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Abstract

Background: The Norwegian forest resource map (SR16) maps forest attributes by combining national forest
inventory (NFI), airborne laser scanning (ALS) and other remotely sensed data. While the ALS data were acquired
over a time interval of 10 years using various sensors and settings, the NFI data are continuously collected. Aims of
this study were to analyze the effects of stratification on models linking remotely sensed and field data, and assess
the accuracy overall and at the ALS project level.

Materials and methods: The model dataset consisted of 9203 NFI field plots and data from 367 ALS projects,
covering 17 Mha and 2/3 of the productive forest in Norway. Mixed-effects regression models were used to
account for differences among ALS projects. Two types of stratification were used to fit models: 1) stratification by
the three main tree species groups spruce, pine and deciduous resulted in species-specific models that can utilize a
satellite-based species map for improving predictions, and 2) stratification by species and maturity class resulted in
stratum-specific models that can be used in forest management inventories where each stand regularly is visually
stratified accordingly. Stratified models were compared to general models that were fit without stratifying the data.

Results: The species-specific models had relative root-mean-squared errors (RMSEs) of 35%, 34%, 31%, and 12% for
volume, aboveground biomass, basal area, and Lorey’s height, respectively. These RMSEs were 2–7 percentage
points (pp) smaller than those of general models. When validating using predicted species, RMSEs were 0–4 pp.
smaller than those of general models. Models stratified by main species and maturity class further improved RMSEs
compared to species-specific models by up to 1.8 pp. Using mixed-effects models over ordinary least squares
models resulted in a decrease of RMSE for timber volume of 1.0–3.9 pp., depending on the main tree species.
RMSEs for timber volume ranged between 19%–59% among individual ALS projects.

Conclusions: The stratification by tree species considerably improved models of forest structural variables. A further
stratification by maturity class improved these models only moderately. The accuracy of the models utilized in SR16
were within the range reported from other ALS-based forest inventories, but local variations are apparent.
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Background
Knowledge of status and trends of ecosystem services
provided by forests is a key requirement for informed
policy and management decisions on various scales,
ranging from national to regional and local scales.
National forest inventories (NFIs) typically provide
this kind of information on the national to regional
scale based on a set of sample plots distributed within
the country (Tomppo et al. 2010; Vidal et al. 2016).
The availability of remotely sensed data – such as
from airborne laser scanning (ALS) or satellite im-
agery – opens up new possibilities for NFIs (McRo-
berts and Tomppo 2007). By combining the field
registrations in the NFI with remotely sensed data, es-
timates can be improved (McRoberts et al. 2002)
which, for example, enables estimates for smaller re-
gions or even local scale (Breidenbach and Astrup
2012; Breidenbach et al. 2021). The principle is to
model the relationship between field measured forest
attributes and metrics derived from the remotely
sensed data. This model is utilized to map informa-
tion of the forest in the areas between NFI sample lo-
cations, which in turn enables estimation for smaller
areas than with the use of NFI field plots alone. The
use of remotely sensed data does also – in addition
to the ability to provide estimates for smaller areas –
enable the production of continuous forest resource
maps, based on remotely sensed and NFI field data,
e.g. (Nord-Larsen and Schumacher 2012; Bohlin et al.
2017; Nilsson et al. 2017).
In 2015, the Norwegian forest resource map (SR16)

based on aerial image matching data, was published for
the 5 Mha Trøndelag region (Rahlf et al. 2017; Astrup
et al. 2019). Following the area-based approach (Næsset
2002), timber volume, biomass, basal area, tree height,
site index – and the respective prediction intervals – are
provided for maps with a grid cell size of 16 m × 16m.
Stand-like segments were generated using object-based
image analysis and segment-level (synthetic) estimates
including model-dependent uncertainties are available
for the mapped forest attributes (Breidenbach et al.
2016). The map covers the entire forested area in the
published region, and provides publicly available forest
information at an unprecedented level of detail in the
area, compared to the regional statistics previously pub-
lished based on the NFI field plots. Also in 2015, the
Norwegian Mapping Agency started a national ALS
campaign that is planned to be finalized in 2021. ALS
data from this campaign are used in the current develop-
ment of SR16 which, as of today, already covers more
than 95% of Norway’s forest area and is freely available
via an online application (NIBIO 2020). SR16 is planned
to be updated annually by utilizing the newest NFI data
and canopy cover loss maps (Hansen et al. 2013). The

latter also opens up for new map layers such as annual
volume and biomass loss (NIBIO 2020; Breidenbach
et al. 2021) which in Norway is largely driven by
harvests.
Stratification is a concept which is often used when

predicting forest attributes using ALS-based models in
smaller-scale forest management inventories (Maltamo
et al. 2021). The relationship between the ALS data
and properties of the forest often vary between forest
types, and in boreal forest individual strata are typic-
ally defined by attributes such as main tree species,
site productivity and development class (Næsset 2002,
2014). The principle is then to fit separate models for
each stratum, and predict using the model corre-
sponding to the stratum which the area of interest
belongs to. One aspect of using stratification is that
the delineation between strata must be known for the
entire area of interest, in order to be able to predict
for that area. Whereas stratifications in for example a
forest management inventory can be based on attri-
butes derived from manual interpretation of aerial im-
agery, this will not be possible at a regional or
national level. Definition of strata must in those cases
therefore be based on information which can more
easily be made available for the entire area; for ex-
ample information derived from remote sensing data.
It is of interest to further explore how stratification
can be utilised in large scale mapping, and the effect
of such a stratification.
One aspect that can be a challenge when creating a

forest resource map at a national level, is to handle het-
erogeneous sets of data. In a comparable application
(Nilsson et al. 2017) models were fitted with NFI plots
from close-by locations. The ALS data used in the
present study consist of hundreds of smaller projects,
each with differences in attributes such as acquisition
time, sensor model, sensor settings, flying altitude, and
point density. The NFI data used as the ground refer-
ence are coherent in terms of data acquisition, but are
acquired over a period of 5 years, and are also relatively
sparsely distributed spatially. The sparse spatial distribu-
tion of NFI data in addition to the varying ALS project
area sizes lead to ALS projects with only few or no NFI
field plots. We therefore used mixed-effects models, in
order to account for the diverse nature of the ALS data
as well as the spatial distribution of the ground reference
data.
The aim of this study was to document and assess the

methods used to produce the forest resource map SR16
at national level utilizing heterogeneous sets of data,
with a focus on these key issues:

� Assessing the effect– in terms of accuracy– of
using species-specific models and models stratified
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