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Abstract 

Biological and ecological important areas and species are in increasing focus now. 

Earlier protected areas have mostly excluded productive forest areas in Norway. The 

added focus on these areas combined with an increased interest in biodiversity has led 

to the production of this study. It was therefore examined to see if it was possible to 

categorize these degrees of naturalness and to see if it was possible to remotely sense 

these areas. The remote sensing technique if successful will decrease time and costs 

used identifying these areas in the field. In this study Airborne Laser Scanning data 

was used in conjunction with data collected in the field to see if it was possible to 

determine old natural forests and to see if it was possible to distinguish between the 

naturalness categories using ALS. It was decided to use Random Forest decision tree 

model to predict the factors from the ALS that were the most important in the 

predication of naturalness. Height variables were the variables that were deemed the 

most decisive according to the Random Forest Analysis. The aim of this thesis is to 

evaluate methods to map ONFs using ALS. More specifically the objective was to 

include methods to maps the ONFs gradient of definitions to six categories. 

Untouched (virgin), ancient, semi-natural, old-selective, old managed, and managed.  
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1. introduction  
Ever since man learned to use the resources available from forests, many areas have 

been subjected to change due to human activity. Due to increased greenhouse gases in 

our atmosphere, that humans accelerated, we can no longer claim that any forest 

globally can be truly defined as natural. The gases have changed the biological integrity 

of these forests (European Environment Agency, 2014). This is one reason why studies 

of these types are important.  

 

Protection incitive and certification 
Due to an increased interest in our global community and the effect humans are 

having upon the environment we have higher focus to protect our forests in recent 

years. The REDD+ (Reducing emissions from deforestation and forest degradation) 

initiative is one such example providing means to combat deforestation and 

sustainable management in the tropics (Levin et al., 2008). Furthermore, the use of 

forest certifications has increased in the past 2-3 decades (Overdevest, 2010), Forest 

Stewardship Council (FSC), Programme for the Endorsement of Forest Certification 

(PEFC), Canadian Standards Association (CSA) and Sustainable Forest initiative 

(SFI), increase the care taken for biodiversity and sustainable management in forested 

areas (Ozinga, 2001). PEFC and FSC is the most used certification schemes in 

Norway (Norwegian Forest Group, s.a.) The PEFC standard has regulations for 

protecting areas of importance called key habitats, requirement 21 the PEFC standard, 

these include areas like Old-Natural Forests, ONFs, (Norwegian PEFC Forest 

Standard, n.d.). 

 

Old-Natural forests 
ONFs have received increased attention the latter years and ONFs are important for 

several reasons.  Firstly, studies have shown that they are valuable as carbon sinks 

both in the biomass and soil (Luyssaert et al., 2008; Zhou et al., 2006). Secondly, they 

are important ecologically. This is because the rarity of these areas leads to rare 
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habitats that often contain species that are also endangered globally (Brūmelis et al., 

2011). Increased interest in keystone species and ecosystem engineers during the latter 

half of the last century has been a topic of interest for ecologists since the late 60s 

(Spies, 2004). The keystone and ecosystem engineers can change the surrounding 

habitat to an extent that they have an impact on lots of other species that share the 

community with them. This impact is often essential for the survival of the 

community. Removal of keystone species can lead to an irreversible cascade effect 

(Fitzpatrick et al., 2020).  

 

Thirdly they have commercial value as the quality of timber from such forests usually 

are of higher quality than timber from plantations (Petit et at., 2004: Agestam et al., 

1998). Old-natural forests will also produce ore-pine, which is used in the restoration 

of old stave churches and other old buildings. Ore-pine wood is mostly obtainable 

from old-growth montane forests because it develops in the heartwood of pine trees 

that have reached a certain age (Burke, 2020). The development of heartwood in pine 

trees is dependent upon several factors but age is thought to be the driving one 

(Gjerdrum. P. 2003). These areas can also be used as recreational purposes as they 

often have a pleasant species composition. There is an increased possibility to find 

endangered species and the area is probably protected, this may increase the 

attractiveness of these areas to a lot of people (Simkin et al., 2020).  

 

There are many reasons to map ONFs, but one of the most important is the ecological 

aspect that ONFs involves. The European Union has had nature legislations that date 

back to the late 70s and they have been focusing on biodiversity since 1998 (European 

Environment Agency, 2014). If more ONFs was available to study, it would lead to a 

better understanding of these ecosystems and how important they are to the 

surrounding environment. This will aid in the management techniques that are applied 

to these areas and the ecological decisions about the future of these areas, it will not 

always be the case that all ONFs are of equal value. Conservation of endangered 

species could increase biodiversity in forests, and this can not only have a benefit 

ecologically, but could also improve the conditions of the species found in the forest 

communities. In stands that have a higher biodiversity the vitality of these stands is 
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higher, this is due to cooperation by different species (Felton et al., 2010). It may also 

have benefits to commercial forestry. ONFs often contain a heterogenic structure, 

both in species composition and variation in development stages. Different species 

and development stages can also increase the vitality of the stand and result in less 

damage due to wind and snow. It will in turn increase the volume harvested during 

thinning and clear cutting. This occurs because of the shelter provided due to different 

heights and branching structures throughout the species diversity and the variation in 

age creates more difference in structure creating more shelter and support (Frivold et 

al., 2001). It has also been suggested that increased biodiversity could have a positive 

effect on the mycorrhizae community which has been suggested will aid in the 

fixation of nitrogen (Mikola, 1986) and aid in increased growth of these species and 

their hosts (Dvorák et al., 2017). Studies have been carried out to assess the amount of 

biomass found in Norway spruce forests in southern Sweden in connection with the 

number of Ectomycorrhizal fungi grown in ONFs (Dahlberg et al., 1996). 

 

Naturalness 
The term natural seems to be everywhere these days, from products we use daily to 

wilderness habitats that are categorized from their naturalness (Winters 2012). In fact, 

the naturalness of forests is directly connected to biodiversity and human activity. 

Several studies have been done on the subject (Michel & Winter, 2009; Ranius et al., 

2009). Naturalness is often characterized by the number of adapted species that often 

have a high level of rareness or are even perhaps endangered. This leads us to the 

importance of protecting vulnerable areas to not lose these habitats (Cardoso et al., 

2007). A study published in 1955 suggested dividing up the naturalness into 

Hemeroby classes, which is used in botany and ecology (Steinhardt et al., 1999). 

Hemeroby will often use the specific site conditions and vegetation present. A high 

level of Hemeroby equates to a high level of human activity (Jalas et al., 1955). Since 

Forestry is concerned with the production of timber it is logical to use the 

aboveground biomass to determine the naturalness of the stands. (McRoberts et al., 

2012). Since the middle of the last century there has been focus on naturalness, often 

naturalness is combined with human influence so dating naturalness globally is 

difficult due to the different time periods the earth was colonized. For example, the 

old and new worlds cannot be the same due to the difference in the global expansion 
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of humanity. Even parts of North American have fluctuations due to population 

variations. There was a higher population earlier due to the almost catastrophically 

effects of smallpox from Europe which decimated the indigenous population 

(Angermeier. 2000). Therefore, another method of classification is required, one that 

is based on biotic factors. The factors that contribute most to naturalness are shown in 

the figure below (McRoberts et al., 2012).  

 

Figure 1. List of the most important factors that contributes normally to the possible detection of ONFs (McRoberts et al., 2012).  

 

Naturalness gradient 

When we consider the management practices of ONFs we need to be able to 

categorize these forests into different categories so we can differentiate between the 

varied habitats. Certain habitats will have an increased chance of sustaining 

endangered species. This is important in conservation (Male et al., 2005). One 

recognized method of deciding which gradient should be applied is the describing of 

naturalness in the stand. Naturalness has been described as “the similarity of a current 

ecosystem state to its natural state” (Christensen et al., 2005). When looking at 

naturalness it can often be confused with biodiversity since often areas of high 

biodiversity have a high level of naturalness and vice versa. This is normally only the 

case in areas that are not affected by high stress situations such as drought, leeching of 

nutrients and extreme cold. All these factors can reduce the biodiversity (European 

Environment Agency, 2014). 
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Definitions 
Natural will allow for some human activity in the past but must have returned to a 

natural state. Virgin, on the other hand, is completely untouched and has developed 

without human intervention. These forests are extremely rare in Europe because of 

high population densities and intensive land use. Other terms used to describe forest 

naturalness are ancient and semi-natural forests, this describes forests that are 

relatively untouched for several centuries or since, the production of reliable maps. 

Most of these forests are growing on old prehistoric sites whilst others were cleared 

for agriculture but have reverted to their original state since then. The production of 

maps led to more detailed records being kept and it is one time in history that is used 

to categorize naturalness (Peterken 1993). Semi-natural forests refer to forests that 

have been subjected to silviculture processes but still have their natural species 

composition and structure of an untouched forest (Schuck et al., 1994). The terms old 

managed forests and old selectively logged forest are also widely used to describe 

forests that have seen human activity, but like the semi-natural forests these have 

reverted to an almost natural state (Lie, 2012). The difference between old selectively 

logged and old managed forests is that the old selective logged forests have a near 

natural tree composition and has a very high naturalness. The old managed forests 

have a much more homogeneous composition and are much more even aged leading 

to a lower level of naturalness (Sverdrup-Thygeson et al., 2016). In previously 

mentioned studies involving naturalness they have included the use of plantations. 

The term plantations refer to industrial plantations that are planted or sowed in rows in 

a field or on flat ground and not stands that have been regenerated by planting or 

sowing. Since the practice in Norway is rare this strengthened my resolve to exclude 

these types of stands (Evans. J., 1982). Management history of Norway’s forestry has 

been used to calculate the naturalness with the probability of naturalness increasing 

the older the stands are, how much species diversity there is and likelihood of human 

intervention.  

 

 

Introduction to Remote sensing 
Studies have been carried out on naturalness and if it is possible to predict such areas 

with the usage of remote sensing (RS) (Potapov et al. 2008). ONFs has become more 
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valuable for management purposes lately and information of their location is therefore 

key. Efficient methods providing good maps are needed. Comparisons of different 

methods for forest inventories have been examined for many years and studies have 

been carried out on the cost efficiency and inventory accuracy of these studies 

(Bergseng et al. 2013). There are two main methods to collect data on the forest 

inventory, RS, and the field method. The field method involves the physical presence 

of someone in the forest to record the status of the area in question. RS has an 

advantage over the field method because it is much cheaper and quicker, and vast 

tracks of land can be covered in a relatively short time. Advances in technology is 

continual and RS is no different, studies in increasing the accuracy of RS are ongoing 

(White et al. 2016). One such study showed that it was possible to distinguish between 

forests of high naturalness and managed forests. This was achieved by studying the 

structural differences in the RS data (Sverdrup-Thygeson et al. 2016). Another paper 

published findings on the effectiveness of using RS in predicting natural forests 

globally (Curtis, et al. 2018). If it was possible to predict ONFs using RS to a high 

degree of certainty this could reduce the costs that are ensued by using the field 

method.  

 

RS history 
One of the earliest surviving examples of RS is from Boston in 1860, by James 

Wallace Black, where a camera was attached to a balloon and an aerial photo was 

obtained of the city (Khorram, et al. 2016.). Both the first and second world wars were 

big drivers behind the advancements in RS technology. Not only did the world wars 

aid in the developmental use of aero technology in relation to offensive manoeuvres 

but were also of great importance in remote sensing and logistical purposes (Rakha & 

Gorodetsky, 2018). After the second world war the USSR demanded reparation fees 

from the allied and axis countries that now found themselves part of the USSR. They 

used timber to extract these fees and advancements in aerial photogrammetry 

increased (Nita et al., 2018). Aerial photogrammetry continued to be the main RS 

method until the first Landsat satellite was launched into orbit in 1972 (Roy et al., 

2014). As far back as the 50s there was considerable innovation in the use of laser. 

USSR, USA, and Canada were the countries that led the advancements in developing 

these technologies. As early as the 1970s they had used laser to map sea ice and a 
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decade later it was in use mapping forest topography (Nelson, 2013). The Landsat 

satellite project is a collaboration between United States Geological Survey (USGS) 

and National Aeronautics and Space Administration (NASA) and has been in use for 

40 years. There have been 8 satellites that have produced a constant near-global 

coverage. The importance of these remote sensing cannot be understated, and the uses 

are numerous. Wetland protection, climate change studies, disaster management, 

agriculture, and forest management to name a few (Roy. Et al., 2014). There are 

several different types of RS and many studies have been carried out on the 

effectiveness of their uses in connection with forestry (Hyyppä et al., 1999). In the 

early 1970 studies began examining the use of lasers in recording information, Light 

Detecting and Ranging (LiDAR). This technology was then used in conjunction with 

aeroplanes and terrestrial systems to map areas (Vauhkomen et al., 2014). 

 

RS types 
There are five main types of RS that are applied in practice today and that can 

theoretically be used to map ONFs. Digital aerial photogrammetry (DAP), airborne 

laser scanning (ALS), terrestrial laser scanning (TLS), high spatial resolution (HSR) 

and very high spatial resolution (VHSR) satellite optical imagery (White. Et al., 

2016). The oldest of these is DAP since it uses a more traditional camera method. 

Having said this, the camera technology used today cannot be compared to early 

cameras. Since advances have been made in digital photography DAP has increased 

its usefulness in the world of remote sensing. Today 3D pictures are produced, and 

these pictures are of good enough quality to compete with laser scanning methods in 

certain fields. TLS and ALS will result in a higher quality RS than DAP but 

depending upon usage it is not always required to have the most detailed picture as 

possible. Higher detailed pictures may just increase assessment costs of future 

management. ALS is probably the biggest competitor to DAP, especially in 

conjunction with forest management (Kangas et al., 2018). ALS uses lasers to create a 

dot cloud of a 3D object and will penetrate the canopy of obstructing objects more 

than DAP and will therefore result in a more accurate picture of the vertical structure 

of the object in question. If an even more detailed image is required, it may be better 

to use TLS as it is positioned on the ground much closer to the object. TLS is much 

more expensive and is more time consuming than DAP and ALS (White et al., 2016). 
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ALS uses lasers that it directs towards the earth, there is a return sensor attached to the 

aircraft that then picks up the signal and then uses the delay to determine the distance 

the laser travelled. This will then give us a detailed picture of the contours of the 

ground and a better impression of the vegetation that is present there. The 

advancement of laser technology led to them being used in RS. The invention of 

higher pulsed lasers also increased their accuracy and attractiveness over other RS 

methods (Wehr & Lohr. 1999). 

 

 

Airborne Laser Scanning (ALS) 
In the last 15 years in Norway there has been much focus on RS, particularly ALS. 

The effectiveness of ALS as a RS method is strengthened by the amount of data that 

can be collected in comparison to DAP, DAP relies on the usage of ALS in mapping 

the contours of the forest floor in detail (Goodbody et al., 2019). The ALS enables us 

to determine the volume, height, density, canopy cover and variation in forest 

structure (Dalla Corte et al., 2020). ALS data can also be used to give us information 

on carbon and biomass (Turner et al., 2004), all the Nordic countries bar Iceland use 

ALS as a national mapping system for forestry (Kangas et al., 2018).  Since the 

evidence of human activity and species composition is determined through field work 

and ALS mapping the next most important factor is age. This study uses age 

predominantly to assess the naturalness of forests. It was decided to exclude downed 

deadwood in this study because the data collected in the field did not include 

deadwood found on the forest floor, this was unfortunate since detritus is a very 

important factor when mapping ONFs. We did however include standing dead trees.  

 

This study will concentrate on ALS since it can also be used for many other 

applications and is the main RS method used in Norway. Since DAP requires ALS to 

map the contours of the forest floor this will increase the costs of DAP compared with 

using only ALS. When using ALS, it is easier to register the number of dead lying 

wood that is registered there which otherwise might have been overlooked by using 

DAP. This would be useful in the future to map possible endangered species that have 
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their living habitats in decomposing wood (Pesonen et al., 2008). This method also 

gives a better image of any secondary canopy and therefore will increase its ability to 

determine between old managed forests and old near-natural forests (Maltamo et., 

2014). 

 

Objective 
The aim of this thesis is to evaluate methods to map naturalness using ALS. More 

specifically the objective was to include methods to maps the ONFs gradient of 

definitions to six naturalness categories: Untouched (virgin), ancient, semi-natural, 

old-selective, old managed, and managed.  
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2. Materials and methods 

Study area 
For this specific study the area of interest encompassed Telemark and Buskerud, this 

is where the field data was collected during the summer of 2020. In addition to this, 

data from the Norwegian National Forest Inventory (NFI) was also used from these 

two counties.  

Buskerud county borders on Oslo Fjord but in its most northernly areas it is quite 

mountainous and rugged, the same can be said of Telemark except it has a much 

longer coastline (Figure 1).  

 

Compared to countries further south in Europe and especially the tropics, Norway has 

few native tree species, 19 in total (Kucera. 1998). The most common forest types in 

Norway are evergreen, deciduous and mixed are less frequent but these can vary 

greatly from place to place. For example, you can be in a deciduous forest in lower 

Telemark and in only a couple of hours you are in a montane forest consisting mainly 

of conifer trees. The most common tree species found in Norway are the Norwegian 

spruce (Picae albies), Scots pine (Pinus sylvestris), Downy birch (Betula pubescens) 

and hanging birch (Betula pendula). The birch species are the most widespread, but 

the conifers make up most of the standing volume in Norway because they are the 

most important commercial species in the country (Wielgolaski. 2005: Kullman. 

1996). 
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Figure 2. Study area Buskerud north and Telemark south, coloured. 

 

 

Field Reference data  
Two field datasets were used in the current thesis. First, most of the data that was used 

in this study was from the NFI between 2012 to 2019. Secondly the data that was 

collected during the field work in the summer of 2020. These two data sets were 

compatible due to the same factors being registered in the field. A third data set was 

used to get information from ALS. To simplify matters it has been decided to only use 

the virgin forest term to describe the most untouched habitats, ONFs. When looking at 

the difference between virgin and natural forests we must consider the amount of 

human activity that has occurred. 
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The NFI has been ongoing since 1919 when temporary plots were used. Later the 

establishment of Permanent Sample Plots (PSPs) between 1986 and 1993 occurred, 

these plots are registered once every 5 years and are 250 m2. Due to changes in 

climate, some PSPs have been added to the original number in areas of higher altitude. 

The establishment of the NFI was done to guarantee the sustainability of the forests of 

Norway (Breidenbach et al., 2020). 

 

However, as the NFI to a minor degree cover rare event such as ONFs an additional 

field survey was conducted, and emphasis was made to located sample plots in ONFs. 

The field work on this dataset was carried out in the summer of 2020. The altitude of 

the sites ranged from 5 m - 925 m above sea level and a good geographical variety 

was achieved. On the sample plots, which were 250 m2, all trees with a diameter at 

breast height (DBH) greater than 5 cm were registered, on approximatlely10 trees 

height was recorded using a vertex Hypsometer, precise Global Navigation Satellite 

System (GNSS) coordinates were taken using a differential GNSS and post processed. 

The ages of the two trees with the largest DBH, that were of the dominant species 

were noted, this was accomplished by taking a core sample of these trees, core 

samples were processed in the field. If it was impossible to determine the age in the 

field the core samples were packed up and taken back to a lab to be examined.  

 

 For this study the naturalness was categorised out from a late development stage. 

This development stage is the stage where there is a relatively large DBH in the stand 

and the height is also relatively high. The next category, old managed, is a stand that 

has been managed but has a larger than medium Gini coefficient, this is a 

measurement of biodiversity. Gini coefficient is a measurement of inequality and can 

be used to categorise naturalness, a high Gini coefficient will indicate high levels of 

variation, this is something not normally found in managed forests (O´Hagan et al., 

2018). The third category is the old-selective which has not seen human activity for 

over a hundred years. Semi natural is a stand that has seen human activity but has 

been left untouched for several centuries, over 200 years. For the naturalness 

definition that uses site index and tree species is used in the penultimate category 

(Table 1) and finally the forest character is the highest form of probability and is 
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therefore used in the final category to describe virgin forests (Table 2). Forest 

character is determined by a stand having more than one understorey, high species 

composition and no obvious sign of humans and is determined in the field. The 

biological old forest definition is made up using different site indexes for different 

tree species, Table 1., (Søgaard et al., 2012). 
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Table 1. The penultimate category is built upon the table in that the lower age group, site index and tree species is the defining 

factors determining naturalness (Søgaard et al., 2012). 

  

Site index 
 

species low 6-8 medium 11-17 high 20-26 

spruce >160 >140 >120 

pine >180 >160 >140 

deciduous >120 >100 >80 

 

 

 Table 2. Categories of naturalness categories and the criteria.  

 
Name Definition Naturalness             NFI plots 

Field 

plots 

0 Normal managed forest 

development 

stage late 444 17 

1 Old-managed > 0.6 Gini coefficient 114 0 

2 Old-selective untouched > 100  over 140 years 168 4 

3 Semi-natural untouched > 200  over 200 years 3 0 

4 Ancient 

Biological old 

forest 

natural 

definition * 16 0 

5 Virgin Forest character 

Decides from 

field 39 89 

* Biological old forest is the natural definition that was defined out from the site index and tree species, (Table 1) (Søgaard et al., 

2012). 

 

Airborne Laser Scanning data 
The ALS data that was used was from the counties of Buskerud and Telemark, the 

laser data that was used was from 165 Permanent Sample Plots, PSPs, averaging an 

area roughly 1500 km2 and was acquired from Kartverket, (2021). The heights 

obtained from the ALS was used to calculate height coefficient, standard deviation, 

mean and maximum. In addition to the height variables the ALS also gives use the 

vertical and horizontal canopy height and density, these are categorized into 10 being 
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for the vertical 2 m above the ground (Næsset. E. 2004). The different variables like 

average height, height coefficient, standard deviation volume, biomass, basal area and 

stems were calculated out from height and horizontal percentiles were also created 

(H10, H20…H90), and canopy density (D1, D2…D9) (Sverdrup-Thygeson et al., 

2016). Both descriptions will give an indication into how the size varies in the stand 

and are therefore an indication as to the naturalness of a stand. This is assumed 

because a high variation in size distribution is very rare in managed forests 

  

Statistical analysis 
The factors used were Gini coefficient, stand age, naturalness definition (biological 

old forest), forest character and development class. The statistical analysis that was 

carried out included explorative analysis and prediction model. The explorative 

analysis carried out was in form of boxplots and ANOVA analyses of variance.  This 

was done due to the categorical x factor of naturalness. Tukey Honestly Significant 

Difference was used to see if there was a significant difference between the 

categories. The mean decrease Gini is a description of the importance of the variables 

to the random forest analysis, i.e., their importance to the analysis in descending 

order. The explorative analysis was carried out on forest attributes (biomass, Gini 

coefficient, number of stems, volume, site index and stand age) and ALS variables. In 

the case of the laser data the variables used to plot the box plots were the height, 

height percentiles and the canopy densities. The canopy densities that were used were 

the minimum D1, median D4 and the maximum D9. RStudio (R Core Development 

Team, 2016) was used to analyse the data collected by both field registering and ALS 

RS. 

 

The prediction model was created using the Random Forest classification algorithm. 

Random Forest is a statistical algorithm that uses nodes and branches to analyze every 

possible outcome. Since the data we were working with was large this also validated 

the use of the Random Forest algorithm. The Random Forest algorithm works by 

using many decision trees in conjunction with one another and is therefore more 

precises that individual models (Belgiu et al., 2016). Random Forest algorithm is 

made up of many decision trees put together to analyse more data, figure 3 below 
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shows three decision trees put together to make a simple Random Forest. The Random 

Forest algorithm was employed after the confusion and error matrix were produced. 

 

 

 

Figure 3. Random Forest with nodes and branches made up of three decision trees (Singh. J. 2020).  

 

 A confusion matrix was employed to check the performance of the Random Forest 

algorithm (Table 5).  The confusion matrix tells us the number of true positives and 

true negatives that occurred in the analysis. There were only four naturalness 

categories used, semi natural and ancient were combined with old-selective and virgin 

due to the number of observations. Mean decrease accuracy and mean decrease Gini 

coefficient were also employed to see the weight of the variables that were tested. The 

mean decrease accuracy lists the factors from most important to least whilst the mean 

decrease Gini list the variable in importance to the nodes and branches of the Random 

Forest algorithm.  

 

After producing a confusion matrix an error matrix was calculated. This gives us the 

probability of the user data being true and that it corresponds to an actual site in the 

RS areas (Congalton. 1991). The user error method was used as it corresponds more 

accurately with the corresponding grids in the forest and are therefore more logical to 

use in this instance (Story et al., 1986).  
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3. Results 

 

Explorative analysis forest attributes 

 

Effects of different forest attributes were tested, and the results of these analyses are 

presented in Table 3. The naturalness was plotted in boxplots against some of the 

same variables that were used in the models, biomass, Gini coefficient, number of 

stems, volume, stand age, and site index (Figure 5).  The forest attributes that showed 

a significant difference when using ANOVA were Gini coefficient, number of stems 

and stand age. Biomass and volume did not have significant difference between 

naturalness categories.  

 

Table 3. Results from ANOVA analysis of forest attributes, including the degrees of freedom, sum sq, mean sq, F-value, P-value, 

and significance *= P0.05, **= p0.01, and ***= p0.001 

Forest 

attribute 
Df Sum Sq Mean Sq F-value P-value significance 

      Forest        

Biomass 5 47346 9469 1.757 0.119   

Gini 5 3.569 0.7139 78 <2e-16 *** 

Stems 5 27315472 5463094 12.11 2.57e_11 *** 

Volume 5 98296 19659 1.234 0.291   

Stand age  5 583251 116650 167 <2e-16 *** 

Site Index 5 2956 591.3 39.89 <2e-16 *** 

 

The results of the Tukey HSD are shown below. The figure showing stand age showed 

only two non-significant differences, ancient versus old-managed and virgin versus old-

selective (Figure 4). Gini coefficient significant differences occurred when comparing 

roughly 50 percent of the combinations (Figure 4). When the number of stems is 

considered all the finding had no significant differences except when comparing old 

selective with old managed and when comparing old selective and normal. Five 
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combinations of naturalness categories showed significant differences when taking into 

consideration the site index (Figure 4). 

 

 

Figure 4. Top left is stand age, top right is Gini coefficient, bottom left is number of stems and bottom right is site index 
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Stand age showed the greatest variation between the naturalness categories, with only 

two categories being normally distributed. This means that the variation in the 

findings were skewed either positively or negatively depending upon where the 

median is in the box plot. The two that were normally distributed are those that are on 

different ends of the range normal and virgin (Figure 5a). Ancient and normal had the 

greatest variation whilst semi-natural had the least variation. Gini coefficient varied 

most in the old-selective and ancient categories. The categories that had the least 

variation was the old-managed and the semi-natural. There was recorded outliers in 

the normal forest category that were towards the lower end of the Gini coefficient 

(Figure 5b). Semi natural has the highest volume whilst old selective has the lowest 

(Figure 5c). The number of stems in the semi-natural category differed most form 

other categories, there was a significant difference between semi natural and the other 

naturalness categories (Figure 5d).  Most outliers occurred in the first three 

naturalness categories regarding biomass (Figure 5e). Site index showed normal 

distribution and similar variation in the categories normal, old-managed, and ancient 

whilst the semi-natural was different to the other categories. There is a positive 

skewness in semi-natural and virgin whilst there is a negative skew in old selective. 

Old selective shows variation between categories but not significant (Figure 5f).  
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Figure 5. Naturalness categories plotted against, stand age A, Gini coefficient B, volume C, number of stems D, biomass E and 

site index F. 
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Explorative analysis airborne laser scanning 

The ALS variables that were tested during ANOVA are listed below. Nine variables 

were tested in total and six were significant and three were not (Table 4). Height 

variables were significant in half of the ANOVA tests, the mean height was not 

significantly different. The two variables that had the most significant difference was 

standard deviation and coefficient of variation. The other variables that showed 

significant difference between the naturalness categories in the ANOVA analysis were 

the H10, D0, D4 and D9.  

 

Turkey HSD 
The results of the Tukey HSD are shown in the 95% family-wise confidence level 

height variables had over half of the combinations showed no difference whilst the 

mean height had almost 100% of the combination showing no differences. Four of the 

combinations in the figure for height standard deviation showed not significant 

differences (Figure 6). Only three combinations showed significant differences in the 

lowest height percentile (H10), old managed versus normal, old selective versus 

normal and virgin versus normal. The Tukey for the height percentiles (H10, H40, and 

H90) and for the density metrics (D0, D4, and D9) showed similar patterns with only 

two combinations showing a significant difference, between normal and the two 

categories old managed and old selective (Figure 6 and 7). 
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Table 4. Anova analysis, including the degrees of freedom, sum sq, mean sq, F-value, P-value, and significance for selected ALS 

variables 

ALS Column1 Column2 Column3 Column4 Column5 Column6 

Variable Df. Sum sq. Mean sq. F-value P-value Significance 

Hsd 5 112.5 22.506 17.56 <2e-16 *** 

Hcv 5 12028 240557 31.189 <2e-16 *** 

H10 5 315 62.94 9.503 6.80E-09 *** 

H50 5 100 19.94 1.365 0.235 
 

H90 5 245 48.95 2.651 0.0216 
 

D0 5 1.75 0.3492 7.746 3.50E-12 *** 

D4 5 2.94 0.5882 12.66 5.39E-12 *** 

D5 5 0.0787 0.015731 6.143 1.26E-05 *** 
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Figure 6. Height coefficient of variation top left, height mean centre and height standard deviation. Bottom H10, H40, & H90 
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Figure 7. D0, D4, & D9.  

 

Predictions of naturalness  
The mean decrease accuracy shows the importance of each variable in descending 

order, Hcv was the most and canopy density D4 was of least importance. The mean 

decrease Gini shows that the Hcv is the most influential on the nodes and branches of 

the Random Forest, whilst the Hmean is the least (Figure 8). The overall accuracy was 

59.8% (Table 5). 

 

When testing the user accuracy of the confusion matrix we see that the normal 

category has the highest whilst virgin has the lowest. The overall accuracy of the 

confusion matrix is roughly 60%. The user’s accuracy is high for normal and under 

40% for the other three categories, the producer’s accuracy ranges from 64 – 47 % 

(Table 5). 
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Table 5. Confusion matrix 

  Observed  

 

 
Normal 

Old-

managed 

Old-

selective Virgin Row total 

User’s 

accuracy 

P
red

icted
 

Normal 580 20 56 27 683 84.9 

Old-

managed 78 51 25 15 169 30.2 

Old-

selective 138 17 110 11 276 39.9 

Virgin 107 14 21 47 189 24.9 

Total 903 102 212 100 1317  

 

Producer’s 

accuracy 64.2 50 51.9 47.0 
 

 

 

 

 

 

Figure 8. Random Forest left mean decrease accuracy and right mean decrease Gini coefficient.  
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Looking at the results for ALS variables we see that there are categories that are 

significantly different from the others, ancient is different than virgin and old-

managed and these differences are significant. All the naturalness categories have 

outliers except for semi-natural (Figure 10). This pattern is almost repeated in the next 

figure, but here we also see that the ancient also does not include outliers. Normal, 

old-managed, old-selective and virgin are all normally distributed. Semi-natural has 

the least variation of observations while normal, old-managed, and ancient have the 

largest variation of observations in the data (Figure 9). Semi-natural is significantly 

different from the old-managed and the ancient naturalness categories in the figure 

presenting results for H90, the stand age has also increased in this height percentile. 

  

There was no difference in the naturalness categories in relation to the variation in D0 

canopy density. There were also few outliers, only one was observed in the normal 

forest category. All the naturalness categories had variation in the data, semi-natural 

was the category that had the densest observations (Figure 10). This pattern was 

repeated for the D4 observations, semi-natural observations were clustered much 

more closely than the other categories. This is also true for the D9 data but here the 

other naturalness categories were not as varied as in D0 and D4. There were also 

many more outliers for the D9 variable than for the two other density variables, The 

density in all the naturalness categories is reduced considerably in the D9 density, y 

axis is a smaller scale (Figure 10). We see from the canopy density variables, D0, D4, 

and D9, that the patterns are similar for all these variables, the variation in stand age 

in the categories is largest for the D0 and decreases to the D9 density, where D0 is the 

densest and D9 the most spacious (Figure 10).  

 

There is a significant difference of stand age between the semi-natural, ancient, and 

old-managed, most outliers were observed in the normal and old-selective categories. 

Old-selective is positively skewed as is ancient but not to the same extent as semi-

natural (Figure 11). When looking at mean height compared with stand age, we see a 

variety in the observations in all categories with semi-natural having the least 

variation. Ancient and semi-natural are positive skewed (Figure 11). The categories 
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that are normally distributed in the height coefficient are normal, old selective and 

virgin. Old-managed and virgin are significantly different from semi-natural with 

most of the outliers in normal and old-managed. 

 

 

Figure 9. Height coefficient variance, height mean and height standard deviation 
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 Figure 10. Height percentiles (H10, H50, and H90) Canopy density variables (D0, D4, and D9) for all the naturalness categories 

plotted against density that ranges from zero to 1, same index used on all three but the D9 is much lower density. 

  

H10 H50 H90

no
rm

al 
(0)

old
−m

an
ag

ed
 (1

)

old
−s

ele
cti

ve
 (2

)

se
mi
−n

atu
ral

 (3
)

an
cie

nt 
(4)

vir
gin

 (5
)

no
rm

al 
(0)

old
−m

an
ag

ed
 (1

)

old
−s

ele
cti

ve
 (2

)

se
mi
−n

atu
ral

 (3
)

an
cie

nt 
(4)

vir
gin

 (5
)

no
rm

al 
(0)

old
−m

an
ag

ed
 (1

)

old
−s

ele
cti

ve
 (2

)

se
mi
−n

atu
ral

 (3
)

an
cie

nt 
(4)

vir
gin

 (5
)

10

20

30

5

10

15

20

5

10

15

20

naturalness

sta
nd

 ag
e

D0 D4 D9

norm
al (0

)
old−

man
aged

 (1)
old−

sele
ctive

 (2)
sem

i−na
tura

l (3)
anci

ent (
4)

virgi
n (5

)

norm
al (0

)
old−

man
aged

 (1)
old−

sele
ctive

 (2)
sem

i−na
tura

l (3)
anci

ent (
4)

virgi
n (5

)

norm
al (0

)
old−

man
aged

 (1)
old−

sele
ctive

 (2)
sem

i−na
tura

l (3)
anci

ent (
4)

virgi
n (5

)

0.0

0.1

0.2

0.3

0.4

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

naturalness

Stan
d de

nsity



 32 

5. Discussion 
 

A goal of this study was to categorize the ONF that is found in Norway, this was done 

by deciding biotic factors that lead to the creation of ONF is certain areas in Norway. 

The infant stage of the project was predicting ONFs using RS, next it was necessary to 

conduct field work to collect the data that is used in the statistical analysis of these 

plots. The use of the NFI data was granted access by NIBIO and the ALS data was 

downloaded from Karvertet (2021). 

 

Forest attributes 
The ANOVA variation analysis showed the most important forest attributes that 

describe the possible occurrence of ONFs. Some of the most significant forest 

attributes were Gini coefficient, number of stems, and stand age. Gini coefficient and 

stand age have a higher p-value than forest attribute number of stems. This is quite 

logical in that Gini coefficient is a measurement of biodiversity, generally managed 

stands will be more homogenic and therefore have a lower Gini coefficient than more 

natural stands (Rousse et al., 1999). Since natural stands have not been thinned there 

will be fewer trees in a managed one but if they are left to thin naturally an 

understorey will develop, and the overall tree number could increase, so generally 

speaking ONFs will have a higher number of stems than managed stands (Busing et 

al., 1997). 

 

The Tukey HSD analysis was used to evaluate if the naturalness between the different 

categories of naturalness is significant or not. The Gini coefficient and stand age 

showed that only about 50% of the combinations tested were significantly different, 

using another variable like the number of stems gave less variation in the mean 

difference. This leads us to believe that perhaps Gini coefficient is not the best 

variable to distinguish naturalness and that in fact stem numbers, stand age and site 

index are better indicators for judging naturalness. It is often possible have a high 

biodiversity in areas where it is not expected, for example it is often possible to have 

high biodiversity on clear cuts depending upon the size of the clear cuts and they are 

as far from ONFs as it is possible to get (Pawson. S. M. 2006). Often it is not just the 
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level of biodiversity, but the species composition is often more important. Studies 

have found that increased biodiversity is often linked to altitude and latitude are 

factors that affect biodiversity levels more than logging techniques. This could lead to 

these factors and biodiversity that could be none biotic variables in the classification 

process of categorising naturalness (Hansen et al., 1991). Studies have been carried 

out on continuous cover forest compared to clear cuts to evaluate the types of 

biodiversity found there and whether the different logging methods resulted in 

reduction or increased biodiversity (Seedre et al., 2018). 

 

Stand age is a logical forest attribute to have confirmed as important for describing 

naturalness as a high stand age is directly used for two of the naturalness categories. 

The Gini coefficient was largest in the old managed stands compared to all the other, 

semi natural had the greatest volume and stem numbers. There are studies that show 

increased biodiversity in stands that are managed, which will equate to a high Gini 

coefficient (Didham. 2011.). The smallest Gini coefficient value was found in the 

semi natural, and this category also had the least variation in the data shown. The 

largest ages were observed for the Semi natural category. This should theoretically 

lead to increased biodiversity but because it is not completely untouched this may lead 

to a lower Gini coefficient than ONFs (Gibson et al., 2011). As mentioned earlier, the 

naturalness category that has the largest Gini coefficient value is the old managed, this 

strengthens the earlier comment about biodiversity not being a conclusive method to 

judge naturalness. This may be down to the fact a high Gini coefficient was used to 

stipulate this category and if this is the case perhaps a too high Gini was used. It is 

also important to remember that levels of biodiversity can be misleading due to 

different species composition that can create high levels in managed forests.  

 

The number of stems show a significant difference in stand age between semi natural 

and all the other naturalness categories (Figure 5D). This points to the fact that 

perhaps number of stems are the most conclusive variable to evaluate forest 

naturalness. Semi natural was the category with the highest average biomass (Figure 

5E). However, the biomass did not show a significant level during the ANOVA 

analysis. Even though the biomass did not have any significant results it is something 
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that should be studied in the future, biomass can be used to calculate carbon 

sequestration. There are several factors to take into consideration not least if the soil 

sequestration should be accounted for or not, detritus that releases carbon should be 

considered or not? (Gorte, 2007: Bellassen et al., 2014). This is a subject that 

currently has high focus with the ever-increasing need to combat climate change and 

if it was possible map naturalness on a national level it could indicate the areas with 

potential for increased biomass and carbon sequestration.  

 

The smallest site index values were found for the old selective and semi natural 

categories. Semi natural was significantly different to all other categories except old 

selective. Low site index in the old selective and even lower observations in the semi-

natural could be caused by loss of nutrients through run off escalated the forest 

structure. In the case of old selected there could be a reduction of nutrients brought on 

by the selective logging process (Martinelli et al., 2000). Few studies have been 

written about site index and ONFs, this is logical since site index is a variable that is 

often studied in connection with industrial forestry and not conservation. One study 

on the subject also concluded that it was difficult to get a precise site index from 

ONFs because of their unique growth structure (Sturtevant el al., 2004). In addition to 

this site index is calculated normally in forests that are species homogeny, one 

characteristic of ONFs is that they are more heterogeny in species composition 

(Garcia. O. n.d.). Perhaps a more correct site index could be developed in the future 

that measures site index on mixed stands, studies do exist in mixed stands, but the 

focus is on mixed commercially valuable tree species and not on sites with high 

naturalness (Dānescu et al., 2017).  

 

Location of these sites may also have a contributory factor to there being more old 

selective and semi natural than ancient and virgin. The proximity to human habitats 

historically could have a bearing on the naturalness categories. Areas with difficult 

terrain will have a higher chance of being ONFs, if they are far from human habitats 

too then this is a good combination for possible ONFs mapping.  Perhaps the fact that 

they have been left untouched for centuries has increased the site index of these 

naturalness categories. It is thought that this is down more to site productivity, 
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germination year and climate change in the last century that affect the nutrient cycle 

(Socha et al., 2021). If an ONFs has been untouched for centuries and has had an 

increased percentage of course woody debris over many years, then this could 

increase the possible nutrients in the soil and increase growth. Few studies have been 

conducted on the subject and those that exist are inconclusive (Feller. M. C. 2003).  

 

Laser predictions of naturalness 
Of the height variables that were tested with ANOVA the Hcv, the Hsd and the first 

height percentile were significantly different. The three canopy densities that were 

tested showed significant variation, D0, D4, and D9. These results point toward the 

fact that canopy density is more likely a driving factor in being able to be used as a 

variable to judge naturalness. One of the first studies concerning the horizontal 

percentiles showed that both the horizontal and vertical metrics can be used to predict 

the difference between near natural and managed old forest stands (Sverdrup-

Thygeson et al., 2016). The important factors whilst looking at the vertical matrix 

from the ALS results is the height coefficient (Hcv). As mentioned earlier, the 

naturalness category that has the largest Gini coefficient value is the old managed, this 

strengthens the earlier comment about biodiversity not being a conclusive method to 

judge naturalness except where the Hcv, Hsd and D0 are used. However, this result is 

not conclusive and needs to be studied more. The results of this study show that the 

lowest percentile (H10) was the only vertical metrics to show significant difference, 

this finding is in contrast with an earlier study that found it was the highest percentile 

that was the most important. This earlier paper found that vertical percentiles were 

useful in determining between near-naturalness and old managed forest and found that 

it is the density metrics (D0, D5, and D9) were good indicators of these naturalness 

types (Sverdrup-Thygeson et al., 2016). This study also collaborated the importance 

of the Hcv and Hsd.  

 

Tukeys HSD ALS 
When comparing the Tukey results from the height coefficient and mean height we 

can see that the height coefficient is of more importance since there were more of the 

combinations that show a significant difference. This indicates many significant 
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differences between the combinations and strengthens the findings of the ANOVA 

test. The site index Tukeys HSD was the most interesting in that almost 2/3 of the 

combinations tested showed a significant difference. This leads us to believe that site 

index is a more important factor than the height and density metrics. Perhaps more 

studies on site index are required in connection to forest naturalness, this is entirely 

possible due to the findings of earlier studies that states that site index is acquirable 

from RS using bitemporal ALS in disturbed and undisturbed stands (Noordermeer et 

al., 2020: Noordermeer et al., 2018). This could reduce cost associated with mapping 

naturalness categories in the future and lead to mapping of naturalness categories on a 

national level.  

 

The Random Forest results shows the mean decrease accuracy and the mean decrease 

Gini in descending order and both the accuracy and Gini have the same first three 

variables, Hcv, Hsd, & D0. One of the variables that was low in both accuracy and 

Gini was the mean height. This suggests that the most important factors that affect the 

nodes and leaves in Random Forest are the same as the first three factors of accuracy. 

That Hcv, Hsd and D0 are the variables that both tell the importance of these variables 

and can be used to predict naturalness. An earlier study showed it was possible to 

differentiate between a national park and managed areas using ALS and the Gini 

coefficient (Valbuena et al., 2016).  

 

The height percentiles showed a similar pattern throughout all the percentile ranges 

except H10. The H10 height percentile shows the lowest clustering of observations, 

but the old managed has the lowest median, virgin is almost as low. Possible reasons 

for this could be related to previous silviculture in the old managed or natural 

mortality in both the naturalness categories, in the stands due to abiotic factors, storms 

are high contributors to mortality in semi natural and old-managed forests (Wolf et al., 

2004). The semi natural had the least variation in the largest height percentile, H90, 

and was significantly different to ancient and old-managed. Since the two categories 

of naturalness that are lower and higher than semi natural are significantly different 

then this points towards the H90 being affective in the predication of these categories.  
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In this study the height and density were prioritised when analysing the ALS data, 

Hsd, Hmean and Hcv. This is because height and density were easy to calculate from 

the data collected.  The medians of both Hmean are relatively similar except for the 

old selective which is the lowest of all the naturalness categories. It is often stated in 

forestry silviculture that it is difficult to affect the height growth, but this is when a 

short rotation time is required. Height growth will increase given enough time 

depending on the abiotic and biotic factors found locally. Also, studies have shown 

that height will increase due to higher species composition (Marquis et al., 2021). The 

fact that virgin was found to have the largest variation in height of all the categories is 

probably down to the fact that natural succession has led to mortality, gaps opening 

and form the creation of several canopies in the stand. With the ongoing recruitment 

occurring this will then also lead to a higher variation in the age (Diaci et al., 2012). 

Semi natural has not only the least variation in stand age but it also has the lowest 

median which is significantly different to most other categories. The variation can be 

explained by the naturalness criteria needed for this category, greater than 200 years, 

but the fact that it has the lowest median is surprising. A similar pattern is seen in the 

Hmean results. 

 

One aim of this study was to see if it was possible to predict ONFs from using RS. 

The data that was collected for this study was from a larger project. This study 

encompassed only two of the original eight counties that were involved in the larger 

project. Out from the predictions and the field work it was possible to work out the 

probability of predicting ONFs.  

 

An aspect of this study that has little literature on the subject is the use of site index as 

a variable for detection of naturalness using ALS. We know that the measuring of site 

index is possible with ALS because of previous studies (Noordermeer et al., 

2018:2020). If in other studies, it is found that site index can predicate different 

categories of naturalness then it is possible to predicate naturalness using ALS for 

certain naturalness categories. This is important because it will reduce costs for 
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mapping these categories on a national basis. More study into site index and 

naturalness categories is required to see if these finding can be expanded upon.  

 

One short coming of the study was exclusion of course woody detritus in the field 

registrations carried out in the summer of 2020. The NFI data does have it included 

and it could have been studied. It would perhaps be of interest to see if areas of high 

course woody detritus would have affected stand height or site index in ONFs or any 

of the other categories (Brias et al., 2005). Particularly in areas of high naturalness 

that have had a constant turnover of detritus that could increase the site index or the 

growth rates of these stands. Studying this might answer the question of why the site 

index of semi natural was found to be the lowest of all the naturalness categories. The 

site index Tukeys HSD also showed that the significant differences between the 

combinations were most numerous of all the Tukey HSD ALS analyses.   

When looking at the accuracy of the Random Forest algorithm we see from the 

confusion matrix that the Producers accuracy was highest for the normal stands, 64%, 

52% for the old-selected, 50% for the old-managed and only 42% for the virgin. The 

user’s accuracy was higher in the lowest naturalness category with 85%, lowest 

accuracy again was the virgin, old-managed and old selective where 30 and 40% 

(Table 5.). 
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5. Conclusion 
 

The goal of this study was to identify naturalness into six categories and to judge if 

prediction of these specific categories is possible with the use of ALS. An analysis of 

the field measured forest attributes in the boxplots showed that number of stems was a 

more decisive factor than stand age or Gini coefficient and that the number of stems 

was significantly different from all but one of the other categories, this was not the 

case for the Tukey HSD, it had the least significant differences between the 

naturalness categories. Site index was also a variable that showed a significant 

difference between the naturalness categories and showed the five significant 

differences between the naturalness categories. 

The analysis of the ALS data showed that both the height and density metrics can be 

used to predict naturalness but that the height was most conclusive, especially metrics 

describing variation in height. These results were different to what I had expected 

when the project was started. I assumed that stand height and stand age would be 

found to be the defining factors in prediction and categorizing naturalness. Although 

they were both deemed to be of importance, they were not the most important 

variables. It was interesting that site index and stem numbers were two of the most 

decisive variables in differencing from the naturalness categories both sets of data 

analysis showed the important of these two variables. Looking at the accuracies of the 

confusion matrix we see that the producer accuracy is under than 50% for the virgin 

category, this leads us to believe that there are inaccuracies in the classification of 

these values. The user’s accuracy is below 50% for all the naturalness categories that 

were not the managed category.  

Being able to categorize naturalness and being able to distinguish these different 

categories using ALS RS could be extremely important to future management of these 

areas. Especially when conservation of biodiversity, this is of an increasing interest in 

the global studies of forestry.   
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