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A B S T R A C T   

Wildfire futures and aboveground carbon (C) dynamics associated with forest restoration programs that integrate 
resource objective wildfire as part of a larger treatment strategy are not well understood. Using simulation 
modeling, we examined alternative forest and fuel management strategies on a 237,218-ha study area within a 
778,000-ha landscape that is a high priority target for federal restoration programs. We simulated two wildfire 
management scenarios combined with three levels of conventional forest restoration treatments over 64 years 
using a detailed landscape disturbance and succession model developed in prior work. We found accelerated 
forest restoration used in concert with resource objective wildfire was the most effective at returning old growth 
forest structure, while stabilizing aboveground C stocks and restoring the fire return interval to its historic range 
of variation. In scenarios without forest restoration, the continued practice of resource objective wildfires during 
shoulder fire seasons reduced summer emissions in a negative feedback loop. In the short term, scenarios without 
forest restoration increased live tree C, but also increased the likelihood of C loss during wildfire activity driven 
by extreme fire weather. We found scenarios most effective at restoring fire-excluded pine forests to their his
torical old growth conditions came at a short-term cost of lost C, but with the long-term benefit of substantially 
increasing fire-resistant live tree C. Our results inform how local decision making can best balance competing 
goals of sequestering C, and stabilizing C stocks in frequent-fire pine forests using the principles of local fire 
ecology to restore and maintain old growth forest structure.   

1. Introduction1 

High severity wildfires threaten the stability of carbon (C) stored in 
frequent-fire forests in the western United States by triggering vegeta
tion type conversions and impeding post-fire regeneration (Cansler and 
McKenzie, 2014; Chambers et al., 2016; Coop, 2023; Coop et al., 2020; 
Kemp et al., 2016). These forests have experienced a history of har
vesting large diameter trees and a prolonged policy of fire suppression 
resulting in the conversion of old growth structures to dense stands of 
small diameter trees (Bauhus et al., 2009; Busenberg, 2004; Covington 
et al., 1997; Covington and Moore, 1994; Naficy et al., 2010) elevating 
risk of high severity fire and C loss (Peeler et al., 2023). Forest 

restoration and fuel management programs offer a potential solution to 
reduce fire size and severity, enhancing forest resilience and stabilizing 
forest C over the long term (Ager et al., 2020; Davis and al., 2023; Foster 
et al., 2020; Hurteau et al., 2019; Sorensen et al., 2011). Over time, as 
the post restoration forest structure matures (Allen et al., 2002; Bauhus 
et al., 2009), yearly C uptake of individual trees can be expected to in
crease with size (Hudiburg et al., 2009; Mildrexler et al., 2020) until 
potentially entering a new dynamic equilibrium where yearly C uptake 
equates yearly C emissions across aboveground C pools (Odum, 1969; 
Riebeek, 2011; Sousa, 1984). 

Across many ecologies and geographic regions, studies have sug
gested that restoring an old growth forest structure stabilizes forest C 
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(Barros et al., 2018; Foster et al., 2020; Grace et al., 2014; Hurteau et al., 
2016; McCauley et al., 2019) while acting as an important C sink 
(Luyssaert et al., 2008; Pugh et al., 2019) so long as the aboveground 
forest structure retains a resilient condition with respect to natural 
disturbance and successional processes (Liang et al., 2018; Liu et al., 
2019). While C pools can be relatively stable over broad scales, C pools 
in localities increase or decrease depending on local perturbations and 
disturbances (Grace et al., 2014; Kashian et al., 2006; Mitchard, 2018). 
When ecologies are in a pseudo-equilibrium, biomass growth is balanced 
by biomass turnover (e.g., mortality, needle casting), heterotrophic 
respiration, and wildfire removing C from above and belowground C 
pools (Ameray et al., 2021; Harmon et al., 2011). External perturbations 
of the equilibrium can increase biomass turnover rates (Brienen and al., 
2015); or dampen or stimulate biomass growth relative to heterotrophic 
respiration, with wildfire playing a key role in fire adapted ecosystems 
(Harmon et al., 2011). 

Though the underling empirical and modeling science support the 
goal of restoring forests of the Western US to stabilize forest C, these 
programs have encountered practical limitations including low eco
nomic viability of removed material and a lack of processing facilities 
(Ager et al., 2017; Chang et al., 2022; Hjerpe et al., 2009; Taylor et al., 
2015), as well as legal, administrative, and operational constraints to 
mechanical thinning and broadcast burning (Bone et al., 2023; Carney 
et al., 2023; Hartsough et al., 2008; Hjerpe et al., 2009; Kolden, 2019; 
Nicholls et al., 2018; North et al., 2021; Swain et al., 2023). Moreover, 
starting from degraded conditions, mechanical thinning operation and 
prescribed fire designed to expand old growth forest structures that are 
resistant to wildfire (Bauhus et al., 2009; He et al., 2016) will release C 
that has accumulated from a prolonged policy of fire suppression (Ager 
et al., 2022; Busenberg, 2004). 

An alternative approach to mechanical thinning and broadcast 
burning is returning natural fire regimes to the landscape by reducing 
wildfire suppression operations during weather conditions that generate 
ecological benefits aligned with restoration goals (Huffman et al., 2020). 
In the southwestern US, land managers have been expanding the 
implementation of what is commonly called resource objective (RO) 
wildfire (Huffman et al., 2018; Hunter et al., 2014) to achieve multiple 
ecological and management objectives. Empirical studies have shown 
that RO wildfire can be an effective tool in restoring frequent-fire forests 
to resilient, pre-settlement conditions through multiple low to moderate 
severity fire events (Huffman et al., 2018). Simulation studies support 
these findings, indicating that RO wildfire can help expand and maintain 
forest restoration projects (Greenler et al., 2023; Young et al., 2022). 
However, planning for RO wildfire is challenged by the need to align 
weather and fuel conditions with restoration objectives, while being 
mindful of protection goals (Ager et al., 2017; Young et al., 2019b) and 
firefighter safety (Pietruszka et al., 2023). Typically, RO wildfire is 
practiced in remote areas with minimal risk to infrastructure and private 
property (Miller and Aplet, 2016; Scott et al., 2012), and where me
chanical thinning and prescribed fire may not be feasible (Doane et al., 
2006; North et al., 2015). In other instances, RO benefits are not the 
primary drivers of management decisions, but rather wildfires are 
allowed to burn naturally to avoid firefighter exposure to hazardous 
work conditions in remote areas (Pietruszka et al., 2023). However, the 
long-term impacts of RO wildfire on forest restoration, future fire re
gimes and C dynamics are largely unknown and in need of additional 
investigations (Hessburg et al., 2021; Huffman et al., 2020). 

In this study we used a landscape simulation framework to analyze 
the independent and combined effects of RO wildfire and forest resto
ration treatments on long term C dynamics. We hypothesized that in the 
short term, a rapid increase in treatment rates (i.e., mechanical thinning 
and prescribed fire) will rapidly decrease live tree C stores and rapidly 
increase C emissions as the result of removing small diameter trees 
(Covington and Moore, 1994). However, with time an equivalent level 
of emitted C will be absorbed by the residual forest structure (Hudiburg 
et al., 2009; Mildrexler et al., 2020). We further hypothesize, that the 

reduction in tree density and crown connectivity associated with 
restoration activities would reduce potential crown fire activity thereby 
improving the overall resistance of the forested landscape to wildfire 
(Foster et al., 2020; Peeler et al., 2023). We expect forested landscapes 
that are returned to an old growth structure alongside an ecologically 
appropriate disturbance regime (frequent, low-severity fire in our case) 
will have aboveground C pools that are in equilibrium (Harmon et al., 
2011; Kashian et al., 2006; Odum, 1969; Sousa, 1984). Study results 
advance the understanding of how alternative forest restoration prac
tices affect short-term C loss in exchange for the long-term C stability in 
fire adapted forests. 

2. Methods 

2.1. Study area 

The 237,218-ha study area is managed by the Kaibab and Coconino 
National Forests of the USDA Forest Service (USFS) and sits along the 
Mogollon Rim on the southwestern extent of the Colorado Plateau in 
northern Arizona, inclusive of the Coconino Plateau along the northern 
extent (Fig. 1). The Forest Service is currently restoring ponderosa pine 
(Pinus ponderosa) forests in the study area under the Four Forest 
Restoration Initiative (FFRI; USDA, 2015) using treatments of mechan
ical thinning and prescribed fire. The overall objective is to increase the 
health and function of the forest by restoring old growth forest struc
tures that are more resistant to wildfire. Local restoration management 
objectives include restoring goshawk (Accipiter gentilis) and Mexican 
spotted owl (Strix occidentalis lucida) habitat, reducing widespread 
dwarf mistletoe infestation, restoring ponderosa pine savannas and 
grasslands to pre-settlement conditions, and reducing hazardous fuels 
with prescribed fire alone (Fig. 1A, Table 1) (USDA, 2015). 

The wildfire simulation domain enclosed 1488,900 ha of public, 
private, and tribal lands spanning from deserts, grasslands and pinyon- 
juniper vegetation types at lower ecotones, to ponderosa pine forest in 
the mid-range ecotones and mixed conifer in the upper ecotones. Dry 
conifer forests throughout this modeling domain and the wider south
western US, have a history of using RO wildfire to augment restoration 
treatments (Young et al., 2019b) (Fig. 1B), with increased fuels reduc
tion following multiple wildfires that burned at low to moderate severity 
(Huffman et al., 2018, 2017; Hunter et al., 2014, 2011). The expanded 
use of RO wildfire has also shown the potential to promote floristic di
versity (Laughlin et al., 2005). Despite local success, the task of restoring 
the landscape is a vast undertaking complicated by an extensive backlog 
of fuel reduction needs (Marlon et al., 2012; North et al., 2015) in an 
area with a recent history of high-severity wildfires (e.g., 2000 Pumpkin 
Fire, 3545 ha; 2010 Shultz Fire, 6101 ha) that contained large patches of 
sporadic and inconsistent tree regeneration (e.g., Owen et al., 2017). 
The model domain also contains 7425 ha of urban development or WUI 
where the use of RO wildfire to augment restoration treatments is not 
practiced. WUI classification was determined by wildland-urban inter
face designation in the SILVIS lab’s 2010 WUI database (Radeloff et al., 
2017) and was then expanded based on data provided by the FFRI 
management team at the United States Forest Service (Fig. 1A). 

Combined the forested area has 26,944 tree stands over 778,378 ha 
that have been delineated into 38 planning areas (PAs) used to prioritize 
treatments in the study area (Fig. 1). Ponderosa pine forests targeted for 
treatments in each PA ranged from 1113 to 12,315 ha. In total the PAs 
are 49 % ponderosa pine forests and savannas with a 3 % median slope 
and altitude ranging from 1657 to 2828 m above sea level (masl). Mixed- 
conifer, aspen (Populus spp.), and spruce-fir forests comprise 2 % of the 
PAs with a 17 % median slope and altitude ranging from 1576 to 3783 
masl. Pinyon-juniper ecological types comprise 26 % with a median 
slope of 3 %, and an altitude ranging from 1019 to 2756 masl. 
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2.2. Overview of LSim 

LSim is a forest landscape model that was built by linking the Parallel 
Processing version of the Forest Vegetation Simulator (FVS; Crookston 
and Dixon, 2005) with the large fire simulator (FSim, Finney et al., 
2011). Both FVS and FSim models are extensively described in decades 
of foundational research (Ager et al., 2006; Finney et al., 2007), and they 
were coupled into LSim by Ager et al. (2020). The modeling components 
are described in brief below with detailed descriptions in Ager et al. 

(2020) and Young et al. (2022). 

2.2.1. Forest vegetation modeling system 
We model forest succession and management for National Forest 

System lands with FVS (Crookston and Dixon, 2005), a nonspatial, in
dividual tree growth and yield model that simulates stand development 
and mortality based on empirical relationships. Homogenous polygons 
of trees (i.e., tree stands) characterized by a record of tree density by 
species and size, along with elevation, aspect of the slope, and ecotype 
(Crookston and Dixon, 2005) are the simulation inputs. The USFS has 
developed over 20 FVS variants, each covering a unique grouping of 
ecologies across National Forest System lands of the United States 
(Dixon, 2002). In this study we use the Central Rockies (CR) variant 
capable of modeling 36 unique tree species and 2 species groups across 
the United States of Wyoming, South Dakota, Colorado, New Mexico and 
Arizona (Keyser and Dixon, 2008). Using the FVS-Parallel Process 
Extension (FVS-PPE; Crookston and Stage, 1991) described in Ager et al. 
(2020) and Seli et al. (2008), we integrated thousands of stands into an 
ecologically diverse landscape where dynamic forest modeling is paused 
at user-defined time intervals to reprioritize management activities, 
apply landscape-scale constraints, and generate input files for wildfire 
and other simulation programs. The use of FVS-PPE within the LSim 
model has the potential to study wildlife habitat, C dynamics, risk to 
WUI, the effect of accelerated management scenarios (Ager et al., 2020, 
2007, 2010), and the spatial optimization of fuel treatments (Finney 
et al., 2007). 

2.2.2. Wildfire modeling 
We model wildfires with the large fire simulator (FSim; Finney et al., 

2011) (Fig. 2) on a 90-m resolution grid covering the wildfire domain, 
inclusive of a 5- to 35-km buffer around the study area to reduce edge 
effects (Fig. 1). Due to the Grand Canyon National Park to the north and 
sparse vegetation surrounding National Forest System lands, the origin 
of an edge effect would be limited to neighboring ponderosa pine forests 

Fig. 1. (A) Wildfire domain (dashed line) in the northern Arizona on the Kaibab and Coconino National Forests, and study area treatments (Table 1). The wildfire 
domain defined the extent for wildfire simulations. Management activities in the study area were prioritized and implemented within planning areas (N = 38) based 
on potential fire mortality as a percentage of total basal area as described in Section 2.4. DMT = dwarf mistletoe; WUI = wildland-urban interface. (B) Boundaries for 
wildfire management objectives. Protection objectives are located around WUI, mixed-conifer and spruce–fir ecoregions, national monuments, and steep interior 
chaparral canyons leading to the WUI. The potential for resource objective wildfires is located within ponderosa pine and pinyon–juniper forests. 

Table 1 
Treatment type, percentage of study area, and associated active management 
actions. Each tree stand is assigned an active management action that in addition 
to the action described could remove no more than half of the ponderosa pine 
with a diameter at breast height (d.b.h.) greater than 40.6 cm in order to retain 
old growth forest structure (FFRI, 2011).  

Treatment type Acronym Percentage of 
study area†

Active management action 

Goshawk habitat 
restoration 

Goshawk 32 % Thin throughout to SDI =
130 followed by prescribed 
fire 

Prescribed fire only Fire 27 % Prescribed fire 
Mexican spotted 

owl habitat 
restoration 

Owl 14 % Thin throughout to SDI =
115 followed by prescribed 
fire 

Dwarf mistletoe 
mitigation 

DMT 10 % Thin from below to SDI =
135 followed by prescribed 
fire 

Ponderosa pine 
grassland 
restoration 

Grassland 10 % Thin to 5 % canopy closure 
followed by prescribed fire 

Ponderosa pine 
savanna 
restoration 

Savanna 7 % Thin throughout to SDI =
14 followed by prescribed 
fire 

Note: SDI = Stand Density Index; DMT = dwarf mistletoe. 
† Study area = 237,218 ha. 
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in the southeastern extent of the wildfire domain. The FSim model it
erates through each day of the calendar year to model fire ignition and 
spread. We determined large fire ignitions based on their historic dis
tribution (FDIST file) as a function of the energy release component 
(ERC via the fire risk [FRISK] file) in combination with the distribution 
of days with multiple fires. If an ignition occurs, fire spread is deter
mined using fire weather conditions in the FRISK file, landscape fuels 
(surface fuel model, canopy cover, canopy height, crown base height, 
and crown bulk density) and topography data (elevation, slope, and 
aspect) contained in a binary raster stack (Young et al., 2022, Appendix 
S1). A fire is contained as a function of the wildfire’s rate of spread and 
the occurrence of timber fuels, where slower spreading fires in 
non-timber fuels are more likely to be contained (Finney et al., 2009). 
We used additional perimeter trimming to simulate progressive fire 
containment that limited a fire’s growth on portions of the perimeter 
with low fireline intensity (Scott et al., 2018). Output files used by LSim 
each cycle included the FSim perimeter shapefile and a fireline intensity 
grid that we converted to flame length using Byram’s equation (Byram, 
1959) with the Wilson (1980) modification. Each raster pixel of the 
model domain could only be burned by one wildfire within each cycle (i. 
e., FSim switch BurnCellsOnlyOnce was engaged). 

2.2.3. Integrating FVS and FSim 
We integrated FVS and FSim into LSim using a wrapper that se

quences their execution and transfers data each 4-year cycle (Fig. 2). 
Following each cycle, vegetation modeling (i.e., FVS) ispaused to 
translate forest inventory data into a binary raster stack (Young et al., 
2022, Appendix S1) required to simulate the four wildfire seasons (i.e., 
FSim; Fig. 2). A raster grid of the wildfire perimeters is then transferred 
back to FVS where it is overlaid with the tree stand layer. If more than 
50 % of a stand’s pixels burn during a cycle, the stand is determined to 
have burned, and the fire line intensity grid from FSim is converted to 
average flame length. The average flame length is then used alongside 
the tree stand’s average crown base height to compute the percent of the 
stand that burned in a crown fire (Ager et al., 2020; Young et al., 2022, 
Appendix S1). Together, flame length, scorch height, and percent crown 
fire serve as parameters in the FLAMEADJust keyword via the FVS Fire 
and Fuels Extension (FVS-FFE; Rebain et al., 2010). We then simulate a 
wildfire with the SIMFIRE keyword, and tree mortality is predicted with 
the first-order fire effects model (FOFEM; Reinhardt et al., 1997). Tree 
mortality is then used to adjust the forest inventory before FVS resumes 
for the next cycle. Additional details on wildfire-induced tree mortality 
are described in Young et al. (2022, Appendix S1). This process is similar 

to methods in Ager et al. (2020); Ager et al. (2010), and Young et al. 
(2022). 

2.3. Model parameters 

2.3.1. Forest and fuel management 
We developed stand treatments (Table 1) based on management 

objectives developed by the FFRI management team of the USFS (USDA, 
2015) and implemented them using FVS keywords (Young et al., 2022, 
Appendix S2). The overarching management objective was to restore 
low-severity fire regimes by returning old-growth forest structure to the 
ponderosa pine forest followed with periodic prescribed fire (FFRI, 
2011; USDA, 2014, 2015, 2018). Local management objectives are 
described in Table 1. Each treatment was supported by empirical studies 
as effective for reducing potential fire behavior (Fulé et al., 2012; Parks 
et al., 2018; e.g., Stephens et al., 2009). Simulated treatment actions 
included restoration thinning followed by prescribed fire, pre
commercial thinning followed by prescribed fire, or prescribed fire 
alone (Table 1; Young et al., 2022, Appendix S2). We determined the 
appropriate treatment action based on habitat-specific objectives, 
thresholds of merchantable timber, trees ha− 1, time since fire, and fuel 
loads. Prescribed fire fuel moistures and wind speed were chosen to 
replicate typical prescribed burning conditions in both the spring and 
the fall on the Coconino and Kaibab National Forests (Young et al., 2022, 
Appendix S2) including a blend of fixed and predicted mortality esti
mated with FOFEM via FVS-FFE (Rebain et al., 2010). 

2.3.2. Forest growth and mortality 
The tree list data populating our stands and serving as inputs to forest 

growth models were provided by the FFRI management team of the 
USFS (USDA, 2015) and then supplemented by a forest inventory 
analysis (FIA)-imputed tree list developed by Riley et al. (2016). Tree 
lists were then adjusted to reflect recent mechanical thinning 
(2009–2019; USDA Forest Service, 2020b) and wildfire activity 
(2009–2017; MTBS, 2020). The landscape data were then vetted by land 
managers of the Coconino and Kaibab National Forests to ensure species 
compositions were properly distributed. Non-wildfire-related tree mor
tality is based on species-specific models when SDI is < 55 % of the 
maximum, and on density-dependent models when SDI is ≥55 % of the 
maximum (Keyser and Dixon, 2008). 

2.3.3. Forest regeneration 
Regeneration models were developed for Coconino County of 

Fig. 2. Diagram of landscape simulator (LSim) model components. The simulation of wildfire was performed with the large fire simulator (FSim), which was 
modified to enable both protection and resource objective wildfire management dependent on ignition location and weather conditions (black boxes and circles). 
FDIST, wildfire distribution file used to guide the daily occurrence of wildfire ignitions based on daily energy release component (ERC) values; FRISK, fire risk file 
used to model wildfire occurrence and spread based on fire weather metrics including percentile fuel moisture and daily ERC values; FSim, large fire simulator. 
Figure modified from Ager et al. (2020). 
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northern Arizona (Young et al., 2019a) and then calibrated based on 
prior research (e.g., Singleton et al., 2021) and expert opinion (Young 
et al., 2022, Appendix S3). Models include nine tree species (blue spruce 
[Picea pungens], corkbark fir [Abies lasiocarpa var. arizonica], Douglas-fir 
[Pseudotsuga menziesii], Engelmann spruce [Picea engelmannii], Gambel 
oak [Quercus gambelii], limber pine [Pinus flexilis var. flexilis], ponderosa 
pine, quaking aspen [Populus tremuloides], and white fir [Abies concolor]) 
and three species groups (pinyon pine [e.g., common needle pinyon 
(Pinus edulis)], sprouting juniper [e.g., alligator juniper (Juniperus dep
peana)], and non-sprouting juniper [e.g., Utah juniper (Juniperus osteo
sperma)]) across three ecological zones: pinyon–juniper woodlands, 
ponderosa pine, and mixed-conifer forests. 

To account for regeneration failures in undisturbed forests due to 
seed predation, frost heaving, etc., each tree species was calibrated to 
randomly engage regeneration models based on expert opinion (e.g., 
undisturbed stands will engage ponderosa pine regeneration models in 
25 % of the simulated cycles, i.e., 16-year average increments [Randy 
Fuller, USFS, Apache-Sitgreaves National Forest, personal communica
tion]). Then, to account for failed recruitment to the upper canopy, we 
calibrated the median predicted regeneration values for each regener
ation model based on expert opinion and existing literature (e.g., Ouzts 
et al., 2015; Strom and Fulé, 2007). When responding to wildfire, we 
also programed regeneration models to consider site-specific potential 
for forest growth captured in the site index (SI; FFRI, 2011; USDA Forest 
Service, 2020a), alongside underlying mechanisms of type conversion 
(e.g., disturbed ponderosa pine forest returning as alligator juniper or 
Gambel oak woodland) based on revegetation potential (Coop et al., 
2020; Winthers et al., 2005) and the presence of sprouting trees species 
(e.g., Johnson et al., 1962; Kaufmann et al., 2016). For example, when 
compared to a moderate-intensity wildfire on a ponderosa pine stand 
with a low SI (<80), regeneration following a high-intensity fire was 
reduced by 80 % for 16 years when revegetation potential was moder
ate, and by 90 % for 40 years when revegetation potential was low 
(Randy Fuller, USFS, personal communication; Savage and Mast, 2005; 
Singleton et al., 2021; Young et al., 2020, Appendix S3). Low revege
tation potential coincided with high erosion potential, occurring on 
steep slopes (Coop et al., 2020; Winthers et al., 2005). When compared 
to low-intensity wildfires, the regeneration of alligator juniper, a tree 
species known to sprout post-fire was enhanced 3x and 6x following a 
moderate- and high-intensity wildfire respectively (Johnson et al., 
1962). Regeneration models for numerous other sprouting (e.g., Gambel 
oak, quaking aspen) and mixed-conifer species (e.g., Douglas-fir, white 
fir) were only initiated during the cycle that followed wildfires or me
chanical thin and prescribed fire operations. Regeneration for each 
species–ecological zone combination was predicted using an FVS written 
ASCII file containing current stand information (topographic informa
tion and species-specific trees ha− 1 and basal area). Regeneration counts 
were then written to an ASCII file used to update the inventory record 
for each tree stand by FVS. 

2.3.4. Landscape fuel dynamics 
To account for temporal variability in live fuels and shrubby life- 

forms on portions of the study area with tree list data, we built a rule 
set for surface fuel models that deviates from FVS-FFE (Young et al., 
2022, Appendix S4). Every LSim cycle, fuel models were selected based 
on live woody fuel load, fuel bed depth, plant association (USDA Forest 
Service, 1997), canopy attributes (canopy cover, canopy base height, 
canopy bulk density, and stand height), and time since disturbance to 
account for the time needed for the maximum shrub height. Other 
landscape inputs obtained from LANDFIRE for fire modeling included 
elevation, slope, and aspect (Krasnow et al., 2009; Rollins, 2009). Por
tions of the study area without tree list data were assigned 2012 surface 
fuel models and canopy fuels from LANDFIRE (2013). 

2.3.5. Wildfire calibration 
We calibrated FSim to replicate historical fire occurrence and size on 

the Kaibab and Coconino NFs from 2000 to 2014 (≥4 ha)(KCFAST, 
2020) using corresponding fire weather data from the Flagstaff Remote 
Automated Weather Station (RAWS) located 4 km south of Flagstaff, 
Arizona. Using these data, we developed a modified fire distribution file 
(FDIST file) using a kinked logistic regression approach that allowed us 
to adequately calibrate the probability of high ERC fire ignitions, while 
retaining the predictive value of numerous RO wildfires in the study area 
(Young et al., 2022). We also artificially lowered the 80th percentile 
within the LSim FRISK file to allow resource objective wildfire ignitions 
during shoulder seasons and developed an ignition probability grid to 
direct fire ignitions based on the historical occurrence of 9444 wildfires 
(0.004 to 9666 ha) from 1992 to 2015. Refer to Young et al. (2022, 
Appendix S5) for more information regarding fire calibration, including 
seasonal distributions of fire ignitions and area burned. 

2.4. Forest and wildfire management scenarios 

Using a 3 × 2 factorial design (Table 2), we examined potential long- 
term tradeoffs and synergies between restoration treatments (i.e., me
chanical thinning followed by prescribed fire) and wildfire manage
ment. Specifically, we simulated three treatment scenarios: no 
treatments (0x), the current rate of treatments of roughly 8000 ha 
year− 1 (1x), and five-times the current rate of treatments (5x). These 
three treatment scenarios were combined with two wildfire manage
ment scenarios: all wildfires managed for protection objectives (PRO) 
with full suppression strategies, and the option to manage wildfires for 
resource objectives (RO) based on ignition location and weather con
ditions (Table 2, Fig. 1B). The business-as-usual scenario is 1xRO. Each 
of the six scenarios was simulated for 64 years (16 cycles) with 10 
replicates to account for stochastic processes within LSim (total = 60 
simulations). In total, each scenario simulated 640 wildfire seasons, 
which adequately reflects the inter-replicate variance of 10,000 seasons 
(Ager et al., 2021). The sequence of activities in each cycle, including 
management, growth and mortality, regeneration, and wildfire effects 
are depicted in Fig. 2. In each cycle, four years of management and 
wildfire were simulated. 

The RO wildfire management scenarios were simulated with a 
feature in FSim that allows for suppression decisions to be made for each 
ignition based on location and month of year. Ignition locations assigned 
to protection objectives (Fig. 1B) and managed with a full suppression 
strategy were either WUI, within 1 km of WUI or contained wet mixed- 
conifer forests, steep canyons of interior chaparral, or national monu
ments and other protected sites. The timing for RO wildfire management 
was designed to only allow RO wildfires during periods of mild weather 
within the shoulder fire season (first four months [January through 
April] and last five months [August through December] of the year). 
During each month of the shoulder fire season, we adjusted fire 

Table 2 
Wildfire management, treatment levels and scenarios. The yearly rate of treat
ment was simulated at three levels, which include no treatment (0x), current 
treatment of 8000 ha year− 1 (1x), and five-times current treatment level (5x) on 
the Kaibab and Coconino National Forests. The combination of wildfire man
agement strategy and treatment level corresponds to a simulation scenario.  

Wildfire management Acronym Treatment 
level 

Scenario 

Fire managed for protection objectives 
(PRO) 

PRO 0x 0xPRO 

with full suppression strategies  1x 1xPRO   
5x 5xPRO 

Inclusive of fire managed for multiple 
resource 

RO 0x 0xRO 

objectives (RO) based on ignition 
location,  

1x 1xRO †

seasonality, and weather conditions  5x 5xRO 

† Scenario 1xRO represents business-as-usual (BAU) on the Kaibab and Coconino 
National Forests. 
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management response using FSim calibration parameters. This included 
modifying perimeter trimming to reduce suppression activity, increasing 
the burn period to resemble fire growth and burnout operations, and 
precluding fires that spread beyond 6070 ha to simulate the measured 
response of quickly suppressing fire during weather conditions likely to 
lead to extreme fire behavior if managed for an extended period (details 
in Young et al., 2022, Appendix S5). The upper threshold of 6070 was 
chosen to reflect the largest wildfire used to meet resource objectives in 
the study area (e.g., 2009 Wildhorse Fire, 5581 ha). The strategic 
objective of RO wildfire management was to opportunistically help 
restore and maintain an old growth forest structure. 

Planning areas were prioritized for treatment based on potential 
basal area losses associated with severe fire (70◦F with 20-foot wind
speed of 20 mph, Rebain et al., 2010) estimated with FVS-FFE. Active 
management goals are not always met for each 4-year LSim cycle if there 
was insufficient area to treat based on minimum thresholds of 
merchantable timber, or the minimum time allowed since the last 
treatment had not been met (Young et al., 2022, Appendix S2, Fig. S1). 
Other constraints to management include the exclusion of stands that 
burned with low to moderate intensity in the last 10 years, which in
cludes prescribed fire, and in the last 20 years for stands that burned 
with high intensity (flame length >3.66 m). Five-times the current 
yearly rate of treatments (5x) was the proposed rate of implementation 
by the USFS (USDA Forest Service, 2015). 

2.5. Simulation sequence and response metrics 

We first examined future landscapes (2082) that result from each 
scenario to determine which best restored the ponderosa pine forest to 
an old growth structure. Then we examined the dynamics of wildfire 
severity based on conditional wildfire-induced mortality of trees ≥ 13 
cm d.b.h. (Barrett et al., 2010). We classified severity as low (< 25 % 
mortality), moderate (25 % ≤ mortality ≤ 75 %) or high (> 75 % 
mortality). As depicted in Fig. 3, we assessed C dynamics across 
aboveground fuel types including shrubs and herbs, coarse woody 
debris, litter and duff, standing snags, and live trees. Live tree C was 

further scrutinized to estimate its resistance to severe fire (i.e., resistant 
live tree C). Resistant live tree C was estimated by reducing live tree C by 
the proportion of expected total basal area loss resulting from a severe 
wildfire (70◦F with 20-foot windspeed of 20 mph, Rebain et al., 2010) as 
estimated by FVS-FFE. Then, we assessed C emissions from treatments 
and wildfire by season and severity class. Finally, the aboveground net C 
was calculated for each scenario. We define aboveground net C as the 
accumulation in aboveground C from one cycle to the next, minus the 
accumulation in aboveground C emissions from one cycle to the next, 
including C additions to harvested wood products (i.e., ecological-cycle 
assessment). Specifically, across our study area, we test the hypothesis 
that the accumulation of aboveground C should roughly equate above
ground C released from disturbance when old growth structures have 
been restored and the historic fire return interval has been returned (i.e., 
net zero aboveground C emissions) (Harmon et al., 2011; Kashian et al., 
2006; Odum, 1969; Sousa, 1984). We assume half of whole tree C 
removed from logging operations is emitted during the production of 
sawlogs. The remaining saw log C is then split equally between pro
cessing residuals that are emitted, and long-term storage in harvest 
wood products (25 % of whole tree C removed) (Steele, 1984). Forest C 
stocks and emissions were calculated using the Fire and Fuels Extension 
(FVS-FFE). Belowground C stocks were not considered exhaustively, but 
generally an increase in aboveground C was found to be associated with 
an increase in belowground C. See Appendix A, Fig. A1 for estimates of 
belowground C. Our results inform how to best balance competing goals 
of sequestering aboveground C, and stabilizing C stocks in fire-excluded, 
dry forests. 

3. Results 

3.1. Forest structure 

The ability of each scenario to return the ponderosa pine forest in the 
study area to an old growth forest structure by 2082 (end of simulation) 
varied widely (Fig. 4). Broadly, as the yearly treatment rate increased so 
did the prevalence of old growth forest structure, with resource 

Fig. 3. Aboveground C stocks and C emissions of a forested ecosystem. Aboveground net C of a forested ecosystem is in balance when the accumulation of 
aboveground C from one cycle to the next equates the accumulation in aboveground C emissions from one cycle to the next, including C additions to harvested wood 
products (i.e., ecological-cycle assessment). An alternative approach could designate harvested wood products as an aboveground C stock in a life-cycle assessment of 
the forest products sector. Coarse woody debris includes all dead surface fuels. Litter and duff are fuels that compose the forest floor. Snags are standing dead. 
Resistant live tree C is C stored in trees expected to survive a severe wildfire (70◦F with 20-foot windspeed of 20 mph, Rebain et al., 2010). 
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objective (RO) wildfire management accelerating the transition. When 
treatments and RO wildfire were not applied, the average stocking of 
ponderosa pine in the study area remained high at 235 trees ha− 1 (95 
trees ac− 1) with a basal area of 20 m2 ha− 1 (89 ft2 ac− 1) and an average 
quadratic mean diameter of 36 cm d.b.h (14.2 in d.b.h). Little change 
was observed when using RO wildfires alone, while 1x treatment 
reduced average ponderosa pine stocking to 180 trees ha− 1 (73 trees 
ac− 1), with a basal area of 18 m2 ha− 1 (79 ft2 ac− 1) and an average 
quadratic mean diameter of 39 cm d.b.h (15.4 in d.b.h). When used in 
combination, 1xRO reduced average ponderosa pine stocking to 148 
trees ha− 1 (60 trees ac− 1), with a basal area of 15 m2 ha− 1 (64 ft2 ac− 1) 
and an average quadratic mean diameter of 38 cm d.b.h (14.8 in d.b.h). 
When increasing the treatment level in the study area to 5xPRO the 

average stocking was reduced to 101 trees ha− 1 (41 trees ac− 1) with a 
basal area of 14 m2 ha− 1 (63 ft2 ac− 1) and a QMD of 44 cm d.b.h (17.4 in 
d.b.h). The addition of RO wildfire management (5xRO) further reduced 
forest stocking to an average of 94 trees ha− 1 (38 trees ac− 1) with a basal 
area of 12 m2 ha− 1 (53 ft2 ac− 1) and a QMD of 41 cm d.b.h (16.2 in d.b. 
h). The 5xPRO and 5xRO scenarios were most effective at returning the 
historical stocking and structure of ponderosa pine to the study area 
(Reynolds et al., 2013, interquartile range: 56 to 138 trees ha− 1 with 9 to 
17 m2 ha− 1) (Allen et al., 2002; Bauhus et al., 2009). Notably, at the end 
of the simulation, RO wildfire management had the added benefit of 
reducing ponderosa pine stocking in stands adjacent to restoration 
treatments and thus provided indirect restoration benefits. 

Fig. 4. Mean ponderosa pine basal area (m2 ha− 1) and tree density (ha− 1) in 2082 for each scenario. The 5xPRO and 5xRO scenarios best returned the historical 
stocking of ponderosa pine to the study area (interquartile range: 56 to 138 trees ha− 1 with 9 to 17 m2 ha− 1) in an old growth forest structure containing large 
ponderosa pine (Reynolds et al., 2013). Refer to Table 2 for scenario details. 
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3.2. Wildfire mortality and area burned 

Mean conditional wildfire mortality (mortality given a wildfire) at 
the end of the simulation also revealed differences among the scenarios 
related to area burned by severity and the presence of old growth forest 
conditions (Fig. 5). In the absence of treatment and RO management 
(0xPRO) future burned area was limited and infrequent but had a 
greater relative occurrence of high severity wildfire. Increasing treat
ment to 1x (1xPRO) reduced wildfire activity and severity overall, with 
an increase in burned area in stands that had been previously treated 
(see Fig. 1 for areas available for treatment). On the other hand, 
implementing RO wildfire management (0xRO) more evenly distributed 
wildfire activity in and around treatment areas, expanding heteroge
neous fire effects across the landscape, while disaggregating large, 
continuous tracks of dense forests with the potential to support high 
severity fire. When 1x treatment levels and RO wildfire management 
were used in concert (business-as-usual) future wildfire activity was 
widespread with large areas of low to moderate fire severity, both in and 
around treatment areas, with occurrence of high severity patches 
throughout. The 5xPRO scenario resembled 1xRO, except that the PRO 
wildfire management increased fire activity in treated areas relative to 
untreated areas. Conversely the restored landscape of the 5xRO scenario 
had the greatest burned area, expanding heterogeneous fire effects in 
and around treatment areas. 

Notable differences in wildfire activity emerged between total area 
burned and area burned with high severity (Fig. 6). Though higher 
treatment levels and RO wildfire management both increased total area 
burned, the area burned with high severity remained relatively low. 

Focusing on the transition from 1xRO to 5xRO, the increase in high- 
severity wildfire (Fig. 6, dark blue dashed line – medium blue dashed 
line) was relatively small in comparison to the increase in low to mod
erate severity wildfire (Fig. 6, [dark blue line – dark blue dashed line] – 
[medium blue line – medium blue dashed line]). Focusing on the 

Fig. 5. Mean conditional wildfire mortality by severity class from 2079 to 2082 for each scenario. Severity classes were averaged when a stand burned in multiple 
replicates. Severity was based on wildfire-induced mortality of trees ≥ 13 cm d.b.h. (Barrett et al., 2010). Low: 〈 25 % mortality; Moderate: ≥ 25 % and ≤ 75 %; High: 
〉 75 %. Burned stands without trees ≥ 13 cm d.b.h. at the time of the wildfire are not included. Refer to Table 2 for scenario details. 

Fig. 6. Mean total area burned (solid line) and mean area burned with high- 
severity wildfire (dashed lines) in the study area by scenario and year. Area 
burned with high severity are those with > 75 % mortality of trees ≥ 13 cm d.b. 
h. as the result of wildfire activity. Data are displayed using locally weighted 
regressions. 0x, 1x, and 5x represent treatment levels. PRO represents protec
tion objective wildfire management and RO is inclusive of resource objective 
wildfire management. Refer to Table 2 for scenario details. 
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transition from 1xPRO to 5xPRO, total area burned increased dramati
cally early in the simulation, with a similar but muted increase in high- 
severity wildfire, both of which decreased over time before increasing 
again. Conversely, 1xPRO had lower wildfire activity early in the 
simulation, with both total area burned and area burned with high 
severity increasing overtime until declining again. Rapidly restoring the 
landscape with the 5xRO scenario led to a rapid increase in low- to 
moderate-severity wildfire in the midterm that began to moderate as old 
growth characteristics were restored (Allen et al., 2002; Bauhus et al., 
2009; Reynolds et al., 2013). The business-as-usual scenario (1xRO) 
maintained a steady, high level of low- to moderate-severity wildfire, 
with the landscape beginning to approach an old growth structure by 
simulation’s end. 

When examining wildfire mortality (Figs. 5 and 6), several important 
factors should be considered. First, forest restoration can open the forest 
canopy and increase the production of fine fuel, while also increasing 
wind intrusion, resulting in increased fire spread (Young et al., 2022) 
and an increased prevalence of high severity fire during arid summer 
seasons. Conversely, during docile weather conditions unrestored for
ests with closed canopies tend to resist the incursion of fire due to dense 
canopies hindering wind intrusion and maintaining higher humidity 
levels along the forest floor (Harrison et al., 2021; He et al., 2016; 
Hoffman et al., 2011). Second, restored frequent-fire forests and sa
vannas in our simulations contain scattered pockets of advanced 
regeneration (i.e., small to medium-sized trees). Pockets of advanced 
regeneration periodically experience high mortality rates, while large 
trees with fire-adapted traits, such as thick insulating bark, have a higher 
likelihood of survival, leaving the old growth forest structure intact (He 
et al., 2016; Pausas and Keeley, 2023). 

3.3. Carbon stocks 

Aboveground mean C stocks were affected by treatment levels and 
wildfire management to varying degrees (Fig. 7A). An increase in the 
treatment level (1x, 5x) decreased C stocks across both wildfire 

management regimes (PRO, RO), with the decrease being dramatic 
within 8 years for the 5x treatment level. However, following 5x treat
ment, aboveground C stocks returned to pre-treatment levels within 20 
years (2038). 

Individual components of aboveground C in the study area were also 
affected by treatment level and wildfire management (Fig. 7B). By 2082, 
live tree C was reduced equally by the 1x treatment level (1xPRO) and 
RO wildfire management (0xRO) when compared to the no treatment 
scenario (0xPRO). The C in coarse woody debris was reduced most by 
the 5x treatment level and least by RO wildfire management. Both 5x 
management scenarios (5xPRO, 5xRO) along with the 1xRO scenario 
increased snags, providing habitat for bats and other wildlife (Johnson 
and Chambers, 2017). The C stored in shrubs and herbs did not sub
stantially change when compared to C stored in other forest 
components. 

3.4. Fire-resistant live tree carbon 

Fire-resistant live tree C in the study area was affected by each sce
nario in distinct ways reflecting the complexity and tradeoffs associated 
with restoration treatments and wildfire (Fig. 8). Resistant live tree C is 
live tree C expected to survive severe wildfire (70◦F with 20-foot 
windspeed of 20 mph, Rebain et al., 2010). Though both 5x treatment 
scenarios reduced live tree C greatly in the short term, it is notable that 
residual live trees reached pre-treatment C levels in 16 years (2034), 
which was not reached with 1x and 0x treatment levels for 32 (2050) 
and 42 years (2060). Additionally, after the 5x treatment level 
completed the first treatment cycle (2030), the proportion of resistant 
live tree C (Appendix A, Fig. A2) approached 1.00, which remained high 
following regular maintenance that was triggered every 20 years (pri
marily prescribed fire). With 0xPRO and 1xPRO scenarios, the propor
tion of resistant live tree C approached 0.65 and 0.78, with RO wildfire 
management making a considerable contribution in both cases, 
increasing these values to 0.70 and 0.85 with 0xRO and 1xRO. Though 
the 0xPRO scenario maximized live tree C (Fig. 7B), 5x treatment levels 

Fig. 7. (A) Aboveground mean C stocks in the study area by scenario and year. Treatments each cycle were sequenced on the landscape based on expected proportion 
of basal area loss in a severe wildfire (70◦F with 20-foot windspeed of 20 mph, Rebain et al., 2010). Implementation was constrained by yearly treatment levels or 
quotas and tree stands available for treatment based on treatment criteria (Young et al., 2022, Appendix S2). (B) Total aboveground mean C stocks by scenario and C 
stock type at the initiation of the simulation (2018), and after 8 (2026) and 64 years (2082). Coarse woody debris includes all dead surface fuels. Litter and duff are 
fuels that compose the forest floor. Snags are standing dead. 0x, 1x, and 5x represent treatment levels. PRO represents protection objective wildfire management and 
RO is inclusive of resource objective wildfire management. Refer to Table 2 for scenario details. 
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most reliably increased the proportion of resistant live tree C (Appendix 
A, Fig. A2). 

3.5. Carbon emissions 

The C released from fire was highly dependent on the yearly rate of 
treatments with wildfire management playing an increasing role when 
treatment levels declined (Fig. 9A). Emissions were greatest with 5x 
treatments and lowest with 0x treatments. Reviewing the components of 
emissions (Fig. 9B), prescribed fires accompanying 5x treatments led to 
the greatest accumulation of C emissions following a 20-year cyclical 
pattern of maintenance burning. By simulations’ end (2082), prescribed 

fire emissions accompanying the 1x treatment level exceeded wildfire 
emissions regardless of the wildfire management strategy. Uniquely, the 
5xRO scenario experienced a decline in prescribed fire emissions when 
compared to 5xPRO, signifying a possible decrease in the need for 
maintenance burning when RO wildfire management was used along
side accelerated restoration thinning and unconstrained prescribed fire 
operations. 

The use of RO wildfire management also affected the seasonality of C 
emissions. Wildfires that ignited during the spring (prior to May) and fall 
seasons (after July) had emissions that exceeded other wildfires across 
all scenarios (Fig. 9B, 2082). The RO scenarios had similar levels of high- 
severity wilfire emissions in shoulder (i.e., spring and fall) and summer 
seasons (Fig. 10, 2082). At the same time, cumulative emissions from 
low and moderate severity wildfire were much greater during the 
shoulder season in RO scenarios. Notably, in the last 20 years of simu
lated wildfire activity (Fig. 10, 2063 to 2082), the use of RO wildfire 
management reduced summer emissions by 17 % and 2 %, respectively, 
when combined with 0x and 5x treatment. However, in the case of the 1x 
treatment level, the use of RO wildfire management (1xRO) doubled 
summer wildfire emissions with a notable increase in high-severity 
emissions. Under 1xRO, the rate of maintenance burning failed to 
limit the accumulation of surface and ladder fuels, while increasing 
wildfire activity from RO wildfire management continued. 

Examining C from saw log and harvest residuals, there was little 
difference between 1x and 5x treatment levels (Fig. 9B). By simulations’ 
end, the 5x treatment level only produced 25 % more emissions than the 
1x treatment level, despite enacting management at 5x the rate. This is 
reflective of the limited quantity of merchantable timber being removed 
from the system, which is by design based on a diameter cap for har
vested trees (i.e., in order to retain old growth forest structure, forest 
thinning operations achieving desired conditions could remove no more 
than half of the ponderosa pine with a d.b.h. greater than 40.6 cm (FFRI, 
2011)). In both cases, forest-based emissions from industrial activities 
were substantially lower than C released from other sources. Recall, we 
assume accumulated emissions from sawlog residuals roughly equate 

Fig. 8. Aboveground mean live tree C (solid lines) and aboveground mean 
resistant live tree C (dashed lines) in the study area by scenario. Graph shows 
that scenarios with high levels of restoration management (5x) have the largest 
reduction in live tree C but also have the highest level of resistant live tree C. 
0x, 1x, and 5x represent treatment levels. PRO represents protection objective 
wildfire management and RO is inclusive of resource objective wildfire man
agement. Refer to Table 2 for scenario details. 

Fig. 9. (A) Mean cumulative C emissions in the study area by scenario. (B) Mean cumulative C emissions in the study area by scenario and emissions type after 8 
(2026) and 64 years (2082). See Fig. 10 for seasonal wildfire emissions by severity type. 0x, 1x, and 5x represent treatment levels. PRO represents protection 
objective wildfire management and RO is inclusive of resource objective wildfire management. Refer to Table 2 for scenario details. 
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the C stored in harvested wood products (Steele, 1984). 

3.6. Net carbon 

The aboveground net C diverged widely across scenarios with 
treatment level being the primary influence and wildfire management 
being a secondary but important factor (Fig. 11). The 1x treatment level 
represented a tipping point, where PRO wildfire management resulted in 
an increase in aboveground net C over time, while RO wildfire man
agement resulted in a decrease. Similarly, the 0x treatment level resulted 
in an increase in aboveground net C, while the 5x treatment level 
resulted in a substantial decrease early in the simulation with cyclical 
recoveries. In both instances, RO wildfire management resulted in 
reduced levels in aboveground net C. Following 2046, the accumulation 
in aboveground C from one cycle to the next in the 5xPRO and 5xRO 
scenarios began to roughly equate C emissions that accumulated from 
one cycle to the next, including C additions to harvested wood products. 
Following 2066, the 5xRO scenario had net C from cycle-to-cycle that 
was near zero. Management approaching the 5xRO scenario best 

reflected the pace and scale of wildland fire needed to achieve net zero 
aboveground C emissions (burning 6 % of the landscape year− 1), which 
replicates a return to the historic fire return interval (FRI) of frequent- 
fire ponderosa pine forests (FRI: 5xRO = 16.8 years; historic = 2.1 to 
17.1 years) in an old growth forest structure (Sneed et al., 2002; Swet
nam and Baisan, 1996). 

4. Discussion 

This study examined wildfire futures and C dynamics for dry, fire- 
excluded pine forests in the southwestern US. Initial aboveground C 
stocks were consistent with previous studies (20.1 tC/ha, Hoover and 
Smith, 2021), and an old growth forest structure was most efficiently 
obtained when an aggressive treatment level (5x) was combined with 
resource objective (RO) wildfire management (Fig. 4). Negative impacts 
were also identified including RO wildfire spreading to neighboring 
untreated landscapes with a high risk of severe fire during summer 
months. Aggressive 5x treatments led to faster fire spread rates by 
increasing production of fine surface fuels and opening the forest can
opy, increasing mid-flame wind speeds and easily spreading fire to un
treated dense forest canopies (Young et al., 2022). However, the areas 
burned by wildfire in the 5xRO scenario had a higher proportion of low 
severity wildfire and a positive spillover effect on untreated lands. The 
5xRO scenario also improved landscape heterogeneity in forest structure 
and standing tree snags, improving forest health and increasing wildlife 
habitat (Allen et al., 2002; Johnson and Chambers, 2017; Jones et al., 
2021; Reynolds et al., 1992; 2013; Seidl et al., 2018; USFWS, 2012). 

Consistent with prior research (e.g., Foster et al., 2020), we also 
observed an increase in fire-resistant live tree C when hazardous fuels 
were reduced and old growth forest structures were restored. Most 
dramatically, the accelerated application of mechanical thinning and 
prescribed fire (5x) maximized the proportion of fire-resistant live tree 
C, with RO wildfire management playing a more substantial role as the 
treatment level was reduced. Conversely, in the absence of mechanical 
thinning and prescribed fire (0x) live tree C was maximized (Fig. 8), 
while the proportion of specifically fire-resistant live tree C was at its 
lowest (Appendix A, Fig. A2). This dichotomy suggests that in the short- 
to medium-term, the yearly treatment rate in frequent fire forests may 
have a greater influence on future outcomes than high severity wildfire 
activity, with the latter being dependent on the former. Healthy conif
erous forests are more likely to be both resist and be resilient to the 
deleterious effects of drought, pests and increasing wildfire activity 
(Kolb et al., 2020; Křivan et al., 2016; Stoddard et al., 2021). 

Leveraging natural disturbances in the form of RO wildfire man
agement during periods of mild weather also affected the timing and 
quantity of fire induced C emissions. Principally, RO wildfire 

Fig. 10. Mean cumulative wildfire C emissions in the study area by scenario, season, and severity after 8 (2026), 64 years (2082), and from 2063 to 2082. Shoulder 
season wildfires ignited prior to May or after July. Summer season wildfires ignited from May to July. Severity was based on wildfire-induced mortality of trees ≥ 13 
cm d.b.h. (Barrett et al., 2010). No trees: no trees ≥ 13 cm d.b.h.; Low: 〈 25 % mortality; Moderate: ≥ 25 % and ≤ 75 %; High: 〉 75 %. 0x, 1x, and 5x represent 
treatment levels. PRO represents protection objective wildfire management and RO is inclusive of resource objective wildfire management. Refer to Table 2 for 
scenario details. 

Fig. 11. Mean aboveground net C in the study area by scenario. Aboveground 
net C of a forested ecosystem is in balance when the accumulation of above
ground C from one cycle to the next equates the accumulation in aboveground C 
emissions from one cycle to the next, including C additions to harvested wood 
products (i.e., ecological-cycle assessment). Data are displayed using a locally 
weighted regression of aboveground net C. Positive values represent net addi
tions to aboveground C stocks (i.e., net C sink). Negative values represent net 
reductions to aboveground C stocks (i.e., net C emitter). A value of zero rep
resents a net neutral aboveground C flux. 0x, 1x, and 5x represent treatment 
levels. PRO represents protection objective wildfire management and RO is 
inclusive of resource objective wildfire management. Refer to Table 2 for sce
nario details. 
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management in the spring and fall more than doubled yearly C emission 
from smoke production, highlighting the need to consider how extended 
smoke exposure may impact human health when optimizing forest 
management strategies (D’Evelyn and al., 2022; Williamson et al., 
2016). However, summer wildfire emissions were reduced by 17 % in a 
negative feedback loop over the last 20 years of the simulation (Fig. 10, 
2063 to 2082) when RO wildfire management was sustained in the 
absence of mechanical thinning and prescribed fire (0x). Conversely, the 
1x treatment level alongside RO wildfire management (1xRO), led to an 
increase in summer wildfire emissions, despite full suppression strate
gies being applied. By comparison, the 1x treatment level combined 
with PRO wildfire management maintained a smaller future fire foot
print (Fig. 5) but failed to restore an old growth forest structure to the 
extent of 1xRO (Fig. 4). 

The simulation results suggest differing potentials for each scenario 
to reach an aboveground net C equilibrium (Fig. 11) (Canelles et al., 
2019). The current level of restoration treatments and prescribed fire 
(1x) combined with RO wildfire management reflected a tipping point 
between a continuation of increasing C stores in unhealthy forest 
structures and decreasing C stores in the near- to mid-term through the 
intentional act of restoration. Accelerating restoration treatment levels 
(5x) initially led to a dramatic reduction in aboveground C stores as an 
excess of small diameter trees were removed, as observed in other 
studies (Ager et al., 2022; McCauley et al., 2019; Young et al., 2022). 
Sixteen years later (2034), live tree C in the residual forest structure 
reached pre-treatment levels (Fig. 8), driven in part by large trees 
accumulating C at a faster pace than small trees in a dense forest 
structure (Hudiburg et al., 2009; Mildrexler et al., 2020). After twelve 
additional years (2046), the aboveground net C began to stabilize 
(Fig. 11) with the convergence of an old growth forest structure 
returning to the study area, alongside maintenance treatments with an 
emergent need-to-burn rate of every 20 years (Fig. 7A) (Allen et al., 
2002; Bauhus et al., 2009). By simulation’s end, the addition of RO 
wildfire (5xRO) best replicated the pace and scale of wildland fire 
needed to achieve a neutral aboveground C flux – burning 6 % of the 
landscape year− 1 with a fire return interval of 16.8 years, replicating the 
historic fire return interval of frequent-fire ponderosa pine systems (2.1 
to 17.1 years) (Sneed et al., 2002; Swetnam and Baisan, 1996). The 
landscape’s C carrying capacity began to reach a maximum as the 
landscape approached a diverse, old growth equilibrium structure 
sequestering 20 tC ha− 1 in fire-resistant live tree C (a 31 % increase 
compared to the simulations start) (Fig. 7A, 5xRO) while minimizing the 
potential for fire-driven conversions of forested areas (Walker et al., 
2018). 

It should be noted that prior modeling studies on the long term ef
fects of management on C pools have led to highly variable findings 
(James et al., 2018), resulting from a diversity of approaches and key 
assumptions (Ager et al., 2022). This includes assumptions on the po
tential effects of climate and fire on forest succession, especially tree 
mortality and seedling establishment. Even minor adjustments in 
modeling parameters can reverberate through simulation studies as in
teractions between parameters playout over time. Further diversifying 
scenarios to explore parameter interactions between climate induced 
deviations can further enhance sensitivity analysis of C stocks (Camp
bell and Ager, 2013) including dynamics between above and below
ground C pools. Though we do not consider belowground C stocks in 
detail, we found them to be positively associated with aboveground C 
with limited differences between scenarios (Appendix A, Fig. A1), which 
is consistent with previous studies (Mayer et al., 2020). To the extent 
that long-term forest restoration and fuel management programs can 
decrease high severity fire and perpetuate an old growth forest structure 
(Bauhus et al., 2009; Kolb et al., 2007; Luyssaert et al., 2008), below
ground C storage will remain resilient (Liang et al., 2018) and continue 
to serve as a vital and complex C sink (Liu et al., 2019). 

In general, this study contributes to a clearer understanding of how 
management interacts with wildfire to achieve landscape-scale 

equilibriums, findings that are relevant to a wide range of ecologies and 
geographic regions (Grace et al., 2014; Kashian et al., 2006; Mitchard, 
2018; Odum, 1969; Sousa, 1984). This study sets the stage for further 
investigations into the restoration of fire-excluded pine forests in terms 
of climate-driven deviations and their effects on wildfire activity, tree 
growth and mortality, and seedling establishment (Bradford et al., 2020; 
Kolb et al., 2020; Petrie et al., 2023). We believe the key findings re
ported here will be sustained in future modeling studies related to 
restoring old growth forest structures and historic fire regimes, and 
improving the resilience of dry, temperate forests (Bradford et al., 2020; 
McCauley et al., 2022; Montwé et al., 2022; Stoddard et al., 2021; 
Walker et al., 2018). 

5. Conclusions 

The results of this study suggest that the expanded use of RO wildfire 
management as part of restoration programs in dry pine forests can have 
both positive and negative outcomes that are co-dependent on the in
tensity of forest and fuel management treatments, especially with 
respect to the stabilization of C stored in resilient old growth forest 
structures. The potential for negative outcomes under management 
practices that include RO wildfire are numerous, including increased C 
emissions, and the potential for escaped fires and resulting damage. 
Adopting a long-term management strategy that depends on uncertain 
fire events as a treatment poses additional challenges to long-term 
restoration programs. On the other hand, there is significant risk to 
long-term C storage in overstocked forests susceptible to high-severity 
fire and long-term vegetation type conversion, a process that is 
increasingly observed in pine forests of the western United States. 
Further refinements of forest landscape models, including carefully 
calibrated parameters for future fire regimes and post-fire regeneration 
under changing climate, will be required to further understand the long 
term positive and negative aspects of RO wildfire management as part of 
ongoing restoration programs in the western United States and 
elsewhere. 
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