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Abstract
The pace and scale of ecological restoration in the US Southwest needs to increase 
dramatically, but conventional, paint-based tree marking has proven to be a signifi-
cant bottleneck in the treatment pipeline. Alternative, paint-free tree designation 
strategies have been developed and introduced in the region, ranging from fully 
digital desktop marking to Designation by Prescription (DxP), in which harvesting 
operators make tree cutting decisions during implementation based on written silvi-
cultural prescriptions. The Walker Hill Demonstration Project used five tree desig-
nation methods to implement a silvicultural prescription focused on ecological res-
toration. It was conducted at an operational-scale study site in northern Arizona, 
and the cost and effectiveness of each method was evaluated. Unsurprisingly, con-
ventional leave-tree marking was significantly more expensive and time consuming 
than digital marking or unmarked DxP approaches. More notably, no statistically 
significant differences were observed in harvest productivity between designation 
methods, and most measures of silvicultural outcomes were consistent (or consist-
ently variable) across methods.

Keywords  Tablet marking · Designation by prescription · Ecological restoration · 
Ponderosa pine

Study Implications  Alternatives to paint-based marking can be silviculturally effective, time and cost 
efficient, and operationally feasible for meeting ecological restoration objectives in southwestern 
ponderosa forests. This is especially true when harvesting is performed by an experienced, 
conscientious operator. In addition to meeting stand-wide silvicultural targets, designation 
alternatives like digital marking and DxP can support objectives related to stand structural 
complexity. More research is needed to assess their long-term performance across different site 
conditions and to identify the key factors that enable successful delegation of harvest decisions to 
operators. Future research should also evaluate outcomes related to ecological complexity in greater 
detail.
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Introduction

Across the American Southwest, extensive restoration of degraded southwest-
ern ponderosa pine (Pinus ponderosa subsp. brachyptera) ecosystems is urgently 
needed to decrease wildfire hazard, reverse habitat loss, and restore diminished 
ecosystem services (Reynolds et al. 2013).

Southwestern ponderosa pine forests are the dominant natural forested com-
munity over millions of hectares in Arizona, New Mexico, southern Utah and 
southwestern Colorado, where they are widely distributed across the elevation 
band from approximately 1,500–2,700 m (5,000–9,000 ft; Callaham 2013). The 
density, size distribution and spatial patterns of these forests have changed dra-
matically since late nineteenth century Euro-American settlement (Covington 
and Moore 1994). Historically, southwestern ponderosa pine forests were semi-
open, with trees scattered in irregular patterns of small groups or clumps within 
a matrix of grass-forb interspaces (Sánchez Meador et al. 2011). Indigenous cul-
tural practices and the associated frequent, low-intensity fires maintained this dis-
tinctive forest structure and supported the unique plant and wildlife communities 
associated with it (Covington and Moore 1994; Reynolds et al. 2013; Dewar et al. 
2021). Large, old trees were dominant in these ecosystems, but a wide range of 
age classes were present in each stand (Moore et  al. 2004; Abella et  al. 2007). 
Many of today’s southwestern ponderosa pine forests, by contrast, are densely 
stocked, even-aged, and spatially homogenous (Sánchez Meador et  al. 2009; 
Reynolds et  al. 2013), resulting from unregulated settlement-era logging and 
grazing followed by an extended period of aggressive fire suppression and exclu-
sion (Cooper 1960; Moore et  al. 1999; Dombeck et  al. 2004). The present-day 
landscape is over-exposed to stand replacing fires, while at the same time failing 
to provide all of the essential habitat components crucial for biodiversity (Parks 
et al. 2018; Hurteau et al. 2016; Hagmann et al. 2021).

Contemporary forest management in the region is driven by the mutually com-
patible goals of ecosystem restoration and fire hazard mitigation. Silviculturally, 
these objectives are met through uneven-aged management using mechanical har-
vesting and prescribed burning treatments to reduce stand density and the associ-
ated fuel loads, shift the basal area distribution to larger and broader size-classes, 
and increase within-stand spatial heterogeneity (Reynolds et al. 2013). In north-
ern Arizona, substantial community engagement and forest management planning 
in support of landscape-scale restoration was catalyzed by the Four Forests Res-
toration Initiative (4FRI), a collaborative restoration effort spanning one million 
hectares (2.4 million acres) across four National Forests (Egan and Nielsen 2014; 
Vosick 2016). 4FRI streamlined the planning and environmental review processes 
required by the National Environmental Policy Act (NEPA), overcoming a com-
mon bottleneck for projects on federal land by securing administrative approval 
for over 240,000 hectares (600,000 acres) of treatments through a single, consoli-
dated Environmental Impact Statement (Fredette 2016). Other bottlenecks in the 
restoration pipeline have emerged, however, and the pace and scale of treatment 
implementation has been inadequate given the urgency and extent of restoration 
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needs (Woolsey et  al. 2024). Through FY2024, an average of only ~ 6,000 hec-
tares (15,000 acres) per year have received mechanical treatments (USDA 2025), 
far short of 4FRI’s ~ 20,000 hectare (50,000 acre) annual target (USDA 2017).

One significant constraint with the implementation of treatments is the time and 
cost required for conventional project layout, which involves manually marking 
individual trees with paint to designate removal or retention. Conventionally, stand-
level decisions, such as residual stocking targets or group and opening size distribu-
tions, are developed through a centralized planning process and communicated to 
field foresters through written silvicultural prescriptions. When implementing spa-
tially complex prescriptions, field foresters evaluate silvicultural decisions at both 
the ~ 0.04–0.4 hectare (0.1–1 acre) group level (e.g. decisions on where to locate an 
opening or retention group) and the individual-tree level (e.g. decisions on which 
trees to remove or retain from within a group) and communicate their decisions by 
marking individual trees with paint, indicating whether a tree is to be cut or kept. 
Not every tree needs to be marked: when “leave tree marking” (LTM) is used all 
unmarked trees are cut and when “cut tree marking” is used all unmarked trees are 
left. The choice of method is typically based on which requires less paint. If fewer 
trees are to be kept than cut, LTM is preferred, and vice versa. In the Southwest, 
LTM is the most common method of paint-based tree designation.

A range of alternatives to LTM have been developed. “Designation by prescrip-
tion” (DxP) or “cutter-select” is an alternative in which harvest operators are given 
a silvicultural prescription and then use it to make cutting decisions themselves 
(Underhill et al. 2014). DxP eliminates costly and time-consuming layout but cedes 
control of fine-scale tree cutting decisions from the forest manager to the harvesting 
contractors (Dickinson and Cadry 2017; DeRose et al. 2024).

Several studies have examined the silvicultural and operational outcomes of DxP 
and found mixed results. In a variety of forest types, no statistically significant dif-
ferences in silvicultural outcomes were observed between DxP and conventionally-
marked thinning treatments (Yeo and Stewart 2000; Spinelli et al. 2016; Eberhard 
and Hasenauer 2021)—perhaps unsurprising given the high variability of mark-
ing patterns from one forester to another (Spinelli et al. 2016; Pommerening et al. 
2018)—though significant differences were observed in the implementation of a 
complex prescription in Maine (Grimm 2015).

Anecdotally, DxP has been reported to affect harvest productivity, as operators 
are forced to slow down to engage in cognitively taxing decision making (Dickinson 
and Cadry 2017). No effects on operator efficiency were noted in studies of marked 
versus unmarked uniform thinning operations in Australia (Yeo and Stewart 2001) 
or Central Europe (Holzleitner et  al. 2019), and mixed results were observed in a 
study in Finland (Pohjala et al. 2024). A study of operator efficiency in implement-
ing a complex silvicultural prescription in Maine also found no difference between 
marked and unmarked operations (Grimm 2015). DxP does also present some novel 
administrative complications relative to paint-based marking, as the approach elimi-
nates any opportunity for preharvest review.

New hybrid alternatives to LTM and DxP, sometimes referred to as “DxP + ”, 
have been developed for spatially-complex prescriptions. These approaches del-
egate tree-level decisions to harvesting operators while allowing foresters to make 



784	 Journal of Forestry (2025) 123:781–800

group-level decisions. “Tablet marking” (TM) was the first such approach and is 
seen as particularly promising for implementing spatially complex prescriptions 
(Maher et al. 2019). In TM, a forester develops a “digital prescription guide” (DPG) 
in the field with the help of a GPS-enabled tablet with aerial imagery or Light Detec-
tion And Ranging (LiDAR)-derived canopy height model reference basemaps. The 
DPG consists of GIS polygons indicating areas of different treatment types across 
the stand which are then conveyed to the harvesting operator through a GPS-enabled 
tablet in the cab of the harvesting machine. In the Southwest, where tablet marking 
has been applied, the DPG indicates the operational groups designated for retention 
and the target basal area within those groups; the operator then selects individual 
trees to remove from within the groups to meet the prescription targets and removes 
all growing stock from the interspace between groups (Camenson 2019; Rainey 
2021; DeRose et al. 2024).

A further innovation, “desktop marking” (DM; also called “Heads-up Digitiz-
ing”), moves group-level decision making from the field to the office. A forester 
develops a DPG informed by aerial imagery, canopy LiDAR derivatives, and digital 
terrain models. This approach uses the same process as field-based tablet marking to 
convey prescription decisions to the harvesting operator, sending the DPG to an in-
cab tablet (Rainey 2021; DeRose et al. 2024). Like DxP, neither TM nor DM require 
the use of any tree-level paint. Table  1 summarizes silvicultural decision making 
across different designation methods and the associated mechanisms by which infor-
mation is transmitted from the point of decision to the point of execution.

These newer DPG-based designation methods have been implemented across 
various projects in the Southwest, but their operational implications and silvicul-
tural outcomes have not been thoroughly studied or systematically compared with 
LTM and DxP. The aim of the Walker Hill Demonstration Project was to systemati-
cally examine five designation methods for implementing silvicultural prescriptions 
to meet ecological restoration objectives in the Southwest and to quantify the eco-
nomic costs, harvest productivity, and on-the-ground silvicultural outcomes of each 
method.

Materials and Methods

The Walker Hill Demonstration Project is located on an operational-scale study 
site in the Coconino National Forest in northern Arizona (Fig. 1). The stand history 
in the study area was typical of that for the broader region, with extractive nine-
teenth century logging removing nearly all merchantable growing stock followed by 
delayed regeneration until a pulse regeneration event in 1919 (Pearson 1950). The 
resulting stand was lightly thinned thereafter, resulting in initial stand conditions 
across the study area that were mostly uniform, nearly even-aged, and overly dense 
relative to historical reference conditions (Sánchez Meador et al. 2011).

The study used a randomized complete block design. The project area was 
divided into three approximately 49-hectare (120-acre) blocks which were each 
further divided into six, eight-hectare (20-acre) units. Within each block, one of 
five different designation methods or an uncut control were randomly assigned to 
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each unit. The designation methods were LTM, DxP, and three DPG-based meth-
ods: field-based TM with satellite imagery basemaps (TM-I), field-based TM with 
LiDAR-derived canopy height model basemaps (TM-L), and office-based DM using 
both imagery and LiDAR basemaps as reference (Fig.  1). The same silvicultural 
prescription was assigned to all treatment units in the study area. The uneven-aged 
prescription called for retention of groups between 0.04 and 0.4 hectare (0.1–1.0 ac) 
in size, 40–55% of each unit area in interspace, increases in the proportions of trees 
classified as “acceptable” and “desirable”, retention of older “yellow pine” ponder-
osa pine trees (visually distinct from the more common, younger “blackjack” pine 
trees), and a unit-wide target residual basal area of 11.5 m2 ha−1 (50 ft2 ac-1).

Treatments implemented with LTM, TM-I, TM-L, and DM were marked in July 
through September of 2020. Field-based marking (i.e. LTM, TM-I, and TM-L) 
was performed by USDA Forest Service (Forest Service)  seasonal field foresters 
and office-based DM was performed by an experienced  Forest Service permanent 
employee and certified silviculturist. No specialized software or hardware were 
required for desktop or tablet marking methods other than standard-issue comput-
ers and tablets, and the GIS software and applications already used by the Forest 
Service for silvicultural planning and timber sale preparation. Work hours and paint 
usage (for LTM) were recorded by unit. For analysis, paint costs and wage rates were 
inflated to 2024 values using 2024 Forest Service employee daily rates (inclusive of 

Fig. 1   Study area location and experimental design layout. Tree designation methods applied to experi-
mental units include leave tree marking (LTM), tablet marking with satellite imagery (TM-I), tablet 
marking with a LiDAR-derived canopy height model (TM-L), desktop marking (DM), designation by 
prescription (DxP), and an untreated control
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benefits) and observed 2024 paint rates. Applied paint costs were $15.93 l−1 ($15.08 
qt−1) plus $1.15 l−1 ($1.09 qt−1) shipping and wages were $18.75 h−1 and $61.00 h−1 
for the seasonal (GS-5) and permanent (GS-11) employees, respectively. Work hours 
were translated to layout productivity rates (area marked per day) for analysis.

Harvest operations were conducted from January through May, 2023 by a con-
tractor operating a mechanized, ground-based harvesting system typical for the 
region (i.e. a wheeled feller-buncher and rubber-tired grapple skidders). The con-
tractor had prior experience implementing DxP and DPG-based prescriptions simi-
lar to those used in this study and had already equipped harvesting machines with 
GPS-enabled tablets. Machine hours were tracked by unit using cab-mounted GPS 
receivers and operator time logs to assess harvest productivity rate (area harvested 
per hour). Air temperatures, snow depths, and qualitative ground conditions were 
also recorded. Figure 2 illustrates a DPG drawn over a portion of a treatment unit 
(TM-L, Block 3) overlaid on pre- and post-harvest satellite imagery.

Silvicultural outcomes were assessed using pre- and post-harvest inventory plot 
data and post-harvest remote sensing data. Plot data were used to assess post-harvest 
basal area, yellow pine retention, retention of large trees over 46 cm (18 in) diameter 
at breast height (DBH), retention of standing dead trees, and changes to the propor-
tion of acceptable and desirable trees. Remote sensing data were used to assess spa-
tial outcomes.

For plot data, experimental units with concentrations of yellow pine trees were 
stratified to ensure that the yellow pine areas were adequately sampled. Yellow pine 
areas were manually identified from a LiDAR-derived canopy height model using 
visible crown heights averaging greater than 21 m (70 ft), open canopy conditions, 
and the presence of advance regeneration (see, for example Fulé et al. 1997; Moore 
et al. 2004). A systematic sample of 0.04 ha (0.1 ac) fixed-radius circular plots was 
taken in each stratum, such that each stratum had a minimum of two plots and each 
experimental unit had a total of ten plots. Plots were installed in 2020 and monu-
mented with witness trees so they could be relocated after harvesting. At each plot, 
DBH was recorded for all live and standing dead trees over 12.7 cm (5 in) DBH, 
along with stem quality assessments to track the percentages of acceptable and 
desirable trees, and yellow pine/blackjack pine classifications for individual trees 
following Thompson (1940). Between May and July 2023, plots were resampled, 

Fig. 2   Digital prescription guides (red lines) on a portion of one treatment unit, overlaid on pre- and 
post-harvest satellite imagery
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and each previously measured tree was classified as having been cut, died naturally, 
or still alive. Plot data were summarized to estimate pre- and post-harvest average 
basal areas, numbers of large trees, yellow pines and standing dead trees, and per-
centages of acceptable and desirable trees for each experimental unit.

A canopy cover map was derived from National Agriculture Imagery Program 
(NAIP) aerial imagery collected in the summer of 2023, using vegetation indices. 
Normalized difference vegetation indices (NDVI) are provided by NAIP and classify 
areas of vegetation by the reflectance of near infrared light. These indices include 
grasses and shrubs in addition to trees (Xue and Su 2017), so are insufficient for tree 
canopy classification on their own. We supplemented NVDI data with visible dif-
ference vegetation index (VDVI) data that we derived from NAIP imagery, to filter 
out areas of grass and shrubs. The VDVI model identifies tree canopies based on 
their visible color and is much less likely than NDVI to classify ground vegetation 
as tree canopy. However, VDVI can misclassify shadows as tree canopies, which the 
NVDI typically does not. By identifying overlapping areas between the VDVI and 
NDVI models, we generated a canopy cover map that excluded the shadows from 
the VDVI model and the ground cover from the NDVI model. We compared our 
canopy cover map to an accurate but outdated canopy map derived from pre-harvest 
LiDAR data, to ensure that the remaining tree canopies in the new map aligned with 
the corresponding canopy area from the older map.

The post-harvest canopy cover map was further processed to remove landings 
and haul roads. Tree groups and interspaces were then mapped by grouping canopy 
cover polygons using a concave hull algorithm. Both functional groups and opera-
tional groups were mapped. Functional groups are clusters of trees with interlock-
ing or near interlocking crowns that form cohesive canopy areas, while operational 
groups are often larger, “microstands” in which the tree stocking is broadly uniform. 
In the context of ponderosa restoration, operational groups can be thought of as col-
lections of functional groups. A functional group was defined as one or more trees 
whose canopies were within 4.6 m (15 feet) of one another and with a total canopy 
area of greater than 0.004 ha (0.01 ac), based on the authors’ experience and on 
restoration prescriptions developed by the Forest Service. Separately, operational 
groups were defined using a similar approach but aggregating canopies within a 
9.1-m (30-foot) separation buffer.

Multiple measures of spatial structure were assessed across treatment units. Can-
opy cover percentage, area in functional groups, and area in operational groups were 
calculated at the unit level as well as within units across a rasterized, 0.04 ha (0.1 
ac) square grid. Functional and operational group size distributions were assessed 
across treatment units.

Analysis of variance was used to test for significant differences between tree des-
ignation methods, related to marking and layout costs, layout and harvest productiv-
ity rates, and numerous silvicultural outcomes. When significant differences were 
observed for any given outcome (α = 0.05), pre-planned, nested contrasts were used 
to parse the differences. For silvicultural outcomes five contrasts were tested: (1) 
control vs. cutting treatments, (2) non-paint-based designation methods vs. LTM, 
(3) DPG-based methods vs. DxP, (4) TM methods vs. DM, and (5) TM-I vs. TM-L. 
Harvesting productivity outcomes did not apply to the control so only contrasts (2), 
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(3), (4), and (5) were tested. Similarly, layout cost outcomes did not apply to the 
control or DxP treatments, so contrast (2) was modified to exclude DxP and con-
trasts (4) and (5) were also tested.

Results

Economic Cost and Harvest Productivity Assessment

We found significant savings of time and money in DPG-based methods when com-
pared to LTM, and failed to observe any significant differences in harvest productiv-
ity between designation methods.

Table  2 presents tree-marking costs and layout and harvest productivity across 
designation methods. Total designation costs per unit area for LTM were higher 
than the average of DPG-based methods by an estimated $140.63 ha−1 ($56.91 ac−1) 
(p < 0.001). Average designation costs for DPG-based methods were an estimated 
$12.85 ha−1 ($5.20 ac−1) higher than for DxP, where tree-marking layout costs were 
$0 ha−1. Among digital methods, the difference in designation costs between tablet-
based methods and DM were statistically significant (p = 0.048) but averaged only 
$3.34 ha−1 ($1.35 ac−1) higher.

Savings in both time and materials (i.e. paint) explain the substantial cost advan-
tage of digital methods over paint-based marking (Table 2), though the specific driv-
ers of cost savings varied among DPG-based methods. The daily layout productivity 
rate was four or four and a half times higher for DM than for TM-L or TM-I meth-
ods, respectively, but cost savings from the faster pace of “marking” were mostly 
offset by the higher wage rate required for a more experienced forester.

Harvest productivity rates did not differ significantly between any of the treat-
ments in which harvesting occurred (p = 0.612; Table  2). We developed a lin-
ear model relating snow depth, air temperature, and ground conditions to harvest 
productivity rates. None of the estimated coefficients were statistically significant 
(results omitted for brevity), so it is unlikely those factors obscured any otherwise 
significant effects of designation method.

Table 2   Mean layout costs and layout and harvest production rates, by designation method, with standard 
deviations shown in parentheses. See Fig. 1 caption or the text for designation method definitions

Desig-
nation 
Method

Labor Cost [$ 
ha−1]

Paint Cost [$ 
ha−1]

Total Cost [$ 
ha−1]

Layout Produc-
tivity Rate [ha 
day−1]

Harvest Pro-
ductivity Rate 
[ha hr−1]

LTM 72.22 (4.55) 81.26 (6.10) 153.48 (1.58) 2.60 (0.17) 0.54 (0.14)
TM-I 14.69 (1.85) – 14.69 (1.85) 12.90 (1.56) 0.50 (0.09)
TM-L 13.23 (0.52) – 13.23 (0.52) 14.19 (0.55) 0.40 (0.06)
DM 10.63 (1.43) – 10.63 (1.43) 58.14 (8.26) 0.49 (0.11)
DxP – – – – 0.48 (0.15)
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Harvest productivity rates varied considerably between experimental units 
(blocks) of the same designation method (Fig.  3). DxP methods, for example, 
produced the third lowest and the second highest production rates out of the 15 
harvested units. Across all units, the highest recorded harvest productivity rate 
(0.70 ha hr−1 [1.78 ac hr−1]) was more than double the lowest rate (0.34 ha hr−1 
[0.86 ac hr−1]).

Silvicultural Outcomes

Overall, no significant differences were found in key silvicultural outcomes 
between tree designation methods, and outcomes were consistent with silvicul-
tural objectives. This was true for stand-level outcomes like residual basal area 
and retention of large, old, and desirable trees, as well as for outcomes related to 
within-stand residual spatial arrangements. Subtle differences were observed in 
spatial arrangement between designation methods, with LTM producing slightly 
larger functional groups than other methods, on average.

Fig. 3   Harvest productivity rate by designation method. Small black dots indicate individual-unit obser-
vations and large green diamonds represent mean values by designation method. See Fig. 1 caption or the 
text for designation method definitions
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Non‑Spatial Outcomes

No significant differences were observed between harvested treatments and the 
control for yellow pine retention (p = 1.000), large tree retention (p = 0.555), and 
standing dead tree retention (p = 0.480). All harvested treatments significantly 
increased the proportions of acceptable (p = 0.007) and desirable (p = 0.006) trees 
relative to the control and no significant differences were observed in post-harvest 
acceptable and desirable stem proportions between designation methods.

Mean residual basal areas did not differ significantly between designation 
methods, and did not vary significantly from the target basal area of 11.5 m2 
ha−1 (50 ft2 ac−1). Though not statistically significant, the residual basal areas 
were below the target in 10 of the 12 units where DPGs were used and above the 
target in two of the three units where DxP was used (Fig.  4). Total percentage 
of canopy cover did not differ significantly between methods (see Supplemental 
Information).

Fig. 4   Residual basal areas by designation method. Small black dots indicate individual-unit observa-
tions and large green diamonds represent mean values by designation method. The horizontal brown line 
shows the target residual basal area. See Fig. 1 caption or the text for designation method definitions
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Spatial Complexity Outcomes

Spatial arrangements were generally similar across treatments (Table 3). One excep-
tion was for LTM, which had a significantly higher percentage of area in 0.04–0.4 
ha functional groups than non-paint-based designation methods  (p = 0.018). The 
median functional group size was also larger for LTM than other harvested treat-
ments and the median operational group size was smaller. Otherwise, treatments did 
not differ significantly in total area covered by functional or operational groups or in 
the percentage of groups by size.

Analysis of stand structure in spatially complex stands can be sensitive to the 
scale of aggregation (Wasserman et  al. 2019) but no significant differences were 
revealed here from changes in analytical resolution. Figure 5 shows the results of 
the 0.04 ha (0.1 ac) rasterized canopy cover map across the project area. As with 
other metrics, the distribution of canopy cover across raster cells tended to vary 
more between replicates of the same designation method than between designation 
method means (Fig. 6).

Discussion

Our findings demonstrate the potentially large cost and time savings that can result 
from DxP and DPG-based tree designation methods, while showing that these paint-
free methods do not necessarily compromise harvest rate productivity or silvicul-
tural outcomes. Paint-free designation methods could help to scale up ponderosa 
pine restoration efforts in the Southwest and elsewhere in the western US and may 
also be useful for implementing other kinds of complex silvicultural treatments. Our 
results support the conclusion that paint-free approaches to harvest layout can be 
operationally feasible and are worth developing and refining further.

To put the time and cost savings we observed in perspective, consider a hypo-
thetical 2,000-hectare (5,000-acre) ponderosa pine treatment for restoration 
objectives. Using conventional LTM, the estimated layout costs for paint and 
labor over the entire area would be more than $300,000. With digital methods, the 

Table 3   Group size outcomes, by designation methods, with standard deviations shown in parentheses. 
See Fig. 1 caption or the text for designation method definitions

Designation Method Percentage Distribution of Functional Groups, by 
Size

Median Group Size (ha)

 < 0.04 ha 0.04–0.2 ha 0.2–0.4 ha  > 0.4 ha Functional Operational

LTM 22.8 (21.9) 65.5 (16.6) 11.7 (20.3) 0 (0) 0.04 0.08
TM-I 51.9 (16.7) 41.4 (9.3) 6.7 (11.5) 0 (0) 0.02 0.12
TM-L 57.2 (23.8) 34.5 (13.7) 8.3 (14.4) 0 (0) 0.01 0.15
DM 37.3 (8.5) 30.1 (17.5) 32.7 (9.4) 0 (0) 0.01 0.10
DxP 47 (0.6) 53 (0.6) 0 (0) 0 (0) 0.02 0.16
Control 0.9 (0.9) 1.1 (1.5) 0 (0) 97.9 (2.4) 1.37 6.33
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costs would be between $20,000 and $30,000—lower by a factor of at least 10. In 
addition to lowering costs, digital methods could increase the pace of implemen-
tation significantly. Where paint-based marking would require personnel time of 
777 workdays, tablet marking would require 149 workdays and desktop mark-
ing would require just 35 workdays. Given the extent of restoration needs in the 
Southwest and the resource constraints that limit the pace and scale of implemen-
tation, these advantages could translate into a more efficient use of the existing 
workforce and tens of thousands of additional acres treated across the landscape 
annually.

An important qualification to the reported layout cost savings of DxP and digital 
marking methods is the potentially counteracting effect of increased sale administra-
tion costs at later phases of a harvest operation. More time and attention are prob-
ably required of sale administrators to monitor performance when there is not clear 
evidence on the ground (in the form of painted stump marks) that the job has been 
harvested in compliance with the prescription. Anecdotally, administration costs 
have been considerably higher for DxP than conventionally marked projects, espe-
cially with operators who are less familiar with southwestern ponderosa pine sil-
viculture for restoration objectives or DxP operations (pers. comm.). Speculatively, 
DPG-based methods could be more efficient to administer than DxP because they 
incorporate spatially-explicit prescriptions that are easier to monitor. A more com-
plete assessment of the economics of DxP and digital marking methods would need 
to explicitly account for preharvest and postharvest administration costs.

Fig. 5   Rasterized map of residual percent canopy cover across the entire study area. Grid cells are 0.04 
ha. See Fig. 1 caption or the text for designation method definitions
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The operational results from this study are generally consistent with other 
research that has compared DxP and LTM (Yeo and Stewart 2001; Grimm 2015; 
Holzleitner et  al. 2019; Pohjala et  al. 2024). They also contradict the narrative 
(reported qualitatively by Dickinson and Cadry 2017) that DxP slows harvest 
operations by placing an additional burden on operators. If there was any effect 
of designation method on harvest productivity rate at the Walker Hill Demonstra-
tion Project, it was small enough to be lost amid the natural variability in harvest 
rates.

The operational feasibility of DxP appears to extend to DPG-based designation 
methods as well, at least in the context of complex southwestern ponderosa pine 
prescriptions. In addition to DPG-based methods supporting harvest rates com-
parable to DxP and LTM, there are now operators in the study region who report 
a preference for DPGs over DxP. Rather than seeing tablets as a burden, these 
operators have found value in having tablets in the cabs of their harvesting equip-
ment (Pers. Comm. Joe Call, September 2021).

The trends we observed in operational outcomes extend to silvicultural out-
comes. DPG-based methods performed as well as DxP and LTM. For most silvi-
cultural metrics, there was greater variance within treatments than between them. 

Fig. 6   Distribution of canopy cover percentage within each designation method, as calculated on 0.04 ha 
raster cells. See Fig. 1 caption or the text for designation method definitions
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While some differences in the pattern/arrangement of residual canopy cover may 
be visually apparent across designation methods (Fig. 7), the total percentage of 
canopy cover did not differ significantly between methods. Even in this controlled 
study, intentionally situated in a structurally homogeneous stand, the variability 
in conditions from one spot to the next overwhelmed any statistically detectable 
signal of the silvicultural impact of different designation methods.

Despite the overall variability of the results, some subtle patterns were observed 
in silvicultural outcomes. DxP appeared to result in slightly higher stocking than 
other methods, for example (though the difference was not statistically significant). 

Fig. 7   Post-harvest canopy cover by treatment units. All units are shown to scale but repositioned and 
reoriented spatially, by tree designation method. Canopy cover was derived from intersecting normalized 
difference and visible difference vegetation indices. See Fig. 1 caption or the text for designation method 
definitions
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This suggests that operators may act with caution when they are tasked with making 
tree selection decisions. Rather than the “greedy loggers” who some might worry 
will cut too aggressively if given the chance, results here match anecdotal reports 
of operators tending to err on the side of retention and needing a clear permission 
structure to feel comfortable cutting as heavily as restoration treatments require 
(Mottek Lucas and Kim 2016).

Qualitative evidence from this study was also consistent with the pattern, noted 
by the authors and others in the region, that, if left to choose for themselves, opera-
tors tend to leave trees uniformly spaced within operational groups (Mottek Lucas 
and Kim 2016). Clumpier distributions of residual growing stock and smaller group 
sizes better match historical reference conditions (Sánchez Meador et  al. 2011; 
Reynolds et al. 2013). LTM appeared to achieve greater within-group heterogeneity 
than DxP or digital marking methods by multiple measures and by visual impression 
of the post-harvest stand conditions, although most of these differences were not 
statistically significant. The median size of functional groups was larger for LTM 
than for any of the DPG-based methods (0.04 ha versus 0.01–0.02 ha), while the 
median operational group size was the smallest for LTM (0.10 ha versus 0.12–0.16 
ha), implying a more clustered canopy distribution with denser clumps at slightly 
wider or more variable spacing.

It is unclear how important subtle spatial differences like these are to the ecologi-
cal functioning of restored forests, or how paint-free tree designation methods could 
be adapted to achieve increased stand spatial complexity. Training might improve 
operators’ ability to create heterogeneous conditions within operational groups, 
but it is understandably harder for operators to feel confident about meeting basal 
area targets when stocking is unevenly distributed. Alternatively, DPGs could use 
smaller operational groups (< 0.04 ha) with more varied residual stocking targets 
to increase structural complexity, but smaller groups may also be more difficult for 
operators to implement. Going forward, research is required to assess spatially com-
plex outcomes and set appropriate silvicultural goals related to spatial complexity. 
Innovation may be needed to modify digital marking methods so they can be used 
in service of those goals. Similarly, further work would be required to evaluate the 
suitability of these methods in other contexts, for example in stands with greater 
compositional diversity or in stands with highly differentiated timber quality man-
aged for commercial production. It seems likely that this approach, or creative varia-
tions of it, could bring value to the management complex, mixed-species stands and 
we hope the results from this study encourage experimentation in other forest types.

DxP and other approaches that trust operators with tree cutting decisions are 
highly dependent on the skill, experience, and conscientiousness of the operators, 
and on clear and consistent communications and training by sale administrators. 
How to improve the processes that develop those qualities is an open and criti-
cally important question (Häggström and Lindroos 2016). The harvesting in this 
study was performed by an operator who had previously carried out several suc-
cessful DxP and tablet-marked projects and who had a strong working relation-
ship with the project team. Not all DxP or digitally marked projects would have 
those advantages. Admittedly, then, it is misleading to report that the prepara-
tion costs for DxP methods for this project were $0 ha−1. There were real costs 
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involved in developing the operator’s skillset through attentive supervision and 
effective feedback over the course of multiple previous projects. High-trust rela-
tionships require time and resource investments to develop. More attention from 
scholars, practitioners, and industry leaders should focus on understanding the 
factors that facilitate the constructive working relationships and communication 
required for foresters to effectively delegate tree harvesting discretion to opera-
tors. Fostering these skills, alongside conventional, equipment operation-focused 
approaches to workforce development, will be critical in cultivating a regional 
workforce capable of efficiently and effectively implementing silviculture to meet 
ecological restoration objectives at a scale commensurate with the need across 
the Southwest.

Conclusion

This study found that alternatives to paint-based marking can be silviculturally 
effective, time and cost efficient, and operationally feasible for meeting ecologi-
cal restoration objectives in southwestern ponderosa forests. Though more work 
could be done to further align these new approaches with desired silvicultural 
outcomes, these innovative methods are sufficiently well developed today to help 
accelerate the pace and scale of implementation of restoration treatments on fed-
eral, state, private, tribal, and community forests across the American Southwest. 
New iterations of these methods also have the potential for application well out-
side the region, wherever within-stand spatial variability and structural complex-
ity play an important role in silviculture.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s44392-​025-​00051-y.

Acknowledgements  The authors would like to acknowledge Eric Olson, Daniel Conley, Cody Myers, 
and Paden Thero for timber sale preparation and implementation fieldwork; Andrew Sánchez Meador for 
guidance on initial project planning and study design; Suarez Forestry, LLC for harvesting operations; 
Paul Tetterton and Connor Crouch for field data collection; Noah Bard for spatial analytical support; and 
Justin Waskiewicz for data analysis support and manuscript review.

Authors Contributions  Study design: KW, JR, MN, TW, JJ; implementation and data collection: JR, MN, 
KW, TW, JJ; data analysis and figure development: NM, JF; manuscript drafting: JF, NM; manuscript 
revision and refinement of figures: all authors.

Funding  Funding for analysis and manuscript preparation was received by The Nature Conservancy from 
the USDA Forest Service through a cost-share agreement (23-PA-11030400–293); Northern Arizona 
University provided in-kind support for pre- and post-treatment data collection and analysis.

Data Availability  Project data and summarized results are available by request.

Declarations 

Competing interest  None to declare.

https://doi.org/10.1007/s44392-025-00051-y
https://doi.org/10.1007/s44392-025-00051-y


798	 Journal of Forestry (2025) 123:781–800

Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDeriv-
atives 4.0 International License, which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate if you modified the licensed mate-
rial. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative 
Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view 
a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

Abella, S. R., W. W. Covington., P. Z.Fulé., L. B. Lentile., A. J. S. Meador, and Morgan, P. 2007. Past, 
present, and future old growth in frequent-fire conifer forests of the western United States. Ecol-
ogy and Society, 12(2). https://​doi.​org/​10.​5751/​ES-​02171-​120216

Callaham, R. Z. 2013. Pinus ponderosa: a taxonomic review with five subspecies in the United States. 
Research Paper PSW-RP-264.  Albany, CA: USDA Forest Service, Pacific Southwest Research 
Station.

Camenson, C. 2019. “Can digital tablet ‘marking’ be used to meet forest health objectives?” Masters 
of forestry professional paper. Northern Arizona University. https://​nau.​edu/​wp-​conte​nt/​uploa​ds/​
sites/​140/​2019.​Caris​saCam enson.TabletMarkingForestHealthObjectives.pdf

Cooper, C. F. 1960. Changes in vegetation, structure, and growth of southwestern pine forests since 
white settlement. Ecological Monographs 30 (2): 130–164.

Covington, W. W., and M. M. Moore. 1994. Postsettlement changes in natural fire regimes and forest 
structure: Ecological restoration of old growth ponderosa pine forests. Journal of Sustainable 
Forestry 2:153–181.

DeRose, R. J., J. N. Long, K. M. Waring, M. A. Windmuller-Campione, A. S. Nelson, and M. R. 
Nabel. 2024. What does it mean to be a silviculturist? Journal of Forestry 122 (2): 185–193.

Dewar, J. J., D. A. Falk, T. W. Swetnam, C. H. Baisan, C. D. Allen, R. R. Parmenter, E. Q. Margolis, 
and E. J. Taylor. 2021. Valleys of fire: Historical fire regimes of forest-grassland ecotones across 
the montane landscape of the Valles Caldera National Preserve, New Mexico, USA. Landscape 
Ecology 36 (2): 331–352.

Dickinson, Y. L., and J. D. Cadry. 2017. An evaluation of tree marking methods for implementing 
spatially heterogeneous restoration. Journal of Sustainable Forestry 36 (1): 47–64.

Dombeck, M. P., J. E. Williams, and C. A. Wood. 2004. Wildfire policy and public lands: Integrating 
scientific understanding with social concerns across landscapes. Conservation Biology 18 (4): 
883–889.

Eberhard, B., and H. Hasenauer. 2021. Tree marking versus tree selection by harvester operator: Are 
there any differences in the development of thinned Norway spruce forests? International Jour-
nal of Forest Engineering 32 (1): 42–52.

Egan, D. and E. Nielsen. 2014. Issues in forest restoration: The history of the four forest restora-
tion initiative: 1980s-2010.  ERI White Paper–Issues in Forest Restoration. https://​4fri.​org/​wp-​
conte​nt/​uploa​ds/​2019/​05/​The-​Histo​ry-​of-​the-​Four-​Forest-​Resto​ration-​Initi​ative-​1980s%​E2%​80%​
932010.​pdf

Fredette, A. 2016. 4FRI and the NEPA Process. Arizona State Law Journal 48:139–143.
Fulé, Peter Z., W. Wallace Covington, and Margaret M. Moore. 1997. Determining reference conditions 

for ecosystem management of southwestern ponderosa pine forests. Ecological Applications 7 (3): 
895–908.

Grimm, S. 2015. "Implementing complex partial harvests in central maine: Is tree marking necessary?". 
Masters Thesis, University of Maine. Electronic Theses and Dissertations. 2336. http://​digit​alcom​
mons.​libra​ry.​umaine.​edu/​etd/​2336.

Häggström, C., and O. Lindroos. 2016. Human, technology, organization and environment–a human fac-
tors perspective on performance in forest harvesting. International Journal of Forest Engineering 27 
(2): 67–78.

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.5751/ES-02171-120216
https://nau.edu/wp-content/uploads/sites/140/2019.CarissaCam
https://nau.edu/wp-content/uploads/sites/140/2019.CarissaCam
https://4fri.org/wp-content/uploads/2019/05/The-History-of-the-Four-Forest-Restoration-Initiative-1980s%E2%80%932010.pdf
https://4fri.org/wp-content/uploads/2019/05/The-History-of-the-Four-Forest-Restoration-Initiative-1980s%E2%80%932010.pdf
https://4fri.org/wp-content/uploads/2019/05/The-History-of-the-Four-Forest-Restoration-Initiative-1980s%E2%80%932010.pdf
http://digitalcommons.library.umaine.edu/etd/2336
http://digitalcommons.library.umaine.edu/etd/2336


799Journal of Forestry (2025) 123:781–800	

Hagmann, R. K., P. F. Hessburg, S. J. Prichard, N. A. Povak, P. M. Brown, P. Z. Fulé, R. E. Keane, E. 
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