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[ B e O N

Abstract: Terrestrial laser scanning (TLS) data can offer a means to estimate subcanopy fuel charac-
teristics to support site characterization, quantification of treatment or fire effects, and inform fire
modeling. Using field and TLS data within the New Jersey Pinelands National Reserve (PNR), this
study explores the impact of forest phenology and density of shrub height (i.e., shrub fuel bed depth)
measurements on estimating average shrub heights at the plot-level using multiple linear regression
and metrics derived from ground-classified and normalized point clouds. The results highlight the
importance of shrub height sampling density when these data are used to train empirical models
and characterize plot-level characteristics. We document larger prediction intervals (PIs), higher root
mean square error (RMSE), and lower R-squared with reduction in the number of randomly selected
field reference samples available within each plot. At least 10 random shrub heights collected in situ
were needed to produce accurate and precise predictions, while 20 samples were ideal. Additionally,
metrics derived from leaf-on TLS data generally provided more accurate and precise predictions than
those calculated from leaf-off data within the study plots and landscape. This study highlights the
importance of reference data sampling density and design and data characteristics when data will be
used to train empirical models for extrapolation to new sites or plots.

Keywords: forest fires; prescribed forest fires; terrestrial laser scanning; TLS; fire effects; fire fuels;
fuel load; forest understory characterization

1. Introduction

Forest fires have large impacts on ecosystems, economies, infrastructure, and society [1,2].
Climate change and other anthropogenic landscape alterations have and will continue to
impact the spatial variability, intensity, and patterns of fire occurrence and associated effects;
further, urbanization and development within fire-prone areas will put more infrastructure,
property, and individuals at risk [1-3]. Determining appropriate treatments and prescribed
fire practices to meet land management objectives [4-7] and predicting fire behavior and
associated primary and secondary effects using modeling techniques [8-10] require estimation
of site characteristics including wind conditions [11,12], moisture content [13,14], and fuel
availability [15-17]. Accurate estimation of such characteristics is necessary to support
decision making related to when and how to administer management (i.e., thinning or
prescribed fires), to assess the results of prescribed fire and other fuel treatment options
in the context of management goals, and to predict how a fire is likely to progress across
the landscape. This can aid in managing the fire, improving the safety of field crews,
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and containing the event. Quantifying fuels is particularly important since they can be
manipulated and managed via treatment practices, including prescribed fire and stand
thinning, in contrast with moisture content and weather conditions [15,18,19].

In the context of prescribed fire and land management, practitioners often need to
quantify the reduction in the amount of fuels following a prescribed fire or treatment activity,
which requires a means to measure or estimate fuel material characteristics consistently
and repeatedly [18]. Physical process-based fire behavior models must characterize fuels
using a finite set of variables [1]; for example, models that make use of the equations of
Rothermel [20] characterize fuels based on loading (i.e., weight of fuel per unit landscape
area), particle size distributions, and fuel bed depths for multiple strata. However, there
are many characteristics of individual fuel particles (e.g., thermal conductivity, particle
density, thermal diffusion, ash content, moisture content, size, thickness, and shape) and
aggregated fuel beds (e.g., particle size distribution, bulk density (weight per volume
of biomass), packing ratio, porosity, depth, vertical stratification, patch size, and live
vs. dead fractions) that can impact fire behavior. Thus, detailed, accurate, and spatially
explicit characterization of fuels is limited, despite the importance of such information in
management and predictive modeling [9,17,21].

Traditional field-observer methods of collecting basic fuels and fire effects data at the
plot-level have been increasingly foregone for remote sensing approaches, such as multi-
spectral scanning (MSS) and airborne light detection and ranging (LiDAR) systems (ALS),
that gather wall-to-wall information with unmatched speed and repeatability [22,23]. These
remote sensing approaches excel at predicting bulk fuel loading, coarse-scale fire effects on
vegetation and substrates, and detailed changes in forest canopy structure [24]; yet despite
these advantages, there are important fundamental disadvantages compared with field
methods that have not yet been resolved and which drive a continued interest. First, due
to occlusion by canopy vegetation, MSS and ALS predictions are often weak at predicting
understory vegetation conditions that frequently define the objectives and fire behavior
expectations of prescribed fires in forest and woodland settings [25,26]. Simulations via
processed-based fire behavior modeling have illustrated that these understory fuels that are
modified by prescribed burning can play a significant role in driving spread rates during
large wildfires [27]. Lastly, although some MSS and ALS sensors can be tasked for timing
specific to management needs, expense and logistical challenges drive opportunistic use of
data collected for other purposes to dominate instead of planned data collections that are
timed to provide the data that will best match the timing of fire occurrence and associated
plant phenology for fuels and fire effects predictions [28,29].

One way to potentially increase the efficiency and repeatability of plot-scale fuel mate-
rial characterization compared with traditional manual measurement methods is to use
terrestrial laser scanning (TLS) [30,31]. Such instruments use active remote sensing via
laser pulses to generate a dense sample of point measurements to characterize a three-
dimensional space [30,31]. In this study, we specifically explore the prediction of plot-level
mean shrub heights (i.e., shrub fuel bed depth) using a set of single-date, single-location,
single-return TLS point clouds collected using affordable units within the Pinelands Na-
tional Reserve (PNR) region of the state of New Jersey, United States (USA). Our primary
goal is to assess how well shrub heights are empirically predicted using a set of TLS-derived
metrics as predictor variables when (1) varying the number of randomly selected shrub
height measurements within the plot used to approximate the average height to train
models and (2) using metrics derived from leaf-off vs. leaf-on TLS data.

There is a notable lack of research associated with assessing affordable units and
comparing results to traditional field methods. Stovall and Atkins [32] offered a comparison
of two affordable units, but did not compare the results to field reference data. Pokswinski
et al. [33] outlined a field methodology incorporating affordable TLS data, but also did not
provide a comparison to field reference data. Thus, we argue that this study is of value as
it offers comparisons of a key subcanopy fuel load measure, which has been traditionally
estimated with transect- or point-based field methods, with single-scan, single-return TLS
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data, which can be easily and quickly collected to replace or augment existing methods. In
other words, we assess TLS data in the context of operational adoption.

2. Background

It is not possible to directly measure the large set of fuel particle and fuel bed charac-
teristics that may impact fire behavior, especially when such data are needed over large
spatial extents and the fuel characteristics are spatially heterogeneous. As a result, field
sampling methods have been developed to collect key information needed to assess the
efficacy of treatments, as input to fire behavior models, and to generally inform decision
making [34,35]. Further, these field measurements are often combined with statistical
methods and species-specific allometric equations to estimate measures of interest, such as
bulk density or fuel load [1,36].

All field methods have strengths and weaknesses. Sikkink et al. [37] compared the
fixed-area plot, planar transect, photoload, photoload microplot, and photo series methods
for estimating loadings for different fuel components. The planar transect method was
generally suggested to be the best method based on multiple criteria. Keane et al. [38]
compared planar intercept, fixed-area microplot, and photoload methods. They noted the
fixed-area microplot method’s accuracy and the need for intensive sampling to accurately
estimate fuel biomass regardless of the chosen method. There can also be issues of repeata-
bility even when the same field methods are used over time; for example, Westfall and
Woodall [39] assessed the repeatability of large-scale forest fuel sampling conducted as
part of the Forest Inventory and Analysis (FIA) program of the United States Department
of Agriculture (USDA) Forest Service and documented failure to obtain desired levels
of repeatability in more than half of the measured attributes. Further, one-third of the
attributes exhibited measurement bias; however, bias was less problematic when results
were aggregated to the plot-level [39]. It is important to note that field methods are not
standardized or consistently collected, which can limit comparisons across field campaigns
and studies [1,30,40]. Further, different agencies and regions have developed disparate
protocols to meet their specific needs. For example, the Department of Sustainability and
Environment within the Victoria, Australia (AU) government, has developed protocols (see
Hines et al. [35]) that are different from those implemented by the USDA Forest Service
(see Prichard et al. [41]). In summary, collecting accurate, consistent, and spatially explicit
fuel measurements at desired spatial resolutions is a complex and time-consuming task,
which is of concern since fuel characterization is central to management and modeling.

Given the issues associated with field-based methods for characterizing fuels, the need
for spatially explicit, voxelized representations of fuel characteristics consistently across
large spatial extents, and the necessity to capture spatial variability, remote sensing data
and methods have been explored for estimating fuel characteristics. Remote sensing is
attractive for such mapping problems as it allows for estimating parameters at the scale
of individual pixels, or extended into 3D space using voxels, and potentially across large
spatial extents [22]. As an added benefit, collecting and updating remotely sensed data is
generally less costly and time intensive than undertaking multiple field campaigns [42].
For a recent review of remote sensing techniques for characterizing fuels, see Gale et al. [22].
Given that hyperspectral and multispectral data offer limited information regarding the
vertical structure of the forest canopy, light detection and ranging (LiDAR) has been
integrated with spectral data (e.g., [43—45]) or used independently (e.g., [46,47]) to assess
and characterize canopy fuels.

Aerial LiDAR allows for the collection of multiple returns from a single laser pulse,
resulting in some degree of canopy penetration and subcanopy characterization [48]. For
example, Skowronski et al. [49] proposed a consistent method for characterizing hazardous
fuels at the wildland—urban interface in New Jersey, USA based on the integration of aerial
LiDAR, aerial imagery, and cadastral datasets. Erdody and Moskal [45] integrated LiDAR
and high spatial resolution aerial near-infrared (NIR) imagery for estimating canopy height,
base height, bulk density, and available fuels in Washington, USA and documented the
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value of LiDAR. They suggested only slight improvements when combining the imagery
data and LiDAR in comparison with just using the LiDAR data. Other studies have relied
on only LiDAR; for example, Skowronski et al. [50] assessed the characterization of forest
biomass using LiDAR and documented varying correlations between LiDAR-obtained
heights and biomass within forest community types; they found that binning data into
height bins was useful for estimating the presence of ladder fuels [50].

Although LiDAR can aid in characterizing the vertical structure of the tree canopy, due
to a limited number of returns reaching the lower strata and the confounding impacts of
an often heterogeneous canopy, subcanopy vegetation, shrubs, and downed woody debris
are generally not well characterized [17,46,51,52]. Subcanopy fuels occurring in the shrub,
litter, and duff layers and downed woody debris often constitute a large fraction of fuel materials
within forest stands and play a significant role in determining fire behavior [9,21,52]; thus, the
inability to characterize subcanopy fuel loads and spatial patterns is a key knowledge
gap in management and fire behavior modeling. Even for canopy fuels, Skowronski
et al. [46] documented the value of combining downward scanning aerial LIDAR and
upward sensing profiling LIDAR to obtain a better characterization of the three-dimensional
canopy structure in comparison with only using aerial data. Many studies note the need for
better estimating subcanopy fuel loads and spatial patterns and developing more accurate
three-dimensional fuel models (e.g., [9,10,53,54]). Arroyo et al. [42] noted the value of
combining data from multiple remote sensing sources to better characterize fuels.

TLS data offer the ability to collect data beneath the forest canopy at a high spatial
resolution and, thus, can complement aerial- or satellite-based remote sensing for site-level
characterization [51,52,55,56]. Table 1 below summarizes studies that have assessed TLS
for measuring fuels, or biomass more generally. As the table highlights, TLS has been used
to estimate a wide variety of fuel-related parameters, both in the lower strata and in the
tree canopy, and has been compared with a wide range of field methods. Field methods
that have been used for comparison include both destructive methods, such as clip plots
(e.g., Rowell et al. [53,54,57]), and non-destructive point- or planar-intercept methods (e.g.,
Loudermilk et al. [52] and Alonso-Rego et al. [51]). Many studies have focused on the
analysis of TLS data collected using analytical-grade units with sites characterized using
scans from multiple locations to more densely sample the site and minimize the impact
of occlusion (e.g., Garcia et al. [56], Loudermilk et al. [17], and Rowell et al. [53,54,57]).
Few studies have compared pre- and post-event TLS data for assessing biomass loss, fuel
treatment effects, or burn severity. Notable exceptions are Hudak et al. [58], who estimated
changes in occupied voxel density and shrub fuel bulk density, and Gallagher et al. [59],
who compared changes in TLS metrics to the composite burn index (CBI) [60], a field-based
measure of burn severity based on visual site assessment.

Many modeling techniques used to make estimates of landscape characteristics from
remotely sensed data, such as linear regression and many machine learning algorithms,
rely on supervised learning or empirical methods, highlighting the importance of reference
data availability and quality [48]. Reference data quality has been noted to be of partic-
ular importance when estimating forest attributes, such as aboveground biomass, with
the impact of sample size varying between methods and algorithms [61]. Reference data
collection techniques are of specific concern when the goal is the collection of standardized
inventories and mapping over large spatial extents, such as national-level forest invento-
ries [62], since sampling methods and sample placement can impact resulting models [63].
Other than training models, reference data are also required to assess model performance,
and biased or uncertain validation samples can hinder meaningful assessment of model
outputs [64,65]. Thus, there is a need for research that assesses the impact of reference data
density on resulting model performance across spatial scales and for varying mapping or
modeling tasks.
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Table 1. Summary of studies that have compared TLS data to field-based methods for characterizing fuels.

Study TLS Data Ground Data Parameters Landscape
Point-intercept; fuel bed and litter depth; Leaf biomass: leaf area:
Loudermilk et al. (2009) [52] Multiple scans; ILRIS presence/absence of fuel; vegetation type ! / Longleaf pine (Georgia, USA)

(non-destructive)

point-intercept volume

Garcia et al. (2011) [56]

Multiple scans from the same position
but rotated; Riegl LMS-Z390i

DBH; crown diameter, height, and base
height; planar transects (non-destructive)

Canopy height, cover, and base
height; fuel strata gap

Scots pine, larch, and mixed
oak/birch (Cheshire, UK)

Loudermilk et al. (2012) [17]

Multiple scans; ILRIS

Point-intercept; forward-looking infrared
(FLIR) thermal imaging

Maximum fire temperature and 90th
quantile fire temperature; residence

time at 300 °C and 500 °C

Longleaf pine (Georgia, USA)

Olsoy et al. (2014) [66]

Multiple scans; Riegl VZ-1000

Point-intercept (non-destructive); harvesting
of sagebrush (destructive)

Sagebrush biomass

Sagebrush (Idaho, USA)

Calders et al. (2015) [67]

Pre- and post-harvest multiple scans;
Riegl VZ-400

Forest inventory (destructive); tree DBH and
height; stem maps; dry weight; AGB

Tree DBH and height; AGB

Eucalypt open forest (Victoria,
AU)

Rowell et al. (2015) [54]

Multiple scans; Optech ILRIS 3¢D-HD

Clip plots (destructive); max and mean
heights for grass, forbs, shrubs, and litter;
mass and weight by fuel type; planar transect
counts and fuel bed heights

Fuel bed depths; biomass

Longleaf pine (Florida, USA)

Rowell et al. (2016) [57]

Multiple scans; Optech ILRIS 34D-HD

Clip plots (destructive); height; center of mass
height; canopy cover; dry biomass by type

Fuel height by type

Longleaf pine (Florida, USA)

Cooper et al. [68]

Multiple scans; Compact Biomass
LiDAR (CBL)

Disc pasture meter (non-destructive); grass
harvesting (destructive)

Grass AGB

Grasslands (South Dakota,
USA)

Rowell et al. (2020) [53]

Multiple scans; Riegl VZ-2000

Clip plots (destructive)

Occupied volume and mass; fuel

Old-field pine-grassland

mass; total biomass (Georgia, USA)
. . . Eucalypt (Victoria, AU); Dry
Hillman et al. (2019) [69] Multiple scans; Trimble TX8 Field plots Wl.t h sampling frames Vegetation height and cover sclerophyll eucalypt
(non-destructive) :
(Tasmania, AU)

Alonso-Rego et al. (2020) [55]

Single scan; FARO Laser Scanner
Focus 3D X 130

2-by-2 m sampling squares (non-destructive)

Litter depth; shrub cover; mean
shrub height; fuel fractions; fuel
load

Shrublands (Galicia, Spain)




Fire 2023, 6,98

6 of 19

Table 1. Cont.

Study

TLS Data

Ground Data

Parameters

Landscape

Hudak et al. (2020) [58]

Pre- and post-fire multiple scans: LMS

511 horizontal line scanner

Clip plots (destructive); fire consumption of
shrubs, grass, and fine downed woody debris;
fuel moisture; tree DBH, height, height of
crown, and crown diameter

Occupied voxel density; shrub fuel
bulk density

Pine (South Carolina, USA)

Alonso-Rego et al. (2021) [51]

Single scan; FARO Laser Scanner
Focus 3D X 130

DBH; tree height; base of live crown height;
planar transects (non-destructive)

Canopy base height, fuel load, and
bulk density; shrub cover; depth of
litter and duff; shrub height by
species; downed woody debris

Pine (Galicia, Spain)

Gallagher et al. (2021) [59]

Pre- and post-fire single scan; Leica
BLK360

CBI by strata; tree height; tree species; DBH
(non-destructive)

Substrate, herbaceous, shrub, tree,
and total CBI

Pine and pine-oak (New Jersey,
USA)

Hillman et al. (2021) [70]

Multiple scans; Trimble TX8

Point-intercept; comparison between
multiple sensors

Percent cover; fuel strata
classification; canopy fuel height;
intermediate canopy height;
near-surface fuel height; vertical
structure profiles

Dry sclerophyll eucalypt
(Tasmania, AU)

Pokswinski et al. (2021) [33]

Single scan; Leica BLK360

Planar-intercept along transects; duff, litter,
and fuel bed depths; hourly fuel counts

Reported methodology but did not
compare field data and TLS data

Not study-site specific

Rodriguez-Lozano et al. (2021)
[71]

Multiple scans; Leica ScanStation 2

Plant height and diameter; green biomass;
dry biomass; field spectrometry

AGB; green biomass fraction

Mediterranean steppes
(Iberian Peninsula, Europe)

Stovall and Atkins (2021) [32]

Multiple scans: Leica BLK360 and
Faro Focus 120 3D

None (comparison between two sensors)

Tree DBH, height and total volume;
PAVD

Oak-dominant (Virginia, USA)

Wallace et al. (2022) [31]

Multiple scans; Trimble TX-8; Faro
M70

Height and percent cover by strata; followed
methods of Hines et al. [38]

Height and percent cover by strata

Eucalypt (Victoria, AU)

AGB = above-ground biomass; DBH = diameters at breast height; CBI = composite burn index; PAVD = plant area volume density.
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In summary, traditionally subcanopy, site-level characterization has relied on the
time-consuming field methods discussed above. With the availability of cheap (i.e., sub-
$30,000 USD) and easy to operate units, practical, operational adoption of TLS for fuel
characterization has been suggested and methods have been proposed (see, for example,
Stovall and Atkins [32] and Pokswinski et al. [33]). This highlights the need to compare
TLS-based assessments with those obtained using traditional field methods.

3. Methods
3.1. Study Area

The New Jersey PNR is a 400,000 ha landscape comprising predominantly dense, fire-
adapted forest types. Much of the PNR is owned by the state government or conservation
groups, which has allowed for significant tracts of land to be left undeveloped. The canopy
is often dominated by a mix of Pinus rigida Mill. (pitch pine) and Quercus spp. (oaks), but
pure stands of pine or oak are scattered across the landscape as well. Sub-canopy and
mid-story species include stunted or immature post oak (Quercus stellata Wangenh.), shade
suppressed and immature pitch pine, as well as black jack oak (Quercus marilandica Muenchh)
and mountain laurel (Kalmia latifolin L.). Understory species include sheep laurel
(Kalmia angustifolia L.), shrub oaks such as scrub oak (Quercus ilicifolia Wangenh.), and
various Ericaceous shrubs (Vaccinium spp., Gaylussacia spp., and Lyonia spp.).

A long history of both wild- and prescribed fires of varying severity has created
a mosaic of three-dimensional structure within the forests. Relatively fire bereft areas
are characterized by dense woody vegetation, and tracts that experience more frequent
wildfire or prescribed fire exhibit unique characteristic patterns of vegetation density due
to fire-vegetation feedbacks [72]. Approximately 6000 ha of forest a year are burnt in
dormant season prescribed fires, while wildfires burn 3400 ha a year on average. The
average frequency and magnitude of wildfires, however, has decreased in the PNR from
a peak at the beginning of the 20th century [73,74].

The study area comprised 27 plots of varying fire history scattered among the north—
western and north—central portions of the PNR in Burlington and Ocean counties (Figure 1).
Plots were chosen to represent either recently burned /prescribed burned conditions or
fire excluded conditions. The most frequently burned plots experienced prescribed fire on
an annual basis, while several fire suppressed plots have been without fire for more than
25 years, with the longest time since a burn being 91 years. Canopy tree species among
the plots were predominantly pitch pine, with a single plot dominated by chestnut oak
(Quercus montana Willd.). Mid-canopy and understory species included those mentioned
previously in this section.
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Figure 1. Study area in New Jersey Pinelands National Reserve (PNR). (a) Location of field plots.

(b) Location of (a) within New Jersey, USA. Coordinates in (a) are relative to the NAD83 UTM

Zone 17N projection. Both maps are projected to the NAD83 UTM Zone 17N projection. Base

imagery is from the National Agriculture Imagery Program (NAIP) of the United States Department

of Agriculture (USDA) Farm Service Agency.

3.2. TLS and Ground Data

Each of the 27 plots was circular in shape and had a radius of 10 m. This study
specifically used 10 m radius plots since the goal was to characterize local, plot-level
characteristics and because of the limitations of single-position, single-scan TLS data. Due
to issues of occlusion, decreasing point density with radial distance from the scanner, and
beam divergence, Pokswinski et al. [33] suggested that only data within 10 to 15 m of the
Leica BLK 360 TLS model used in this study are usable. To collect field reference data, each
plot was sampled 40 times within the area defined by the 10 m radius from the plot center
and measured using a Lufkin foldable 2 m wood rule. The 40 measurement locations within
each plot were chosen randomly within the 10 m radius by tossing metal flagging and
measuring the height of the tallest woody vegetation, in centimeters, where the flagging
landed. If flagging landed in an area with no woody vegetation, that sample was recorded
as 0 cm. The goal was to collect a total of 40 randomly selected reference data points within
each of the 27 plots in order to generate an unbiased sample of shrub heights within the
10 m radius being characterized.

TLS data were collected using a Leica BLK 360 using a similar approach as Gallagher
et al. [59]. Two single-return scans were conducted at each plot, one scan during the
dormant season and another during the growing season, in order to record scans in both
leaf-off and leaf-on conditions. Scans were taken with the TLS positioned at the plot center.
Unprocessed scans were downloaded using the Leica BLK Data Manager and extracted as
PTX files using the Leica Cyclone Register 360 software.

3.3. Data Preparation

Figure 2 conceptualizes the data preparation, modeling, and assessment and compari-
son methods used in this study. All processing, modeling, and assessment were conducted
within the R [75] data science language and environment. We specifically made use of the
lidR [76] and TreeLS [77] packages, which allow for reading and processing LiDAR and TLS
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Ground Classify and Nd

data in the R environment. Since all shrub height field measurements were collected within
a 10 m radius of the sensor, returns occurring within this radius were extracted from the
larger dataset. Next, a noise filter was applied based on Z value distributions. Following
the noise filtering, ground classification was performed using the cloth simulation function
(CSF) as implemented in the lidR [76] and RCSF [78] packages. In order to classify ground
returns, the CSF models a rigid cloth surface, which is defined by interconnected nodes
within a three-dimensional space. In other words, the point cloud is inverted, and the
cloth surface is modeled above the points. The nodes associated with this modeled surface
are then used to classify ground return points while honoring rigidness constraints. We
used a class threshold of 0.05 and a cloth resolution of 0.05; the class threshold specifies
the distance threshold to the simulated cloth to classify a point as a ground return, while
the cloth resolution relates to the distance between nodes making up the modeled cloth
surface. Rigidness was maintained as the default value of 1 to allow for the modeling of
rugged terrain, and the time step, which relates to how gravity is simulated in the model,
was set to 0.65.

Field
Measurements

Assessment and
Comparison

v

—

Principal

Regression Analysis ~ Component
Analysis

Summary Metrics

A : B e
rmalize Extract Understory
Figure 2. Conceptualization of data preparation, modeling, and assessment and comparison work-

flows. Icons from Font Awesome and made available under a CC by 4.0 license.

Next, lidR [76] and TreeLS [77] were used to normalize the point cloud to convert the
Z coordinates to height above ground, as represented by the ground point classification
created using the CSF method, and minimize the impact of variable topography. This
first required that a triangulated irregular network (TIN) be created from the classified
ground returns, followed by a rasterization of this surface to create a digital terrain model
(DTM) of bare earth surface elevations at a 0.1 m spatial resolution. The ground elevation
measurements from the DTM surface were then subtracted from the returns occurring
above them. Since we were specifically interested in estimating shrub heights, returns
associated with trees were detected then removed from the point cloud using the TreeLS [77]
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package and the methods described by de Conto et al. [77]. This method specifically relies
on a cylinder fitting technique to identify main stems or trunks. Once main stems are
detected, points are assigned to individual trees using a graph theory approach. All points
that are associated with a specific tree are assigned the same unique tree identifier, allowing
for selecting each individual tree, or, as was conducted in this study; filtering out all points
returning from trees and associated stems or leaves. This ground classification followed by
tree segmentation workflow resulted in a ground normalized point cloud containing only
points classified as understory returns.

Once the TLS data were filtered for noise, clipped, and ground classified and trees
were classified and removed, it was assumed that the remaining points represented returns
from the understory. These understory returns were used to extract a set of 54 metrics
to summarize the understory conditions within the plot extent. The metrics generated
are listed in Table 2. For all the non-ground/understory returns, we calculated the mean,
median, standard deviation, skewness, and kurtosis of the Z, or height, values. We also
calculated the Z values associated with all deciles between 1 and 9. The point cloud was
also segmented into height strata as follows: >0t0 0.5m,0.5to 1m,1to1.5m, 1.5to 2 m,
and >2 m. This was accomplished using the normalized Z values, and these bin ranges
were selected since our primary interest was characterizing subcanopy features smaller
than 2 m in height. Within each height strata, we counted the number of returns and
the percentage of all non-ground/understory returns returning in the height strata. We
calculated the mean, median, standard deviation, skewness, and kurtosis of the Z values
within each height bin. Lastly, and in order to summarize the distribution of points relative
to the X/Y plane, we calculated the average nearest neighbor (ANN) index, which offers
a measure of the spatial dispersion or clustering of a point pattern, using the spatialEco
package [79].

Table 2. Metrics calculated from TLS point cloud data following ground classification, height
normalization, and extraction of non-ground /understory returns.

Group Variables Count
Z mean, median, standard deviation, skewness, and kurtosis 5
All non-ground/understory returns (Z) Deciles (1-9) 9
Strata-based Count of returns in strata, percent of all 10

non-ground /understory returns in strata

Strata-based (Z) Mean, median, standard deviation, skewness, and kurtosis 25
Strata-based (X/Y) Average nearest neighbor (ANN) index 5
Total 54

3.4. Regression Modeling

Models were generated using multiple linear regression fitted using the ordinary
least squares (OLS) method [80] as implemented in the stats base R package [75]. Due
to the limited number of samples, it was not possible to partition the data into separate
training and testing sets. Instead, models were trained using all available samples but
withholding one sample. The withheld sample was then predicted using the model trained
using the other samples. This process was repeated such that all samples were held out and
predicted using a model trained with all other available samples. Additionally, due to the
limited sample size relative to the number of predictor variables, the predictor variables
were transformed into eight new and decorrelated predictors using principal component
analysis (PCA) [81]. The first eight principal components were chosen as it was found
that this was adequate to capture 99% of the variance in the original 54 variables. So as
not to cause a data leak, the PCA was performed separately for each model with one
of the samples held out. As a result, the first eight principal component variables were
not consistent between models since they were generated using different training and
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validation partitions. Other than the eight principal component variables, we also included
whether the site was recently burned or fire excluded, represented as a single dummy
variable, as an additional variable in the analysis, resulting in a total of 9 predictor variables
in each model.

In order to assess the impact of reducing the number of shrub height samples collected
within each plot, we randomly selected 2 through 40 with a step size of 2 random samples,
calculated the mean shrub heights in each plot using the subsample, then used this estimate
as the dependent variable in the multiple regression analysis. For the withheld sample in
each model run, the total set of 40 samples was always used to estimate the average shrub
height in the plot. Separate models were also developed using the leaf-off and leaf-on data.
Generating models using sample sizes varying from 2 to 40 with a step size of 2, trained on
all but one sample, and with the leaf-on and leaf-off predictor variables resulted in a total
of 1080 models.

3.5. Assessment and Comparison

Modeling results were assessed and compared using the prediction R-squared and
root mean square error (RMSE) metrics [80], which were calculated using the shrub heights
estimated using all 40 samples available in each plot and the associated prediction for
each sample when it was held out of the modeling process. RMSE was calculated in the
units of the response variable, in this case cm. In order to assess and compare changes
in the precision or uncertainty of the predictions, we also calculated prediction intervals
(PIs) using a 95% confidence interval [82]. Note that precision intervals are different
from confidence intervals, as they are calculated for each prediction as opposed to the
entire model.

4. Results and Discussion
4.1. Distribution of Shrub Heights within Plots

Figure 3 summarizes the central tendency and distribution of the 40 field-based shrub
height measurements collected within each of the 27 plots. Generally, sites that had been
recently burned showed lower average shrub heights in comparison to fire excluded sites.
Measured shrub heights were rarely above 2 m within recently burned sites. Additionally,
shrub heights were generally more variable within fire excluded than in recently burned
plots. Both a one-tailed T-Test with unequal variance (p-value = 0.0001) and a one-tailed
Wilcoxon rank sum exact test (p-value = 0.0002) suggested that the recently burned sites
had a statistically significant lower mean shrub height at the 95% confidence level in com-
parison with the fire excluded sites. Further, a one-tailed T-Test with unequal variance
(p-value = 0.0001) and a one-tailed Wilcoxon rank sum exact test (p-value = 0.001) both
suggest that the recently burned sites had statistically significantly lower variability of
measured heights within the plots in comparison with the fire excluded sites. This high-
lights the value of including the recently burned vs. fire excluded variable in the multiple
regression models.
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Figure 3. Distribution of 40 field-measured shrub heights in each of the 27 plots. Color differentiates
recently burned and fire excluded sites.

4.2. Impact of Number of Shrub Height Measurements and Phenology on Model Performance

Figure 4 shows the predicted shrub heights for each plot when using all 40 field
samples to estimate the mean shrub height. As described above, each site was predicted
using a model trained with all other available plots. Black points represent the mean shrub
height calculated from the 40 field samples, while the colored points represent the predicted
mean shrub height obtained using the multiple linear regression model. The error bars
represent the 95% confidence PIs. The mean PI across all of the sites was 72.9 cm when
using the leaf-off metrics and 54.6 cm when using the leaf-on metrics. When using the
leaf-off metrics, the average prediction interval for recently burned sites was 79.4 cm, while
it was 65.8 for fire excluded sites. When using the leaf-on metrics, the average prediction
interval for recently burned sites was 57.5 cm, while it was 51.4 for fire excluded sites. The
predicted R-squared calculated using the residual for each sample withheld from each
model was 0.78 when using the leaf-off metrics and 0.89 when using the leaf-on metrics.
The RMSE was 12.9 cm and 10.3 cm for the leaf-off and leaf-on models, respectively.

Generally, the results suggest better performance when using the metrics derived using
the leaf-on data in comparison with the metrics derived using the leaf-off data. The reasons
for the differences in performance with phenology are not clear; however, this may relate to
having a greater density of understory returns, and, as a result, a better characterization of
the understory, in the leaf-on data due to the presence of foliage. However, there are some
confounding variables. Specifically, it would be expected to have a less accurate ground
classification and subsequent ground normalization in the leaf-on vs. leaf-off data due to
a lower density of ground returns due to potentially more ground occlusion by vegetation.
The models also generally provided lower prediction intervals for fire excluded vs. recently
burned sites. This may partially be related to differences in mean heights and variability in
heights within plots between the recently burned and fire excluded groups.

These results specifically highlight the value of providing PIs along with each predic-
tion. For example, users can use these values to determine whether predictions are precise
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enough to meet management, reporting, or modeling standards. Additionally, PIs allow
for better quantification and understanding of differences in prediction variability between
sites or groups of sites (i.e., recently burned vs. fire excluded).
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Figure 4. Mean shrub heights based on 40 ground samples (black dots) and predicted shrub heights
obtained using multiple linear regression and TLS metrics calculated from leaf-off and leaf-on data.
Error bars provide the 95% confidence PI for each plot.

Figure 5 summarizes variability in model performance as the number of samples
within each plot used to estimate the mean shrub height in the plot are varied from
2 to 40 m with a step size of 2 m. Figure 5a shows the mean PI by sample size,
Figure 5b shows the mean RMSE, and Figure 5c shows the mean prediction R-squared. All
three metrics generally suggest stronger performance when using the leaf-on metrics as
opposed to the leaf-off metrics, as noted above for the results obtained when using all
available field samples. These results generally suggest that model performance is sensitive
to the number of field reference samples available in each plot, regardless of whether
leaf-on or leaf-off data are used. Results were notably poorer when less than 10 samples
were collected within each plot. Performance generally stabilized after 20 samples were
used to calculate plot means. We attribute fluctuations in the model performance with
changes in sample size to be partially related to the random samples chosen to train the
models. More specifically, more variability in model performance would be anticipated
with a smaller sample size, since which samples were chosen to train the model would
impact the resulting prediction. With an increase in the number of training samples, it is
anticipated that a more consistent result would be obtained between model runs. Similar
to the results reported by Keane et al. [38] when comparing the planar intercept, fixed-area
microplot, and photoload field methods, our results suggest that intensive sampling is
necessary to accurately estimate fuel conditions. In this study, collecting only a few samples
per plot (i.e., less than 10) was inadequate to provide stable and precise estimates of mean
shrub heights within 10 m radius plots when used as a dependent variable to train multiple
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regression models to estimate this fuel metric from TLS-derived metric sets, both leaf-off
and leaf-on, as measured using mean PIs, RMSE, and R-squared. In other words, field
reference sampling density is an important consideration when these data will be used
to train models to make estimates from remotely sensed data for application to new data
within other plots or extents.
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Figure 5. Changes in model performance with field reference data sample size. (a) Mean PI;
(b) RMSE; (c) prediction R-squared.

There are some notable limitations in this study. First, although we had 40 random field
measurements available within each plot, only 27 plots were available. In order to minimize
the impact of a small sample size, we generated multiple models and withheld each sample
for validation so as not to require partitioning the data into separate training and testing sets.
We also relied on multiple linear regression, as opposed to a machine learning modeling
method that may be more likely to overfit to a small dataset. The findings of this study
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may not be applicable to all forested landscapes. This study was conducted within the
New Jersey PNR, and results may not extrapolate to other forest types or landscapes with
disparate community composition, understory and/or overstory characteristics, and/or
burn histories. For example, less field samples may be necessary within forest stands with
more homogeneous understory characteristics or less variable shrub heights. In contrast,
forests with more heterogeneous understory characteristics may require a larger sample
size. The types of species making up the understory and the disturbance or management
histories may also have an impact. Further investigation of the impact of reference data
sampling density on plot-level model performance in other landscapes would be useful.
Lastly, we relied on single-return, single-scan TLS data collected with cheaper units since
our focus was on operational adoption for rapid plot-level assessment. Results may vary
when using other sensors or combining multiple scans to more fully characterize a plot or
minimize occlusion. Even given these limitations, we argue that our results highlight the
importance of field reference sampling density and data phenology when such data will be
used as input to empirical predictive modeling routines.

To improve the mapping and characterization of fuels, especially in the forest under-
story, there is a need for further development of methods for segmenting point clouds
into different types of fuels and mapping or differentiating individual shrubs or trees [83].
Quantitative structure models (QSMs) could be especially useful for such segmentation
work [84-86]. Many factors can impact fire behavior, including abundance and composi-
tion of duff and detritus, abundance and distribution of live and dead woody material,
structural elements and configuration of the canopy and subcanopy, and foliage abundance
and characteristics [1,2]. Adopting methods from other disciplines or areas of research may
be of particular value for improving the characterization of fuels; for example, computer
graphics and porous media theory methods have been proposed to better model the gap
fraction of tree crowns [87]. As noted by White et al. [83], there is a need to develop best
practices for using TLS data to estimate plot-level attributes. Using these data to enhance
forest inventories remains challenging due to lingering technological, methodological, and
operational issues. For example, methods to accurately and consistently measure key forest
inventory attributes, such as number of trees, species, diameter at breast height, and height,
are still lacking [83].

5. Conclusions

This study highlights the importance of field reference data sampling density when
they are used to derive a dependent variable for empirical modeling of plot-level charac-
teristics using remotely sensed data. Specifically, we document reductions in mean PIs,
RMSE, and R-squared with reduction in the number of reference samples available within
each plot for estimating mean plot-level shrub heights using metrics derived from TLS
data. Models were generally less accurate and precise when less than 10 random shrub
heights were collected within each plot, but stabilized after 20 samples were available.
Additionally, metrics derived from leaf-on TLS data generally provided more accurate
and precise predictions than those calculated from leaf-off data within the study plots and
landscape. This study highlights the importance of field reference sampling design and
data characteristics when data will be used to train empirical models for extrapolation to
new sites or plots.

Author Contributions: Conceptualization, A.EM., M.R.G., E.L.L. and N.S.S.; data curation, M.R.G,,
N.M. and S.M.P; formal analysis, A.EM., M.R.G., M.S.B. and S.M.P,; funding acquisition, M.R.G. and
N.S.S,; investigation, A.E.M., M.R.G., N.M. and M.S.B.; supervision, M.R.G. and N.S.S.; writing—
original draft preparation, A.E.M. and M.R.G,; validation, A.E.M. and M.R.G.; writing—review and
editing, A EM.,, M.R.G.,, N.M., M.S.B.,, SM.P, E.L.L. and N.S.S. All authors have read and agreed to
the published version of the manuscript.

Funding: Funding was provided by the National Science Foundation (NSF) (Award Number: 2040676,
“NSF Convergence Accelerator Track D: Artificial Intelligence and Community Driven Wildland Fire



Fire 2023, 6, 98 16 of 19

Innovation via a WIFIRE Commons Infrastructure for Data and Model Sharing”). Any opinions,
findings, and conclusions or recommendations expressed in this material are those of the author(s)
and do not necessarily reflect the views of the National Science Foundation. This project was also
funded by the USDA Forest Service Northern Research Station through joint venture agreement
20-JV-11242306-069 and the US Fish and Wildlife Service under grant number F21AC02192-00.

Data Availability Statement: Data and code associated with this study are made available on the
WYV View webpage (https://www.wvview.org/research.html, accessed on 17 February 2023).

Acknowledgments: We would like to thank the three anonymous reviewers whose comments
strengthened the work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Finney, M.A.; McAllister, S.S.; Forthofer, ] M.; Grumstrup, T.P. Wildland Fire Behaviour: Dynamics, Principles and Processes; CSIRO
Publishing: Clayton, Australia, 2021.

2. Rego, FC; Morgan, P.; Fernandes, P.; Hoffman, C. Fire Science: From Chemistry to Landscape Management; Springer Nature: Berlin,
Germany, 2021.

3.  Harvey, B.J. Human-caused climate change is now a key driver of forest fire activity in the western United States. Proc. Natl. Acad.
Sci. USA 2016, 113, 11649-11650. [CrossRef]

4. Cary, GJ.; Flannigan, M.D.; Keane, R.E.; Bradstock, R.A.; Davies, I.D.; Lenihan, ].M.; Li, C.; Logan, K.A.; Parsons, R.A. Relative
importance of fuel management, ignition management and weather for area burned: Evidence from five landscape—fire—succession
models. Int. . Wildland Fire 2009, 18, 147-156. [CrossRef]

5. Knapp, E.E; Keeley, ].E.; Ballenger, E.A.; Brennan, T.J. Fuel reduction and coarse woody debris dynamics with early season and
late season prescribed fire in a Sierra Nevada mixed conifer forest. For. Ecol. Manag. 2005, 208, 383-397. [CrossRef]

6.  McCaw, W.L. Managing forest fuels using prescribed fire—A perspective from southern Australia. For. Ecol. Manag. 2013, 294,
217-224. [CrossRef]

7.  Safford, H.D.; Schmidt, D.A.; Carlson, C.H. Effects of fuel treatments on fire severity in an area of wildland—urban interface,
Angora Fire, Lake Tahoe Basin, California. For. Ecol. Manag. 2009, 258, 773-787. [CrossRef]

8.  Hoffman, C.M.; Sieg, C.H.; Linn, R.R.; Mell, W.; Parsons, R.A ; Ziegler, ].P.,; Hiers, ].K. Advancing the Science of Wildland Fire
Dynamics Using Process-Based Models. Fire 2018, 1, 32. [CrossRef]

9.  Parsons, R.A; Mell, W.E.; McCauley, P. Linking 3D spatial models of fuels and fire: Effects of spatial heterogeneity on fire behavior.
Ecol. Model. 2011, 222, 679-691. [CrossRef]

10. Pimont, E; Parsons, R.; Rigolot, E.; de Coligny, E; Dupuy, J.-L.; Dreyfus, P; Linn, R.R. Modeling fuels and fire effects in 3D: Model
description and applications. Environ. Model. Softw. 2016, 80, 225-244. [CrossRef]

11.  Pimont, F; Dupuy, J.-L,; Linn, R.R.; Parsons, R.; Martin-StPaul, N. Representativeness of wind measurements in fire experiments:
Lessons learned from large-eddy simulations in a homogeneous forest. Agric. For. Meteorol. 2017, 232, 479-488. [CrossRef]

12.  Wu, Z,; He, H.S,; Fang, L.; Liang, Y.; Parsons, R.A. Wind speed and relative humidity influence spatial patterns of burn severity in
boreal forests of northeastern China. Ann. For. Sci. 2018, 75, 66. [CrossRef]

13.  Nelson, RM.J. A method for describing equilibrium moisture content of forest fuels. Can. J. For. Res. 1984, 14, 597-600. [CrossRef]

14. Viegas, D.X,; Viegas, M.; Ferreira, A.D. Moisture Content of Fine Forest Fuels and Fire Occurrence in Central Portugal. Int. J.
Wildland Fire 1992, 2, 69-86. [CrossRef]

15. Stephens, S.L.; Battaglia, M.A.; Churchill, D.J.; Collins, B.M.; Coppoletta, M.; Hoffman, C.M.; Lydersen, ].M.; North, M.P,; Parsons,
R.A; Ritter, S.M.; et al. Forest Restoration and Fuels Reduction: Convergent or Divergent? BioScience 2021, 71, 85-101. [CrossRef]

16. Parsons, R; Jolly, W.M.; Hoffman, C.; Ottmar, R. The role of fuels in extreme fire behavior. In Synthesis of Knowledge of Extreme Fire
Behavior; U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Station: Portland, OR, USA, 2016; p. 55.
Available online: https://www.fs.usda.gov /research/treesearch /50530 (accessed on 17 February 2023).

17.  Loudermilk, E.L.; O’Brien, J.J.; Mitchell, R.J.; Cropper, W.P; Hiers, ] K.; Grunwald, S.; Grego, J.; Fernandez-Diaz, J.C. Linking
complex forest fuel structure and fire behaviour at fine scales. Int. J. Wildland Fire 2012, 21, 882-893. [CrossRef]

18. Hiers, ].K.; O’Brien, ].].; Varner, ].M.; Butler, B.W.; Dickinson, M.; Furman, J.; Gallagher, M.; Godwin, D.; Goodrick, S.L.; Hood,
S.M.; et al. Prescribed fire science: The case for a refined research agenda. Fire Ecol. 2020, 16, 11. [CrossRef]

19. Mitchell, R.J.; Hiers, ].K.; O'Brien, ].].; Jack, S.B.; Engstrom, R.T. Silviculture that sustains: The nexus between silviculture, frequent
prescribed fire, and conservation of biodiversity in longleaf pine forests of the southeastern United States. Can. J. For. Res. 2006,
36, 2724-2736. [CrossRef]

20. Rothermel, R.C. A Mathematical Model for Predicting Fire Spread in Wildland Fuels; Intermountain Forest & Range Experiment
Station, Forest Service, US Department of Agriculture: Ogden, UT, USA, 1972; Volume 115. Available online: https://www.fs.
usda.gov/research/treesearch /32533 (accessed on 17 February 2023).

21. Parsons, R.A.; Linn, RR,; Pimont, F.; Hoffman, C.; Sauer, ].; Winterkamp, J.; Sieg, C.H.; Jolly, W.M. Numerical Investigation of

Aggregated Fuel Spatial Pattern Impacts on Fire Behavior. Land 2017, 6, 43. [CrossRef]


https://www.wvview.org/research.html
http://doi.org/10.1073/pnas.1612926113
http://doi.org/10.1071/WF07085
http://doi.org/10.1016/j.foreco.2005.01.016
http://doi.org/10.1016/j.foreco.2012.09.012
http://doi.org/10.1016/j.foreco.2009.05.024
http://doi.org/10.3390/fire1020032
http://doi.org/10.1016/j.ecolmodel.2010.10.023
http://doi.org/10.1016/j.envsoft.2016.03.003
http://doi.org/10.1016/j.agrformet.2016.10.002
http://doi.org/10.1007/s13595-018-0749-z
http://doi.org/10.1139/x84-108
http://doi.org/10.1071/WF9920069
http://doi.org/10.1093/biosci/biaa134
https://www.fs.usda.gov/research/treesearch/50530
http://doi.org/10.1071/WF10116
http://doi.org/10.1186/s42408-020-0070-8
http://doi.org/10.1139/x06-100
https://www.fs.usda.gov/research/treesearch/32533
https://www.fs.usda.gov/research/treesearch/32533
http://doi.org/10.3390/land6020043

Fire 2023, 6, 98 17 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

Gale, M.G.; Cary, G.J.; Van Dijk, A.LJ.M.; Yebra, M. Forest fire fuel through the lens of remote sensing: Review of approaches,
challenges and future directions in the remote sensing of biotic determinants of fire behaviour. Remote Sens. Environ. 2021, 255,
112282. [CrossRef]

Skowronski, N.S.; Gallagher, M.R. Fuels Characterization Techniques. In Encyclopedia of Wildfires and Wildland-Urban Interface
(WUI) Fires; Manzello, S.L., Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 1-10. ISBN 978-3-319-51727-8.
Skowronski, N.S.; Gallagher, M.R.; Warner, T.A. Decomposing the Interactions between Fire Severity and Canopy Fuel Structure
Using Multi-Temporal, Active, and Passive Remote Sensing Approaches. Fire 2020, 3, 7. [CrossRef]

McCarley, T.R.; Hudak, A.T,; Sparks, A.M.; Vaillant, N.M.; Meddens, A.].; Trader, L.; Mauro, F.; Kreitler, J.; Boschetti, L. Estimating
wildfire fuel consumption with multitemporal airborne laser scanning data and demonstrating linkage with MODIS-derived fire
radiative energy. Remote Sens. Environ. 2020, 251, 112114. [CrossRef]

Ross, C.W.; Loudermilk, E.L.; Skowronski, N.; Pokswinski, S.; Hiers, ].K.; O’'Brien, J. LIDAR Voxel-Size Optimization for Canopy
Gap Estimation. Remote Sens. 2022, 14, 1054. [CrossRef]

Gallagher, M.R,; Cope, Z.; Giron, D.R.; Skowronski, N.S.; Raynor, T.; Gerber, T.; Linn, R.R.; Hiers, ].K. Reconstruction of the Spring
Hill Wildfire and Exploration of Alternate Management Scenarios Using QUIC. Fire 2021, 4, 72. [CrossRef]

Fernandez-Alvarez, M.; Armesto, J.; Picos, J. LIDAR-based wildfire prevention in WUI: The automatic detection, measurement
and evaluation of forest fuels. Forests 2019, 10, 148. [CrossRef]

Gallagher, M.R.; Skowronski, N.S.; Lathrop, R.G.; McWilliams, T.; Green, E.J. An improved approach for selecting and validating
burn severity indices in forested landscapes. Can. |. Remote Sens. 2020, 46, 100-111. [CrossRef]

Sandberg, D.V,; Ottmar, R.D.; Cushon, G.H. Characterizing fuels in the 21st Century. Int. ]. Wildland Fire 2001, 10, 381-387. [CrossRef]
Wallace, L.; Hillman, S.; Hally, B.; Taneja, R.; White, A.; McGlade, J. Terrestrial Laser Scanning: An Operational Tool for Fuel
Hazard Mapping? Fire 2022, 5, 85. [CrossRef]

Stovall, A.E.L.; Atkins, ].W. Assessing Low-Cost Terrestrial Laser Scanners for Deriving Forest Structure Parameters. Preprints
2021. [CrossRef]

Pokswinski, S.; Gallagher, M.R.; Skowronski, N.S.; Loudermilk, E.L.; Hawley, C.; Wallace, D.; Everland, A.; Wallace, J.; Hiers, ].K.
A simplified and affordable approach to forest monitoring using single terrestrial laser scans and transect sampling. MethodsX
2021, 8, 101484. [CrossRef]

Brown, ].K. Bulk Densities of Nonuniform Surface Fuels and Their Application to Fire Modeling. For. Sci. 1981, 27, 667—683. [CrossRef]
Hines, F; Hines, F,; Tolhurst, K.G.; Wilson, A.A.; McCarthy, G.J. Overall Fuel Hazard Assessment Guide; Victorian Government,
Department of Sustainability and Environment Melbourne: 2010. Available online: https:/ /www.ffm.vic.gov.au/__data/assets/
pdf_file/0005/21110/Report-82-overall-fuel-assess-guide-4th-ed.pdf (accessed on 17 February 2023).

Brown, J.K. Handbook for Inventorying Downed Woody Material; US Department of Agriculture, Forest Service, Intermountain Forest
and Range Experiment Station: Ogden, UT, USA, 1974; p. 16.

Sikkink, P.G.; Keane, R.E; Sikkink, P.G.; Keane, R.E. A comparison of five sampling techniques to estimate surface fuel loading in
montane forests. Int. J. Wildland Fire 2008, 17, 363-379. [CrossRef]

Keane, R.E.; Gray, K; Keane, R.E.; Gray, K. Comparing three sampling techniques for estimating fine woody down dead biomass.
Int. ]. Wildland Fire 2013, 22, 1093-1107. [CrossRef]

Westfall, J.A.; Woodall, C.W. Measurement repeatability of a large-scale inventory of forest fuels. For. Ecol. Manag. 2007, 253,
171-176. [CrossRef]

Kessell, S.R.; Potter, M.W.; Bevins, C.D.; Bradshaw, L.; Jeske, B.W. Analysis and application of forest fuels data. Environ. Manag.
1978, 2, 347-363. [CrossRef]

Prichard, S.J.; Sandberg, D.V.; Ottmar, R.D.; Eberhardt, E.; Andreu, A.; Eagle, P.; Swedin, K. Fuel Characteristic Classification System
Version 3.0: Technical Documentation; Gen. Tech. Rep. PNW-GTR-887; US Department of Agriculture, Forest Service, Pacific
Northwest Research Station: Portland, OR, USA, 2013; Volume 887, 79p.

Arroyo, L.A.; Pascual, C.; Manzanera, J.A. Fire models and methods to map fuel types: The role of remote sensing. For. Ecol.
Manag. 2008, 256, 1239-1252. [CrossRef]

Mutlu, M.; Popescu, S.C.; Stripling, C.; Spencer, T. Mapping surface fuel models using lidar and multispectral data fusion for fire
behavior. Remote Sens. Environ. 2008, 112, 274-285. [CrossRef]

Garcia, M,; Riafio, D.; Chuvieco, E.; Salas, J.; Danson, FEM. Multispectral and LiDAR data fusion for fuel type mapping using
Support Vector Machine and decision rules. Remote Sens. Environ. 2011, 115, 1369-1379. [CrossRef]

Erdody, T.L.; Moskal, L.M. Fusion of LiDAR and imagery for estimating forest canopy fuels. Remote Sens. Environ. 2010, 114,
725-737. [CrossRef]

Skowronski, N.S.; Clark, K.L.; Duveneck, M.; Hom, J. Three-dimensional canopy fuel loading predicted using upward and
downward sensing LiDAR systems. Remote Sens. Environ. 2011, 115, 703-714. [CrossRef]

Peterson, B.; Nelson, K.J.; Seielstad, C.; Stoker, J.; Jolly, WM.; Parsons, R. Automated integration of lidar into the LANDFIRE
product suite. Remote Sens. Lett. 2015, 6, 247-256. [CrossRef]

Lillesand, T.; Kiefer, R W.; Chipman, J. Remote Sensing and Image Interpretation; John Wiley & Sons: Hoboken, NJ, USA, 2015.
Skowronski, N.S.; Haag, S.; Trimble, J.; Clark, K.L.; Gallagher, M.R.; Lathrop, R.G.; Skowronski, N.S.; Haag, S.; Trimble, J.; Clark,
K.L,; et al. Structure-level fuel load assessment in the wildland—urban interface: A fusion of airborne laser scanning and spectral
remote-sensing methodologies. Int. ]. Wildland Fire 2015, 25, 547-557. [CrossRef]


http://doi.org/10.1016/j.rse.2020.112282
http://doi.org/10.3390/fire3010007
http://doi.org/10.1016/j.rse.2020.112114
http://doi.org/10.3390/rs14051054
http://doi.org/10.3390/fire4040072
http://doi.org/10.3390/f10020148
http://doi.org/10.1080/07038992.2020.1735931
http://doi.org/10.1071/WF01036
http://doi.org/10.3390/fire5040085
http://doi.org/10.20944/preprints202107.0690.v1
http://doi.org/10.1016/j.mex.2021.101484
http://doi.org/10.1126/science.6256857
https://www.ffm.vic.gov.au/__data/assets/pdf_file/0005/21110/Report-82-overall-fuel-assess-guide-4th-ed.pdf
https://www.ffm.vic.gov.au/__data/assets/pdf_file/0005/21110/Report-82-overall-fuel-assess-guide-4th-ed.pdf
http://doi.org/10.1071/WF07003
http://doi.org/10.1071/WF13038
http://doi.org/10.1016/j.foreco.2007.07.014
http://doi.org/10.1007/BF01866675
http://doi.org/10.1016/j.foreco.2008.06.048
http://doi.org/10.1016/j.rse.2007.05.005
http://doi.org/10.1016/j.rse.2011.01.017
http://doi.org/10.1016/j.rse.2009.11.002
http://doi.org/10.1016/j.rse.2010.10.012
http://doi.org/10.1080/2150704X.2015.1029086
http://doi.org/10.1071/WF14078

Fire 2023, 6, 98 18 of 19

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.
75.
76.

Skowronski, N.; Clark, K.; Nelson, R.; Hom, J.; Patterson, M. Remotely sensed measurements of forest structure and fuel loads in
the Pinelands of New Jersey. Remote Sens. Environ. 2007, 108, 123-129. [CrossRef]

Alonso-Rego, C.; Arellano-Pérez, S.; Guerra-Hernandez, J.; Molina-Valero, J.A.; Martinez-Calvo, A.; Pérez-Cruzado, C.; Castedo-
Dorado, E; Gonzélez-Ferreiro, E.; Alvarez-Gonzalez, ].G.; Ruiz-Gonzalez, A.D. Estimating Stand and Fire-Related Surface and
Canopy Fuel Variables in Pine Stands Using Low-Density Airborne and Single-Scan Terrestrial Laser Scanning Data. Remote Sens.
2021, 13, 5170. [CrossRef]

Loudermilk, E.L.; Hiers, ] K.; O’Brien, ].J.; Mitchell, R.J.; Singhania, A.; Fernandez, ].C.; Cropper, W.P,; Slatton, K.C.; Loudermilk,
E.L.; Hiers, ] K,; et al. Ground-based LIDAR: A novel approach to quantify fine-scale fuelbed characteristics. Int. ]. Wildland Fire
2009, 18, 676—685. [CrossRef]

Rowell, E.; Loudermilk, E.L.; Hawley, C.; Pokswinski, S.; Seielstad, C.; Queen, L.; O'Brien, J.].; Hudak, A.T.; Goodrick, S.; Hiers,
J.K. Coupling terrestrial laser scanning with 3D fuel biomass sampling for advancing wildland fuels characterization. For. Ecol.
Manag. 2020, 462, 117945. [CrossRef]

Rowell, E.; Loudermilk, E.L.; Seielstad, C.; O’Brien, ]J.J. Using Simulated 3D Surface Fuelbeds and Terrestrial Laser Scan Data to
Develop Inputs to Fire Behavior Models. Can. J. Remote Sens. 2016, 42, 443-459. [CrossRef]

Alonso-Rego, C.; Arellano-Pérez, S.; Cabo, C.; Ordoiiez, C.; Alvarez-Gonzélez, J.G.; Diaz-Varela, R.A.; Ruiz-Gonzalez, A.D.
Estimating Fuel Loads and Structural Characteristics of Shrub Communities by Using Terrestrial Laser Scanning. Remote Sens.
2020, 12, 3704. [CrossRef]

Garcia, M.; Danson, EM.; Riafio, D.; Chuvieco, E.; Ramirez, F.A.; Bandugula, V. Terrestrial laser scanning to estimate plot-level
forest canopy fuel properties. Int. J. Appl. Earth Obs. Geoinf. 2011, 13, 636-645. [CrossRef]

Rowell, E.M.; Seielstad, C.A.; Ottmar, R.D.; Rowell, E.M.; Seielstad, C.A.; Ottmar, R.D. Development and validation of fuel height
models for terrestrial lidar—RxCADRE 2012. Int. J. Wildland Fire 2015, 25, 38-47. [CrossRef]

Hudak, A.T.; Kato, A.; Bright, B.C.; Loudermilk, E.L.; Hawley, C.; Restaino, J.C.; Ottmar, R.D.; Prata, G.A.; Cabo, C.; Prichard,
S.J.; et al. Towards Spatially Explicit Quantification of Pre- and Postfire Fuels and Fuel Consumption from Traditional and Point
Cloud Measurements. For. Sci. 2020, 66, 428—-442. [CrossRef]

Gallagher, M.R.; Maxwell, A.E.; Guillén, L.A.; Everland, A.; Loudermilk, E.L.; Skowronski, N.S. Estimation of Plot-Level Burn
Severity Using Terrestrial Laser Scanning. Remote Sens. 2021, 13, 4168. [CrossRef]

Key, C.H.; Benson, N.C. Landscape assessment (LA). In FIREMON: Fire Effects Monitoring and Inventory System; Lutes, D.C., Keane,
R.E., Caratti, ].F.,, Key, C.H., Benson, N.C., Sutherland, S., Gangi, L.J., Eds.; Gen. Tech. Rep. RMRS-GTR-164-CD; US Department
of Agriculture, Forest Service, Rocky Mountain Research Station: Fort Collins, CO, USA, 2006; Volume 164, p. LA-1-55.
Fassnacht, F; Hartig, F; Latifi, H.; Berger, C.; Hernandez, J.; Corvaldn, P.; Koch, B. Importance of sample size, data type and prediction
method for remote sensing-based estimations of aboveground forest biomass. Remote Sens. Environ. 2014, 154, 102-114. [CrossRef]
McRoberts, R.E.; Tomppo, E.O. Remote sensing support for national forest inventories. Remote Sens. Environ. 2007, 110, 412—419. [CrossRef]
Plourde, L.; Congalton, R.G. Sampling method and sample placement: How do they affect the accuracy of remotely sensed maps.
Photogramm. Eng. Remote Sens. 2003, 69, 289-297. [CrossRef]

Foody, G.M. Assessing the accuracy of land cover change with imperfect ground reference data. Remote Sens. Environ. 2010, 114,
2271-2285. [CrossRef]

Congalton, R.G. Accuracy assessment and validation of remotely sensed and other spatial information. Int. J. Wildland Fire 2001,
10, 321-328. [CrossRef]

Olsoy, PJ.; Glenn, N.E; Clark, P.E. Estimating Sagebrush Biomass Using Terrestrial Laser Scanning. Rangel. Ecol. Manag. 2014, 67,
224-228. [CrossRef]

Calders, K.; Newnham, G.; Burt, A.; Murphy, S.; Raumonen, P.; Herold, M.; Culvenor, D.; Avitabile, V.; Disney, M.; Armston, J.; et al.
Nondestructive estimates of above-ground biomass using terrestrial laser scanning. Methods Ecol. Evol. 2015, 6, 198-208. [CrossRef]
Cooper, S.D.; Roy, D.P;; Schaaf, C.B.; Paynter, I. Examination of the Potential of Terrestrial Laser Scanning and Structure-from-
Motion Photogrammetry for Rapid Nondestructive Field Measurement of Grass Biomass. Remote Sens. 2017, 9, 531. [CrossRef]
Hillman, S.; Wallace, L.; Reinke, K.; Hally, B.; Jones, S.; Saldias, D.S. A Method for Validating the Structural Completeness of
Understory Vegetation Models Captured with 3D Remote Sensing. Remote Sens. 2019, 11, 2118. [CrossRef]

Hillman, S.; Wallace, L.; Lucieer, A.; Reinke, K.; Turner, D.; Jones, S. A comparison of terrestrial and UAS sensors for measuring
fuel hazard in a dry sclerophyll forest. Int. J. Appl. Earth Obs. Geoinf. 2021, 95, 102261. [CrossRef]

Rodriguez-Lozano, B.; Rodriguez-Caballero, E.; Maggioli, L.; Cantén, Y. Non-Destructive Biomass Estimation in Mediterranean
Alpha Steppes: Improving Traditional Methods for Measuring Dry and Green Fractions by Combining Proximal Remote Sensing
Tools. Remote Sens. 2021, 13, 2970. [CrossRef]

Warner, T.A.; Skowronski, N.S.; La Puma, I. The influence of prescribed burning and wildfire on lidar-estimated forest structure
of the New Jersey Pinelands National Reserve. Int. J. Wildland Fire 2020, 29, 1100-1108. [CrossRef]

Forman, R.T.; Boerner, R.E. Fire frequency and the pine barrens of New Jersey. Bull. Torrey Bot. Club 1981, 108, 34-50. [CrossRef]
Gallagher, M.R. Monitoring Fire Effects in the New Jersey Pine Barrens with Burn Severity Indices; Rutgers: New Brunswick, NJ, USA, 2017.
R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2020.
Roussel, ].-R.; Auty, D.; Coops, N.C.; Tompalski, P.; Goodbody, T.R.; Meador, A.S.; Bourdon, J.-E; De Boissieu, F; Achim, A. lidR:
An R package for analysis of Airborne Laser Scanning (ALS) data. Remote Sens. Environ. 2020, 251, 112061. [CrossRef]


http://doi.org/10.1016/j.rse.2006.09.032
http://doi.org/10.3390/rs13245170
http://doi.org/10.1071/WF07138
http://doi.org/10.1016/j.foreco.2020.117945
http://doi.org/10.1080/07038992.2016.1220827
http://doi.org/10.3390/rs12223704
http://doi.org/10.1016/j.jag.2011.03.006
http://doi.org/10.1071/WF14170
http://doi.org/10.1093/forsci/fxz085
http://doi.org/10.3390/rs13204168
http://doi.org/10.1016/j.rse.2014.07.028
http://doi.org/10.1016/j.rse.2006.09.034
http://doi.org/10.14358/PERS.69.3.289
http://doi.org/10.1016/j.rse.2010.05.003
http://doi.org/10.1071/WF01031
http://doi.org/10.2111/REM-D-12-00186.1
http://doi.org/10.1111/2041-210X.12301
http://doi.org/10.3390/rs9060531
http://doi.org/10.3390/rs11182118
http://doi.org/10.1016/j.jag.2020.102261
http://doi.org/10.3390/rs13152970
http://doi.org/10.1071/WF20037
http://doi.org/10.2307/2484334
http://doi.org/10.1016/j.rse.2020.112061

Fire 2023, 6, 98 19 of 19

77.

78.
79.

80.
81.
82.
83.
84.
85.
86.

87.

de Conto, T.; Olofsson, K.; Gorgens, E.B.; Rodriguez, L.C.E.; Almeida, G. Performance of stem denoising and stem modelling
algorithms on single tree point clouds from terrestrial laser scanning. Comput. Electron. Agric. 2017, 143, 165-176. [CrossRef]
Roussel, J.; Qi, J. RCSF: Airborne LiDAR Filtering Method Based on Cloth Simulation. R Package Version 2018, 1, 1.

Evans, ].S. Spatialeco. R Package Version 1.3-6. 2021. Available online: https://github.com /jeffreyevans/spatialEco (accessed on
17 February 2023).

Kuhn, M.; Johnson, K. Applied Predictive Modeling; Springer: Berlin/Heidelberg, Germany, 2013; Volume 26.

Abdi, H.; Williams, L.J. Principal component analysis. Wiley Interdiscip. Rev. Comput. Stat. 2010, 2, 433—459. [CrossRef]

Stine, R.A. Bootstrap prediction intervals for regression. J. Am. Stat. Assoc. 1985, 80, 1026-1031. [CrossRef]

White, J.C.; Coops, N.C.; Wulder, M.A; Vastaranta, M.; Hilker, T.; Tompalski, P. Remote sensing technologies for enhancing forest
inventories: A review. Can. J. Remote Sens. 2016, 42, 619-641. [CrossRef]

Bienert, A.; Georgi, L.; Kunz, M.; Maas, H.-G.; Von Oheimb, G. Comparison and combination of mobile and terrestrial laser
scanning for natural forest inventories. Forests 2018, 9, 395. [CrossRef]

Kaasalainen, S.; Krooks, A.; Liski, J.; Raumonen, P; Kaartinen, H.; Kaasalainen, M.; Puttonen, E.; Anttila, K.; Mékipad, R. Change
detection of tree biomass with terrestrial laser scanning and quantitative structure modelling. Remote Sens. 2014, 6, 3906-3922. [CrossRef]
Torresan, C.; Chiavetta, U.; Hackenberg, ]. Applying quantitative structure models to plot-based terrestrial laser data to assess
dendrometric parameters in dense mixed forests. For. Syst. 2018, 27, 1-15. [CrossRef]

Zhu, Y.; Li, D; Fan, J.; Zhang, H.; Eichhorn, M.; Wang, X.; Yun, T. A reinterpretation of the gap fraction of tree crowns from the
perspectives of computer graphics and porous media theory. Front. Plant Sci. 2023, 14, 115. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.compag.2017.10.019
https://github.com/jeffreyevans/spatialEco
http://doi.org/10.1002/wics.101
http://doi.org/10.1080/01621459.1985.10478220
http://doi.org/10.1080/07038992.2016.1207484
http://doi.org/10.3390/f9070395
http://doi.org/10.3390/rs6053906
http://doi.org/10.5424/fs/2018271-12658
http://doi.org/10.3389/fpls.2023.1109443
http://www.ncbi.nlm.nih.gov/pubmed/36814756

	Introduction 
	Background 
	Methods 
	Study Area 
	TLS and Ground Data 
	Data Preparation 
	Regression Modeling 
	Assessment and Comparison 

	Results and Discussion 
	Distribution of Shrub Heights within Plots 
	Impact of Number of Shrub Height Measurements and Phenology on Model Performance 

	Conclusions 
	References

