were considered. For each large wood, notably
logs and trees, the log length (LL) and diameter at a breast height (LD)
were taken into account, whereas for shrubby elements measuring the
diameter of each branch was time-consuming so the tree canopy width
(TCW) was considered. Adopting the traditional volume estimation
method developed by Piegay (1993), Citterio (1996) and Thevenet et al.
(1998), the volume of each element was then calculated assuming a
solid cylindrical shape and a solid parallelepiped shape for single wood
and wood jam, respectively. The results obtained from these geometri-
cal forms provided the information related to air-wood volume.
Simultaneously to the traditional measurements, TLS surveys were

conducted. The device used in this study (Leica Scan Station 2; Leica
Geosystems AG, Heerbrugg, Switzerland) is a pulsed TLS that collects
up to 50,000 points per second at a spatial resolution higher than one
point per mm2 at 100 m. Unlike the methodology presented by Boivin
and Buffin-Bélanger (2010), in this study TLS data were collected fol-
lowing a geomorphic approach, with the spatial distribution and set-
tings proposed by Picco et al. (2013). The position of the TLS within the
study area was defined according to the presence of large wood and the
complexity of the topographic surface, in order to obtain a uniform den-
sity in the whole study area. This approach was adopted because of the
highly time-consuming process for the specific detection presented by
Boivin and Buffin-Bélanger (2010); in fact no targeted scans were per-
formed around single woody elements. Considering this, 15 and 13
scans were carried out in an area of 8 ha (upper reach) and 6 ha (lower
reach) respectively, obtaining a point density of about 2000 points/m2.
The individual point clouds produced by the TLS were registered and
georeferenced using the Cyclone 7 software, developed by Cyra
Technologies Inc. (San Ramon, CA, USA).The wood measurements
were virtually extracted from the point clouds using Point to point or
Limit box methods (Figure 2). The former was used for the large wood
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Figure 1. The Piave River in the Veneto region (on the left) and
the two study areas in Belluno province. Flow direction is down
the page.
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detection and the latter only for the wood jams, by a parallelepiped box
enclosing the woody accumulation. Wood volume was computed as
described above. Statistica software, developed by Statsoft (Tulsa, OK,
USA), was used to compare the results obtained by the traditional and
TLS methods. In terms of fieldwork costs, field surveys were conducted
in a three-day timespan both for the traditional and TLS surveys. A
team of four operators was required for the traditional measurements,
whereas only one person was sufficient for the TLS surveys. Three days
were needed to process the data collected by manual methods. Instead,
two days were enough to extract wood dimensions from the point cloud.

Results

Overall, 230 (100 wood jams and 130 large wood) and 208 (89 wood
jams and 119 large wood) woody elements were analysed for the man-
ual and the TLS-method, respectively. The large wood have a diameter
between 0.10 m and 0.50 m, whereas the length ranges from 1 m to 10
m. Focusing on the capacity of TLS to detect the main wood character-
istics, the 3D point clouds were analysed in detail. Considering the
wood jams, no significant differences were found between the results
obtained by the traditional and experimental methods (Figure 3). TLS
demonstrated its ability to extract the details accurately; indeed the
median values of TLS data are very close to the manual ones. The JL
shows a median value of 6.30 m whereas from the TLS data it is 6.64 m,
with an overestimation of about +5.12%. The JW presents a median
value of 3.90 m and 3.91 m for manual and TLS data, respectively. In
this case, the overestimation is very low and equal to +0.25%. The third
measure, JH, shows a slight overestimation by the TLS of about
+17.80%, providing a median value of 0.73 m with respect to the 0.60 m
of the manual data. Looking at the median values reported in the graph
(Figure 4), we could appreciate the capacity of TLS to provide a reason-
able estimation of wood jams characteristics. The results obtained from
the point clouds are very similar to those derived from the fieldwork
(+3.95% and �–3.49% relative difference ranges for JL and JW, respec-
tively) except for the jam height when the TLS strongly overestimated
the median value (+24.37% relative difference range). Figure 5 shows
the trend of the estimated errors for the wood jams measurements
derived from TLS data. The only significant relationship is displayed by
the TLS-derived JL (P=0.0382) which shows a decrease in errors esti-
mation with longer jams. Notably, the variability of errors tends to
reduce in correspondence to length values greater than 7 m. JW and JH
show a not significant relationship with the errors estimation without
a clear distribution of values, in this case errors seem to be independ-
ent of wood jams size.
The ability of TLS to provide clear data is also confirmed by the

results regarding the large wood (Figure 6). The best agreements
between the two datasets were found for the diameter and tree canopy
width, with values extremely similar to one another. The median value
of LD is 0.12 m for both methods, whereas TCW shows a median value
of 1.60 m for surveyed data and 1.62 m for TLS. The slight overestima-
tion is equal to +1.23%. The capacity of TLS seems to be weakest
regarding the LL estimation as it provides an underestimation of
about –29.41%, with a median value shifting from 3.30 m of surveyed
data to 2.55 m of TLS data. This is illustrated in Figure 7, which reports
the relative difference ranges. Focusing on the median values, it can be
observed that there is a good correspondence between the manual and
TLS methods. The measurements with TLS tend to slightly overesti-
mate the LD and TCW by negligible values: +5.16% and +0.37%, respec-
tively. There is a greater difference between the surveyed data and
those obtained from scans for the LL, with the TLS data providing a
quite considerable underestimation of about �19.76%. Looking at the
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Figure 2. Wood jams measurement using Limit box method.

Figure 3. Comparison between traditional results and terrestrial
laser scanner (TLS) results for the three main woods jams meas-
urements. JL, length; JW, width; JH, height.

Figure 4. Relative differences of the terrestrial laser scanner
method when compared to the manual ones for the three main
wood jams measurements estimation. JL, length; JW, width; JH,
height.
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distribution of the errors estimation according to the large wood meas-
urements (Figure 8), the TLS-derived LL is the only one showing a sig-
nificant relationship (P=0.0396). Despite the weak relationship, errors
estimation in TLS-derived LL presents a decreasing trend that corre-
sponds to length increase. Large wood having a length of between 1 m
and 5 m features an errors estimation with a wide range of variability
(–84%,+30%), whereas LW more than 5 m in length presents a lower
errors estimation within a narrower range (–5%-50%). Instead, TLS-
derived LD displays a not significant relationship with errors estima-
tion. However, a value of 0.20 m can be identified as a threshold
between errors with higher and lower variability. Lastly, the errors esti-
mation in TLS-derived TCW shows no significant or clear relationships
with shrub width.
Considering the volumetric results, the wood volume was computed

from both the traditional survey and TLS results. Figure 9 presents the

distribution of the relative differences between the manual and TLS
method for wood volume calculation. It shows a tendency to overesti-
mate the volume of wood jams using the TLS results. The majority of
relative errors are in a range between +2% and +54%, with a median
value of about +22%. Different results were found concerning the LW,
where the TLS shows an underestimation. Errors have a wider distri-
bution ranging from positive to negative values, +22% to –�75% respec-
tively, with a median value of –12%.
For the length and volume data of each wood element there are

acceptable relative errors between field validation data and those
obtained using TLS. Table 1 reports the wood volumes for the entire
study area, both for wood jams and large wood, extracted from tradi-
tional and TLS derived surveys. Considering the volume per hectare, it
can be observed that the TLS method provides data very similar to those
derived from the traditional measurements, with a slight underestima-
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Figure 5. Errors estimation for terrestrial laser scanner (TLS)-derived wood jams measurements. JL, length; JW, width; JH, height.

Figure 6. Comparison between traditional results and terrestrial
laser scanner (TLS) results for the three main single wood meas-
urements. Because of a wide range of measures, axes are given in
a logarithmic scale for readability. LL, log length; LD, breast
height; TCW, tree canopy width.

Figure 7. Relative differences of the terrestrial laser scanner
method when compared to the manual ones for the three main
single wood measurements estimation. LL, log length; LD, breast
height; TCW, tree canopy width.
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tion of about –26.65 m3/ha for wood jams and an overestimation of
+14.39 m3/ha for large wood. The estimation errors show strong
decrease, in both cases the relative error can be approximated to ±7%.
During the TLS data analysis we also tested how it performs in terms

of qualitative information of large wood. There is no doubt about the
potential of the device to discriminate the type of wood, all the ele-
ments were easily distinguished as wood jams, single wood and, more
specifically, logs, trees and shrubs. No difficulties were found in the
detection of large wood orientation with respect to the flow direction.
In addition, we analysed the possibility to obtain information about the
distinction between conifers and deciduous, the taxonomic family and
state of decay. The analysis shows quite good results only for the large
wood and the distinction between conifers and deciduous; instead, the
wood jams structure is too complex to permit any clear identification
(Table 2).

Discussion

The results obtained using the TLS reveal the potential of this device
in the detection of the main large wood characteristics. However, it is
worth noting that, regarding the 3D point cloud analysis, it has not
been possible to identify all the woody elements detected in the field. In
fact, there is divergence of 22 elements (11 wood jams and 11 large
woods) between the number measured in the field and those identified
from the TLS data. Those unable to be extracted from the point cloud
were located along the riverbanks or on the edges between the wetted
area and the low bars, so this divergence is probably related to the geo-
morphic approach applied to the collection of data using the TLS.
Indeed it is possible that some wood was not detected because of shad-
ows, water or geomorphic discontinuity that does not permit a homoge-
neous point density.
Regarding the ability of TLS to correctly extract the wood measure-

ments, the device provided very good results except for the JH and LL
where greater estimation errors were found. The overestimation of JH
should be due to the difficulty in 3D cloud management. In the tradi-
tional way, the height of WJ was measured taking care not to overesti-
mate the air-wood volume, so thin branches and sprouts in the upper
part of the WJ were not measured. With the point clouds, this type of
height estimation was not easy to apply due to a low point density in
the upper part of the wood jams because of the brushwood that does not
permit us to clearly identify the sprouts, which is easier to do directly
in the field. This could imply an overestimation of the WJ height. The
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Table 1. Comparison of large wood volume between the manual
and terrestrial laser scanner methods.

                                     Manual      TLS       Difference        Error 
                                      m3/ha      m3/ha         m3/ha               %

Wood jams volume                371.15          344.5              −26.65                 −7.73
Single wood volume              189.71          204.1              +14.39                 +7.05
TLS, terrestrial laser scanner.

Table 2. Main large wood qualitative characteristics investigated
on field data and terrestrial laser scanner data.

                              LW      Orientation   Conifer/  Taxonomic   State of 
                             typology                       deciduous     family         decay

Traditional survey           Yes                  Yes                  Yes                 Yes                  Yes
TLS survey                        Yes                  Yes                  Yes                  No                   No
LW, large wood; TLS, terrestrial laser scanner.

Figure 8. Errors estimation for terrestrial laser scanner (TLS)-derived single wood measurements. LL, log length; LD, breast height;
TCW, tree canopy width.

Figure 9. Relative differences of the terrestrial laser scanner
method when compared to the manual ones for the large wood
volume estimation.
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divergence in the LL could be attributable to the way in which the
length was measured. Traditionally, the length of a large wood was
detected as the distance between the base and apex of the trunk, the
roots were excluded to avoid a further overestimation of air-wood vol-
ume. Analysing the point clouds, it was not easy to identify a clear
boundary between the roots and the trunk, and in some cases it was
almost impossible to recognise the presence or absence of roots,
notably for shrubs. So, some errors in the data analysis probably
occurred.
Considering the volumetric results, the TLS has shown an irregular

tendency to over or underestimate the wood volume and this is likely
due to the previously mentioned errors: the overestimation of WJ vol-
ume reflects the overestimation in the WJ height and the underestima-
tion of large wood volume is a consequence of the underestimation of
LW length.
Results from the plotting between TLS-derived measurements and

errors estimation have shown significant relationships only with
length, for both wood jams and large wood, with decreasing errors cor-
responding to increasing lengths. This suggests that wood characteris-
tics may also affect the ability of TLS to detect wood elements; indeed
the presence of wood with large dimensions could provide better
results in TLS surveys.
Despite the lack of similar studies that does not permit us to com-

pare and discuss our results in more detail, they are supported by those
found by Boivin and Buffin-Bélanger (2010) and Picco et al. (2011)
although with a different survey scheme and method of data extraction.
Looking at the qualitative analysis, TLS appears to be as a reliable

tool for providing additional data on wood characteristics, such as ori-
entation with respect to the flow direction, shape and, as also shown by
Boivin and Buffin-Bélanger (2010), wood porosity. More in detail and
only for large wood, the device has proved capable of discriminating
between conifers and deciduous thanks to the presence of foliage in
the majority of woody elements. The fine needles of conifers are usual-
ly grouped together, whereas deciduous have wider and scattered
leaves. The different kind of foliage involves a different distribution of
laser points in the point cloud that permitted us to distinguish the two
types. For the logs without leaves or branches, no reliable data have
been provided on the distinction between conifers and deciduous. The
TLS has not been able to provide accurate information on woody
species and state of decay. These are, probably, too highly-detailed
characteristics to be obtained using a geomorphic approach in the TLS
surveys. In fact, as shown by Othmani et al. (2013), on the basis of ad
hoc scans on small areas, it is possible to recognise the tree species
from TLS data by analysing the 3D geometric texture of the bark.
Regarding the wood jams only quantitative data can be accurately

extracted from the TLS point clouds, otherwise multiple scans from dif-
ferent positions around the WJ would be needed, in accordance with
the methodology presented by Boivin and Buffin-Bélanger (2010).
From a methodological point of view, the TLS technology is a valid

method to perform analysis with low time consumption, but the spatial
distribution and device specifications must be carefully chosen accord-
ing to the study objectives. For instance, in the case of studies aimed at
the estimation of the wood budget at a sub-reach scale where informa-
tion is needed on lateral recruitment of wood, TLS scans should also
cover the riverbanks. In other cases, where the objective is the compu-
tation of in-channel wood volume, detailed scans from different posi-
tions around larger WJ are recommended to reduce the measurement
estimation error. Moreover, as already stated by Picco et al. (2013), the
main issue of TLS in a fluvial environment is the low point density on
the wetted area that does not allow the recognition of possible partial-
ly-submerged woody elements. To overcome this it is recommended to
perform scans during low water flow conditions.

Conclusions

The results demonstrate that the TLS can be a useful device to
assess the main characteristics of wood present along a fluvial system,
such as a gravel-bed river. The comparison between the conventional
and TLS methods provided satisfactory results in the detection of the
main wood characteristics needed for volume assessment. Higher error
levels were found in WJ height and LW length estimation, causing a
slight under and overestimation of wood volume. For future develop-
ment, attention should focus on improving the analysis of 3D point
clouds in order to enhance the extraction of wood characteristics.
Nevertheless, negligible estimation errors found for the wood volume
in the entire study area reveal the capacity of TLS to provide extensive
information on the amount of wood at a medium spatial scale. The geo-
morphic approach adopted in the TLS surveys could be a new conven-
ient method to scan wide areas with very accurate results.
From a river management point of view, the TLS should be consid-

ered as a suitable way to map the temporal and spatial variations of
wood volumes. In fact, thanks to lower time and labour requirements
than the traditional field activities, the TLS could be used to repeat sur-
veys after single flood events to provide maps of morphological
changes. All this information can be advantageous in the monitoring of
fluvial hazards related to the presence of wood as well as for drawing
up suitable river management programs.
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