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» Bitemporal terrestrial laser scanning provided a means for identifying surface areas exposed
to fire by utilizing a surface differencing method developed in this study.

»  The developed method allowed for the quantification of fire-induced volumetric changes in
ground vegetation at high resolution, facilitating the assessment of the impact of surface fires
on forest ecosystems.

Forest fires pose a significant threat to forest carbon storage and sinks, yet they also play a crucial
role in the natural dynamics of boreal forests. Accurate quantification of biomass changes result-
ing from forest fires is essential for damage assessment and controlled burning evaluation. This
study utilized terrestrial laser scanning (TLS) to quantify changes in ground vegetation resulting
from low-intensity surface fires. TLS data were collected before and after controlled burnings
at eight one-hectare test sites in Scots pine (Pinus sylvestris L.) dominated boreal forests in
Finland. A surface differencing-based method was developed to identify areas exposed to fire.
Validation, based on visual interpretation of 1 x 1 m surface patches (n = 320), showed a recall,
precision, and F1-score of 0.9 for the accuracy of identifying burned surfaces. The developed
method allowed the assessment of the magnitude of fire-induced vegetation changes within the
test sites. The proportions of burned 1 x 1 m areas within the test sites varied between 51-96%.
Total volumetric change in ground vegetation was on average —1200 m? ha™!, with burning reduc-
ing the vegetation volume by 1700 m? ha~! and vegetation growth increasing it by 500 m3 ha!.
Substantial variations in the volumetric changes within and between the test sites were detected,
highlighting the complex dynamics of surface fires, and emphasizing the importance of having
observations from multiple sites. This study demonstrates that bitemporal TLS measurements
provide a robust means for characterizing fire-induced changes, facilitating the assessment of the
impact of surface fires on forest ecosystems.
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1 Introduction

Fires are among the most significant disturbances reducing forest biomass (Pugh et al. 2019),
and with climate change, both the frequency and intensity of forest fires are expected to increase
(Flannigan et al. 2005; Keywood et al. 2013; Jolly et al. 2015). Fires also contribute to global
warming by releasing carbon dioxide (CO;) during combustion and by destroying vegetation,
which would otherwise serve as a CO, sink (Szpakowski and Jensen 2019). Yet, forest fires play
a vital role in the natural dynamics of boreal forests. Fires create mosaic patterns of different-aged
forest stands, incorporating varying amounts of charred and decaying wood, which provide habitats
for a diverse range of species (Parviainen 1996; Ryan 2002; Jonsson et al. 2005). Particularly in
Fennoscandian boreal forests, the occurrence of wildfires has decreased significantly (Lindberg
et al. 2018), necessitating controlled burning to preserve forest biodiversity. Consequently, quan-
tifying the fire-induced biomass changes in the boreal forests is important for evaluating both the
extent of wildfire damage and the effectiveness of controlled burning as a management strategy
for sustaining and enhancing biodiversity.

Forest fires can be categorized as crown, surface, and ground fires based on the type of fuelbed
(Lindberg et al. 2011; Greene and Michaletz 2015). Crown fires refer to the flaming combustion of
the forest canopy, surface fires primarily burn the ground vegetation, and ground fires involve the
smoldering combustion of the organic topsoil and roots near the soil (Greene and Michaletz 2015;
Pérez-1zquierdo et al. 2020). In Fennoscandian boreal forests, non-stand replacing ground and
surface fires are more common than high-intensity crown fires (Pditalo 1998; Rogers et al. 2015).
Ground vegetation burning in surface fires consists of shrub, herbal, and moss layers (Marozas et al.
2007; Burianek et al. 2013). Additionally, surface fires might consume understory trees and the fuel
load accumulated on the forest floor, including trees that have been thinned and left on the ground.

Direct measurement of biomass requires destructive sampling of plant materials, involving
the collection, drying, and weighing of plant samples from the targeted area (Houghton 2008; Olsoy
et al. 2014). However, conducting destructive sampling at a landscape scale is both expensive and
impractical (Olsoy et al. 2014), and it prevents repeated monitoring necessary for change detection
(Greaves et al. 2015). Among indirect measurement methods, allometric equations are commonly
utilized (Houghton 2008), yet their applicability is often limited to trees and may not extend to
ground vegetation or other biomass components on the forest floor.

Laser scanning offers a non-destructive approach for estimating the amount of aboveground
biomass consumed by forest fires. This technique enables direct acquisition of three-dimensional
(3D) coordinates of objects. Laser scanning operates by emitting laser pulses towards a target and
detecting the reflected energy. By considering the constant velocity of light, the time taken for a
pulse to return to the sensor can be converted into a distance measurement. When coupled with
a global navigation satellite system (GNSS) and an inertial measurement unit (IMU), the precise
position and orientation of the sensor can be determined, enabling the conversion of these distance
measurements into a 3D characterization of the environment. Each returning echo is assigned a 3D
coordinate within a designated coordinate system, resulting in a comprehensive 3D point cloud.
These point clouds can then be utilized to quantify the dimensions of vegetative structures and
fire-induced volumetric changes. Laser scanning encompasses both aerial and terrestrial applica-
tions. Airborne laser scanning (ALS) is particularly suitable for assessing variations in the height
and density of the upper canopy since it operates from above the canopy. Conversely, terrestrial
laser scanning (TLS) offers more detailed information about the lower forest strata by scanning
from below the canopy. Measurements taken above the canopy often yield sparser laser returns and
larger laser footprints, which could potentially lead to underestimations of ground vegetation height
or even misclassification as ground (Riafo et al. 2007; Vierling et al. 2013; Greaves et al. 2015).
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TLS is known for providing highly accurate 3D data at the millimeter scale (Liang etal. 2016),
making it suitable for quantifying small-scale changes in forest vegetation. While the feasibility of
TLS to estimate aboveground biomass and volume of individual trees has been extensively studied
(Linetal. 2010; Seidel etal. 2011; Yao etal. 2011; Moskal and Zheng 2012), the characterization of
ground vegetation with TLS has received relatively less attention. Previous studies have focused on
estimating sagebrush biomass (Olsoy et al. 2014), biomass of shrub species (Greaves et al. 2015),
and fuelbed volume (Loudermilk et al. 2009; Rowell et al. 2020). These studies have employed
techniques such as 3D convex hull modeling, voxel counting, and surface differencing to estimate
the biomass or volume of ground vegetation. The experiments have shown high agreement between
the TLS-based estimates and destructive sampling (R2=0.9) (Olsoy etal. 2014; Greaves etal. 2015),
indicating that TLS is well-suited for estimating quantities of ground vegetation. This suggests that
TLS could be a feasible means for monitoring changes in ground vegetation caused by surface fires.

To accurately quantify fire-induced biomass changes, bitemporal measurements are required,
but their implementation is often challenging due to the unpredictable nature of wildfires. None-
theless, controlled burnings provide opportunities for planned experiments. In forestry, controlled
or prescribed burning refers to the deliberate use of fire for silvicultural or nature management
purposes. This practice serves various functions worldwide, including reducing fuel load to prevent
future forest fires, controlling diseases or insect pests, and restoring ecosystems. In Fennoscandian
boreal forests, controlled burnings have traditionally been employed after final felling to enhance
reforestation (Karjalainen 1994; Lemberg and Puttonen 2002). However, in recent times, they are
primarily conducted for restorative purposes as the natural occurrence of forest fires has decreased
(Lindberg et al. 2020). In Finland, controlled burnings specifically target the vegetation on the forest
floor, and the fire is not allowed to spread into the canopies. Thus, they resemble the behavior of
surface fires.

This study aims to utilize bitemporal TLS measurements to quantify changes in ground
vegetation resulting from low-intensity surface fires in pine-dominated boreal forests. TLS has not
been widely employed in the boreal region for detecting fire-induced changes in ground vegetation.
Consequently, the surface area exposed to fire, the volume of burned ground vegetation, and the
variability of these across different sites remain poorly understood. Given that the majority of forest
fires in Fennoscandian boreal forests are low-intensity surface fires, developing robust means for
measuring and understanding the effects of these fires is important.

The first research question of this study investigates whether fire-induced changes in ground
vegetation can be identified using TLS measurements conducted pre- and post-fire. The related
hypothesis is that an analysis of changes in detailed surface models characterizing the height of
ground vegetation can reveal surface patches exposed to fire, indicating burned vegetation. Due
to the time lag between the TLS acquisitions and the characteristics of surface fires, the observed
changes will consist of decreased vegetation height due to fire and increased vegetation height due
to growth. To further examine these changes, the test sites are divided into 1 x 1 m cells, classi-
fied as ‘burned’ and ‘unburned’ based on the analysis of changes in detailed surface models. The
performance of the developed method is evaluated against a set of validation samples acquired
through visual interpretation.

Consequently, the second research question is whether the magnitude of fire-induced
vegetation changes can be assessed using the developed surface differencing-based method. The
hypothesis is that an analysis of volumetric changes in ground vegetation, coupled with the obtained
information regarding the geospatial locations of surface patches exposed to fire, allows for the
volumetric quantification of burned vegetation. To provide insights into mapping of fire-induced
changes in ground vegetation and estimating the magnitude of burned vegetation, the approach is
tested on eight test sites with varying pre-fire characteristics.
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2 Material and methods
2.1 Experimental design and data acquisition

The experimental design included eight test sites located in national parks or protected areas across
southern Finland (Fig. 1). These sites underwent controlled burnings by Metsdhallitus during the
summers of 2021 and 2022, with the aim of ecological restoration. All test sites are situated in the
central or southern boreal zone and are dominated by Scots pine. The forest types include dry heath,
sub-xeric heath, and mesic heath (classified according to Cajander’s (1926) categorization as Cal-
luna type, Vaccinium type, and Myrtillus type) (Table 1). The ground vegetation in pine-dominated
forests in Fennoscandia typically consists of feather mosses (Pleurozium schreberi (Willd. ex Brid.)
Mitt., Hylocomium splendens (Hedw.) Schimp.) and dwarf shrubs (Vaccinium myrtillus L., Vac-
cinium vitis-idaea L.) (Palviainen et al. 2005). After a fire event, early successional species such as
Agrostis capillaris L., Chamerion angustifolium (L.) Holub, and Melampyrum pratense L. usually
invade the areas (Marozas et al. 2007). With the exception of test sites ‘Pyhad-Hakki’, ‘Ruunaa’, and
‘Salamajirvi’, all the other test sites had been thinned prior to the controlled burnings, resulting in
logging residues on the forest floor. Approximately one-hectare sample plots were established in
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Fig. 1. Eight controlled burning sites in southern Finland marked with black dots. The test
sites ‘Kivimdensalo’, ‘Liesjdrvi’, ‘Pyha-Hakki’, ‘Nuuksio’, and ‘Seitseminen’ were burned in
2021, whereas ‘Evo’, ‘Ruunaa’, and ‘Salamajérvi’ in 2022. All the test sites are located within
national parks or protected areas.
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Table 1. Coordinates of the center of each test site, forest types, and dates of controlled burnings and pre- and post-fire
terrestrial laser scanning (TLS) measurements. The test sites are located in southern Finland.

Site Coordinates (N, E) Forest type Pre-fire TLS Burning Post-fire TLS
Kivimdensalo  62°18.419’, 27°41.495° mesic heath 10 Jun 2021 6 Jul 2021 9 Sep 2021
Liesjdrvi 60°39.043, 24°1.070° sub-xeric heath 16 Jun 2021 17 Jun 2021 5 Sep 2021
Pyha-Héakki 62°51.358°, 25°25.417° sub-xeric heath 13 Jun 2021 30 Jun 2021 7 Sep 2021
Nuuksio 60°19.484°, 24°32.349° sub-xeric heath 6 Jun 2021 7 Jun 2021 30 Jun 2021
Seitseminen 61°58.080°, 23°24.735° sub-xeric heath 20 Jun 2021 1 Jul 2021 6 Sep 2021
Evo 61°13.342°, 25°11.761” mesic heath 3 Jun 2022 15Aug 2022 18 Aug 2022
Ruunaa 63°22.814°, 30°30.132° sub-xeric heath 9 Jun 2022 30 Jun 2022 3 Jul 2022
Salamajarvi 63°17.267°, 24°37.976’ dry heath 13 Jul 2022 16 Aug 2022 13 Sep 2022

each of the sites, and TLS measurements were conducted both before (i.e., pre-fire) and after the
fire (i.e., post-fire). The time interval between pre- and post-fire TLS measurements ranged from
one to three months (Table 1). Visual representations of one of the controlled burning sites before
and after the fire are provided in Fig. 2.

The TLS measurements were performed using a Riegl VZ-400i time-of-flight laser scanner
(RIEGL Laser Measurement Systems, Horn, Austria), which operates at a wavelength of 1550 nm.
This scanner can capture multiple returns per emitted laser pulse and provides a 100° vertical and a
360° horizontal field of view. To ensure point cloud coverage of each test site, a multi-scan approach
was adopted. This involved acquiring multiple individual scans with a regular 10 x 10 m grid for
the scanner locations, resulting in an overall setup consisting of approximately 120 scans per test
site. The scanner operated at a pulse repetition rate of 600 kHz, capturing up to eight returns for
each emitted laser pulse. The beam divergence was 0.35 mrad at 1/e2. The applied ‘Panorama 40’
scan pattern had an angular resolution of 0.04° and a point spacing of 3.5 mm at a 10 m distance.

Fig. 2. The test site ‘Evo’ two months before (left) and a few days after (right) the controlled burning.
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The scans were co-registered into a merged point cloud for each site, and points with extreme
reflectance values (< —25 dB and > 5 dB) were subsequently removed. This process followed a
standard procedure using the RISCAN PRO software provided by the scanner manufacturer. The
scanner was equipped with integrated orientation and positioning sensors, including an IMU and
a GNSS receiver, allowing for the acquisition and registration of multi-scan point clouds without
the need for artificial reference targets. The coordinates of the test site corners were measured using
the Trimble Geo 7X (Trimble Inc., Westminster, USA) equipped with real-time extended (RTX)
GNSS positioning. The merged point clouds were then clipped using polygons created from these
corner coordinates.

2.2 Point cloud processing

The TLS point clouds were processed using LAStools software (version 211218) (Isenburg 2021).
Controlled burnings conducted between TLS data acquisitions prevented the use of external reflec-
tive targets with known locations for georeferencing the pre- and post-fire point clouds. Instead,
the scanner’s GNSS receiver, providing approximately 1-2 m positioning accuracy under the forest
canopy, was utilized. Due to variation in the GNSS positioning accuracy between the pre- and
post-fire TLS measurements, the acquired point clouds exhibited slight misalignment. As achiev-
ing precise positioning of the pre- and post-fire point clouds was critical for change detection, a
rigid 3D transformation was applied to ensure proper point cloud alignment. Consequently, xyz-
coordinates of tie points common to both pre- and post-fire measurements were manually extracted.
These tie points (8 per site) represented objects reliably distinguishable within the point clouds,
such as branch origins, as shown in Fig. 3.

The extracted tie point coordinates were then used to compute xyz-translation and xy-rotation
along the z-axis for the pre-fire point clouds, aligning them with the post-fire point clouds. The
xyz-translation was computed as an arithmetic mean of the coordinate differences between the
tie points. For xy-rotation, the angle and center of rotation were determined for each test site by
examining the intersections of bisectors of line segments connecting two misaligned tie-point pairs
(Ryan 2019). The implemented alignments were visually inspected and further refined to ensure
that the pre- and post-fire point clouds were as closely aligned as possible.
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Fig. 3. Pre-fire point clouds (left) were aligned with post-fire point clouds (right) using a 3D transforma-
tion derived from common tie points, e.g., the large black dots in the figure. The tie points were manually
extracted from the point clouds.
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Coordinates of the point clouds were rescaled to an accuracy of 1 mm to reduce the number
of decimals and the size of the processed point cloud files. To remove noisy points caused by erro-
neous measurements, the lasnoise tool was employed. Points with less than six neighboring points
within a radius of 2 cm were removed. Subsequently, the denoised point clouds were downsampled
and voxelized into a 5 mm 3D grid to achieve uniform point density and further decrease the size
of the point clouds while preserving structural details.

Points were classified into ground and non-ground points using the lasground new tool,
following the procedure presented in Ritter et al. (2017). Digital elevation models (DEMs) were
subsequently generated using the las2dem tool, which temporarily triangulates points into a trian-
gulated irregular network (TIN) before rasterizing it into a DEM via linear interpolation. DEMs
were produced at a 1 m resolution. The generation was based on the post-fire TLS measurements,
assuming that the ground surface would be more visible after the fire. These DEMs were utilized
to normalize both the pre- and post-fire point clouds. As the controlled burnings only affected
ground vegetation, points located more than 2 meters above the ground surface were omitted from
further analysis.

2.3 Stand characteristics

Stand characteristics for each test site were derived from the pre-fire TLS point clouds using methods
presented in Yrttimaa et al. (2019, 2020) and available in Yrttimaa (2021). These methods involved
automatic tree detection, separation of stem points from non-stem points, and computation of single
tree attributes that were used for estimating the stand characteristics of each test site. The analysis
was performed using MATLAB (version R2023a). The stand characteristics included the number
of stems, basal area, basal area weighted mean diameter at breast height, basal area weighted mean
height, stem volume, and canopy cover. These characteristics provided a general description of
the test sites. Stand age assessment was obtained from Metséhallitus. Elevation data was derived
from the post-fire DEMs, and the mean elevation within the test sites ranged from 100 to 190 m.
The stand characteristics and mean elevation are presented in Table 2.

Table 2. Stand characteristics and mean elevation of controlled burning sites. N = number of stems, G = basal area, D,
= basal area weighted mean diameter at breast height, H, = basal area weighted mean height, Vol = stem volume, CC =
canopy cover. The test sites are located in southern Finland.

Site Area N G Dy Hg Vol CcC Stand age  Elevation
(ha) (ha™)  (m?ha™) (cm) (m) (m?* ha™") (%) -y (m)
Kiviméensalo 1.2 732 17.1 18.7 16.9 140 54 60 164
Liesjarvi 1.0 527 12.7 19.2 16.1 93 42 60 140
Pyha-Hakki 1.0 1147 314 21.7 18.3 261 79 70 176
Nuuksio 1.1 369 21.2 31.0 20.6 205 55 150 100
Seitseminen 1.0 687 253 243 21.6 260 55 50 184
Evo 1.2 751 23.7 26.3 18.6 210 68 60 171
Ruunaa 0.9 948 28.5 21.5 19.6 274 76 120 152
Salamajérvi 1.0 919 30.7 23.0 19.6 272 65 70 190
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2.4 Identifying surface patches exposed to fire

The bitemporal TLS point clouds were utilized to identify areas exposed to fire. This identification
was based on an assumption that a decrease in vegetation height indicates burned vegetation, while
an increase or no change in vegetation height indicates unburned vegetation. For this assessment,
pre- and post-fire vegetation surface models were generated on a two-dimensional (2D) grid at a
0.1 m resolution, with each cell representing the vegetation height. The vegetation height was deter-
mined based on the 99th height percentile, representing the height below which 99% of the points
within the cell could be found. The 99th height percentile was preferred over maximum height due
to previous studies suggesting that 90-99th height percentiles correlate better with field measure-
ments of ground vegetation height, as the presence of extreme points can introduce noise and affect
the accuracy of the maximum height measurement (Friedli et al. 2016; Malambo et al. 2018).

Although the TLS scan setup involved many scans per site, in forest conditions, it is typical
that not all structural details can be reconstructed due to occlusion caused, for example, by vegeta-
tion or topography. Therefore, surface models were interpolated to fill in the missing values for cells
with no point returns. Interpolation was performed for both the pre- and post-fire surface models
using the mean value of the nearest 9 x 9 cells. When generating the surface models, all the 3D
points below 2 m were considered, including points originating from tree stems. Changes in ground
vegetation height were estimated using surface differencing, which involved subtracting the pre-fire
surface models from post-fire surface models. Points originating from tree stems were subtracted in
this differencing, since the stems remained stationary. As a result of surface differencing, negative
values indicated a decrease in ground vegetation height, while positive values indicated an increase.

The detailed surface models of changes in ground vegetation height were then aggregated
into 1 x 1 m cells to provide a more concise view of the changes and to reduce noise caused by
fine-scale variability. These 1 x 1 m cells were classified as either ‘burned’ or ‘unburned’ based
on the proportion of burned 0.1 % 0.1 m cells they contained. If more than half of the smaller cells
showed a negative change in vegetation height, the 1 x 1 m cell was classified as ‘burned’. Other-
wise, the cell was classified as ‘unburned’. This classification method ensured that the presence of
a single large growth of ground vegetation (e.g., tall grass) within an otherwise burned cell would
not identify the cell as unburned. The proportion of burned and unburned areas were calculated
from these classified 1 x 1 m cells and visualized with maps.

2.5 Assessment of classification method

The performance of the classification method for ‘burned’ and ‘unburned’ areas was assessed by
randomly sampling 20 ‘burned’ and 20 ‘unburned’ 1 x 1 m cells from each test site and visually
interpreting the point clouds. Equal allocation was employed due to the lower number of ‘unburned’
cells, and because distinguishing between burned and unburned areas was crucial. Different colored
pre- and post-fire point clouds were overlaid, and a cell was considered ‘burned’ if the majority of
points in the pre-fire point cloud were higher than those in the post-fire point cloud. Subsequently,
recall, precision, and F1-score were utilized to measure the classification accuracy. Recall quantifies
the ratio of true positives identified by the classification method to the total number of true posi-
tives, as determined by visual interpretation. Precision, on the other hand, quantifies the ratio of
true positives to the total number of positives (both correctly and incorrectly identified). F1-score
integrates both precision and recall, providing a comprehensive assessment of the classification
method’s performance within a single metric. In this study, ‘true positive’ refers toa 1 x 1 m cell
classified as ‘burned’ based on both TLS measurements and visual inspection. ‘False positive’
indicates a cell that is not burned according to visual inspection. Similarly, ‘true negative’ is clas-
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sified as ‘unburned’ by both methods, while ‘false negative’ indicates a cell that is not identified as
‘unburned’ according to visual inspection. The accuracy measures were calculated with equations:

TP

Recall = —— (1)
TP+ FN
Precision = L (2
TP + FP

Precision x Recall
X

Fl=2 3)

Precision+Recall
where TP = true positive, FN = false negative, and F'P = false positive. These metrics were cal-
culated for each test site.

2.6 Quantifying volumetric changes in ground vegetation

The pre- and post-fire vegetation surface models, at a 0.1 m resolution, were utilized to estimate
the ground vegetation volume at both time points by multiplying the height of each cell by its
area. Subsequently, the total pre- and post-fire ground vegetation volume estimates were derived
by summing these values. The total change was estimated by subtracting the pre-fire total ground
vegetation volume from the post-fire volume. The total ground vegetation volume changes included
both the decrease caused by fire and the increase caused by growth, and these changes were inves-
tigated separately at a 0.1 m resolution. The variation of the volume changes within the test sites
was examined in the 1 X 1 m cells classified as ‘burned’ and “‘unburned’, and the distributions of
these changes were visualized using Tukey’s boxplots.

3 Results
3.1 Identifying burned and unburned areas

Out of the total number of 320 cells (1 x 1 m), 284 were correctly identified (i.e., classified as
‘burned’ or ‘unburned’) using the developed method, resulting in a mean recall of 0.90. The
remaining 36 cells were falsely identified, leading to a mean precision of 0.89. Consequently, the
cells were classified with an accuracy of 0.88 when measured by the F1-score. The identification
accuracy varied between the test sites, with recall ranging between 0.77-0.95, precision ranging
between 0.65—-1.00, and F1-score between 0.74—0.98 (Table 3).

Table 3. Recall, precision, and F1-score quantifying the performance of the classification
method for identifying ‘burned’ and ‘unburned’ areas for each controlled burning site.

Site Recall Precision Fl-score
Kiviméensalo 0.95 1.00 0.98
Liesjérvi 0.77 1.00 0.87
Pyha-Hakki 0.95 0.95 0.95
Nuuksio 0.94 0.80 0.86
Seitseminen 0.80 1.00 0.89
Evo 0.87 0.65 0.74
Ruunaa 0.95 0.95 0.95
Salamajérvi 0.94 0.75 0.83
Mean 0.90 0.89 0.88
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Table 4. Proportions of 1 X 1 m cells classified as ‘burned’
and ‘unburned’ for each controlled burning site.

Site Proportion of 1 x 1 m cells
‘Burned’ ‘Unburned’
Kiviméensalo 95% 5%
Liesjarvi 95% 5%
Pyha-Hakki 92% 8%
Nuuksio 83% 17%
Seitseminen 94% 6%
Evo 51% 49%
Ruunaa 96% 4%
Salamajérvi 71% 29%

In the test site ‘Evo’, both precision and consequently F1-score were lower compared to
other test sites, indicating that with the developed method, cells were classified as ‘burned’ even
though visual inspection of point clouds determined them to be ‘unburned’. Fig. 4 depicts three
such cells, and for comparison, three true positive cells from the test site ‘Kivimédensalo’.

3.2 Quantifying changes in ground vegetation

Using the developed method for identifying surface patches exposed to fire, it was possible to
quantify the total burned area as well as estimate the magnitude of volumetric changes in ground
vegetation, caused either by fire or vegetation growth. The proportion of 1 X 1 m cells classified as
‘burned’ varied between the controlled burning sites being the lowest in the test site ‘Evo’ (51%) and
the highest in the test site ‘Ruunaa’ (96%) (Table 4). Correspondingly, the proportion of “‘unburned’
cells ranged from 4% to 49%. Maps of surface areas exposed to fire are presented in Fig. 5.

Il ‘Burned’
[ ‘Unburned’

Fig. 5. Spatial distribution of 1 x 1 m cells classified as ‘burned’ and ‘unburned’ for each controlled burning site. Test
sites are oriented in a north-south direction. 1 = Kiviméensalo, 2 = Liesjérvi, 3 = Pyhad-Hékki, 4 = Nuuksio, 5 = Seit-
seminen, 6 = Evo, 7 = Ruunaa, 8 = Salamajérvi.
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Fig. 6. Ground vegetation volumes (including tree stems below 2 m) before and after controlled burnings (a), and total
changes (black) with burned (red) and growth (green) volumes (b) at a resolution of 0.1 m. Negative values indicate a
decrease and positive values an increase in ground vegetation volume.

Substantial variations in ground vegetation volume changes within and between controlled
burnings were detected. The test site ‘Evo’ had the largest pre- and post-fire ground vegetation
volumes (including tree stems below 2 m), 7206 and 7242 m? ha™!, respectively, while ‘Ruunaa’
had the smallest, 1718 and 682 m?3 ha™! respectively (Fig. 6a). The total volume change in ground
vegetation ranged from —2422 to 33 m? ha!, including both a decrease due to burning and an
increase due to vegetation growth (Fig. 6b). Ground vegetation volume decreased in all other test
sites except in ‘Evo’, where the total amount of ground vegetation increased between the TLS
measurements. The largest burned ground vegetation volume was observed in ‘Kiviméensalo’
(-2637 m3 ha™'), while the smallest burned volume occurred in ‘Salamajirvi’ (<981 m? ha!)
(Fig. 6b). Conversely, the largest vegetation growth was observed in ‘Evo’ (1679 m? ha™!), and
the lowest in ‘Seitseminen’ (115 m3 ha™!).

For the 1 x 1 m cells classified as ‘burned’, the median volume change of burned ground
vegetation was the largest in Kiviméensalo (—0.23 m?) and the lowest in ‘Salamajérvi’ (—0.04 m?)
(Fig. 7a). The highest standard deviation of volume change among the ‘burned’ cells was observed
in "Evo’ (0.22 m?), and the lowest in ‘Ruunaa’ (0.10 m3). For the cells classified as ‘unburned’, the
median volume change was the lowest in ‘Liesjérvi’ (-0.01 m?) and the largest in ’Evo’ (0.13 m?)
(Fig. 7b) The highest standard deviation among ‘unburned’ cells was observed in ‘Evo’ (0.23 m?),
and the lowest in ‘Liesjérvi (0.07 m?).
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4 Discussion
4.1 Identifying burned and unburned areas

The aim of this study was to utilize bitemporal TLS measurements to quantify fire-induced changes
in ground vegetation. More specifically, the objectives were to identify surface areas exposed to
fire, estimate the magnitude of changes in ground vegetation volume, and examine the variation
in fire-induced changes within and between eight test sites.

The first research question focused on identifying burned and unburned areas using pre-
and post-fire TLS measurements. This identification was executed by comparing detailed surface
models that captured the height of ground vegetation before and after the fire. The developed
classification method for 1 X 1 m cells performed well, achieving an overall accuracy ranging
between 0.74—0.98 when assessed by the Fl-score (Table 3). The study site ‘Evo’ yielded the
lowest F1-score, likely due to denser ground vegetation compared to other test sites. As depicted
in Fig. 4, dense spruce undergrowth, combined with minor non-fire-related changes above the
ground surface, may result in misclassification of the cell as ‘burned’. Nevertheless, the overall
results provided strong evidence supporting the hypothesis that the presented method enables the
identification of areas exposed to fire.

In previous studies it has noted that controlled burning results in a mosaic of burned and
unburned areas (Penman et al. 2007; Perkio et al. 2012), indicating that the vegetation on the forest
floor is not completely consumed by the fire. For example, Gupta et al. (2015) observed that in the
controlled burning of sclerophyll eucalypt forests, approximately 60—-70% of the study area was
affected by the fire. The uneven effect of fire is ecologically desirable as it leads to the creation of
diverse habitats. In this study, the proportions of burned areas within the test sites varied between
51-96% (Table 4). Maps created from the burned areas will help to visualize the overall fire pattern
and, for instance, assess the realization of the controlled burning.

4.2 Quantifying volumetric changes in ground vegetation

The second research question explored the capacity of TLS to quantify fire-induced volumetric
changes in ground vegetation using the developed surface differencing-based method. The method
was applied across different test sites to assess the magnitude and variation in burned vegetation.
The total volumetric changes ranged from —2422 to 33 m3 ha ! across the controlled burning sites,
including both decreases and increases in vegetation volume. The fire-induced negative volumetric
changes ranged from —2637 to —981 m3 ha~!, while the growth-induced positive volumetric changes
varied between 115 and 1679 m3 ha™!. Internal volume variability within the test sites was examined
in 1 x 1 m cells classified as ‘burned’ and ‘unburned’, with their mean standard deviations being
0.15 m* and 0.12 m?, respectively.

Variations in volume changes can partly be attributed to site characteristics, including factors
such as tree number and size, which affect light and nutrient availability due to tree competition,
soil moisture, and litter accumulation (Xiong and Nilsson 1999; Ludwig et al. 2004). These factors
influence both the quantity and quality of ground vegetation and fuel load. For example, in sites
‘Kivimédensalo’ and ‘Evo’, which had a more nutrient-rich forest type compared to others (Table 1),
the internal volume variability both in ‘burned’ and ‘unburned’ cells was the highest. Additionally,
in ‘Kiviméensalo’, the overall change in ground vegetation volume was the largest. Differences in
pre-fire ground vegetation volume can also explain the variations in changes.

In ‘Salamajirvi’, ground vegetation volume decreased only by 154 m3 ha™!, and in ‘Evo’,
it increased. This could be influenced by the longer time interval between the first TLS measure-
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ment and the burning compared to other test sites (Table 1). Burnings in ‘Evo’ and ‘Salamajérvi’
occurred in August instead of the optimal period from mid-May to the end of June (Laurila and
Vierula 2020), further explaining these anomalies.

The site ‘Evo’ stands out from the other controlled burning sites in several aspects. Firstly, it
had the largest “‘unburned’ area, and it was the only site featuring an increase in the ground vegetation
volume (Fig. 6). ‘Evo’ exhibited the largest pre- and post-fire volumes in ground vegetation (Fig. 6),
and the standard deviations of the ground vegetation volume changes were the highest (0.22 m? in
‘burned’ and 0.23 m?3 in ‘unburned’ 1 x 1 m cells). These findings indicate that in ‘Evo’, the impact
of fire was more inconsistent. Additionally, the substantial increase of the ground vegetation volume
suggests favorable growth conditions and indeed, ‘Evo’ was more nutrient-rich in terms of forest
type. However, these distinctions are not evident in the stand characteristics outlined in Table 2.

The unique fire behavior observed in ‘Evo’ highlights the significant variation among the
test sites. Therefore, solely focusing on one area could lead to erroneous conclusions and predic-
tions. Conversely, examining changes across multiple controlled burning sites enabled a more
comprehensive understanding of variability and patterns in fire behavior. Detailed investigations
at this scale enhanced the reliability and generalizability of these findings. However, it is worth
mentioning that the primary objective of this study was to develop a method for detecting and
quantifying changes with TLS measurements rather than explaining their causes.

4.3 Challenges and prospects for future research

Surface differencing, the method employed in this study to quantify ground vegetation changes,
assumes that the space below the observed vegetation surface is fully occupied by vegetation or
fuel load. This may have led to an overestimation of the volume in cells where the highest point
was reflected from a loose branch, for example. Ground vegetation volume could also be esti-
mated using the convex hull method or voxel counting (Loudermilk et al. 2009; Olsoy et al. 2014;
Graeves et al. 2015). Surface differencing was selected as the method because, for instance, Zhao
et al. (2021) demonstrated that it exhibited the strongest correlation with field-measured biomass
when estimating shrub volume in grassland, outperforming other methods. Comparing the results
obtained by different methods with boreal forest data could be beneficial, but the most crucial
aspect is carefully validating the selected method as done in this study. Fire-induced changes in
ground vegetation could be investigated not only through height variation but also by examining
vegetation density characteristics or changes in ground surface elevation. This presents opportuni-
ties for further research.

From the ground vegetation volume estimated in this study, it is possible to proceed to the
estimation of the amount of biomass, but this relationship heavily relies on the density, distribution,
and characteristics of the burned vegetation. Directly evaluating biomass would have necessitated
the collection, drying, and weighing of ground vegetation samples, which exceeded the scope of
this study. For future studies, samples obtained through destructive methods would be necessary to
accurately estimate biomass changes. When combined with destructive sampling, TLS-estimated
biomass changes can be converted into CO, equivalents, facilitating the assessment of the climatic
impacts of low-intensity fires. Moreover, by monitoring vegetation recovery and tree mortality post-
fire, it becomes feasible to evaluate the longer-term effects of surface fires on the forest ecosystem.

In this study, the pre-measurements were conducted on average 20 days before the con-
trolled burnings, and the post-measurements on average 40 days after. Consequently, areas not
affected by the fire were able to continue growing for an average of 70 days (Table 1). Therefore,
if the ground vegetation had grown between the pre-fire measurements and the controlled burn-
ing, the estimated burned volume may have been underestimated, while the increased volume
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may have been overestimated. While the ground vegetation volume in burned areas likely had
remained relatively stable until the post-fire measurements, the overestimation of biomass may
still have increased in unburned areas due to vegetation growth after the fire. Given the influence
of growth, it is important to schedule the bitemporal TLS campaign as close to the burning dates
as possible in the future. However, this can be challenging due to the strong dependency of con-
trolled burning on weather conditions and if the burnings are conducted by an external party, as
in this study.

The behavior of the fire and subsequent volume changes are also strongly influenced by the
implementation of controlled burning. Factors such as ignition, control, extinguishing, and the
timing of the burn all contribute to the dynamics of a fire (Lemberg and Puttonen 2002; Laurila and
Vierula 2020). To prevent the fire from spreading beyond the intended areas, abundant watering
is often employed before, during, and after controlled burning. Additionally, the areas designated
for burning are usually demarcated by firebreaks or fire lines. Firebreaks, typically 5-25 m wide,
involve the removal of trees and combustible materials, while fire lines are narrower strips with
exposed mineral soil (Lindberg et al. 2011; Perki6 et al. 2012; Laurila and Vierula 2020). These
firebreaks and lines are intentionally kept unburned either through watering or exposing mineral
soil. In this study, assessing the impact of these factors was not feasible as it would have required
measurements, such as continuous monitoring of the fire during its occurrence, which were beyond
the scope. This presents an avenue for future research.

5 Conclusion

This study utilized bitemporal TLS measurements to quantify changes in ground vegetation result-
ing from low-intensity surface fires in Scots pine-dominated boreal forests. A surface differencing-
based classification method was developed and validated to identify surface areas exposed to fire,
achieving a recall, precision, and F1-score of 0.9. Ground vegetation volume changes were esti-
mated across eight controlled burning sites in southern Finland. The variation in volume changes
within and across the sites highlighted the complex dynamics of surface fires. Based on the insights
gained from this study, TLS measurements acquired pre- and post-fire provide a robust means for
characterizing fire-induced changes in vegetation, thereby facilitating the assessment of the impact
of surface fires on forest ecosystems.
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