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Preface
The planning of forest operations is crucial for production efficiency and to ensure that
conservation measures are implemented during harvesting. The wide range of
geospatial data used in forest planning varies in quality, and this Technical Note
presents methods and models that can be applied to identify faulty data in forest
planning and operations. Different planning levels of forest management in Sweden are
described, along with geospatial data collection during planning and execution of forest
operations. A case study comparing LiDAR-based volume estimates and harvested
volumes is included at the end of the report.
This Technical Note supports Task 2.1, Precision forestry – planning of forestry
operations, in the Mistra Digital Forest programme.

Erik Willén, Victoria Forsmark and Linnea Hansson
Uppsala, 9 December 2020
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Forest planning
Overview
Forest planning is a process supporting decision makers when identifying possible
management regimes to reach required results. The process should balance the forest
resources over time and, in addition to timber production, develop other ecosystem
services from forests. This multi-goal target is challenging, and the time horizon makes it
even more difficult. The timeframe from planting to harvest is often 80 years or more,
making it difficult to predict market demands at the time of final felling and thereby
knowing exactly how to manage the forest.
The complex forest environment is difficult to describe in geospatial data, because of all
the variables that may have significant impact on forest development. Moreover,
unpredicted incidents, like storms, occur and influence the forest planning. The forest
planning is commonly performed at three different levels: strategic, with a 50−100-year
timeframe, tactical with a 5−10-year timeframe, and operational, where the forest
operations will begin within a year, and often within a couple of months.
Strategic planning
The strategic planning aims to identify sustainable harvesting targets and more general
targets for conservation measures, taking the surrounding landscape into account. As
the planning includes management regimes, it is mainly performed by forest-owning
companies. The Heureka tool1, developed by the Swedish University of Agricultural
Sciences (SLU), is commonly used for strategic planning in Sweden. One input source to
the Heureka system is the forest stand database, which is substantial for the larger
forest companies. Keeping the forest stand database updated is a challenging task, and
several companies use models based on LiDAR forest estimates for this purpose.
Forest companies normally update their strategic planning every 10−15 years and, to
achieve reliable estimates, stratified objective forest inventories are commonly included.
These inventories are usually comprehensive and expensive and have been used to
monitor forest growth in Sweden, especially in younger stands, as they contain the large
growing stocks of the forest companies.
Tactical planning
The tactical planning implements the strategic plan in specific regions, for example to
identify which forest stands are to be cut within 5−10 years. The basis for the tactical
plan is results from Heureka, but recent research suggests that forest roads should also

1

https://www.slu.se/institutioner/skoglig-resurshushallning/programprojekt/sha/heureka/heureka/
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be included in the tactical planning2, as the costs for forest road maintenance are
significant and necessary for efficient delivery of forest biomass to industry. This would
add geospatial data on forest roads and their condition to the tactical planning, together
with the results from the Heureka tool.
Operational planning
In the operational planning, the forest stands to be harvested are selected, and detailed
plans for the forest operations are drawn up. Operational planning also includes the
scheduling of harvesters, i.e., in what order to harvest the stands. For forest-owning
companies, the selection may start from the tactical planning, but as 50% or more of the
biomass usually comes from private, smallholder forests, these are included in the
operational planning. The detailed planning of the forest stands includes:
•
•
•
•
•

Selecting stands (from tactical planning or wood purchase)
Marking landings and emergency coordinates
Inspecting known environmental or cultural retention areas in geospatial data
Suggesting additional conservation measures according to forest certification criteria
Suggesting main extraction routes for the forest operations
INDOORS

•
•
•
•
•
•
•

Performing the environmental assessment
Verifying the forest stand data (from the forest stand database)
Verifying the preliminary planning from indoors
Marking stand borders, main routes, landing sites, and all conservation measures to be taken
Planning silviculture operations (site preparation, specification of new seedlings)
Performing a yield estimate calculation
Preparing a cutting declaration for the Swedish Forest Agency
IN THE FOREST
(Content of detailed planning may vary among forest companies)

The operational planning of forest stands results in cutting instructions for the
harvesting teams. Some forest companies operating primarily on private smallholder
forests let the harvesting teams perform parts of the detailed planning.

Asmoarp, V., Bergqvist, M., Flisberg, P., Gustavsson, O. 2020. Taktisk planering på Jämtlands förvaltning –
kombinerat beslutstöd av Vägrust och Heureka [Tactical harvest planning – Integrated analysis using the
Vägrust and Heureka decision support tools]. Arbetsrapport 1037-2020. Skogforsk. arbetsrapport-10372020.pdf (skogforsk.se)
2
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Finalised cutting instructions are then used for production planning, scheduling the
harvesting teams for the forest operations. The scheduling of harvesters is normally
done manually by forest professionals, although optimisation models show a potential
to rationalise3 the planning.
The scheduling of forest operations takes many variables into account (Figure 1).
Information from the cutting instructions is needed (upper left red ring), while the
industry order (upper right) is to be monitored to fulfil the agreed quantities and
qualities. More information about the harvesting teams is also needed (green ring).
Their performance, action area and labour time have significant impact on the harvest
planning. Finally, local conditions on trafficability of roads and in forest stands should be
taken into consideration, especially during seasons with low trafficability and when the
frozen ground is thawing.

Figure 1. Variables to consider for scheduling harvest operations.

Flisberg, P., Frisk, M., Rönnqvist, M., Willén, E. 2019. Scheduling of harvesters – order of planning.
Arbetsrapport 1018-2019. Skogforsk. scheduling-of-harvesters-arbetsrapport-1018-2019.pdf
(skogforsk.se)
3

Skogsindustrierna / Box 55525 / 102 04 Stockholm / www.mistradigitalforest.se

6

Data collection during forest operations
Cutting instructions from the operational planning are used in forest operations, and
data is collected for re-use in forest planning, both for forwarding and silvicultural
operations. New conservation measures are recorded by the operator. This is common
for cultural heritage, as most sites/artefacts are not mapped by the authorities but
discovered during the forest operations. These are reported by the operator to minimise
damage during later operations.
All forest operations in Sweden are performed with forest machines using the StanForD4
standard for machine data communication. It is used to report the production of
different assortments and most forest companies send the data to Biometria (an
economic association acting as a hub for all data on forest cuttings as well as
transportation data from forest to industries). Forest machine data also include the
position of the harvesters (Figure 2) when performing the operations, serving as a
potential source for updating stand databases. Stem details, for example tree species and
tree height from harvester data, may be used to define sub-compartments with similar
tree species composition and tree height. These sub-compartments might be treated
differently in future pre-commercial thinnings of the new forest stand. Recent and
ongoing research activities suggest that harvester data can be used to register
conservation measures (green stars in Figure 2), as well as serving as a support when
deciding on suitable regeneration methods and seedling tree species5,6 (Figure 3).

https://www.skogforsk.se/english/projects/stanford/
Willén, E., Bwegkvist, I., Nordström, M., Andersson, G., 2018. Intressentmedelsprojekt 2017 rörande
markberedning, skördardata och andra datakällor. Skogforsk. intressentmedelsprojekt-2017.pdf
(skogforsk.se) (pilot study in Swedish)
6 Friberg, G., Jacobson, S., Möller, J., Bhuiyan, N., Willén, E. 2019. Föryngringsplanering med hjälp av
skördarinformation och geodata [Regeneration planning using harvester information and geodata].
Arbetsrapport 1002-2019. Skogforsk. arbetsrapport-1002-2019.pdf (skogforsk.se)
4
5
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Figure 2. Red points indicate the position of the harvester for each tree cut. Green stars indicate conservation
measures implemented during harvesting. The background image is an orthoimage, captured after the forest
operation. © Lantmäteriet.
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Figure 3. Sub-compartments of harvester data in green (spruce suggested) or blue (pine suggested)
suggesting tree species and number of plants for regeneration.

The harvesting teams collect data on sample trees manually, to verify the operations and
the instruments on the harvester used for stem measurements. This is performed when
the harvester randomly selects sample trees to be manually calipered and lengthmeasured.
Geospatial data from forwarders include positions of the forwarding operations (Figure
4). It may be complemented by assortments in each load and forwarded volumes at each
landing site, as an input for timber truck logistics.

Skogsindustrierna / Box 55525 / 102 04 Stockholm / www.mistradigitalforest.se
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Figure 4. Geospatial data from forwarders (red points), stand boundaries (purple). The background image is
an orthoimage captured prior to the forest operation. ©Lantmäteriet.

Geospatial data in operational planning and forest operations
The most useful geospatial data used in the indoor pre-planning include7 (no ranking):
•

•

Stand databases
Used for stand delineation, tree species composition, site index, trafficability,
already decided conservation measures, and more
Topographic maps
Mainly used for orientation

Willén, E., Andersson, G. 2015. Drivningsplanering – en jämförelse mellan sju skogsföretag 2015
[Operational planning – a comparison of seven forest companies 2015]. Arbetsrapport 885-2015.
Skogforsk. Drivningsplanering (skogforsk.se)
7
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•
•
•

•

•

•

Digital elevation model including relief
Used to suggest main extraction routes and to identify cultural heritage
Depth-to-water maps
Used for trafficability planning of extraction routes
Orthoimages
Used for visual interpretation of the cutting site, identification of landing sites, and
more
National information on protected areas such as key habitats, Natura 2000 sites,
cultural heritage, and more
Used to identify conservation measures, both within the cutting site and in
connection with the landing
LiDAR estimates of tree height, basal area, and forest volume, also used to
produce maps indicating the need for thinning operations
Used to update stand information on forest variables, the stand boundaries, and the
need for thinning
Road databases
Used for planning of trafficability and logistics

In addition, many forest companies have their own databases of different retention
areas, e.g. shooting towers or bird-watching areas. In total, about 20−40 different
databases are available for the pre-planning of forest operations.
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Models for handling faulty data
Introduction - the problem
In forestry planning, data from several sources are used as inputs for decision support
systems designed to predict the outcome of different sets of treatments. In general,
perfect forecasts are difficult to achieve, but a more accurate description of the state of
the forest produces more accurate forecasts8. However, acquiring accurate data from all
parts of a forest is associated with considerable costs. Here, a trade-off evolves between
improvements in planning and decision making and the increasing costs of acquiring
better data.
The main data challenge in forest planning and operations is the wide range of different
data sources with varying quality. In particular, data on, e.g. growth or forest operations,
change over time, which implies the need for recurrent updates of the databases. In
addition, data are collected as a summary of the forest stand, but do not include the
actual variation, e.g. of tree species composition, site index, or trafficability. The brief
overviews of trafficability is another example that causes problems for logistic planning.
Another main problem is the difference between operational planning and
implementation. The harvested area may not be cut exactly as planned; some small
areas are left due to additional conservation measures or new instructions from the
forest owner, not known in advance. This may introduce faulty data if the forest stand
database is updated without this additional information.
Several models to handle faulty data are presented below, including suggestions on how
to incorporate them in operational forestry.
Growth models
Growing forests continuously change and the data becomes outdated and inaccurate.
The traditional method for updating forest information is using growth models based on
information from sample plots, usually national forest inventories. Long-term growth is
more difficult, and it is necessary to combine several error sources with different
variances in the predictions9. The inclusion of more accurate data on each tree, based on

Duvemo, K., Lämås, T. 2006. The influence of forest data quality on planning processes in forestry. Scand.
J. For. Res. 21:327–339
9 Kangas, K. 1999. Methods for assessing uncertainty of growth and yield predictions. Can. J. For. Res.
1999, 29(9): 1357-1364, https://doi.org/10.1139/x99-100
8
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remote sensing, in the simulation of forest stand growth provides more precise growth
projections than can be obtained based on field inventory data at stand level10.
Growth models are still a straightforward method to update forest information, but do
not identify faulty data. Growth models complement any remote sensing model, as they
may be used continuously and serve as input data to more advanced models, e.g. for data
assimilation11. New growth models need to be added for the large proportion of
seedlings originating from breeding orchards, resulting in higher growth than before,
and growth models are also lacking for mixed or uneven-aged forests11,12
Remote sensing models
Remote sensing in forestry mainly involves satellite and airborne sensors13. Forestry has
a long tradition of using orthophotos for visual interpretation and, during the last 20+
years, optical satellite data and airborne Light Detection and Ranging (LiDAR) data have
been brought into operational use, both in forest inventories and forest mapping. In
Sweden, optical satellite data have been used in the national forest inventory (NFI) to
produce wall-to-wall maps with forest estimates for 20 years, but with mean errors too
large for operational use by forest companies on forest stand level. The Swedish Forest
Agency has been using satellite data from early 2000 to map yearly cut areas with high
accuracy, based on multitemporal satellite data14,15 . The maps have been published on
their website with open access.
The multispectral information in satellite data is used to produce tree species
classifications. This is of operational use for the Environmental Protection Agency in
Sweden for mapping content in protected areas16. A multitemporal approach with leaves
on and off increases the classification accuracy and, given the resolution of 10x10 m for

Mäkinen, A., Holopainen, M., Kangas, A. et al. 2010. Propagating the errors of initial forest variables
through stand- and tree-level growth simulators. Eur. J. Forest Res. 129, 887–897.
https://doi.org/10.1007/s10342-009-0288-0
11 Nyström, M., Lindgren, N., Wallerman, J., Ehlers, S., et al 2015. ASSIMILATING REMOTE SENSING DATA
WITH FOREST GROWTH MODELS. Presentation at 35th EARSeL Symposium – European Remote Sensing:
Progress, Challenges and Opportunities. Stockholm, Sweden, June 15-18.
12 Nilsson, U. 2013. Skogens skötsel - rapoort från Future Forests 2009-2012. Future Forest Rapport
2013:1. SLU. ffrapport_skogens-skotsel-2013-08-13.pdf (slu.se)
13 Kangas, A., Astrup, R., Breidenbach, J., Fridman, J. et al 2018. Remote sensing and forest inventories in
Nordic countries – roadmap for the future, Scand. J. For. Res., 33:4, 397-412, DOI:
10.1080/02827581.2017.1416666
14 Skogsstyrelsen. 1998. Användning av satellitdata – hitta avverkad skog och uppskatta lövröjningsbehov.
Rapport. 1998:4
15 Rosengren, M. Willén, E. 2004. Multiresolution Spot 5 data for boreal forest monitoring. 2005.
Proceedings from ForestSat conference in Borås, Sweden.
16 https://www.naturvardsverket.se/Sa-mar-miljon/Kartor/Nationella-Marktackedata-NMD/Nationella
marktäckedata - Naturvårdsverket (naturvardsverket.se)
10
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detailed forest data, updates are possible even though the mapping accuracy still has
scope for improvement.
The main benefit of satellite data mapping is the high temporal resolution. New data can
be obtained more frequently than with any other relevant method available, which is
important for detecting and updating faulty data. Furthermore, most of the satellite data
is freely available, which is a benefit for inclusion in models covering large areas. In
combination with ground truthing, large areas can be automatically mapped. However,
the correlation to satellite data is rather low for many of the requested forest variables.
During the last 10−15 years, LiDAR data has been introduced as the major remote
sensing data in forestry. It delivers 3D-data, enabling the mapping of forest variables
such as basal area, tree height and forest volume with high accuracy17, in most cases
better than field data collection, using NFI data as ground truth. Nevertheless, mean
standard errors on forest volume are about 15−20% on plot level.
The costs of LiDAR data are higher than photo-interpreted data, but decision losses are
up to four times higher when using the latter, according to a study of Duvemo et al.18.
The study was performed in 2006 and the costs for LiDAR data have fallen since then.
Recent studies also imply that multitemporal LiDAR data used to update site index are
accurate19,20. The current mapping of site index is based on forest stand characteristics,
and the suggested method using LiDAR for more detailed site index mapping indicates
large improvements.
The forest company Bergvik Skog AB used LiDAR data for a complete update of their
stand database starting in 201121. They used the canopy height model to segment new
stand boundaries and then used pixel-based LiDAR estimates for extracting variables
such as basal area, breast-height diameter, and forest volume. They also used satellitebased tree species mapping in a model together with the old forest stand data. They also
produced a pixel-based ‘thinning index’ to map areas that needed thinning, to be used on
Nilsson, M., Nordkvist, K., Jonzén, J., Lindgren, N., et al. 2017. A nationwide forest attribute map of
Sweden predicted using airborne laser scanning data and field data from the national forest inventory.
Remote Sens Environ. 194(194):447–454
18 Duvemo, K., Lämås, T. 2006. The influence of forest data quality on planning processes in forestry.
Scand. J. For. Res. 21:327–339
19 Noordermeer, L., Gobakken, T., Næsset, E., Bollandsås, O. M. 2020. Predicting and mapping site index in
operational forest inventories using bitemporal airborne laser scanner data. Forest Ecology and
Management.
20 Socha, J., Hawryło, P., Stereńczak, K., Miścicki, S., et al. 2020. Assessing the sensitivity of site index
models developed using bi-temporal airborne laser scanning data to different top height estimates and
grid cell sizes. International Journal of Applied Earth Observation and Geoinformation, Vol 91.
21 Brethvad, T., Heimdal Iversen, E. 2012. Nyindelning av Bergvik Skog. COWI Skogsinventering
(geoforum.se)
17
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both stand and sub-compartment level. The quality of the LiDAR-derived products was
better than variables collected with traditional methods, and LiDAR serves as a role
model for efficient use of remote sensing data for updating and removing faulty data in a
forest stand database. Bergvik Skog AB collected their own ground truth with higher
positioning accuracy and a denser grid than the NFI plots, claiming that the estimates
have a better accuracy compared to estimates based on NFI plots.
Harvester data models
Harvester data includes measurements of every log and makes it possible to recalculate
tree stem data22, including the location of the harvester when felling the tree (Figure 2).
Control measurements for calibration of the harvester head are done regularly. The
improvement in GNSS positioning systems23, in combination with forest machine data
on crane angle and movements, open for detailed logging of the positioning of each tree.
In Sweden, harvester data is reported to Biometria to monitor different assortments,
and to provide means of payments to the forest owner or for keeping track of wood
product swapping among forest companies. Biometria acts as the hub for storing forest
production data. A key factor is to get access to and include the harvester data in models.
Permission from the forest companies is needed to use the data.
Today, harvester data is used in several models where it replaces faulty data. One
obvious application is to provide digital delineation of where the forest operations took
place, to update the forest stand database. Although there are some positioning errors
due to using only the position of the harvester and not each tree, it is still a reliable
source when updating the stand database. It is also possible to identify areas in the
forest stand retained as conservation measures and exclude them in the area calculation
of the forest operation.
The detailed information of the harvested forest may replace LiDAR estimates on forest
variables in models for forwarding or further transportation, as the mean error is
significantly smaller for harvester data24, including only the forest cut and not trees
retained for conservation (they may be reported separately).
Siljebo, W., Möller, J., Hannruo., Bhuiyan, N. 2017. hprCM-modul för beräkning av trädegenskaper och
skogsbränslekvantiteter baserat på skördardata [hprCM-module for using harvester data to calculate tree
properties and forest fuel quantities]. Arbetsrapport 944-2017. Skogforsk. hprCM-modul för beräkning av
trädegenskaper och skogsbränslekvantiteter baserat på skördardata (skogforsk.se)
23 Hannrup, B., Ene, L., Johansson, F., Jönsson, P., Rossander, M., Willén, E. 2020. Utvärdering av nya
möjligheter till förbättrad positionering med satellitbaserade system [Evaluation of potential for
improved positioning with satellite-based systems]. Arbetsrapport 1047-2020. Skogforsk. arbetsrapport1047-2020.pdf (skogforsk.se)
24 Wilhelmsson, L., Möller, J.J, Arlinger, J. 2019. Cut-To-Length harvester measurements for roundwood
payment to forest owners or for supporting industrial pile measurements. Report 1032-2019. Skogforsk.
22
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One other example of using harvester data in models is the monitoring of thinnings,
where the operator gets immediate feedback about whether the instructions are
followed or not25. Previously, this feedback was obtained through manual
measurements before and after the thinning operations. The new model provides
instant feedback and supports the operator in the ongoing operation. In addition, the
model provides an update of the information on the forest remaining after thinning,
used to automatically update the forest stand database, and replaces faulty data.
Harvester data models replace the yield estimations produced by manual assessment or
more general functions in the forestry planning process. The new method includes
historical harvester data and its yield as reference when estimating yield from planned
cuttings26. Such results may also be used in optimisation models described in the next
section.
Harvester data models may replace manual classification of the silviculture operations
(Figure 3). The models provide a more detailed classification, resulting in better siteadapted forestry.
Optimisation models
Introduction

The use of optimisation models in forestry involves several parts of the value chain.
There are optimisation models for logistics and transportation of logs to industry and,
recently, models for forest operations have been developed. This overview presents
some of the models and indicates how faulty data is detected and improved.
Flow of bio-based material

An issue with forest logistics is the large number of products (e.g. sawlogs, pulpwood,
biofuel) at the landings to be transported to different industries. There are limitations in
terms of road conditions and when industries can accept deliveries. Optimisation
models have been developed using forest products at landings, road networks, and
industry orders. The models optimise the flow of raw material to the industries and this
may reduce the costs for transportation by up to 15%27.

Möller, J., Bhuiyan, N., Hannrup, B. 2015. Utveckling av beslutsstöd vid automatiserad
gallringsuppföljning [Development and test of decision-support tool for automated monitoring of
thinning]. Arbetsrapport 862-2015. Skogforsk. Gallringsstöd (skogforsk.se)
26 Söderberg, J., Willén, E., Möller, J., Arlinger, J., Bhuiyan, N., 2017. Utvärdering av utbytesprognoser med
skogliga laserskattningar och skördardata – resultat från tre fallstudier. Arbetsrapport 937-2017.
Skogforsk. Utbytesberäkningar med stöd av skogliga laserskattningar (skogforsk.se)
27 Forsberg, M., Frisk, M, Rönnqvist, M. 2005. FlowOpt – A Decision Support Tool for Strategic and Tactical
Transportation Planning in Forestry. International Journal of Forest Engineering 16(2)
25
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Scheduling of harvesters

The scheduling of harvesters may be optimised using a wide range of databases (Figure
1). The quality of input data is significantly improved when faulty data is updated
through models using remote sensing and harvester data, but the model itself also
discovers faulty data by revealing errors in input data by finding unrealistic values.
Optimal routing in forest operations

The total terrain transportation during forest operations is long, as the mean
transportation distance is 300 metres per 20 m3 load, and several thousand m3 are cut.
Optimised terrain transportation significantly reduces the total forwarding length28. The
optimisation model, Bestway29, uses LiDAR estimates on forest volume, but using
harvester data in the models would reduce errors in planned volumes and location of
piles for terrain transportation, and thereby improve the routing.
Data assimilation
Data on many forest variables are collected over time, and when older estimates are
included to update the variable it may improve the recent estimate, e.g. NFI estimates
that are done on regular basis30. The technique is sometimes referred to as data
assimilation and may include a wide range of different measurements and growth
models over time to update the estimate31. The method is appealing to forestry, as
several existing datasets may be utilised. Old LiDAR estimates may be combined with
growth functions, new canopy height models from remote sensing, and other
measurements for updated estimates with reduced errors and smaller standard
deviation. The research area is novel and, so far, the contribution from older datasets
has been limited32, but the model may be used to identify and update faulty data.
Artificial Intelligence
The field of Artificial Intelligence (AI) is huge, including a wide range of methods, and
often uses large datasets of different kinds (tabular data, images, etc). AI has the

Willén, E., Friberg, G., Filsberg, G., Andersson, G. et al. 2017. Bestway – beslutstöd för förslag till
huvudbasvägar för skotare- metodrapport [Bestway – Decision support tool for proposing main base
roads for forwarders – method report] Arbetsrapport 945-2017. Skogforsk. Bestway-Beslutsstöd för
förslag till huvudbasvägar för skotare-Metodrapport (skogforsk.se)
29 Rönnqvist, M., Flisberg, P., Willén, E., Frisk,M., Friberg, G. Spatial optimisation of ground based primary
extraction routes using the BestWay decision support system. Can. J. For. Res.
https://doi.org/10.1139/cjfr-2020-0238
30 Kattila. M., Heikkinen, J. 2020. Reducing error in small-area estimates of multi-source forest inventory
by multi-temporal data fusion. Forestry, 93:3, 471–480,
31 Ehlers, S., Grafström, A., Nyström, K., Olsson, H., Ståhl, G.. 2013. Data assimilation in stand-level forest
inventories. Can. J. For. Res. 43:1104–1113. doi: 10.1139/cjfr-2013-0250
32 Nyström, M., Lindgren, N., Wallerman, J., Grafström, A. et al. 2015. Data Assimilation in Forest Inventory:
First Empirical Results. Forests 2015:6. 4540-4557.
28
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potential to be the tool for a digital transformation in forestry33, but gaps exist in the
digital expertise to make best use of the digitalisation.
AI methods, including data learning and cognitive skills, are effective in detecting faulty
data, and may also suggest updates. The operational use of many, and often large,
datasets in forestry have a large potential for AI applications. An early example, from
2004, was the combination of forest stand data and satellite data34 in neural nets. The AI
was trained with the assumption that most of the forest stand data were correct, and
then faulty data were detected in forest stands with a deviation from the spectral
response of satellite data. In summary, errors included forest volumes and tree species
composition and were detected for about 9% of the forest stands, ranked in relation to
their error. Updated information about the forest stand was provided, but merely
suggested as an input for field verification. Many of the errors were due to changes in
non-recorded stand delineations.
The use of AI for detecting and updating anomalies in data is a common application35.
Cloud detection in satellite images may use AI, not only to detect clouds, but also to
suggest new spectral data to replace the ‘faulty’ data (covered by clouds). The previous
application with errors in stand databases could be updated with newly available
datasets, e.g. LiDAR estimates, for improved results.
AI is used to model spatially and temporally varying forest dynamics and might capture
relationships not easily measured otherwise36, e.g. diameter, height, and age. This is one
example of how AI can use data from remote sensing and inventories to predict and
identify faulty data in forest planning.
Another example is the use of AI to predict time, costs, and productivity of forest
operations using neural nets37. Previous methods are based on time studies and then
applied to new forest operations. This new method has a potential to identify and
update poor estimations with conventional methods.

Holmström. J. 2020. Digital Transformation of the Swedish Forestry Value chain: Key Bottlenecks and Pathways
Forward. Mistra Digital Forest.
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Willén, E., Rosengren, M. 2004. Identifiering av avvikelser och felaktigheter i stora skogliga
beståndsdatabaser med satellitdata. Rapport för Rymdstyrelsen.
35 Hodge, V., Austin, J. 2004. A survey of outlier detection methodologies. Artificial Intelligence Review 22.
36 Chen, J., Yang, H., Man, R., Wang, W. et al. 2020. Using machine learning to synthesize spatiotemporal
data for modelling DBH-height and DBH-height-age relationships in boreal forests,
Forest Ecology and Management, 466, Using machine learning to synthesize spatiotemporal data for
modelling DBH-height and DBH-height-age relationships in boreal forests - ScienceDirect
37 Rosario, P. A., Giulio, S., Corrado, C., Mauro, M., et al. 2017. A Three-Step Neural Network Artificial
Intelligence Modeling Approach for Time, Productivity and Costs Prediction: A Case Study in Italian
Forestry. Cr. J. For. Eng., 41:1. https://doi.org/10.5552/crojfe.2020.611
34
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Case study - Comparison of LiDAR-based and harvester-based tree volumes
Introduction
Tree harvest with modern harvesters includes detailed measurements of the volume of
each log. The harvested volume may be compared with forest stand volumes calculated
based on LiDAR scanning38,39. When LiDAR estimates of tree volume are compared with
field measurements (survey data), differences of around 20% (relative RMSE) are
reported40.
The aim of the present case study was to compare LiDAR-based and harvest-based tree
volumes for twelve clearcuts in southern Sweden, and discuss the use of the method for
finding faulty data.
Material and methods
The study area is situated in southern Sweden, and comprises 12 smallholder clearcuts
of 1.4−5.1 hectares (Table 1), harvested in 2019 by contractors to Södra (an industry
group/forest owner association in southern Sweden). The harvester production files
(*.hpr) included the positions and volume of each harvested tree, referred to as the
actual harvested volume. The harvested volume did not include branches and tops on
these clearcuts.
Each site was delineated by using the GPS positions from the harvester production files,
creating 10-m buffer polygons around all positions. The individual polygons at a site
were aggregated and dissolved into one polygon. The polygon outline was simplified by
removing extraneous vertices while preserving essential shape (simplification tolerance
3 metres).
All final site polygons were run in the Bestway tool41 which generates LiDAR-based
volume for the area. The volume unit used in this study was forest cubic metre (m3f),
which includes the total stem volume on bark, from the stump to the tip. The input data
was based on LiDAR scans from 2011/2012. To account for the tree growth until
Saukkola A, Melkas T, Riekki K, Sirparanta S,et al. 2019. Predicting forest inventory attributes using
airborne laser scanning, aerial imagery, and harvester data. Remote Sensing, 11
39 Holmgren J, Barth A, Larsson H, Olsson H. 2012. Prediction of stem attributes by combining airborne
laser scanning and measurements from harvesters. Silva Fennica, 46, 227-239
40 Nilsson, M., Nordkvist, K., Jonzén, J., Lindgren, N., et al. 2017. A nationwide forest attribute map of
Sweden predicted using airborne laser scanning data and field data from the national forest inventory.
Remote Sens. Environ. 194(194):447–454
41 Rönnqvist, M., Flisberg, P., Willén, E., Frisk, M. and Friberg, G. 2020 Spatial optimisation of ground based
primary extraction routes using the BestWay decision support system. Can. J. For. Res.
38
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clearcutting, the extracted volumes were enumerated with 9 m3f ha-1 yr-1, representing
the average growth of a forest stand in this area42. The LiDAR-based volumes were
compared with the harvested volumes from the harvester hpr-files, using area-weighted
values to account for differences in size. Paired two-sided T-tests were run in Microsoft
Excel to test for any agreement between the two different volume methods. The level of
significance was set to p<0.05.
After testing for agreement, all clearcuts were carefully studied to find causes of faulty
data. Corrections for shelter wood/seed trees for natural regeneration, windblown
trees, thinning operations, or other cutting activities since the LiDAR scan (both within
and close to the border of the site) were included, and a new T-test was run on the
corrected data.
To compare the results with a more extensive dataset for southern Sweden, data from
another project were used for comparison (Eriksson, pers. com, 2020). In that project,
LiDAR-based volumes were compared with harvested volumes from 23 clearcuts from
southern Sweden, divided into 1-2 ha units (the total dataset consisted of 60 clearcut
stands divided into 700 units). The GPS positions of the harvester were used to find the
boundaries, including a buffer zone of 6 m towards outer boundaries and 12 m to inner.
Results
The two methods for estimating tree volume produced different results (p<0.0001),
where the LiDAR-based volumes were on average 36% larger than the harvested
volumes (Table 1, Figure 5a). The results differed depending on the volume per hectare,
where larger volumes generated more similar results than smaller volumes (Figure 5a).
After corrections of the obvious faulty data, there was still a difference between the two
methods (p<0.0001, Table 1, Figure 5b), and the LiDAR-based volume was on average
24% larger than the harvested volumes (Table 1).
Results from the unpublished study by Eriksson (pers. com. 2020) show similar trends
for southern Sweden, where LiDAR-based volumes are larger than harvester-based
volumes, and the difference is more pronounced for smaller units than larger (Figure 6).

https://www.skogsstyrelsen.se/globalassets/statistik/historisk-statistik/skogsstatistisk-arsbok-20102014/skogsstatistisk-arsbok-2014.pdf Tabell 3.6c. Mean site quality by ownership class and county. 20092013. Excluding protected productive forest land.
42
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Table 1. Data from the harvested stands in southern Sweden, included in the comparison. The harvested
volumes are the stem volumes from the *.hpr-files. The original LiDAR-based volumes are based on LiDAR
scans seven years before clearcutting. The enumerated values include an addition of 9 m3f ha-1 yr-1 to account
for the growth in the area. The corrected values include corrections for faulty data, as described in the text.
Mean, median, and standard deviation (SD) are included.

Size
(ha)
3.3
4.1
4.6
4.8
1.8
2.6
3.0
2.3
2.2
1.5
5.1
1.4

Mean 229
Median 228
SD
41

LiDAR-based volume (m3 ha-1)

400

249
242
36

Enumerated
LiDAR-based
volume
(7-yr-growth)
(m3f ha-1)
305
384
279
296
328
354
292
261
274
343
305
326

Corrected
enumerated
LiDAR-based
volume
(m3f ha-1)
305
343
261
243
328
251
292
217
274
305
305
298

312
305
36

285
295
37

Original volumes per hectare

300

Corrected volumes per hectare

300

200

200

y = 0,59x + 114
R² = 0,46
100

a)

400

LiDAR-based volume (m3 ha-1)

Original
LiDARHarvested based
volume
volume
3
-1
(m f ha ) (m3f ha-1)
234
242
275
321
217
216
193
233
272
265
223
291
178
229
155
198
219
211
240
280
245
242
298
263

y = 0,69x + 128
R² = 0,59

100
100

200

300

harvested volume (m3 ha-1)

400

b)

100

200

300

harvested volume (m3 ha-1)

400

Figure 5. LiDAR-based volumes plotted against harvester-based volumes from 12 clearcuts (hectare mean
values). Figure a) is based on original data whereas figure b) includes corrections of obvious faulty data.
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South of Sweden, volumes per 1-2 ha units
LiDar-based volume (m3)

600
500
400
300
200

y = 0,66x + 124
R² = 0,81

100
100

200

300

400

harvested volume

500

600

(m3)

Figure 6. LiDAR-based estimates plotted against harvester-based volumes from 23 clearcuts in southern
Sweden, divided into 1-2 ha units (Eriksson, pers. com., 2020).

Discussion
This case study involved 12 small clearcuts in southern Sweden (1.4-5.1 ha, Table 1),
and the LiDAR-based volumes were generally larger than the harvested volumes. There
are several reasons for this, the most obvious being that all volume visible in the LiDAR
scans are cut. Some small units may be left, as they consist of younger trees or
conservation measures, and tops are included in the LiDAR-based volumes but not in the
harvested volumes.
In this study, the sites were studied one by one to find and correct faulty data, but even
after these corrections there was still a significant difference between the two methods
(Table 1, Figure 5). The edge effect produced the largest corrections of faulty data.
Especially erroneous were sites where the adjacent forest (bordering the sites) was cut
after the LiDAR scan. Another edge effect is due to the buffer method, as the boundaries
were decided using a buffer of 10 m on each side of the harvester. Along the edges, the
harvester is sometimes positioned at the very edge and does not cut trees on the outer
side. In those cases, the buffer automatically adds 10 m width to the total area and
includes more volume in the LiDAR-based estimations than what is actually harvested.
The edge effects were especially pronounced in this case study, as the sites were small
(3 ha on average).
The correction of faulty data that changed the results the most was the recalculation for
seed trees/shelter wood left at three of the clearcuts after harvest. Another common
cause of faulty data in these areas was windblown trees and other cuttings between the
LiDAR scan and the final felling. In addition, the sites included units of younger forest
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that were included in the LiDAR-based volumes but were not harvested. The examples
of faulty data based on cutting operations before final felling will be exaggerated if they
occurred a long time ago, as the enumerating process to account for tree growth will
include these trees as well.
Normally, about 5% of the volume is left in various conservation measures, for example
buffer zones along water, high stumps, and groups of trees in moist areas. None of these
measures were identified when the faulty data were corrected manually in this study. In
combination with the tops that are included in LiDAR volumes, but not harvested here,
higher volumes based on the LiDAR scan are expected. However, an overestimation of
24% (after the corrections) by the LiDAR-based volumes is still more than could be
expected from conservation measures and tops. As the unpublished study by Eriksson
(pers. com. 2020) shows similar results for southern Sweden (Figure 6), but more
precise results from the rest of the country, an explanation could lie in the clearcut area
sizes in southern Sweden. As the sites are generally smaller than in the rest of the
country, the clearcut edge effects will play a greater role.
To conclude, for small sites in southern Sweden, comparing LiDAR-based volumes and
harvested volumes is not enough to identify all faulty data. However, the method has
potential on larger sites where the edge effects are less severe.
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Summary and conclusions
•

•

•

•

•

The models for identifying faulty data suggested in this report were harvester
data models, optimisation models, data assimilation, and artificial intelligence. Of
these models, the harvester data models are the most straightforward to use for
updating forest figures, but data assimilation and AI have great potential in the
future for a wider range of data.
Finding faulty data, to produce more precise descriptions of the state of the
forest, leads to more accurate forecasts, improved planning, and greater
efficiency in forest operations. However, there is a trade-off in the cost of
collecting and analysing the data and it is important to focus on the most costefficient methods still producing reliable data. This could be explored further in
future research.
To use the full potential of LiDAR data, it is important that not too many years
have passed since the last scan, as the enumerating process to account for tree
growth will exaggerate faulty data, for example if other cutting operations have
been carried out after the last scan but before the final harvest.
A challenge to achieving better conformity between forecasts and outcome is
rational operational planning when, for example, nearby windblown trees are cut
outside the planned site. This will cause faulty data in those sites, especially if the
forest stand volume is enumerated several years.
Extra caution is necessary when using LiDAR estimates of forest volume to
update forecasts for small sites, as the edge effect will play a significant role – at
least in southern Sweden as indicated by the present case study.
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