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Tree establishment following severe or stand-replacing disturbance is critical for 

achieving U.S. climate change mitigation goals and for maintaining the co-benefits 

of intact forest ecosystems. In many contexts, natural post-fire tree regeneration 

is sufficient to maintain forest cover and associated ecosystem services, but 

increasingly the pattern and scale of disturbance exceeds ecological thresholds 

and active reforestation may be warranted. Our capacity to plant trees, however, 

is not keeping pace with reforestation needs. This shortfall is uniquely apparent 

in the western U.S., where wildfire size and severity have increased in recent 

decades and long-term divestment in the reforestation supply chain has limited 

our ability to respond to existing needs. Here we present an analysis of key facets 

of both the supply and demand side of reforestation in the western U.S. and 

address six questions: (1) What is the current backlog of potential reforestation 

needs driven by high-severity wildfire?; (2) How will increasing wildfire activity 

through the end of the century affect potential reforestation needs?; (3) What 

is our capacity to meet current and future reforestation needs?; (4) How can 

we scale the reforestation supply chain to meet current and future demands?; 

(5) What approaches to reforestation can promote forest resilience to climate 

change and wildfire?; and (6) Where are opportunities emerging from recent 

policy initiatives, innovative public-private partnerships, and natural capital 

markets for scaling reforestation? Between 1984 and 2000, annual tree planting 

capacity met post-fire needs but cumulatively over the last two decades (2000 

to 2021) it has fallen short of fire-driven needs by an estimated 1.5 million ha (ca.  
3.8 million ac). We anticipate this gap will incr  ease 2 to 3 fold by 2050. Scaling up 

reforestation efforts to close this gap will require increased investment across all 

facets of the reforestation supply chain, public-private partnerships, and novel 

approaches to reforestation that increase the resilience of western forests to 
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drought and wildfire. We highlight emerging opportunities from recent policy 

initiatives and conservation finance for expanding reforestation efforts. 

KEYWORDS 

reforestation, wildfire, tree planting, forests, natural climate solutions, conservation 

finance 

Introduction
 

“Acts of creation are ordinarily reserved for gods and poets, but 

humbler folk may circumvent this restriction if they know how. 

To plant a pine, for example, one need be neither god nor poet; 

one need only own a shovel.” 

— Aldo Leopold. 

To address the intertwined threats of the climate and biodiversity 

crises requires that we promptly reduce fossil fuel emissions, sequester 

excess CO2, and conserve intact ecosystems (Pan et  al., 2011; 

Dinerstein et al., 2020; Dobrowski et al., 2021; IPCC, 2023). Nature-

based climate solutions play an important role in sequestering excess 

CO2 and could provide the equivalent of one-third of the net emissions 

reductions necessary to achieve the Paris Climate Agreement goal of 

keeping global warming below 2°C (Griscom et al., 2017). Forests 

account for roughly two-thirds of this potential carbon sink globally 

(Pan et al., 2013; Griscom et al., 2017). 

Forests are also vital to meet the national climate mitigation goals 

of the United States (U.S.) (Domke et  al., 2020) and sequester an 

estimated 11% of U.S. annual CO2 emissions as of 2019 (Giebink et al., 

2022). However, climate-related risks to forests are accelerating and 

could undermine their capacity to sequester carbon (Hurteau et al., 

2019;  Anderegg et al., 2020, 2022). Specifically, the strength of the 

U.S. forest carbon sink, which is largely driven by disturbance 

dynamics and forest regrowth, is declining (Williams et al., 2016;  Nave  

et al., 2019;  Domke et al., 2020). This decline is especially apparent in 

the western US states (i.e., AZ, CA, CO, ID, MT, NM, NV, OR, UT, 

WA, WY), where accelerated rates of tree mortality due to wildfire,  

disease, pests, and drought have occurred during the last two decades 

(Allen et al., 2010;  Williams and Abatzoglou, 2016;  Anderegg et al., 

2022). Additionally, relative to historical conditions, many western US 

forests are currently characterized by altered stand structure and 

composition due to a century of wildfire suppression, land 

management legacies, climate change, and their interactions resulting 

in compounding effects (Hagmann et al., 2021;  Hessburg et al., 2021;  

Prichard et al., 2021). 

Naturally occurring post-fire tree regeneration is a key mechanism 

of resilience to severe wildfire (Coop et al., 2020). Many fire-prone 

forests exhibit an innate capacity for post-fire tree seedling 

establishment and recovery following stand-replacing wildfire (e.g., 

Donato et al., 2009; Laughlin et al., 2023). In some cases (e.g., dry 

forests with historically frequent-fire regimes), lower post-fire tree 

densities and slower post-fire tree establishment may be effective in 

restoring resilience via stand structures that are more resistant to 

subsequent wildfire (North et al., 2019). In other cases (e.g., cold or 

wet forests with historically infrequent-fire regimes), slower post-fire 

tree establishment can allow for biologically diverse early-seral 

conditions (Swanson et al., 2011) that are currently in deficit in some 

forest types (e.g., Donato et al., 2009). However, the combined effects 

of uncharacteristically large and severe wildfires, short-interval high-

severity reburns, and stressful post-fire climatic conditions is limiting 

post-fire tree regeneration in many areas of the western U.S. (e.g., 

Davis et  al., 2019;  Stevens-Rumann and Morgan, 2019;  Turner  

et al., 2019). 

There are two critical factors behind observed declines in post-fire 

natural tree regeneration in western US forests; a lack of available 

post-fire seed sources and declining climatic suitability for natural 

regeneration (Davis et al., 2018; Rodman et al., 2020; Stewart et al., 

2021; Davis et al., 2023; Crockett and Hurteau, 2024). Larger wildfires 

create more severely burned areas that fall outside the typical seed 

dispersal radius of surviving parent trees (Buonanduci et al., 2023), 

and when seed is available, the climate may be too warm and dry for 

seedlings of the pre-fire tree species to persist (Davis et al., 2019). In 

combination, these factors are increasing the amount of area that may 

require active reforestation in order to recover pre-fire carbon and 

co-benefits of intact forests. For example, in the western US, wildfire 

causes an estimated 80% of replanting needs on National Forest 

System (NFS) lands (Dumroese et al., 2019), and expected increases 

in wildfire activity will likely continue these trends in the future. 

Reforestation by artificial regeneration (e.g., tree planting) can 

enhance carbon sequestration rates compared with natural 

regeneration (Nave et  al., 2019; 2019; Hemes et  al., 2023). 

Consequently, recent studies have examined reforestation, 

afforestation, and increased stocking scenarios for the U.S. aimed at 

meeting climate mitigation goals (Cook-Patton et al., 2020; Domke 

et al., 2020; Fargione et al., 2021). Beyond climate change mitigation, 

there is also considerable interest in reforestation for a broader set of 

objectives (Clark et al., 2023), including diversifying and restoring 

ecosystem function in degraded forests (Stanturf et  al., 2014), 

engineering structural and landscape heterogeneity (North et  al., 

2009; Safford and Vallejo, 2019), and developing climate-adaptive 

strategies designed to anticipate shifting species and climatic stressors 

(Palik et al., 2022). Forests are also critical for myriad co-benefits that 

stem from intact ecosystems. These benefits include biodiversity 

(Dinerstein et al., 2020; Dobrowski et al., 2021; Law et al., 2021), soil 

stabilization and fresh water supply (Neary et al., 2009; Liu et al., 

2021), human health (Karjalainen et al., 2010; Burke et al., 2021), 

timber and non-timber forest products (Campbell et al., 2018; Weiss 

et al., 2020; Adlam et al., 2022), air quality (Nowak et al., 2014), and 

the maintenance of rural economies in forested regions (Keegan et al., 

2011; Vaughan et al., 2022). 

At the scale of the western US, our collective capacity to plant trees 

is not keeping pace with reforestation needs generated by wildfire. 

Reforestation efforts on NFS lands have fallen short of legally mandated 
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targets for at least two decades (Dumroese et al., 2019; Nave et al., 2019). 

For example, only 6% of identified wildfire-driven replanting needs on 

USDA Forest Service (USFS) NFS lands are being met annually (USDA  

Forest Service, 2022). Although a reforestation backlog in the western  

U.S. is widely acknowledged, the scale of the shortfall remains unclear.  

The USFS has produced national estimates for NFS lands (Dumroese  

et al., 2019;  USDA, 2023) but does not specify their estimation methods.  

Additionally, we k  now of no western US-wide estimates for reforestation  

shortfalls on other public lands or on tribal or private lands, the latter  

of which constitutes 30% of forestland in the western U.S. (Hoover and  

Riddle, 2021). Regional analyses that account for varying land-use  

pressures, climatic stressors, and disturbance dynamics are needed  

(Fargione et al., 2021). For example, since 2000, the median annual area  

burned in the western U.S. has quadrupled relative to the 1984–1999  

period, and the largest wildfires have tripled in size (Iglesias et al., 2022). 

The ability to keep pace with escalating reforestation needs depends  

on the integrity, functionality, and efficiency of the ‘reforestation  

pipeline’ (Fargione et al., 2021), which includes the people, supplies,  

services, and activities necessary for tree planting. In the western U.S.,  

the pipeline and its associated supply chain evolved within a land  

management and market-based context that has changed significantly  

in the last four decades and will need to continue evolving to adapt to  

the needs of current and future climate and disturbance regimes. 

The challenges for scaling the reforestation pipeline are many 

(Fargione et al., 2021; Clark et al., 2023; Kildisheva et al., 2023), but 

emerging opportunities for collective action exist. The reforestation 

pipeline in the western U.S. is principally supported by “compliance” 

forestry needs – restocking harvested areas in accordance with state-

specific forest practice regulations. Beyond compliance, reforestation 

activities require diverse incentives to accommodate landowner types 

and motivations. Recent policy initiatives such as the REPLANT act 

and the Inflation Reduction Act (U.S. Congress, 2021a,b, 2022) have 

directed funding toward reforestation on public and private lands. 

Additionally, novel approaches to conservation finance, such as 

reforestation carbon removal projects and green/forest resilience 

bonds, offer a means for private, public, and tribal land managers to 

look beyond managing forests for timber as the sole source for 

funding reforestation. 

Here, we present an analysis of key facets of both the supply and 

demand side of reforestation efforts in the western U.S. We explore the 

following questions: (1) What is the current backlog of potential 

reforestation needs driven by high-severity wildfire? (2) How will 

increasing wildfire activity through the end-of-century affect potential 

reforestation needs?; (3) What is our capacity to meet current and 

future reforestation needs?; (4) How can we scale the reforestation 

supply chain to meet current and future demands?; (5) What 

approaches to reforestation can promote forest resilience to climate 

change and wildfire?; and (6) Where are opportunities emerging from 

recent policy initiatives, innovative public-private partnerships, and 

natural capital markets? 

What is the current backlog of 
potential reforestation needs driven 
by high-severity wildfires? 

We define potential post-fire reforestation needs within the 11 

western states as previously forested areas outside of designated 

wilderness areas and national parks that burned at high severity 

(Supplementary materials) and are found at distances that exceed a 

threshold dispersal distance from extant (unburned) seed sources. 

We consider these ‘potential’ needs because we cannot anticipate 

recovery trajectories in all cases, and post-fire management objectives 

include a wide array of goals, many of which do not require 

immediate post-fire tree establishment. Post-fire recovery trajectories 

vary by disturbance severity, biophysical setting, forest type, time 

since fire, and other factors (Stevens-Rumann and Morgan, 2019; 

Davis et  al., 2023). The areas we identify that can benefit from 

replanting may see natural establishment and recruitment delayed for 

years, decades, or even centuries after wildfire, but may eventually 

recover. Other areas we identify may not recover without active 

planting efforts or will transition to alternate ecosystems (Coop 

et al., 2020). 

Our approach assumes that seed availability is a first-order 

constraint on natural regeneration and does not consider climatic 

limitations of regeneration (Dobrowski et al., 2015; Kemp et al., 2016; 

Stevens-Rumann and Morgan, 2019; Davis et al., 2023). Published 

threshold distances for seed dispersal vary; those in the northwestern 

U.S. suggest thresholds of >200 m (656 ft) (Donato et al., 2009). Studies 

from the southwestern U.S. identify shorter threshold distances of  ca.  

50 m (164 ft) (Chambers et al., 2016), and studies from the northern  

Rockies define intermediate (ca. 100 m [328 ft]) distances (Kemp et al., 

2016). This regional variability is expected because potential seed 

dispersal distances for wind-dispersed conifer seeds are largely a 

function of tree height and seed size and, thus, are specific to the 

species and the productivity of the site. In this study, we u  sed an  

intermediate distance of 100 m (328 ft), while recognizing that there is 

variability in individual species dispersal distances across our 

study area. 

We estimated the area within high-severity burns that exceed a 

threshold seed dispersal distance using the model described by Collins 

et al. (2017) fit with data from 1,615 wildfires from Buonanduci et al. 

(2023). The area in need of reforestation scales non-linearly with fire 

size given that it reflects an area:perimeter relationship 

(Supplementary materials). We use this relationship to estimate 

reforestation needs for 4,589 wildfires in the Monitoring Trends in 

Burn Severity (MTBS) database (MTBS, 2023). The MTBS database 

characterizes wildfires >4 km2 (1.5 mi2) in size from 1984 to 2021.  

Further details on our approach to estimating wildfire-driven 

reforestation needs are presented in the Supplementary Methods. 

Between 1984 and 2021, 5.2 million ha (13 million ac) of forest 

area outside of wilderness and national parks burned in the western 

U.S. at high severity (Figure 1). Using the observations and model 

assumptions described above, we estima  te that high-severity wildfire 

created approximately 2.4 million ha (5.9 million ac) of potential 

reforestation needs between 1984 and 2021 (Figure 1). 

We found that the top 20 largest wildfires (out of 4,589) comprised 

26% of the total reforestation needs between 1984 and 2021. All of 

these large wildfires occurred since 2000, and most occurred in 2020 

and 2021 (Supplementary Figure S3). Thus, the proportion of area 

burned each year that requires reforestation, which depends on the 

size class distribution of wildfires within a given year, has also 

increased. The mean proportion of the total forest area burned 

between 1984 and 2021 that met our criteria for reforestation was 0.16 

and varied from a minimum of 0.09 to a maximum of 0.24. Prior to 

2000, the proportion of burned area in need of reforestation remained 
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FIGURE 1 

Estimated potential post-fire reforestation needs (derived from areas 

within high-severity wildfire patches that exceed 100  m [328  ft] from 

a viable seed source) have been increasing between 1984–2021. 

Error bars represent the interquartile range of estimates. 

FIGURE 2 

Projected post-fire reforestation needs through the end of the 

century from estimates of annual area burned derived from an 

ensemble of 30 CMIP6 climate models. The gray shaded area 

represents the interquartile range (IQR) of estimates. The blue line 

represents the median of these 30 projections. Estimates of 

reforestation needs derived from observed fires are shown in red and 

correspond to Figure 1. 

relatively flat but has trended upward as wildfires have become larger 

(Supplementary Figure S4). 

Multiple assumptions underlie our models, which if varied, can 

increase or decrease estimates of reforestation needs. For example, 

we treat all forest types similarly in these calculations. This may 

overestimate reforestation needs for fire-obligate seeding forest types 

(although see Turner et al., 2019). Further, threshold seed dispersal 

distances are likely longer in moist forest types (e.g., Laughlin et al., 

2023) and shorter in dry forest types, given average tree heights and 

their effects on dispersal distance (Thomson et al., 2011). Additionally, 

our approach does not account for individual live trees, patch shape, 

or small isolated patches of live trees that would act to reduce 

reforestation needs as we define them here. An explicit spatial analysis 

within burn perimeters of the MTBS dataset would improve upon our 

estimates but is beyond the scope of this study. Additionally, our 

estimates do not consider small fires (< 4km2), areas that have  

reburned that can further increase distances to live seed sources (Gill 

et al., 2021;  Harvey et al., 2023), or other disturbances due to a lack of  

comprehensive data across land-ownerships in the western 

U.S. Nonetheless, we co  nsider our approach to be a fir  st-order estimate  

of fire-driven reforestation needs that can be refined in the future. 

How will increasing wildfire activity 
through the end of the century affect 
potential reforestation needs? 

In addition to using historical wildfire observations to estimate 

potential reforestation needs, we simulated post-wildfire reforestation 

needs through the end of the 21st century. We replicated the static 

log-linear model and predictions of Abatzoglou et al. (2021), which 

relates the annual area burned in the western U.S. to climatic water 

deficit (Supplementary Figure S5). Using this model, we predicted the 

annual area burned between 1985 and 2,100 for each of the 30 climate 

models in the Sixth Coupled Model Intercomparison Project 

(CMIP6) from the historical climate experiment for 1950–2014 and 

from the Shared Socioeconomic Pathway climate change scenario 

SSP2-45 experiment for 2015–2050 (Abatzoglou et al., 2021). Using 

the relationship between annual area burned in forests and 

reforestation needs, which we found to be strongly linear for the 

period 1984–2021 (Supplementary Figure S6), we forecasted annual 

post-wildfire reforestation needs given the annual area burned 

estimated from CMIP simulations for the period 1985–2,100 

(Supplementary Methods). 

The estimated median cumulative sum of post-fire reforestation 

needs between 1984 and 2021 (Figure 2) from the CMIP simulations 

was 1.9 million ha (4.7 million acres), which is lower than our 

estimates based on observed fire perimeter data for the same period  

(2.4 million ha [5.9 million acres, or about 160,000 acres per year]).  

By 2050, we estima  te that annual reforestation needs will approach  

200,000 ha (ca. 500,000 acres, more than triple the historical rate). For 

the period between 1984 and 2050, we  estimate cumulative needs will 

be 5.5 millio  n ha (13.7 million acres). We a  lso note that the ensemble 

median CMIP6 simulations show far less year-to-year variation in 

reforestation needs compared to observations, suggesting that our 

estimates may be conservative (Figure 2). 

What is our capacity to meet current 
and future reforestation needs? 

To quantify potential reforestation capacity, we use seedling 

production as an imperfect proxy for the entirety of the reforestation 

pipeline. We distinguish between seedling production for post-fire 
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planting needs and seedling production for non-fire ‘operational’ 

planting needs (e.g., compliance reforestation). We assume that 

operational planting capacity (and needs) will remain constant over 

the simulation period, whereas post-fire planting needs will increase 

based on the estimates described above. This assumption allows us to 

focus on fire-driven reforestation needs. 

We start with 10-year (2012–2021) seedling production averages 

for western states from Haase et al. (2022) and assume that seedlings 

produced equate to seedlings planted. Further, we assume that 83% of 

total production comes from the private sector as per results for the 

western region described in Supplementary Table 2 of Fargione et al. 

(2021), with the remaining coming from the public sector (USFS, 

state, etc.). We translate seedling production numbers to total potential 

planting capacity in hectares based on estimated planting densities by 

state, which vary between 617 to 988 stems per ha (250 to 400 stems 

per ac) (Opalach and Arney, 2019). These values represent planting 

density estimates derived from surveys within the public and private 

sectors. These do not represent target stocking rates which may 

be lower than these values given expected seedling/sapling mortality 

or post-planting activities such as pre-commercial thinning (PCT). 

We then partitioned planting capacity between post-fire and 

operational capacity for both the private and public sectors. To do this, 

we conducted a survey of organizations involved in reforestation 

within the region. In the private sector, we surveyed 37 participants, 

including TIMOs (Timber Investment Management Organizations), 

REITs (Real Estate Investment Trusts), and private landowners. These 

participants reported an average of 14% (SD = 24%) of their 

reforestation activities applied to post-fire planting needs. In the 

public sector (USFS, state agencies, etc.), 12 respondents reported an 

average of 55% (SD = 42%) of planting activities were for post-fire 

needs (Supplemental materials). 

The 10-year (2012–2021) annual average seedling production for 

the western states was 142 million seedlings (Haase et al., 2022). Given 

target planting densities by state, this seedling production is enough 

to plant approximately 196,000 ha (401,000 ac) annually. Of this, 

we estimate that 34,048 ha (84,133 ac) is available annually on both 

public and private lands for post-fire replanting efforts after accounting 

for operational needs (e.g., post-harvest planting). Our estimates 

represent ‘potential’ planting capacity given that there are insufficient 

data on other facets of the pipeline that constrain planting efforts, 

including seed collection, outplanting capacity (labor availability), site 

preparation, prescription planning, or land management capacity 

(e.g., available foresters and restoration practitioners) across public 

and private ownerships. Consequently, our estimates represent an 

upper bound in terms of area planted. 

Between 1984 and 2021, we estimate that post-fire planting 

capacity fell short of fire-driven needs by 1.5 million ha (ca. 3.8 million 

ac) (Figure 3). For comparison, the USFS reported that nationally 1.5 

to 1.6 million ha (3.6–4.0 million ac) of NFS lands were in need of 

reforestation as of 2022 (USDA Forest Service, 2022; USDA, 2023). 

However, we caution against a direct comparison of these estimates 

given the varying geographic scope, land ownership types, and time 

periods examined. If planting capacity is maintained at current levels, 

we estimate that the cumulative gap will increase to ~3.3 million ha 

(8.3 million ac) by 2050, more than doubling the current gap of 1.5 

million ha. 

A geographic disparity exists between where seedlings are 

produced and where they are needed. Nearly all (95%) of seedling 

FIGURE 3 

Cumulative difference between potential annual post-fire 

reforestation needs and potential post-fire planting capacity after 

accounting for operational (non-fire related) planting capacity for 

the period 1984–2021. 

production in the western U.S. occurs in California, Oregon, and 

Washington, whereas wildfires in these states have resulted in 50% of  

the average annual post-fire planting needs since 1984. Post-fire 

planting needs outstrip post-fire planting capacity in all but two states  

– Washington and Oregon. Although some proportion of seedlings 

grown in Washington, Oregon, and California are shipped to other 

states, there remains a notable geographic disparity between total 

seedling production capacity and post-fire planting needs in the 

interior western states (Figure 4). 

How can we scale the reforestation 
supply chain to meet current and 
future demands? 

The term “Reforestation Pipeline” includes the plant materials, 

logistical components, services, planning activities, and stakeholders 

that comprise the artificial forest regeneration supply chain (Fargione 

et  al., 2021). The “pipeline” has historically been viewed as a 

component of silvicultural programs for industrial land managers but 

its use has become more inclusive of non-compliance needs as 

contemporary challenges like wildfire have grown. 

The reforestation pipeline is principally supported by private 

enterprises. Private nurseries produce an estimated 83% of seedlings 

in the western U.S. (Fargione et al., 2021; Supplementary Table S2), 

and they provide a significant proportion of seedlings planted on 

federal lands through bidding on annual solicitations. Although we do 

not have data that resolve the proportion of privately grown seedlings 

planted on federal lands, there are currently only five USFS nurseries 

in the western states that produce an estimated 16 million seedlings a 

year (8% of western U.S. production). Similarly, state nurseries are 
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FIGURE 4 

Average annual post-fire reforestation needs, post-fire planting capacity, and operational capacity (e.g., planting after harvests) by state show a 

disparity between where seedlings are produced and where post-fire planting needs have accrued. Planting capacity was estimated for the period 

2012–2021 and derived from seedling production estimates by state. Post-fire potential planting needs were estimated using MTBS wildfire perimeter 

data. 

limited in their production capacity. Of the 11 states examined here, 

seven have state-run tree nurseries (CA, CO, ID, MT, NM, NV, WA) 

that produce an estimated 17 million seedlings per year (9% of western 

U.S. production) out of the reported 142 million (10 year average) 

produced regionally for all ownership types (Haase et al., 2022). 

Expanding the scope and inclusivity of the reforestation pipeline 

will require cooperation across landowners, land managers, and 

service providers to coordinate a wide array of operational activities 

(e.g., civil engineering, logging and biomass removal, site preparation, 

planting, monitoring, and maintenance), collection of appropriate 

plant materials (i.e., seed availability through orchards or wild 

collection and banking), seedling production (i.e., forest nurseries), 

and favorable site conditions. We r  ecognize 10 steps that comprise the 

pipeline and 7 stakeholder categories associated with each component 

along various planning and execution timelines (Figure 5). The steps 

and the stakeholders are interdependent in a manner that directly 

impacts the successful implementation of a reforestation project. 

We categorize investments in the pipeline relative to the time 

frames in which they occur, from short-term or reactive (seasonal/ 

annual) investments to cyclical or ongoing (e.g., decadal) investments 

(Figure 5). Multi-decadal investments will be  needed for implementing  

emerging programs and policy initiatives to increase the scale of 

reforestation (see section below). In contrast, forest nursery crop 

planning, seedling production, seedling cold storage, transport, 

outplanting, and monitoring are distinct operations and are planned 

on an annual or biennium basis. Although elements of seed collection 

planning are reactive within the year (i.e., crop/mast event dependent), 

planning for seed needs for a region, seed collection, extraction, 

testing, and banking, requires ongoing management and staffing, base 

funding, equipment and facilities – all of which require a multi-year 

to decadal outlook (Kildisheva et al., 2023). Reforestation prescription 

planning is limited by available seed from appropriate provenances, 

and therefore timelines will vary from reactive to long-term outlooks. 

In general, the need for risk mitigation should catalyze the 

development of insurance pools, reinsurance, or other financial means 

to reduce the cost of mitigating losses after unplanned disturbances 

like wildfire. 

Existing analyses of the reforestation pipeline (including ours) 

focus on seedling production as a proxy for reforestation capacity 

simply because we lack other public and private data sets on the up- 

and down-stream elements of the pipeline. However, seedling 

production is just one of many bottlenecks for scaling the pipeline. For 
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FIGURE 5 

Requirements for artificial regeneration in the western U.S. are based on 10 steps and 7 stakeholder categories/types that provide inputs or are required 

for planning and implementation. Investments and activities at each step are designated as ongoing, annual, or reactive for managing a robust supply 

chain. Colored shading denotes stakeholder communication/engagement required for a supply chain process. 

instance, increasing seedling production without investing in 

workforce development and labor pools for time-sensitive site 

preparation and outplanting activities, will result in a glut of seedlings 

on the market without the capacity to plant them. For these reasons, 

few forest nurseries grow on speculation, even in years after major 

wildfire events. Similarly, the inability to conduct appropriate site 

preparation or plant in important climatic windows where soil 

moisture is conducive to root growth (Grossnickle, 2012) can result in 

wasted investments in reforestation planning and execution. 

Compliance reforestation following harvest on industrial/ 

managed forestlands has resulted in the development and persistence 

of the reforestation pipeline in regions where forests have sustained 

timber and fiber economies (Figure 4; Greeley, 1925; Rasker, 2021). 

Large TIMOs, REITs, and other timber- or fiber-generating 

organizations have contributed to keeping costs low by vertically 

integrating services and operations (e.g., seed and seedling 

production) or relying on large independent or regional corporate 

seedling producers, labor contractors, and forestry service providers. 

This model has sustained the supply chain while providing some 

additional capacity for seedling products and planting/site-preparation 

services for non-industrial ownerships. The downside of this model is 

that prices of goods and services are suppressed to meet the needs of 

the largest customers, often to the detriment of funding innovation, 

improved wage standards, and the development of small businesses in 

the sector. The “low cost” of reforestation is suitable for large 

ownerships that can leverage economies of scale but does not 

incentivize the development of locally derived reforestation capacity. 

Current efforts to ramp up the pace and scale of reforestation 

would benefit from considering factors that have led to contractions 

of capacity, infrastructure, and technical expertise in the past. The 

annual harvesting cycles of industrial forestland ownerships will 

continue to provide materials to downstream consumers. 

Non-industrial ownerships competing for existing reforestation 

capacity will result in market turbulence if demand rises quickly, for 

instance, in response to large wildfires, resulting in price fluctuations 

which can, in turn, exacerbate bottlenecks in the supply chain like 

seed availability (Kildisheva et  al., 2023) or labor availability for 

outplanting (Altieri et al., 2023). The development of net new capacity 

should be viewed as complementary to existing elements of the 

reforestation pipeline, with the ability to operate independently of the 

presence of industrial ownerships as primary consumers. 

Further, developing new capacity will require a flexible and rapidly 

scalable supply chain that can accommodate the surges and 

contractions of demand driven by wildfire. Year-to-year variability in 

post-fire reforestation needs can vary significantly (Figure  1). 

Replanting tends to have the lowest costs and best outcomes within 

the first few years after disturbance (Haase et al., 2012; Webster et al., 

in press), but requires ongoing capacity and coordination across 

stakeholders (Figure 5). Consequently, a contemporary reforestation 

pipeline will require novel approaches to designing and implementing 

not only infrastructure (e.g., greenhouses), but also support seasonal 

or temporary labor for seedling production, site preparation, and 

outplanting. One possible solution may be to invest in regional hubs 

and more robust logistics to ensure seed collection and seedling 

production serve broader geographies from centralized locations. 

These hubs would act to maintain infrastructure, expertise, capital, 

and labor pools that can support reforestation ‘strike teams’ that travel 

regionally to where planting efforts are needed. 

Third, the ongoing ability to support seed collection and seedling 

production from banked seed has largely been scalable due to the 

orthodox storage behavior of conifer species. With drying and proper 

cold storage conditions, conifer seed can be s  tored for decades with  

minimal impact on viability. However, a growing body of evidence 

suggests that wildfire and ongoing climate change in the western 

U.S. are promoting the expansion of hardwood species at the expense  

of conifers (Lenihan et al., 2003, 2008;  Sheehan et al., 2015;  Turner  

et al., 2015;  Yospin et al., 2015;  Case et al., 2021). As we  consider the 

broader diversity of woody angiosperms that are important structural 

components of western forests, other factors may need to  

be co  nsidered. For example, because many important angiosperm  
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species native to the western U.S. (e.g., many Quercus and Acer spp.) 

produce recalcitrant seeds, which do not maintain viability during 

storage and must be planted shortly after maturation, it is logistically 

challenging to integrate them into the standard supply chain. This will 

require more dynamic planning to take advantage of good seed years 

to ensure collection and seedling production align with site 

preparation and outplanting. Considerations of seed and seedling 

biology (and their phenologies) will be integral to developing a 

modern supply chain that is responsive to more diverse forest 

restoration objectives (Kildisheva et al., 2023) and for establishing 

more resilient forests. 

Finally, expanding capacity across the interior western U.S. will 

create a more resilient reforestation pipeline for the western U.S. as a 

whole. The reforestation supply chain is underdeveloped in many 

non-coastal states with a growing backlog of planting needs (Figure 4). 

Although seedlings are shipped across state (and national) boundaries, 

most consumers require regionally sourced seed to ensure seedlings 

are seed zone appropriate (i.e., not maladapted to site conditions in 

the long term; O’Neill et al., 2017). Consumers often prefer seedling 

production to occur regionally for inspection, for communication 

between foresters (or other land managers) and nursery teams, to 

reduce costs of production, transport, and storage, and to improve 

quality assurance along the chain of custody by reducing the need for 

long-distance transport and cold storage. Building a resilient pipeline 

will be challenging in the interior western U.S. where forest 

productivity is lower than coastal regions and timber economies 

remain limited or have expired. Catalyzing an ecosystem of service 

providers in these regions will require novel (non-industrial forest 

management oriented) economies, and those supportive of 

ecologically based management objectives. Additionally, there are 

many different forest types, ownership types, and therefore contrasting 

management objectives across the western U.S. Progress will require 

that the costs of goods, services, and wages along the reforestation 

pipeline reflect the downstream value derived from maintaining intact 

forest ecosystems on our landscape – a value that extends benefits 

beyond the timber and fiber economy. 

What approaches to reforestation can 
foster resilience to climate change 
and wildfire? 

Successful artificial forest regeneration depends on the selection 

and availability of high-quality appropriate plant materials that meet 

management and ecological objectives (Dumroese et al., 2016). Seed 

provenance plays a critical role in the success of reforestation projects. 

Field trials indicate that seedlings planted outside of appropriate seed 

zones are maladapted and perform poorly in terms of growth and 

survival because of climatic differences between seed sources and 

planting sites (Leimu and Fischer, 2008; Alberto et  al., 2013). 

Additionally, the broadening objectives of reforestation from timber 

production toward ecological services and function, climate 

mitigation, and resilience requires a wider array of species and seed 

sources to be considered for reforestation (Crowe and Parker, 2008; 

Clark et  al., 2023; Warner et  al., 2023). Many non-timber species 

(specifically native angiosperms, e.g., Quercus sp., Acer sp., Populus sp., 

etc.) do not have empirical seed zones or transfer guidelines (Pike 

et al., 2020; Crockett and Hurteau, 2024) which presents significant 

challenges to scaling reforestation, particularly in regions where there 

has been divestment from timber and fiber economies that previously 

sustained seed collection activities. 

As climate conditions change, previously appropriate seed sources 

may be m  aladapted to the future climate of planting sites (St. Clair 

et  al., 2022). Therefore, seed sources chosen for a particular  

outplanting site should be  adapted to near-term as well as projected 

future climates at the planting site (O’Neill et  al., 2017). Existing  

web-based tools like the Seedlot Selection Tool,1 Climate Adapted 

Seed Tool,2 and the Eastern Seed Zone Forum3 can facilitate matching 

seed lots with appropriate planting sites based on current and  

predicted climate change projections. Climate-smart planting  

strategies can take the form of assisted population migration or  

assisted species migration – the former consists of the movement of  

populations within the extant range of a species, whereas the latter 

consists of movement outside of and disjunct to the historic range of  

a given species (Williams and Dumroese, 2013). Current reforestation 

efforts principally focus on assisted population migration, but there 

are no clear policy frameworks that require climate-adapted planting  

strategies on public lands in the U.S. This lack of policy stands in 

contrast to Canadian forestry practices, where the British Columbia 

Ministry of Forests transitioned to a climate-based seed transfer 

system that mandates the use of assisted population migration to  

mitigate climate change impacts [O’Neill et al., 2008;  BC Ministry of  

Forests, Lands, and Natural Resource Operations (MFLNRO), 2012;  

Pelai et al., 2021]. 

Enabling climate-resilient policies will require support for 

research on seedling performance as it relates to current and future 

climates. The USFS has recently initiated a network of operational 

seed-source trials across California, Oregon, and Washington – the 

Experimental Network for Assisted Migration and Establishment 

Silviculture.4 These trials should be expa  nded to a broader list of tree 

species and across a wider western geography to broaden insights and 

improve our understanding of seedling performance (O’Neill and 

Gómez-Pineda, 2021;  Sáenz-Romero et al., 2021;  Kildisheva et al., 

2023). Additionally, inference from outplanting trials is limited by the 

lack of standardized and publicly available datasets on seed provenance 

and planting outcomes. To address this, a west-wide integrated 

network of seed source trials can be  achieved by strategically selecting 

sites and seed sources that match desired climate ranges and 

establishing sites in recently burned and harvested locations. Cost-

sharing, through collaborative projects that span jurisdictions can 

offset costs. Expanding collaborative opportunities for assisted 

population migration and range-expansion trials, especially on  

post-wildfire sites, is critical for building a knowledge base for 

informing regional planting guidelines. 

Forest resilience to wildfire and drought can also be incorporated 

into reforestation practices by promoting greater heterogeneity (size 

class and vertical and horizontal discontinuity), in vegetation, and tree 

planting patterns. Historically, frequent fires in many western 

U.S. forests have maintained forest heterogeneity at fine scales (North  

et  al., 2009;  Moritz et  al., 2011). In contrast, some contemporary  

1 https://seedlotselectiontool.org/sst/ 

2 https://reforestationtools.org/climate-adapted-seed-tool/ 

3 https://easternseedzones.com 

4 https://www.fs.usda.gov/research/pnw/projects/enames#overview 
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wildfires produce extensive high-severity burned area with post-burn 

conditions that are more homogenous than historical patterns (Collins 

et al., 2017; Cova et al., 2023). These conditions challenge reforestation 

professionals to not only focus on the immediate goal of re-establishing 

forest cover but also to promote heterogeneity to restore mechanisms 

of resilience to future disturbance. 

Managing post-fire biomass can present multiple competing 

objectives to balance landowner interests (e.g., timber vs. habitat), 

risks of future disturbance (i.e., persistent fuel loads), and reforestation 

potential (i.e., hazards, access, microclimatic conditions). High-

severity wildfire combusts most of the finer fuels but can leave a 

concentration of large logs and snags, making tree planting difficult, 

hazardous, and, if left unaddressed, likely to produce lethal 

temperatures to seedlings in the case of a subsequent ignition 

(Peterson et al., 2015; Coppoletta et al., 2016). Industrial landowners 

often salvage log (i.e., remove standing dead trees and some down 

logs) immediately after a wildfire to minimize economic losses and to 

quickly re-establish trees ahead of germinating and resprouting 

shrubs. On public lands, salvage logging is subject to NEPA review 

(generally a 3–5 year process), in part because standing biomass and 

downed woody material are critical to ecosystem processes linked to 

biodiversity and resilience (Swanson and Franklin, 1992; Lindenmayer 

and Noss, 2006; Lindenmayer et al., 2012). On private, non-industrial 

lands, salvage logging and reforestation efforts often depend on grant 

funding, which may never materialize. Reforestation efforts on public 

and nonindustrial private lands are often limited to easily accessible 

areas with larger, more profitable snags (Beschta et al., 2004). 

High density post-fire plantings with homogenous spatial patterns 

can also reduce a developing forest’s resilience to wildfire and drought 

(Figure  6). Tree seedlings are often planted at high densities in a 

regular, gridded pattern designed to optimize growth and shade out 

competing vegetation (Rubilar et al., 2018). Both the planting pattern 

and density can be detrimental to fostering resilience to future 

disturbance. Planting tree seedlings on a regular grid comes from an 

agronomic approach for maximizing growth, which has no analog in 

natural ecosystems (North et  al., 2019). For example, in western 

U.S. conifer forests, a common pattern is to regularly plant seedlings 

every twelve feet, producing a density of 743 stems per ha (300 stems 

per ac) (White and Long, 2019). This regular pattern does not take  

advantage of wet, more shaded microsites that support higher 

survivorship and growth rates (Gray et al., 2005;  Zald et al., 2008;  

Marshall et al., 2023), and lacks the spatial heterogeneity that can 

foster resilience to subsequent disturbance. Stands that retain high 

initial stem densities, are vulnerable to high burn severities 

(Thompson et al., 2011;  Zald and Dunn, 2018) and are also at-risk 

during droughts. A recent analysis suggests historical forest resilience 

may have resulted, in part, from low tree densities that eliminated 

most competition and supported vigorous growth and tree defenses 

(North et al., 2022). The increasing size and intensity of wildfires and 

drought make ‘plantation-like’ reforestation practices ill-suited to  

current and projected climate conditions and disturbance regimes 

(North et al., 2019). 

Recent studies have found that historically, mature frequent-fire 

forests have a variable spatial structure, characterized as a combination 

of “Individual trees, Clumps of trees, and Openings” (ICO) (Churchill 

et al., 2013; Reynolds et al., 2013). Heterogeneous forest structure 

patterns have been shown to be more resistant to high-severity fire 

(Koontz et al., 2020) due to reduced surface fuels in openings and 

dampened wind patterns reducing convective and radiant heat 

transfer that can lead to crown fire (Ziegler et al., 2017, 2021). We’re 

not aware of studies that have directly compared fire effects in 

regularly spaced and ICO-patterned young forests, but the ICO 

pattern is commonly found in seedlings and saplings in old-growth 

forests with active fire regimes (Fry et al., 2014; Fertel et al., 2022; 

Stephens et al., 2023). Silviculturists have generally avoided planting 

tree seedlings in clumps assuming that inter-tree competition will 

reduce growth and survival rates. However, recent research focused 

on young (1–30 years of age) seedlings and saplings growing in clumps 

in fire-restored forests found higher diameter and height growth rates 

than individuals growing in the absence of neighboring seedlings and 

saplings (Fertel et al., 2022). 

One concern with planting at lower densities is the resulting high 

light environment may favor shrubs, grasses, and other vegetation that 

can out compete tree seedlings for limited soil moisture. Current 

reforestation strategies can include chemical and mechanical 

treatments to eliminate or minimize shrub cover until saplings are tall 

enough to shade out competitors. Yet, in the warmer, drier conditions 

of the western U.S., increasing evidence suggests some shrubs can act 

to facilitate seedling survival by reducing incoming solar radiation 

(Crockett and Hurteau, 2022; Marsh et al., 2023) and can increase 

growth (Fertel et al., 2022; Goodwin and Hurteau, 2024). In place of 

herbicide and mechanical control approaches, planting some seedlings 

in clumps has the advantage of the clump holding the site and keeping 

shrub encroachment at bay. With this type of ‘nucleation’ planting, 

shrubs need not be entirely eliminated from reforestation areas. 

Shrubs also do better than tree seedlings in dry, shallow soil locations, 

and can diversify wildlife habitat and microclimate conditions (Marsh 

et al., 2023). Additionally, novel drought-conditioned seedling stock 

types are under development with the potential to improve post-

transplant survival and performance, thereby reducing the planting 

density needed to achieve stocking targets on harsh sites faced with 

changing climates (Sloan et al., 2020; Pinto et al., 2023). 

More broadly, reforestation projects would benefit from the 

consistent application of the ‘target plant concept’ (Dumroese et al., 

2016; Davis and Pinto, 2021) – a framework for planting prescription 

development that focuses on limiting factors at outplanting sites and 

a feedback loop between field site and nurseries to improve planting 

outcomes. It accounts for planting objectives (e.g., target stocking 

rates), limiting factors at the site (i.e., expected mortality rates), plant 

materials (e.g., seed provenance and stocktype), outplanting practices, 

and expectations for post-planting management (e.g., pre-commercial 

thinning or prescribed fire) which inform initial planting density and 

spacing decisions. This framework is not commonly taught in 

silviculture or land management curricula and therefore not 

consistently practiced in reforestation work, to the detriment of 

improved outcomes. 

Another means of increasing the resilience of reforested areas is 

with prescribed burning (North et al., 2019, 2021). Reduced planting 

densities and ICO planting patterns can facilitate the application of 

prescribed fire in young stands, which can maintain lower post-fire 

fuel loads in dry forests. While there are currently many limitations 

on the use of prescribed fire (Miller et al., 2020), some policy and 

administrative barriers are being addressed (Williams et al., 2024). 

Burning reduces surface fuels, a principal driver of fire behavior, and 

is effective with or without accompanying mechanical thinning at 

reducing crown fire potential (Agee and Skinner, 2005; Taylor et al., 
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FIGURE 6 

Which way forward? Top row from left to right: a 2-year-old gridded planting, a 60-year-old plantation, and a plantation burned in the 2021 Dixie Fire 

in California. Bottom row from left to right: an ‘ICO’ planting after the 2007 Moonlight fire in California, a mature tree clump in ponderosa pine with a 

restored fire regime, and an ICO pattern in Yosemite National Park after the 2013 Rim Fire. 

2022). Compared with mechanical thinning, prescribed fire is more 

cost-effective (Hessein, 2000; North et  al., 2012), maintains the 

evolutionary selection for fire-resistant trees [both species and 

individuals (Beaty and Taylor, 2007; Stevens et  al., 2020)], and 

produces greater structural heterogeneity (Knapp et  al., 2017). 

Prescribed burns can be timed to occur after recent rain events when 

rapid soil water uptake by shrubs (Royce and Barbour, 2001) can 

reduce fire intensity and increase post-burn heterogeneity. Factors 

affecting fire behavior in young conifer stands are markedly different 

than in mature stands (Weatherspoon and Skinner, 1995; Lyons-

Tinsley and Peterson, 2012), and applying standard burn prescriptions 

developed for mature stands may not be successful. Nonetheless, 

studies have shown that fire can be applied in stands as young as 

15 years old (Peterson et al., 2007; Kobziar et al., 2009; Knapp et al., 

2011; Reiner et al., 2012; Bellows et al., 2016; York et al., 2021). 

Lastly, whether sites have become marginal or unable to support 

forests under current or near future environmental conditions is an 

important consideration given changing climate and disturbance 

regimes. This is likely to change over time as a function of changing 

climate conditions and the physiological tolerances of the tree species 

targeted for reforestation (Lalor et al., 2023; Crockett and Hurteau, 

2024). Mature trees can withstand a wider range of environmental 

conditions than seedlings; the presence of adult trees does not ensure 

that seedlings of the same species will survive and thrive at that site 

(Dobrowski et al., 2015). With fire suppression, forests have expanded 

into areas where they may not be viable under new climate conditions 

and fire regimes. Lower elevation forest cover is likely to decrease as 

the climate warms (Davis et al., 2019; Parks et al., 2019), and trying to 

reforest in these areas may be a waste of scarce resources. 

Where are opportunities emerging 
from recent policy initiatives, 
innovative public-private partnerships, 
and natural capital markets? 

As wildfire activity has increased, public and private land 

managers increasingly rely on active reforestation to ensure the 

recovery of forests after wildfire. Federal support for these efforts was 

recently included in the Infrastructure Investment and Jobs Act (IIJA), 

signed into law in 2021, and the Inflation Reduction Act (IRA), signed 

into law in 2022 (U.S. Congress, 2021a, 2022). Within the IIJA, the 

Repairing Existing Public Land by Adding Necessary Trees 

(REPLANT) Act eliminated the annual $30 million cap on the 

Reforestation Trust Fund, which effectively increased funds for 

reforestation on federal lands to $140 million or more per year 

(U.S. Congress, 2021b). In addition, it requires the USFS to eliminate 

the reforestation backlog on NFS lands within ten years (U.S. Congress, 

2021a,b, 2022). The IIJA also provides USDA and the Department of 

Interior (DOI) with a total of $2.13 billion for ecosystem restoration 

programs, which includes $200 million to establish and implement a 

national revegetation effort, a national seed strategy, and $450 million 

for post-fire restoration. Reforestation investments in the IRA include 

$1.5 billion for urban and community forestry grants and $450 million 

for grants to support small and underserved landowners in 

participating in emerging markets for climate mitigation or forest 

resilience. In addition, the IRA provides agricultural conservation 

funding for private landowners that can be used for reforestation. 

In 2022, Executive Order 14072 on Strengthening the Nation’s 

Forests, Communities, and Local Economies established a new federal 
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policy for scaling up and optimizing climate-smart reforestation. It  

requires the Secretaries of the Interior and Agriculture to develop (i) 

a Federal goal to meet agency-specific reforestation targets by 2030, 

including an assessment of reforestation opportunities on Federal 

lands and through existing Federal programs and partnerships, and 

(ii) in collaboration with Federal, State, Tribal, and private-sector 

partners, a climate-informed plan to increase Federal seed collection  

and to ensure seed and seedling capacity is sufficient to meet 

anticipated reforestation demand (DOI and USDA, 2023). 

While these laws make significant investments in reforestation on 

public and private lands through 2026, only the REPLANT Act 

permanently increases funding for reforestation on federal lands. Yet 

this level of funding is likely not sufficient to address the full scope of 

the reforestation backlog that has developed in the past 20 years or 

potential future needs. 

Reforestation costs vary widely, and a lack of data on costs across 

planting objectives and ownership types presents barriers to delivering 

on proposed reforestation targets. Generally, reforestation costs are a 

function of site-preparation requirements (i.e., terrain, accessibility, 

post-fire biomass volume, and existing vegetation), species, seed 

availability, stocktype, planting density, planting methodology, and 

post-planting treatments. In particular, pre- and post-planting 

activities such as post-wildfire salvage logging, site preparation 

(mechanical and/or chemical), post-planting shrub control, and 

pre-commercial thinning (PCT) are often critical to long-term project 

success (Mousavijad et al., 2022), but are not consistently implemented 

on some federal plantings (North et al., 2019). 

We estimate planting costs based on data from a 2019 survey from 

the Forest Biometrics Research Institute (FBRI), which summarizes 

silvicultural costs for both public and private land managers in the 

western U.S. (Opalach and Arney, 2019). The FBRI reforestation cost 

estimates range between $1,272 to $2,586 per ha ($515 to $1,047 per 

ac), depending on the nature and extent of pre- and post-planting 

activities. Using a midpoint, we assume a scenario of $1,929 per ha 

($781 per ac) which includes site-prep, primary shrub control, and 

PCT. After adjusting for inflation, we estimate average costs to 

be $2,351 per ha ($951 per ac) in 2023. These estimates do not account 

for additional site preparation costs to reduce standing dead and 

downed materials in post-fire environments due to a lack of publicly 

available data on post-wildfire restoration costs. This can be an 

untenable expense for landowners if there is an absence of receptive 

mills or locations that will accept biomass to offset project costs. 

Additionally, the cost of seed collection varies significantly by 

species, seed zone, and collection technique and is poorly captured by 

a bundled per-acre cost in survey data (like the FBRI data). The 

efficiency of seed collection from seed orchards allows for stockpiling 

seed for commercially important species within a limited range of 

provenances. Broader reforestation objectives including more diverse 

and climate-adapted plantings often require wild seed collection, with 

inherent risks of mixed seed quality and availability, and more 

complex supply chain logistics that increase the cost of banked seed. 

We also anticipate seed costs will rise as demand stretches the limited 

labor pool of skilled seed collectors. 

Our analysis suggests that between 1984 and 2021, wildfire created 

approximately 1.5 million ha (3.8 million ac) of unmet post-fire 

reforestation needs in the western U.S., and this trend will likely 

accelerate in the coming decades. Given these numbers, $3.6 billion is 

an initial conservative estimate to cover the existing backlog of 

reforestation needs based on the per-acre costs described above. 

However, this estimate does not address additional investments in 

infrastructure or workforce capacity necessary to expand supply chain 

capacity to meet these objectives. Large wildfire seasons will 

increasingly stress the existing reforestation pipeline, increasing the 

need for rapid capital expenditures that are not within the scope of 

public funding initiatives or budget planning cycles of conventional 

forest managers. 

Federal land managers have limited funding options as they seek 

to close the reforestation gap. Existing funding streams include funds 

received from the Reforestation Trust Fund and the Knutson-

Vanderberg (K-V) Fund, from cooperative work agreements with 

partners, and through the annual budget and appropriations cycle 

(USDA Forest Service, 2023; USDA, 2024). Reducing the need for 

reforestation is also an integral part of a cohesive reforestation strategy. 

The IIJA invests $3.4 billion for wildfire risk reduction on 10 million 

acres of high-risk federal lands. As the impacts of a changing climate 

accelerate, sustained capacity and funding are needed to ensure that 

federal agencies can respond to time critical reforestation needs. As 

wildfires become more prevalent, federal agencies will be faced with a 

choice to embrace new ways of financing resource management on 

public lands (Quesnel Seipp et al., 2023) or persuade Congress to 

increase annual appropriations to match the scale of the problem. 

Reforestation requires substantial up-front capital, while carbon, 

water, and biodiversity benefits accrue over time. Monetization of 

carbon as an ecosystem service began in 1997, with the signing of the 

Kyoto Protocol, an international effort to reduce carbon emission 

activities below a business-as-usual baseline. Forest carbon projects 

generate numerous co-benefits and natural capital markets have 

emerged in an effort to assign monetary value to a broad range of 

ecosystem services. The intention is for market participants to pay for 

these services (Kelemen et al., 2022; Sandoval-Solis et al., 2022) with 

the resulting finance used to support restoration activities. While these 

markets are nascent, they offer potential for landowners to generate 

future revenue from reforestation, distinct from traditional funding 

streams such as timber or fiber. These transactions can occur in 

emerging markets (Reig et al., 2019), through voluntary platforms 

(Kreibich and Hermwille, 2021; American Carbon Registry, 2024; 

Climate Action Reserve, 2024; Verra, 2024), or to meet regulatory 

requirements (Bang et al., 2017). 

Within natural capital markets, carbon markets have the greatest 

potential to finance reforestation due to global interest in climate 

change mitigation. There are broadly two carbon credit classifications: 

ex-post credits and ex-ante credits. Ex-post credits are issued after the 

removal of carbon has occurred and is measured. U.S.-based ex-post 

reforestation carbon projects have not been broadly adopted, in part 

due to the slow growth rates of some North American forests, which 

result in comparatively long-time horizons for reforestation credit 

generation compared to other forest carbon project types (i.e., 

improved forest management and avoided deforestation) (Matzek 

et al., 2015). To address this barrier to adoption, the ex-ante credit was 

developed (Climate Action Reserve, Verra). Ex-ante credits are issued 

based on projections of future carbon removal (Climate Forward, 

2023) and allow for up-front financing of reforestation projects. 

Ex-ante credits have also not been widely adopted. For example, the 

Integrity Council for the Voluntary Carbon Market (ICVCM) has 

indicated that ex-ante credits do not meet their Core Carbon Principle 

eligibility (The Integrity Council for the Voluntary Carbon Market, 
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2024). To increase rigor and buyer confidence, ex-ante credits are 

generally paired with a process to convert them to ex-post credits as a 

replanted forest grows and actual carbon removals are measured and 

verified. To date, capital is generally available to fund projects on 

productive sites with growth rates that support returns on investment 

over time frames that align with traditional investor expectations. 

Fire-impacted lands in the interior western U.S. may not meet these 

expectations, however, as they have high post-fire site preparation 

costs and longer time horizons for ex-post credit generation due to 

lower site productivity. 

Landowners and land managers also face an array of barriers to 

participating in carbon markets (Stubbs et al., 2021; USDA, 2023). 

There are significant issues related to developing carbon projects on 

federal lands, including legal barriers to generating offsets, issues with 

achieving additionality given existing statutory management 

requirements, and administrative barriers within existing agency 

policies, regulations, and land management plans (Smith, 2012). 

Consequently, USDA is not directly engaged in carbon markets 

(Stubbs et  al., 2021). Beyond federal lands, the Growing Climate 

Solutions Act, signed into law in December 2022 as a part of the 

Consolidated Appropriations Act of 2023, authorizes USDA to 

develop and implement a Greenhouse Gas Technical Assistance 

Provider and Third-Party Verifier Program to assist landowners 

interested in participating in carbon markets. Policy proposals to 

address financial barriers to participating in carbon markets include 

federal tax incentives (Mulligan et al., 2020; Stubbs et al., 2021; Food 

and Agriculture Climate Alliance (FACA), 2023) and federal loan 

guarantees to reduce the cost of capital for developers of grouped 

projects (U.S. Congress, 2023). 

Natural capital markets also have shortcomings with respect to 

scaling reforestation in a manner that is effective for climate mitigation 

while avoiding potential negative impacts. For example, current and 

emerging protocols reward developers for planting fast-growing, 

dense plantations that maximize standing biomass (D’Amato et al., 

2022). However, such plantations also increase the risk of wildfire 

losses and thus reduce the durability of carbon stocks (Hurteau et al., 

2019; North et al., 2021). Further, market-based mechanisms have not 

historically rewarded nor incentivized ecologically informed 

reforestation practices due to the costs of implementation and the 

complexity of monitoring, reporting, and verification (MRV). Forest 

carbon projects are based on carbon standards that currently rely on 

growth and yield models developed for silvicultural regimes that align 

with commercial timber or fiber production. These models were not 

designed to simulate irregular, clumped, or spatially complex planting 

regimes (e.g., ICO methodology). As a result, this may incentivize 

project developers to prescribe reforestation plans that have fewer 

species and less structural and functional diversity in favor of meeting 

verification standards and maximizing carbon yields (D’Amato et al., 

2022). Despite these shortcomings, there are clear pathways and 

principles for mitigating climate impacts by restoring forests while 

avoiding negative impacts (Griscom et al., 2017; Fargione et al., 2018; 

Ellis et al., 2024) including significant opportunities for reforestation 

in the western U.S. (Cook-Patton et al., 2020). 

Debt markets have also become a national-level tool to direct 

finance toward reforestation. Countries, banks, and private institutions 

are exploring the use of ‘green bonds’, or bond issuances, that are tied 

to climate-positive or fire-resilient outcomes (Maltais and Nykvist, 

2020). Green bonds and other innovative financing mechanisms like 

the Forest Resilience Bond (Blue Forest Conservation, 2017) can 

provide capital to implement work quickly and to generate new 

sources of funding from entities who would benefit from positive 

environmental and economic outcomes from reforestation (Madeira 

and Gartner, 2018; Mandle et al., 2019). 

The outcomes attributed to reforestation include: recovered 

carbon storage (Looney et  al., 2023), stabilized slopes to reduce 

erosion (González-Romero et  al., 2022), sustained water supply, 

improved surface water quality (Keller and Fox, 2019), reduced flood 

risk (Papaioannou et  al., 2023), improved snowpack storage and 

retention (Dickerson-Lange et  al., 2021), maintained habitat for 

species of concern (Kemppinen et al., 2020), and others. Many entities 

stand to benefit from these outcomes, including electric and water 

utilities that operate on or downstream of projects, private companies 

with climate resilience, carbon removal, or water replenishment goals, 

and entities interested in providing recreation and tourism 

opportunities (Quesnel Seipp et al., 2023). These novel sources of 

funding can be paired with traditional state and federal funding 

programs to achieve the complete financial requirements for projects 

to be fully implemented. 

Payments from stakeholders that benefit from reforestation, called 

beneficiaries, can be financed upfront to implement environmental 

restoration projects (Brand et al., 2021). This upfront deployment of 

capital ensures that projects can be implemented quickly, which is 

often critical for post-fire planting due to the negative influences of 

competing vegetation on seedling survival and growth (Stevens et al., 

2021). Additionally, the effects of reforestation and associated activities 

last for decades, thus enabling a structure of outcome-based payments, 

in which beneficiaries can pay for projects over time as they see 

positive outcomes. 

To leverage these new sources of funding, quantification of 

outcomes is often required. Outcomes need to be both projected over 

time and verified following implementation. A project developer and 

beneficiary paying for outcomes will need to agree upon the methods 

used to predict and verify these benefits, and, in the case of a pay-for­

performance structure, they will need to identify which outcome 

benchmarks will be sought by the beneficiary prior to payment (Brand 

et al., 2021). Quantification and modeling of outcomes can be one of 

the most challenging steps of developing a conservation finance 

project, as tools available to evaluate outcomes may be resource 

intensive, have unsuitable levels of uncertainty, or may not be available 

for the exact application desired. However, western U.S. forests have 

relevant advantages in that they exist within structured markets and 

regulatory environments and are easily accessed for MRV activities. 

Additionally, industry and agency investments in allometric data sets 

for growth and yield models, along with the USFS Forest Inventory 

and Analysis (FIA) program (Heath et al., 2011; Westfall et al., 2022), 

support the ongoing improvement and validation of growth and yield 

models and their inclusion in multiple carbon registry standards. 

There is, of course, room for improvement and it will be important to 

develop better models, evaluation tools, and standardized practices. 

In the meantime, the inherent uncertainty involved in modeling 

outcomes should be acknowledged throughout the process of 

financing reforestation projects. 

Conservation finance provides additional opportunities and 

benefits through public-private partnerships. To be able to finance 

larger reforestation projects, and cover financing costs, new funding 

from entities like utilities and private companies can partner with 
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traditional sources of funding from state and federal agencies to access 

private capital markets and deploy significant upfront capital. Further, 

diversified financing can provide all elements of the supply chain an 

opportunity to increase production capacity. The medium- to long­

term planning horizons required for building capacity for seed 

collection, nursery facilities and operations, and transportation/ 

logistics often present challenges. With increased certainty provided 

by consistently financed and implemented projects, investments 

in local and regional nurseries can build up workforce, facilities, and 

operations to meet current and growing reforestation needs. 

Summary and conclusions 

We examined potential post-fire reforestation needs given historic 

and anticipated increases in the extent and severity of wildfires, 

highlighting the specific stressors, historical context, and opportunities 

that shape both the supply and demand sides of the reforestation 

pipeline in the western U.S. We estimate that between 1984 and 2021, 

high-severity wildfire created 2.4 million ha (5.9 million ac) of 

potential reforestation needs outside of wilderness areas and national 

parks; 26% of these needs were created by the 20 largest wildfires, all 

of which have occurred since 2000. The trend toward larger and more 

severe wildfire events brings the problem into focus; even two large 

wildfires, such as the 2021 Dixie fire (CA) or 2020 August Complex 

fire (CA), can create more reforestation needs in a single year than the 

entire western U.S. reforestation pipeline can respond to for that year. 

The capacity to conduct reforestation at scale has principally been 

supported by private organizations working in the compliance forestry 

space. As investments in the timber and fiber economy have declined 

during the past 50 years, so has the capacity to plant trees for 

non-compliance needs – including in reaction to high-severity 

wildfire in areas where natural regeneration is unlikely. This 

divestment has manifested as a 1.5 million ha (ca. 3.8 million ac) gap 

between post-fire needs and post-fire planting capacity- a gap that has 

increased exponentially with the growth of severe wildfires since 2000. 

Additionally, a geographic gap has grown between where seed 

collection and seedling production is supported by an active forestry 

sector and where wood and fiber production have declined but 

wildfire has increased the need for reforestation materials and 

activities. These often semi-arid and low-productivity forests are also 

areas of greatest concern for ecological state-shifts after wildfires 

(Davis et al., 2019; Parks et al., 2019; Coop et al., 2020) and represent 

the greatest risk of divestment in local economies and communities. 

The national discourse on how best to overcome barriers to 

increasing reforestation capacity has largely focused on seedling 

production capacity through nursery development and increasing seed 

availability through scaling collections (Fargione et al., 2021; Klein, 

2021; American Forests, 2023; Clark et al., 2023; Kildisheva et al., 2023). 

Further innovation will require attention to a wider range of activities 

in the reforestation pipeline that are often overlooked (Figure 5). A key 

challenge will be to develop financing structures and workforces that 

can respond readily to the dramatic inter-annual variability of wildfire-

driven reforestation needs while simultaneously supporting long-term 

infrastructure. Recent federal policy initiatives may partially address 

these challenges, but ephemeral funding cycles from policy initiatives 

have not historically sustained the capitalization required to manage 

healthy forests for non-timber, ecosystem-based objectives. Along with 

expanded appropriations on public lands, natural capital markets and 

green bonds can be important potential sources of finance for 

incentivizing and sustaining the recovery of forested ecosystems. 

Much like wood and fiber economies incentivized the 

development and maturation of a reforestation supply chain, new 

economic drivers can modernize the reforestation pipeline and align 

tree planting efforts with broader ecosystem resilience and climate 

mitigation goals. Incentivizing tree planting using conservation 

finance can expand the reforestation pipeline. However, leveraging 

conservation finance to fund reforestation requires actions that 

promote wildfire-resilient landscapes so that western U.S. forests will 

continue to provide the ecosystem services those funds are predicated 

on. These investments, coupled with innovative reforestation 

approaches that include the use of climate-adapted seed zones, 

increased species diversity, and planting densities and patterns that 

more closely emulate natural fire-resistant stand structures, will 

increase the resilience of our forests into the future. Innovation and 

investments will require data-sharing structures (e.g., regional 

cooperative groups, online reporting platforms, centralized 

repositories) that will enable improved outcomes. These investments 

are critical to ensuring a functional reforestation supply chain in the 

short term and enabling the maintenance of our forests and local 

communities in the long term. 

The changing patterns and scale of wildfire in the western U.S. is 

increasing the imperative to plant more trees, yet the challenge of 

scaling and sustaining this effort looms large. Time is not on our side. 

The area burned in the western U.S. is increasing with drought, 

warming, and human activities. Making progress will require public-

private partnerships and leadership that extends beyond the 

conventional stakeholders of the reforestation pipeline – those 

invested in the production of wood and fiber. A robust call to action 

warrants the engagement of policymakers, corporations, financial 

institutions, investors, NGOs, and all those who stand to benefit from 

the value that trees and forests bring to the western U.S. and beyond. 
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