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Abstract

Management of western United States dry-conifer forests has experienced a design
shift from spacing-based treatments to maximize forest growth and minimize fire
hazard towards balancing fuels reduction while restoring historical forest spatial
patterns. However, successfully implementing spatially heterogeneous silvicul-
tural treatments capable of mimicking a landscape’s historical range of variability
(HRV) has proven challenging. Early individual tree marking (ITM) strategies aim-
ing to create heterogeneous forest structure often had unclear or confusing instruc-
tions. This study evaluates the ability of five ITM strategies to recreate HRV forest
structure in Black Hills, South Dakota ponderosa pine forests. We started by first
comparing uncrewed aerial system (UAS) derived forest inventory data against field
plots and then assessing the UAS-derived tree spatial patterns of each ITM strategy
against HRV. The UAS-detected trees were comparable to field plots providing an
F-score averaging 0.943. The five ITM strategies created tree group size distribu-
tions that captured the range of individual trees and tree-clump-sizes but varied in
their approximation of the HRV distribution. The individuals, clumps, and open-
ings strategy and the two lowest cut-to-leave tree frequency strategies consistently
matched four of five HRV group size metrics, while the other strategies typically
only matched two or three metrics. Additionally, the frequency cut-to-leave tree
strategy with 1:2 small-tree and 1:1 large-tree more often achieved all five HRV
group size metrics compared to all other ITM strategies. Given the relatively even-
aged starting forest structure from the stand’s past management history, the low-
est frequency cut-to-leave tree strategy provided the easiest to implement and
most effective means of reproducing the HRV forest structure.
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Introduction

Across many dry-conifer forests of the western United States there has been an
increased emphasis on managing for complex forest structures to promote mul-
tiple management objectives (Hessburg et al. 2015; Addington et al. 2018; Ste-
phens et al. 2021; Hagmann et al. 2021). Across most of these forests, fuel load-
ing and forest density increased throughout the twentieth and twenty-first century
from historical levels due to compounding fire suppression and land manage-
ment decisions (Allen et al. 2002; Brown and Cook 2006; Battaglia et al. 2018;
Johnston et al. 2018). This densification of dry-conifer forests has caused greater
proportions of these landscapes, typically characterized as having historically
frequent low and mixed-severity fires, to burn with greater proportions of high
severity and across broader extents (Steel et al. 2015; Hagmann et al. 2021).
Within these dry-conifer forest systems, forest treatments have largely shifted in
design from optimizing forest growth through even spacing-based thinning to bal-
ancing fuels reduction while restoring forest spatial patterns (Larson and Church-
ill 2012; O’Hara and Nagel 2013). However, successfully implementing spatially
heterogeneous silvicultural treatments capable of mimicking the historical range
of variability seen in a landscape has proven challenging (Barrett et al. 2021;
LeFevre et al. 2020).

These heterogeneous treatments, hereafter called restoration treatments, pro-
mote structural complexity by using spatially variable thinning to mimic the spatial
heterogeneity of historical open forests comprised of openings, isolated individual
trees, and groups of trees (Abella and Denton 2009; Larson and Churchill 2012).
Recent studies have shown that when restoration treatments incorporate aspects of
fuels management (Agee and Skinner 2005), such as some level of thinning from
below and surface fuel treatment, these treatments can result in similar reductions in
fire behavior and effects as targeted fuel hazard reduction treatments (Stephens et al.
2021; Ritter et al. 2022; Ziegler et al. 2025). Additionally, the complex forest struc-
tures resulting from restoration treatments promote a range of ecosystem services
such as pollinator diversity (Rhoades et al. 2018), wildlife habitat (Reynolds et al.
2013; Latif et al. 2020), and understory plant diversity (Matonis and Binkley 2018;
Demarest et al. 2023), producing a 600% return-on-investment in the most at-risk
locations when considering a broad set of ecosystem services (Hjerpe et al. 2024).
Restoration treatments often incorporate other prescription objectives beyond stand
density and the spatial pattern of trees, such as species composition, tree size-class
distribution, coarse woody debris, and dead standing snags. Commonly, the targets
for residual forest structure and spatial patterns in restoration treatments are derived
from an envelope of desired conditions based on historical reference stands, com-
monly called the historical range of variation (HRV; Franklin et al. 2013). These
targets typically include a residual basal area and/or tree density as well as a distri-
bution of residual trees or basal area within isolated individual trees and tree groups
of various sizes (Churchill et al. 2016).

Spacing-based treatment designs of the late 20th and early twenty-first centu-
ries prioritized optimizing forest growth and reducing fuel hazard by promoting
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an evenly spaced homogeneous residual forest structure (O’Hara and Nagel
2013; Underhill et al. 2014). This focus on homogeneity simplified treatment
implementation, and facilitated widespread use, leading to well established for-
est management terminology and methods for homogeneous stand management.
However, the subsequent shift toward promoting heterogeneity through restora-
tion treatments created a period of inconsistent terminology use (Dickinson and
Cadry 2017) and the development of several guides and tools to communicate the
desired outcomes of restoration treatments (Churchill et al. 2016; Tinkham et al.
2017; Foppert et al. 2025).

Forest treatments use tree-marking strategies to communicate silvicultural pre-
scriptions between those designing treatments to those implementing treatments.
While the starting forest structure in a treatment unit influences the feasibility of
meeting forest structural objectives through a single treatment (North and Sher-
lock 2012), the chosen marking strategy is equally crucial for effective treatment
implementation (O’Hara et al. 2012). Restoration treatments commonly use either
an Individual Tree Marking (ITM) or Operator Select marking strategy for imple-
mentation (Kellogg and Bettinger 1994; Yeo and Stewart 2000; Foppert et al. 2025).
ITM strategies utilize a field crew to mark all trees for cutting or retention based
on the silvicultural prescription, where it is more common to mark the leave-trees
in restoration treatments due to their lower abundance compared to cut-trees (For-
est Service 2009). The Operator Select system relies on either sawyers or equip-
ment operators through either designation by description (DxD) or designation by
prescription (DxP). With DxD, treatment implementors remove trees based on spe-
cific characteristics. In DxP, implementors use descriptions of desired outcomes to
decide which trees to cut or retain while considering their spatial arrangement (For-
est Service 2009).

Comparisons between the ITM and Operator Select approaches have shown
that both can be equally effective at achieving desired forest structures regardless
of whether spatial objectives are included (Kellogg and Bettinger 1994; Yeo and
Stewart 2000; O’Hara et al. 2012; Dickinson and Cadry 2017; Foppert et al. 2025).
However, success at achieving the desired outcomes varied with implementor expe-
rience. Interviews with restoration treatment operators have highlighted a preference
for ITM over Operator Select approaches based on operator discomfort in selecting
trees to achieve the treatment’s intended targets (Dickinson and Cadry 2017). Con-
versely, when ITM strategy guidelines are unclear or confusing, field crews have
been known to revert to simpler and easier to implement spacing-based strategies
(O’Hara et al. 2012). Selection of tree-marking strategy and how it is communi-
cated must consider tradeoffs in personnel experience and workload responsibility
as these can be important considerations in achieving treatment outcomes (Foppert
et al. 2025).

Prior assessments of marking strategies in restoration treatments have faced chal-
lenges fully evaluating differences in tree spatial arrangement due to limited avail-
ability of spatially continuous forest data. The existing literature uses proxies such
as the coefficient of variation in tree size within sample plots (O’Hara et al. 2012)
or tree canopy patch size (Dickinson and Cadry 2017) to describe tree-group-size
distribution. However, recent advances in uncrewed aerial system (UAS) monitoring
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have enabled near-census level forest inventories of individual tree parameters at
management unit scales (Belmonte et al. 2020). These UAS forest monitoring strate-
gies have been successfully deployed for restoration treatment monitoring in pon-
derosa pine (Pinus ponderosa Lawson & C. Lawson var. scopulorum Englem.) and
are reliably used to describe stand level forest densities and spatial arrangements
(Hanna et al. 2024).

To address the challenges of ITM strategies becoming unclear or confusing when
trying to generate heterogeneous forest structures, this study evaluates five ITM pre-
scriptions of varying complexity. The objective is to determine the effectiveness of
these prescriptions in creating forest structures indicative of the historical range of
variation observed in Black Hills (South Dakota, USA) ponderosa pine forests. To
achieve this, we collected UAS data and processed it to derive tree and plot level
attributes, which were compared against field plots. Then using the UAS-derived
near-census inventory, we evaluated how well each marking prescription recreated
various metrics of the historical range of variation.

Methods
Study Area and Silvicultural Prescriptions

The study occurred in the Black Hills Experimental Forest, part of the Black Hills
National Forest in South Dakota, United States (Fig. 1). Forests in the area are domi-
nated by ponderosa pine with isolated groups of quaking aspen (Populus tremuloides
Michx.) and paper birch (Betula papyrifera Marshall var. papyrifera) and scattered

Marking Prescriptions Hectares
1:2 for 15.2-22.9 em DBH 1.7

[ Field Plot Locations

N 1:1 for >22.9 cm DBH

0 250 500m [] 4:4 Frequency 5.5
) [ 8:8 Frequency 13.0
[ 8:16 Frequency 71.5

[ 1CO Marking 35.2

Fig. 1 Locations of the five silvicultural marking prescriptions in the Black Hills Experimental Forest,
also shown in the inset map with an orange dot. Field plot locations for validating uncrewed aerial sys-
tem observations are overlaid as orange circles, with background imagery derived from the DJI Phantom
4 Pro uncrewed aerial system collections. Marking prescriptions represent either a frequency ratio of cut
vs retention trees or implementation of Individuals, Clumps, and Openings (ICO). All uncrewed aerial
system imagery and field validation plot data are available through Tinkham et al. (2026)
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individual white spruce (Picea glauca (Moench) Voss). Terrain slopes range from
0-30% with a mean of approximately 10%. Areas with established quaking aspen
and paper birch were removed from study stands to isolate the assessment of pon-
derosa pine spatial arrangement. Stands were selected for having similar past man-
agement histories. Prior to implementation in 2021 of the silvicultural treatments
analyzed in the present study, stands were last managed in 1991 and 1992 through
either a shelterwood harvest or commercial thin of overstory trees in combination
with a spacing-based thinning of advanced natural regeneration that established
following individual-tree selection harvests in the 1950s (Boldt and Van Deusen
1974).

Prior to treatment, all stands had basal areas of 11.7 to 14.4 m? ha™! (51.0to 62.7
ft> acre™) for trees > 15.2 cm (6 inch), with all stands having an average of 296 trees
ha™' (120 trees acre™) except for the stand receiving the Individual, Clumps, and
Openings (ICO) treatment which averaged 213 trees ha™! (86 trees acre™). For all
except the ICO stand, there was an even split of pole size trees (15.2 cm to 22.9 cm;
6.0 inch to 9.0 inch) and sawlog size trees (> 22.9 cm; 9 inch) per hectare, with the
pole size trees attributed to a combination of seedling establishment and regenera-
tion release following the 1991 and 1992 treatments. However, the ICO stand had
only about 10% of all trees in the pole size class.

The five ITM strategies were randomly assigned to study stands for the com-
mercial removal of live ponderosa pine > 15.2 cm diameter at breast height (DBH).
The marking strategies each aimed to create a mosaic of tree groups (1 to 20 trees
per group) by establishing a matrix of leave-tree groups and cut-tree groups to form
openings. The silvicultural objective was to promote both horizontal and vertical
heterogeneity, and for the resulting stand conditions to represent a clumpy/patchy
horizontal distribution with varying tree DBHs and heights. All prescriptions were
marked by Black Hills National Forest personnel in 2020 by walking each stand in
parallel lines 20 m (66 ft) apart. All trees>33 cm (13 inch) were retained, though
these large trees were infrequent due to past management histories. In each ITM
strategy, only the leave-trees were marked by the crew, with the crew instructed to
select dominant and co-dominant size-class trees of good phenotypic characteristics
as leave-trees (i.e. straight bole, crown ratio >40%, healthy foliage, and good vigor).

The prescription intent was to recreate both stand densities and the distribution of
isolated individual trees and tree groups of various sizes, with the targets for these val-
ues based on historical reconstruction plots from the Black Hills (Battaglia, unpublished
data). See below for a description of how the historical reconstruction plots were col-
lected and summarized. The four frequency marking prescriptions that were implemented
included: 1) cut-to-leave tree ratios of 1:2 for 15.2 to 22.9 cm (6 to 9 inch) DBH and
1:1 for>22.9 cm (9 inch) DBH; 2) 4:4 cut-to-leave tree; 3) 8:8 cut-to-leave tree; and 4)
8:16 cut-to-leave tree. During marking, individuals in the marking team alternated start-
ing lines by designating trees as either cut or retain. For example, individuals in the 4:4
frequency mark would alternate skipping four trees for cutting and then mark four trees
for retention. The rate and size of openings were not prescribed as part of the frequency
marks, instead it was assumed that the cut and leave trees of different markers would ran-
domly align to create both larger retention groups and produce openings of various sizes.
The fifth ITM strategy sought to implement the Individual, Clumps, and Openings (ICO)
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prescription following Churchill et al. (2016). Marking progressed by first establishing
20 retention groups of 12 to 18 trees across the stand, followed by a multi-step spacing-
based thinning of 7.6 m to 10.7 m (25 ft to 35 ft) between retention tree locations. The
variation in distances was targeted to result in 87 to 173 tree locations (i.e. individuals or
tree groups) per hectare. At 18 of these locations per hectare, 4 to 8 trees were marked for
retention instead of just one, at 15 locations per hectare no trees were marked for retention
to create small openings (radius~ 15-21 m between trees), and at 10 locations per hectare
an additional tree was set for removal to create large openings (radius~30-42 m (98-138
ft) between trees). Trees were considered to be in a group if they were within 6 m (19.7
ft) stem-to-stem of another tree. The 6 m tree-to-tree distance represents the maximum
crown size of mature trees to maintain interlocking crowns in the study area. This imple-
mentation of ICO required the marking crew to make repeated passes through the stand
to establish different structures, while also tracking the frequency of different structures
during the same pass. Following marking, stands were mechanically thinned using whole
tree removal through skidding to designated landing areas.

Historical Range of Variation

The historical range of variation (HRV) for 1880 forest density and clumping arrange-
ment was derived from 58 half hectare plots distributed across 10 sub-landscapes
within the Black Hills of South Dakota (Battaglia, unpublished data). The sub-land-
scapes were developed to describe the distribution of soil and climatic variation across
the Black Hills. The location of stand trees and remnant tree stumps/logs were recorded,
and establishment dates were determined using methodologies similar to Brown et al.
(2015) and Battaglia et al. (2018). These methods estimated tree DBH in 1880, which
was used to quantify forest density and tree group arrangement for trees>15.2 cm (6
inch) DBH. Tree group arrangements for the HRV data were determined following the
methods developed and tested by Hanna et al. (2024). This process applies the density-
based spatial clustering of applications with noise (DBSCAN) from the fpr package
(Hahsler et al. 2019) in R to classify trees as being an isolated individual tree or as
belonging to a tree group. Trees were assigned to a tree group if the tree-to-tree distance
was <6 m (19.7 ft). Five classifications of tree groupings were then created: individual
trees and tree groups of 2—4 trees, 5-9 trees, 1015 trees, and > 15 trees.

Each HRV plot was summarized for trees and basal area per hectare, and then
the proportion of trees and basal area was distributed to the five classes of tree
groupings. From the individual HRV plots, the average for each sub-landscape was
calculated for each metric, and an overall landscape interval for each metric was
determined from the 10 sub-landscapes as the median plus and minus the stand-
ard deviation. This process resulted in a basal area interval of (median + standard
deviation) 18.60+5.37 m? ha™! (81.01 + 23.39 ft* acre’!), quadratic mean diam-
eter of 36.6+2.3 cm (14.4 + 0.9 inch), and tree density of 164.0+50.9 trees ha™!
(66.4 + 20.6 trees acre’)). The HRV plots showed a spatial distribution of struc-
tures with individual trees accounting for 18.4% + 15.1% of all trees and groupings
of 24 trees, 5-9 trees, 10-15 trees, and> 15 trees accounting for 30.9% +6.2%,
21.6%+7.4%, 9.6% +6.9%, and 18.2% + 11.2% of all trees, respectively.
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Validation Data Collection

To validate the UAS tree detection process, 46-0.04 ha (0.1 acre) circular plots were
proportionally stratified to the marking strategies (Fig. 1). Plot locations were ran-
domly generated, and plot centers were established in the field using an Emlid Reach
RS2 +real-time kinetic GPS with an average horizontal root mean squared error of
0.019 m (0.06 ft). In each plot, DBH, total height, distance from plot center, and azi-
muth from plot center were collected for all trees > 15.2 cm (6 inch) DBH, in alignment
with the treatment prescriptions. During computation, individual trees were located
based on the plot center coordinates and the tree distance and azimuth from plot center.

UAS Data Collection and Tree Detection

Imagery was collected using a DJI Phantom 4 Pro over a three-day period in May
2023. Flights were completed at 115 m (377 ft) above ground, using a 90% forward
and 85% side image overlap, and flying at 6 m sec™' (13.4 mph) resulting in imagery
at 2.1 cm (0.83 inch) resolution (Fig. 2). Across the study extent, 115 ground control
points were established at approximately one point per 1.5 hectares using an Emlid
Reach RS2 +real-time kinetic GPS with a reported horizontal root mean squared error
of 0.027 m (0.89 ft). Imagery was processed using Agisoft Metashape Professional
(Version 1.6.4; Agisoft LLC., St. Petersburg, Russia) following settings recommended
in Tinkham and Woolsey (2024) for ponderosa pine dominated forests. A full table of
processing settings for generating point clouds is available in supplemental Table S1.
During processing, ground control points were identified in a minimum of 10 overlap-
ping images, reporting alignment root mean squared errors for X, Y, and total hori-
zontal of 6.0, 6.8, and 9.4 cm (2.4, 2.7, and 3.7 inch), respectively. The ground control
points were included to minimize misalignment between UAS-detected trees and field
inventoried trees. The resulting point cloud had > 800 points m~2 within treed areas.

Point clouds were processed using published methods (Swayze et al. 2021; Tinkham
and Swayze 2021; Creasy et al. 2021; Swayze and Tinkham 2022) that utilize the lidR
(Roussel et al. 2020) and lasR (Roussel 2025) packages of the R statistical program (R
Core Team 2024). Point clouds had ground points identified using a cloth simulation
filter (Zhang et al. 2016), noise points were filtered and removed, and the ground points
were then used to height normalize the point cloud using a continuous digital terrain
model (DTM) generated via Delaunay triangulation with linear interpolation within
each triangle. The height normalized point cloud was then used to generate a canopy
height model (CHM) at 0.2 m (0.66 ft) resolution using a point-to-raster local maxi-
mum approach and the St-Onge (2008) algorithm to fill pits and spikes in the raster.

Tree locations and heights were identified from the CHM using a variable window
filter as implemented in Eq. 1.

0.61.37 < CHM <3
Search Radius(m) =< 0.2 + (CHM x 0.15)3 < CHM < 17 )
2.817 < CHM
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Fig.2 Uncrewed aerial system orthomosaic imagery at 2.1 cm resolution showing a 1-hectare segment
of each marking strategy following treatment

where CHM is the height in meters of an individual pixel from the canopy height
model. This approach iterates over each CHM pixel, calculating the Search Radius,
and identifies a tree if the focal pixel is the tallest pixel within the Search Radius.
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The final parameters in Eq. 1 were set by iteratively inspecting UAS-detected tree
locations on top of the CHM and UAS-derived orthomosaic of a 1-hectare subset to
ensure the visual alignment of detected trees appearing to represent individual tree
Crowns.

Individual tree DBH values were estimated using a site-specific allometric
equation developed from observations in the TreeMap dataset (Riley et al. 2021)
within a 100 m (328 ft) buffer of the study area. TreeMap is a dataset of spatially
imputed USDA Forest Service Forest Inventory and Analysis (FIA; Tinkham et al.
2018) plots. The allometries were fit using Eq. 2 with tree Height predicting DBH
(Tinkham et al. 2022) and a zero intercept. The predictive model was fit using
Bayesian modeling with a Gamma distribution and log link as implemented in the
brms package (Biirkner 2017). The model was run with 4 chains, each chain had
4000 samples, with a warmup of 2000 samples and 8000 total post-warmup sam-
ples. The resulting relationship (Eq. 2) was used to predict a DBH for each UAS-
detected tree. The final analysis dataset was filtered to only include UAS-detected
trees with a DBH > 15.2 cm (6 inch) to match the field-collected HRV and validation
data. Processing of the structure from motion point cloud to a spatial forest inven-
tory with location, height, and DBH for individual trees took 0.7 min ha™! (0.28 min
acre'l).

DBH(cm) = 0 + b, x Height(m) + Height(m)> )

Validation of UAS Tree Detection

The UAS-detected trees within each of the 0.04 ha (0.1 acre) validation plots were
iteratively matched with the field-inventoried trees. Starting with the tallest individ-
ual field tree and working in descending height order, the process identified all UAS
trees within a 3 m (9.8 ft) radius and within 2 m (6.6 ft) height of the field tree. If
multiple UAS trees were identified, the tree closest in height was considered the
True Positive match, and the resulting matched UAS and field tree were removed
from further matching. When no UAS tree could be matched to a field tree, the field
tree was classified as an Omission (i.e., False Negative). This process was repeated
for all field trees with all unmatched UAS trees classified as Commissions (i.e.,
False Positives). Counts of trees in the confusion matrix were summarized as Recall
(Eq. 3), Precision (Eq. 4), and F-score (Eq. 5). Where Recall is the rate of tree detec-
tion, Precision is a measure of detected tree correctness, and F-score is the method’s
overall accuracy, incorporating both precision and recall. The True Positive trees
were further compared to the field trees they were matched against to determine
the mean error and mean absolute error of tree height and DBH. Further, the UAS-
detected trees in a plot were compared to the plot’s field trees to determine the mean
error and mean absolute error of trees per hectare and basal area per hectare.

Recall = True Positive 3)

True Positive + Commission
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.. True Positive
Precision = — — )
True Positive + Omission

F — score = 2 x Recall X Precz.szlon )
Recall + Precision

Prescription Assessment

Tree groups in the UAS-detected data were classified using the same methods used
for the HRV data (i.e., individual trees and tree groups of 2—4 trees, 5-9 trees, 10-15
trees, and> 15 trees). To compare the forest density and tree group arrangement
resulting from the five marking strategies, we implemented 500 bootstrap samples
with replacement to generate random plots equal to a 60% sampling intensity within
the treatment area for each marking strategy. Circular 0.5 hectare (0.2 acre) plots
were used to align with the plot size used during the HRV field data collection. Stand
boundaries were inwardly buffered 5 m (16.4 ft) to minimize stand edge effects prior
to sampling, when plots intersected the buffer, their plot radius was increased until
the plot area within the buffered stand was a minimum of 0.495 hectares. Plot areas
generated through this process were used to extract the UAS-detected trees for com-
parison against the HRV field data.

Within each sample plot, tree and tree group data was summarized using the same
methods for HRV to describe trees and basal area per hectare, and the proportions
distributed to individual trees and tree groups. Then, the plots within each mark-
ing strategy and individual bootstrap iteration were averaged, providing 500 boot-
strap estimates of each metric for each marking strategy. For each marking strategy,
each bootstrap iteration’s average was evaluated for falling inside the HRV interval
(median + standard deviation). From this process, the proportion of bootstrap itera-
tions within the interval were reported to represent the likelihood of the marking
strategy generating a tree arrangement indicative of Black Hills HRV. Addition-
ally, for the spatial arrangement metrics the mean and standard deviation of the five
clumping metrics interval proportions (i.e., proportion of bootstrap samples inside
the individual trees and tree groups of 2—4 trees, 5-9 trees, 10-15 trees, and > 15
trees intervals) are reported to describe the consistency in meeting all five spatial
metrics.

Results

Tree Detection Accuracy

Evaluation of the UAS-detected trees against the 46 validation plots had an average
F-score of 0.943 and 38 of the plots (83%) had an F-score>0.93, with only four

plots below 0.83 (Fig. 3). The high Precision measure approaching 100% achieved
by the tree detection indicates that very few trees detected by the UAS could not
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be matched to a field tree. Visual inspection showed these Commission trees were
located at the edge of the validation plots, suggesting the trees had enough lean that
the tree top was inside the plot while the stem was rooted outside the plot. Plot-level
Recall values which quantify the detection rate of validation sample trees were more
varied (Fig. 3). This variation in Recall is attributed to the presence of smaller size
class trees (15.24-20.32 cm DBH; 6.0 to 9.0 inch) which were potentially subdomi-
nant. A review of the 39 omitted trees across all plots showed that 22 trees (56%)
were within 5 cm of the 15.2 cm minimum DBH threshold (2 inch of the 6 inch min-
imum). Additional inspection of all UAS-detected trees regardless of DBH, showed
that each of these smaller Omission trees had a UAS-detected tree within a meter of
it with a modeled DBH just below the minimum DBH threshold of 15.2 cm (6 inch).

For the True Positive matches, the UAS-detected tree heights had a mean error
of —0.19 m (-0.62 ft) and mean absolute error of 0.48 m (1.57 ft), while tree DBHs
had a mean error of —1.5 cm (-0.6 inch) and a mean absolute error of 2.7 cm (1.06
inch). When propagating the tree detection errors to the hectare level, there was an
underestimate by the UAS of 11%, but ignoring the Omission trees within 5 cm (2
inch) of the minimum DBH threshold would reduce the underestimation to 4.2%.
The under detection of trees and underestimation bias in the UAS modeled DBH
values compound and propagate through to the UAS basal area per hectare having
an underestimation of 16.3%.

Marking Strategy Assessment

Assessment of the post-treatment stand density based on UAS-detected trees
reveals that, while some bootstrap samples for all five ITM strategies fell within
the HRV interval for trees per hectare, the frequency of this varied widely across
marking strategies (Fig. 4). The percentage of bootstrap samples within the HRV
interval substantially decreased from~100% for the ICO and 1:2/1:1 marking
approaches to only 0.8% for the 8:16 frequency marking approach. The coefficient
of variation in post-treatment trees per hectare within each marking strategies

Fig. 3 Summary of the tree 1.004
extraction quality from the 46 ’ ;I.;
validation plots . °
°
0.754
H o
°
: $
= 0.50-
>
0.254
0.004
T T T
F-score Precision Recall

Metric
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was lowest for the ICO (4.7%), 8:8 (4.6%), and 8:16 (4.0%) frequency marking
approaches, while the 1:2/1:1 (9.8%) and 4:4 (7.3%) marking frequencies were more
variable.

Quantification of the post-treatment spatial arrangement revealed that all mark-
ing strategies achieved some level of overlap with the five HRV clumping metrics
(Fig. 5). However, the extent to which each strategy replicated the HRV varied.
This variation was observed both between different marking strategies for a sin-
gle clumping metric and across the five clumping metrics for any given mark-
ing strategy. As the cut-to-leave tree ratio increased, the representation of larger
clumps (>15 tree groups) also increased while smaller tree clumps (individuals
and 2-4 tree groups) were underrepresented compared to HRV (Fig. 5). The ICO
and 1:2/1:1 marking strategies had a higher proportion of individuals and 2—4
tree groups within the HRV interval and a lower proportion of>15 tree groups
compared to the 8:8 and 8:16 marking frequency approaches which showed the
opposite pattern. Overall, similar trends were observed for the proportion of basal
area distributed across the five clumping group (data not shown).

Overall, the ICO, 1:2/1:1, and 4:4 marking strategies maintained a higher aver-
age proportion of bootstrap samples within the HRV intervals across the five
clumping metrics for both trees per hectare and basal area. However, there was
greater variability between these metrics for the ICO marking strategy compared
to the 1:2/1:1 and 4:4 frequency strategies (Table 1). Conversely, the 8:8 and 8:16
frequency marking strategies had substantially lower average success at achieving
outcomes within the HRV intervals, and higher variability in success rates (rang-
ing from<10% to 100%) across the five metrics (Figs. 4 and 5). Evaluating the
number of metrics that an individual bootstrap sample fell within the HRV inter-
val shows that the ICO, 1:2/1:1, and 4:4 marking strategies all achieved four out
of five clumping metrics roughly 80% of the time (Fig. 5). However, these strate-
gies differed in their ability to achieve all five metrics, with the 1:2/1:1 mark-
ing strategy doing so in>50% of samples, ICO around 35%, and 4:4 around 25%.
Conversely, achieving all five metrics or even four of the five metrics with the 8:8
and 8:16 marking strategies was rare (Fig. 6).

8 ICO Marking 4 100% ', 1 0% - :
81:215.2-22.9 DBH | ] 1
T a11>229DBH] 9% R 0% ;

1 1
“8) 4:4 Frequency{  32% T 4 0% -_— :
< 1 1
x 8:8 Frequency 4  10.4% 1 - b 0% - |
© ] 1
= 816 Frequency{  0.8% 1 E = 1 0% - 1

1 1

0 100 200 300 0 5 10 15 20 25
Trees per Hectare Basal Area (m? hectare ™)

Fig. 4 Distribution of trees per hectare and basal area (trees>15.2 cm DBH; 6 inch) from the bootstrap
samples of the five marking strategies compared to the historical range of variability. The dashed lines
and grey bands represent the median and + 1 standard deviation of each metric’s historical range of vari-
ability. Each dot represents one of the 500 bootstrap samples, while inset values to the left report the
percentage of bootstrap samples inside the historical range of variability
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Fig.5 Distribution of percent of trees (trees>15.2 cm DBH; 6 inch) in different tree group sizes from
the bootstrap samples of the five marking strategies compared to the historical range of variability. The
dashed vertical lines and grey bands represent the median and + 1 standard deviation of a metric’s his-
torical range of variability. Each dot represents one of the 500 bootstrap samples and inset values report
the percentage of bootstrap samples inside the historical range of variability

Table 1 Summary of the proportion of bootstrap samples from each marking strategy that fell inside the
historical range of variability. The mean, standard deviation (SD), min, and max represent the distribu-

tion for the five clumping metrics

Marking Strategy % Trees in Clump Size % Basal Area in Clump Size
Mean SD Min Max Mean SD Min Max
ICO Marking 84.5 24.6 43.6 100.0 80.5 30.0 31.8 100.0
1:2152-229DBH & 829 12.6 68.8 95.8 80.8 16.8 58.0 96.4
1:1>22.9 DBH

4:4 Frequency 80.7 16.0 58.8 100.0 774 224 40.8 100.0
8:8 Frequency 55.5 415 7.6 100.0 52.4 42.8 8.2 100.0
8:16 Frequency 60.4 54.0 0.8 100.0 59.6 539 0.2 100.0

Discussion

Comparison of Marking Strategies

The study tested the ability of five individual tree marking (ITM) strategies to rec-
reate spatial structures representative of the historical range of variation (HRV),
including ICO, 1:2/1:1, 4:4, 8:8, and 8:16 for trees>15.2 cm (6.0 inch) DBH. The
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Fig.6 The proportion of the 500 bootstrap samples in each marking strategy that fell inside the histori-
cal range of variability for one to five clumping metrics (e.g., for ICO Marking, ~36% of the bootstraps
met all five metrics simultaneously (yellow section of bar)). Each of the 500 bootstrap samples in a stand
were evaluated for simultaneously falling inside the historical range of variation intervals for individual
trees and the various tree-group sizes (e.g., a single bootstrap sample might only fall inside 3 of 5 inter-
vals)

ICO strategy represents the most complex and time consuming to implement strat-
egy with the marking crew making multiple passes through the treatment unit to
first select large clumps for retention and then selecting spacing-based locations to
establish the retention of individual trees, small clumps of trees, and small openings.
Conversely, the frequency marking strategies had the crew alternating between skip-
ping trees to be cut and marking trees for retention during a single pass through the
stand, where the cut-to-leave tree ratios for the 1:2/1:1 strategy were 1:2 for 15.2 to
22.9 cm (6.0 to 9.0 inch) DBH and 1:1 for>22.9 cm (9.0 inch) DBH.

Evaluation of the five marking strategies shows the ICO, 1:2/1:1, and 4:4 strate-
gies (from least to most complex) have a high probability of providing a reason-
able approximation of the HRV intervals for the distribution of trees and basal area
within different clump sizes. Conversely, the 8:8 and 8:16 frequency marking strate-
gies typically only achieved outcomes within the HRV interval for three of the five
clumping metrics. Additionally, while both the ICO and 1:2/1:1 marking strategies
frequently produced forest structures within the HRV interval for trees per hectare,
the 1:2/1:1 strategy created greater within stand density variability as it resulted in
a coefficient of variation for trees per hectare twice that of the ICO approach, but
with nearly all of the bootstrap samples still falling inside the HRV interval. The
effectiveness of these marking strategies to produce forest structures resembling the
HRYV must be evaluated considering past management history. The historical empha-
sis on timber production in these stands likely explains why simultaneous achieve-
ment of the trees per hectare and basal area per hectare HRV was not observed. Our
UAS data estimated quadratic mean diameters ranging from 23.9 cm to 28.8 cm (9.4
inch to 11.3 inch) across the five stands, whereas the HRV data showed a median
quadratic mean diameter of 36.6 cm (14.4 inch). This difference in tree size between
the contemporary stands and the HRV data likely represents 10—15 years of growth
in the study stands (Tinkham et al. 2021) but is also why the prescriptions were
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designed to achieve a trees per hectare objective but could not simultaneously repre-
sent the HRV basal area or quadratic mean diameter at this time.

The five marking strategies in this study represented a range of marking com-
plexity and time requirement, which is inversely related to the ease of field imple-
mentation. Overall, the 1:2/1:1 frequency marking strategy appeared to best balance
creating stand-level heterogeneity while being easy for markers to understand and
efficiently implement (personal communication with marking team). This mark-
ing approach not only met the target trees per hectare, but also created substantial
within-stand trees per hectare variability and more often achieved results within all
five HRV clumping metrics compared to the other strategies (Fig. 6). Our finding of
a marking strategy that successfully recreates aspects of the HRV while being easily
implemented by markers differs from previous assessments trying to identify simple
marking strategies for promoting heterogeneity. For example, O’Hara et al. (2012)
compared six marking strategies and found that only the most complex strategies
(i.e. ICO) could create within-stand heterogeneity, while simpler marking strate-
gies were less effective at enhancing structural complexity. Similarly, Maher et al.
(2019) found that the ICO marking strategy produced tree densities closer to the
prescription and enhanced heterogeneity compared to a simpler free selection mark-
ing strategy.

The implementation of the ICO marking strategy tested in this study, based on
Churchill et al. (2016), successfully generated a range of clump sizes similar to the
HRY, achieving four of the five clumping metrics in over 80% of the bootstrap sam-
ples (Fig. 6). While the ICO strategy also met the HRV target for trees per hectare,
it simultaneously produced the lowest level of within-stand variability in trees per
hectare (Fig. 4). However, the ICO implementation may have been hindered by hav-
ing the lowest starting stand density of all study stands. This low starting stand den-
sity likely resulted in the implementation creating a higher proportion of isolated
individual trees and 2—4 tree groups than was typical in the HRV. Implementing the
ICO strategy in a stand with a higher starting stand density should allow it to create
more > 15 tree groups and increase the within-stand trees per hectare variability by
creating areas with both higher density and larger openings. The ICO strategy might
achieve similar ease of implementation as the 1:2/1:1 frequency marking strategy,
with prior work showing that marking crews found individual tree marking prescrip-
tions easier to implement when using integrated field tablets with real-time tracking
of prescription targets (Maher et al., 2019).

The 1:2/1:1 and ICO marking strategies provided close approximations of the
HRYV intervals but differed slightly in their distribution of group sizes with the
1:2/1:1 strategy promoting more individual trees and 2—4 tree groups, while ICO had
a slightly greater representation of 5-9 tree and 10-15 tree groups (Fig. 5). Select-
ing between these small shifts in the distribution of group sizes could better align
with local management priorities, however, these differences are as likely to occur
due to starting stand conditions as how the marking strategies were implemented.
Ultimately, managers must use a sense of place in the broader landscape to balance
multiple resource objectives that can be at odds with each other when it comes to the
forest structure best suited to meet place specific objectives. With HRV in this land-
scape providing a range of individual trees from~3% to 33% of all trees, managers
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have flexibility to design treatments that might prioritize specific disturbance pat-
terns or ecosystem services in different parts of a landscape, while providing both
within and between stand scales of heterogeneity. Physics-based fire modeling of
restoration treatments has shown that promoting higher proportions of individual
trees and small tree groups can reduce canopy consumption during fires (Ziegler
et al. 2025). Conversely, it is known that the presence of large tree groups with high
canopy cover represents critical habitat for Northern goshawk (Accipiter gentilis)
nesting and roosting, with the bird requiring this close to the more open forest con-
ditions they use for hunting (Reynolds et al. 1992). While stand-level decisions must
be made to balance objective priorities, at the landscape scale, promoting greater
forest structural and compositional heterogeneity has been shown to benefit overall
forest resilience to drought, fire, and bark beetle disturbance events (Young et al.
2017). It is widely documented that historical forest structures varied both within
and between landscapes, to introduce the broader scale of heterogeneity, managers
could consider varying marking frequencies across environmental conditions.

Influence of UAS Tree Detection

The UAS tree detection process in this study achieved high accuracy, with an aver-
age F-score of 0.943, especially when compared with other studies in ponderosa
pine forests (0.64 to 0.94; Hanna et al. 2024; Mohan et al. 2017; Silva et al. 2016).
Evaluation of plots with higher omission errors showed that these errors were most
common in stands treated with the 8:8 and 8:16 marking strategies (72% of omitted
trees), specifically in areas of denser tree clumps. This tendency for greater omission
errors in higher density areas has been observed in other studies, where interme-
diate and suppressed trees account for the majority of omitted trees (Creasy et al.
2021). In our study, a significant portion (56%) of the trees undetected using the
UAS approach were within 5 cm (2 inch) of the 15.2 cm (6 inch) DBH inclusion
threshold. Visual inspection confirmed that a tree was detected by the UAS method
at each of these locations, but the modeled DBH was just below the threshold for
inclusion. Additionally, another 10% of the missed trees from the UAS method were
recorded to have a broken top, which caused their detected heights to fall below
the threshold required for inclusion based on the height-DBH model. These findings
indicate that while the DBH modeling process provides a reasonable approximation,
tree structural defects or local conditions that deviate from the expected height-to-
DBH relationship can introduce errors which potentially propagate through to sub-
sequent analysis, with this likely being more common in pre-treatment conditions.
The slight underestimation of tree density by the UAS method likely extends to
the estimated trees per hectare and potentially influences the observed distribution
of tree clump sizes. Given that most omitted trees occurred within the larger tree
clumps of the 8:8 and 8:16 marking strategies, the overrepresentation of 10-15 tree
and > 15 tree clumps in our data may be even more pronounced in reality. However,
since the majority of plots with omitted trees occurred within the 8:8 and 8:16 mark-
ing strategies, the structural heterogeneity described by the UAS data for the ICO
and 1:2/1:1 strategies is likely more reliable. The high fidelity of UAS-detected trees
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in post-treatment open-canopy ponderosa pine forests aligns with prior research
(Belmonte et al. 2020; Hanna et al. 2024).

As UAS technology matures and field tablets with integrated GPS become more
accurate, the near-census forest inventories achievable through UAS methods could
streamline implementation of heterogeneous treatments by directly connecting data
collection with marking practices. LiDAR-derived individual tree inventories have
been successfully used to compare alternative treatment strategies and enable the
implementation of optimal treatments in the field (Wing et al. 2019). These remotely
sensed forest inventories, often referred to as “digital-twins”, can then be readily
transferred to field tablets for marking crews or even directly utilized by harvest
equipment operators to execute treatments effectively (Keefe et al. 2022). Hybrid
implementation strategies that borrow principals from both ITM and DxP, becom-
ing known as DxP+, are emerging for spatially complex prescriptions. These
DxP +approaches use remote sensing data to delineate groups of leave-trees and
how many trees to retain in the grouping but leaves the tree-level selection to the
harvest operator (Foppert et al. 2025). Early evaluation of these approaches has seen
a 10- to 15-fold reduction in implementation cost without any change in implemen-
tation efficiency (Foppert et al. 2025). Further work is needed to develop strategies
for this technology’s integration and to evaluate its influence on treatment imple-
mentation efficiency and effectiveness.

Transferring Findings

The ponderosa pine forests of the Black Hills commonly exhibit regeneration densi-
ties far exceeding other ponderosa pine regions due to prolific seed crops and favora-
ble summer precipitation patterns (Oliver and Ryker 1990). These abundant seed
crops occur every 2-5 years and commonly result in more than 5,000 trees ha™'
(1,969 trees acre™) successfully establishing (Shepperd and Battaglia 2002). It is
likely the pole size trees (15.2 cm to 22.9 cm; 6.0 inch to 9.0 inch) in the pre-treat-
ment inventory, representing about half of all trees > 15.2 cm (6 inch) in each stand,
developed from a mixture of advanced regeneration being released following the
1991/1992 treatments or subsequent regeneration. The ability for these Black Hills
forests to so quickly regenerate likely makes the legacy of spacing-based thinning
management history have less impact on the ability to promote spatial heterogeneity
in these stands, with the rapid ingrowth providing options for manipulating a stand’s
spatial pattern. However, other silvicultural systems like commercial thinning and
free selection within the Black Hills have been shown to fail to promote heterogene-
ity similar to HRV, with Ritter et al. (2022) finding these treatments resulted in 69%
to 77% individual trees, 22% to 28% 2—4 tree groups, and very limited larger groups.

Translating how these marking strategies performed in the Black Hills to forests
with more sporadic regeneration patterns, to restore heterogeneity in stands previ-
ously managed using spacing-based thinning could prove challenging. Without the
abundant regeneration seen in the Black Hills, there may not be a high enough stand
density in the necessary size classes for the 1:2/1:1 marking frequency to still pro-
duce the 5-9 tree and 10-15 tree groups. In these conditions, alternative frequency
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marking ratios of cut-to-leave trees may need to be explored, or it may be neces-
sary to have marking crews alternate between two frequencies like 2:3 and 8:8 in
adjacent lines to create the desired heterogeneity. Additionally, restoring stands
previously managed with spacing-based thinning may require multiple manage-
ment actions over time to enhance heterogeneity through an iterative approach. Ide-
ally, follow up precommercial thinning in these stands can consider the locations of
advanced regeneration and established overstory trees to promote clumps of varying
group sizes and tree sizes. The integration of UAS tree-level monitoring through
time could provide the necessary spatial data for tracking forest structure spatial het-
erogeneity through repeated stand entries to balance multiple objectives.

Management Applications

Our evaluation of five individual tree marking strategies indicates the ICO and
1:2/1:1 and 4:4 frequency marking strategies had similarly high likelihoods of cre-
ating a reasonable representation of HRV. However, the 1:2/1:1 strategy most con-
sistently met the desired distribution of clump sizes and within-stand variation in
trees per hectare compared to the other methods. Furthermore, this low-frequency
marking strategy presents an easy to implement alternative to more complex mark-
ing strategies for introducing heterogeneity into stands previously managed under
spacing-based, even-aged systems. While the 1:2/1:1 frequency marking was the
most effective at promoting heterogeneity in stands previously managed through
spacing-based thinning for timber production, this success is at least partially attrib-
uted to the high regeneration density within the Black Hills providing enough can-
didate trees for the markers to select from. This study also highlights the potential
of uncrewed aerial systems (UAS) for monitoring and assessing forest structure and
spatial arrangement, particularly in lower canopy cover forests (i.e., <70% canopy
cover). To better translate these findings into management practice, future research
should focus on further trials of frequency marking in stands with diverse manage-
ment histories to enhance our understanding of how these histories interact with the
cut-to-leave tree ratios. Additionally, exploration of the use of UAS-based forest
inventories to aid in stand marking needs to be explored for the potential efficiency
gains it could provide.
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