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Large-scale global reforestation goals have been proposed to help mitigate climate
change and provide other ecosystem services. To explore reforestation potential in the
United States, we used GIS analyses, surveys of nursery managers and foresters, and
literature synthesis to assess the opportunities and challenges associated with meeting
proposed reforestation goals. We considered a scenario where 26 million hectares (64
million acres) of natural and agricultural lands are reforested by 2040 with 30 billion trees
at an estimated cost of $33 ($24-$53) billion USD. Cost per hectare will vary by region,
site conditions, and other factors. This scenario would require increasing the number of
tree seedlings produced each year by 1.7 billion, a 2.3-fold increase over current nursery
production levels. Additional investment (not included in the reforestation cost estimate)
will be needed to expand capacity for seed collection, seedling production, workforce
development, and improvements in pre- and post-planting practices. Achieving this
scenario will require public support for investing in these activities and incentives
for landowners.

Keywords: afforestation, tree planting, nurseries, seedlings, land use

INTRODUCTION

To constrain global warming, reductions in fossil fuels emissions are critical. In addition,
we must also invest in strategies that remove carbon dioxide from the atmosphere (Masson-
Delmotte et al., 2018). Reforestation is a promising opportunity to capture carbon dioxide while
providing key ecosystem services including clean air and water (The White House, 2016; Griscom
et al., 2017; Fargione et al., 2018; Domke et al., 2020). Enthusiasm for tree planting is gaining
momentum, with multiple ambitious goals set forth to restore forest cover for climate mitigation
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(Griscom et al., 2017; Fuss et al., 2018; Bastin et al., 2019;
Holl and Brancalion, 2020) and other environmental co-benefits
such as soil stabilization, watershed protection, and wildlife
habitat, among others (e.g., Bengston et al., 1999; Neary et al,,
2009; Caldwell et al., 2014). These initiatives include the World
Economic Forum’s One Trillion Trees Initiative, the Bonn
Challenge (Verdone and Seidl, 2017), the United Nations Decade
on Ecosystem Restoration (Aronson et al, 2020), and the
recently-formed United States One Trillion Trees Interagency
Council (Federal Register, 2020). Reforestation could sequester
an average of 6 metric tons of CO; per hectare (5,355 pounds per
acre) per year (Cook-Patton et al., 2020), but a full accounting of
the climate mitigation benefits should also include other impacts
(e.g., life cycle emissions, albedo, evapotranspiration; Bala et al.,
2007; Kendall and McPherson, 2012; Zhang et al., 2020).

In the United States (US), tens of millions of hectares are
potentially reforestable (Fargione et al., 2018; Cook-Patton et al.,
2020; Domke et al., 2020; Strassburg et al., 2020). The area in
need of reforestation through planting is growing. Currently,
only about 31% of the lands that the US Department of
Agriculture Forest Service (USFS) reforests are planted, while
the rest are reforested through natural regeneration (Dumroese
et al., 2019). On both public and private lands, however,
increasing severity and size of wildfires (Parks and Abatzoglou,
2020) creates challenges for post-wildfire natural regeneration,
thereby increasing the need for tree planting (North et al,
2019). Currently, the USEFS is only able to reforest an estimated
20% of national forest lands requiring reforestation (Dumroese
et al,, 2019) and this gap is widening as the area burned by
wildfire increases. The potential for restoring forest cover to these
areas using natural regeneration will vary based on seed source
proximity and abundance, climate, and land use. Most areas will
likely require active planting with seedlings to recover forests
within the 10-30-year timeframe of greenhouse gas (GHG)
stabilization goals (Nave et al., 2019). The nation’s capacity to
handle a large increase in tree seedling production, planting, and
care within this timeframe is largely unknown.

The most recent estimate (for 2019) of tree seedling
production in the US is 1.3 billion (10°) seedlings per year
(Haase et al., 2020; Figure 1A). Long-term data is only available
for the southern region, where most seedling production occurs
(Figures 1B, 2). Seedling production peaked in the late 1980s
with more than 2.6 billion seedlings per year in the southern
US alone (Hernandez et al., 2016; Haase et al., 2020; Figure 1B).
From its peak, national seedling production steadily declined
to fewer than 1 billion following the 2008 recession. Causes
for reductions in seedling production vary regionally and
include market demand (i.e., the influence of timber prices
on harvest volumes and subsequent planting), consolidation
and liquidation of companies within the timber industry, and
federal and state budget cuts to cost-share programs, such as
the Conservation Reserve Program (Dumroese et al., 2005; Pike
et al, 2018). Consequently, 28 private, industrial, state, and
federal nurseries have shuttered since 1995 in the southern US
alone, effectively reducing production by 650 million seedlings
annually (equivalent to 46% of current production). Similar
nursery closures have occurred throughout the rest of the US,

including dozens of state and federal nurseries (Dumroese et al.,
2005; National Association of State Foresters, 2016). In addition,
the number of seed storage and processing facilities has steadily
declined during the last several decades (Dumroese et al., 2005).
While production levels have slowly climbed to the current
(2019) level of about 1.3 billion (Haase et al., 2020; Figure 1B),
they are still well-below levels needed to meet the growing
reforestation demand.

To accelerate reforestation, the entire “pipeline” for tree
planting (i.e., seeds, nurseries, outplanting, and post-planting
activities) would need to be scaled up, including seed collection
and storage, nursery production, outplanting, and post-planting
treatment and monitoring. Thus, identifying regional limitations
and potential solutions is necessary for reforestation to be
deployed at scale. Based on an estimate of reforestable land, a
survey of nursery managers, a survey of foresters, and a synthesis
of the available literature, we estimated how many seedlings
would be required, compared that to current production,
examined where potential limitations exist in the reforestation
pipeline, and offered some potential solutions to projected
limitations. Reforestation is generally defined as tree planting in
previously forested areas. For the purposes of this paper, we use
the term “reforestation” to refer to any tree planting that causes
tree cover to increase to more than 25% on lands where forests
historically occurred based on modeled potential vegetation
(Rollins, 2009; Goward et al., 2016; Fargione et al., 2018; Cook-
Patton et al., 2020). This includes lands that recently had forest
cover, as well as lands that have been in a non-forest land use
for an extended period. The results section presents the current
situation and challenges to the reforestation pipeline in the US,
based on survey results, GIS analyses, and literature synthesis; the
discussion section presents solutions to these challenges.

METHODS

Reforestable Area

Prior to 1630, the US had an estimated 414 million hectares
(1 billion acres) of forest cover (Oswalt et al., 2014). Since
then, forest cover has fluctuated because of extensive clearing
for agriculture and human development, partially offset by
reforestation of abandoned crop land and cleared forests;
currently 310 million hectares (766 million acres) are covered
by forests (Oswalt et al., 2019). While many cleared areas (e.g.,
productive croplands and urban cores) are unlikely to return
to forest for economic and social reasons, other cleared areas
may contain reforestation opportunities. These potential areas
include: (1) unstocked or understocked forest land that is not
independently recovering, for example after a fire (Sample, 2017;
Dumroese et al., 2019; North et al., 2019; Cook-Patton et al., 2020;
Domke et al., 2020); (2) marginal agricultural lands (Johnson
etal.,, 2016; Nave et al., 2019), such as the 1.4 million hectares (3.5
million acres) abandoned in the 8 years between 2008 and 2016
(Lark et al., 2020), and (3) locations with high co-benefits, such
as wildlife corridors, riparian areas, and floodplains that could
provide habitat and improved water quality (Barnett et al., 2016;
Dybala et al., 2019a,b; Keller and Fox, 2019).
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FIGURE 1 | Variation in US seedling production over time. (A) Annual seedling production in the southern US since 1925 (adapted from Hernandez et al., 2016). (B)

A recent analysis identified reforestation potential across
the contiguous US (Cook-Patton et al., 2020), finding up to
51.6 million hectares (128 million acres) of potential area for
increased forest cover. We used a select portion of their identified
area of opportunity on natural lands and marginal agricultural
lands to estimate seedling needs across the US (Figure 3). We
used the National Land Cover Dataset (NLCD) classification
to define natural lands as shrub/scrub, grassland/herbaceous,
deciduous forest, evergreen forest, and mixed forest. While
areas identified as forest cover in NLCD may not seem to
offer reforestation opportunities, we note that Cook-Patton
et al. (2020) identified as reforestation opportunities only the
portion having no tree cover (i.e., <25% cover) as identified in
the North American Forest Dynamics dataset (Goward et al,
2016) and these areas were further statistically discounted by

a visual inspection of imagery for 5,000 pixels to remove
areas erroneously identified as reforestation opportunities. We
modeled a large-scale scenario to determine needs in the
reforestation pipeline, including: (1) 80% of the potential on
natural lands, (2) 50% of the potential on marginal crop lands
(defined by soils that severely limit agricultural production,
which we refer to as “challenging soils” here; Soil Survey
Staff, 2016), and (3) 50% of the potential on pasture land.
Thus, the agricultural lands that we considered included both
pasture (regardless of soil condition) and croplands (restricted
to challenging soils; Cook-Patton et al, 2020). While the
ability to reforest any parcel is uncertain, in aggregate, this
probabilistic approach provides a relatively conservative estimate
of the magnitude of the reforestation opportunity in the
US. Uncertainties include landowner willingness, costs, labor,
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FIGURE 2 | Nursery and reforestation surveys were summarized based on
three regions of the US. We lacked information on the area of reforestation
opportunity in Alaska and Hawaii, so those states were excluded from this
analysis.

seed and seedling availability, herbivory, drought, fire, and
climate change.

We did not include areas with the opportunity to plant urban
trees because urban forestry faces different challenges. Urban
plantings typically use older planting stock of different species
and incur greater costs for planting and maintenance while
generating unique benefits for home energy costs, air quality,
property values, and mental health (e.g., Kroeger et al., 2018).
Tree nurseries that supply seedlings for urban forestry may have
distinct or additional challenges beyond those considered here.

Nursery and Reforestation Surveys

To better understand current nursery production and the
possibilities for scaling up seedling production, we conducted a
survey in May 2020 (hereafter “nursery survey”). We surveyed
managers of all known nurseries in the western, eastern, and
southern regions of the US (Figure2) about their current
production, maximum production capacity, seed sourcing,
potential for expansion, and limitations to expansion (see
Supplementary Material). Respondents (total = 111) were from
federal (6), state (31), private (73), and tribal (1) nurseries across
37 states and produce bareroot seedlings (35), container seedlings
(43), or both (33). This participation represents ~100% of federal,
75% of state, and 40% of private nurseries in the US, or about
half the total estimated annual production in the country (based
on Haase et al., 2020). We lacked information on the area of
reforestation opportunity in Alaska and Hawaii, so those states
were excluded from this analysis.

In June 2020, we conducted a second survey (hereafter
“forester survey”) to better understand reforestation practices
and costs, including stocktype choice, site preparation, and post-
planting activities (See Supplementary Material). Respondent
foresters (total = 70) were from federal (17), state (13), industrial
private (11), non-industrial private (16), or non-profit (13)
organizations and cumulatively conduct work in 44 states.
The total number of reforestation practitioners in the US is

unknown, so it is unclear how representative this sample is. We
averaged responses across the same three regions used for the
nursery survey.

To estimate the total seedlings needed for our reforestation
scenario, we used the median stems per hectare for each of the
three regions as reported in the forester survey to estimate the
number of trees that would be planted on the reforestable area in
each region. The number of these trees planted annually depends
on the speed with which the reforestable area is planted. We
estimated the number of trees required to be planted annually
for two potential time horizons: from 2022 to 2040 and 2022 to
2030. We primarily focused on the 2040 timeframe to examine
challenges along the reforestation pipeline, from seed collection
to post-planting treatments. The 2030 scenario would require
up-front investments in physical infrastructure and workforce
development that would be difficult to justify if demand is not
sustained beyond 2030. We asked respondents to estimate costs
per hectare for seedlings, site preparation, planting, and post-
planting treatments and summed across these four components
to estimate total costs. When costs were missing for seedlings and
planting, we used regional median costs. All dollar values in this
paper are reported in 2020 USD.

RESULTS

Reforestable Area

Our reforestation scenario across the contiguous 48 states
included ~15.4 and 10.6 million hectares (38 and 26 million
acres) for agricultural (marginal cropland and pasture)
and natural lands, respectively, for a total of 26 million
hectares (64 million acres; after Cook-Patton et al., 2020;
Supplementary Table 1). Five states (Missouri, Kentucky,
Tennessee, Virginia, and Arkansas) each had more than 700,000
hectares (1.7 million acres) of reforestation opportunities
on agricultural lands, collectively comprising 29% of our
nationwide estimate of opportunity on agricultural lands. Five
states (Colorado, Montana, Idaho, New Mexico, and Utah)
each had more than 700,000 hectares (1.7 million acres) of
reforestation opportunities on natural lands, comprising 43% of
our nationwide estimate of opportunity on natural lands.

Trees Required Per Year

Based on the forester survey results, we estimated planting
density in each region. The median estimates were 741 stems per
hectare (300 stems per acre) for western states, 1,344 stems per
hectare (550 stems per acre) for eastern states, and 1,489 stems
per hectare (603 stems per acre) for southern states. Based on a
weighted average of reforestation opportunities in each region,
this resulted in a national average of 1,162 stems per hectare
(470 stems per acre; Supplementary Table 1). As a check, we
compared these numbers with planting densities estimated by
the USFS Forest Inventory and Analysis program from Haase
et al. (2020), which yielded a weighted average of 1,308 stems
per hectare (529 stems per acre)—that is 13% higher than our
forester survey-based estimate. We used the more conservative
number from the forester survey to estimate 30 billion trees
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FIGURE 3 | Using data from Cook-Patton et al. (2020), we used these criteria to quantify reforestation opportunities in the US. Datasets are referenced in parentheses
where the year indicates the vintage of the data. Citations for these datasets are: LANDFIRE: (U. S. Department of the Interior Geological Survey, 2014); NAFD:
(Goward et al., 2016); National Land Cover Dataset 2011: (Homer et al., 2015); TIGER: (US Census Bureau, 2017); Protected Area Database of the US (PAD-US): (U.
S. Geological Survey Gap Analysis Project et al., 2018); gSSURGO: (Soil Survey Staff, 2016).

required to reforest our 26 million hectares (64 million acres)
reforestation scenario.

To estimate the number of trees required to be planted
annually, we assumed that planting could begin in 2022 and
would continue through 2040. This effort would require the
planting of an additional 1.7 billion seedlings annually. These
trees would need to be planted in addition to the 1.3 billion
seedlings currently planted, which are almost exclusively planted
on recently harvested or disturbed forests rather than the lands
we have identified as opportunities to expand forest cover.
Planting faster (to achieve the goal by 2030) would require 3.8
billion additional seedlings per year. Thus, we would need 3.0 or
5.1 billion seedlings per year to meet reforestation goals by 2040
or 2030, respectively.

Seed Collection and Storage

Increased seedling production for reforestation will require
availability of viable, genetically appropriate seeds (Broadhurst
et al, 2015, 2016; Gann et al, 2019). Tree nurseries acquire
seeds from a variety of sources depending on species, production
method, availability, cost, customer demand, end-use goals, and
other considerations (Bonner and Karrfalt, 2008). Generally,
seeds are obtained from specialized seed orchards and seed
production areas (SPAs) or from the wild (Nevill et al,
2016; Erickson and Halford, 2020). Orchards and SPAs aim
to produce seeds of higher quality and health potential (e.g.,
disease resistance) compared with wild-collected seeds and
generally focus on commercial timber species. Due to decreasing
investments in tree improvement during the past few decades,
these seed resources have been declining, exposing gaps in the
nation’s tree seed supply (Wheeler et al., 2015). In the absence
of orchards and SPAs, a high reliance is placed on harvesting

seeds from wild stands or even seeds from urban trees, often with
unknown genetic origin or quality.

Despite the growing demand for seeds across many
geographies, guidance for collection, quality testing, and
provenance reporting are often lacking (Ryan et al., 2008;
Frischie et al., 2020). Successful seed collection programs rely
on skilled collectors to identify, monitor, and access appropriate
collection locations (Kelly, 1994; Hay and Probert, 2013;
Whittet et al., 2016; Pike et al., 2020). Most seeds are only
available for collection during limited windows of time, such
that collectors require the knowledge to appropriately schedule
collection efforts and mobilize resources. This is particularly
important for species that exhibit seed masting behavior, for
which seed production occurs sporadically across years and is
difficult to predict (Gallego Zamorano et al, 2018). Chronic
under-investment in skilled labor, infrastructure, and workforce
training has, in many places, led to a limited capacity for seed
collection, testing, and storage, which contributes to higher
seed costs and limited inventory (Oldfield and Olwell, 2015;
Broadhurst et al., 2016). In addition, it is becoming critical to
understand how different seed sources may respond to shifting
climate conditions and thus inform provenance selection and
seed transfer consideration aimed at long-term reforestation
success (Erickson et al.,, 2012; Jones, 2013). Many commercial
seed collectors, however, operate across wide geographic areas
and have limited information on the population-level genetics of
a seed source (Kramer et al., 2019). Taken together, these factors
contribute to a lack of a robust seed supply that impedes the
ability to achieve reforestation goals (Jalonen et al., 2018). Species
typically grown via vegetative propagation, such as cottonwood
(Populus spp.) and willow (Salix spp.), face similar challenges
around sourcing appropriate plant material.
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In addition to the limited supply of seeds, the ability to
properly clean, process, and store seeds requires specialized
expertise, equipment, and storage facilities to ensure seed viability
is maintained for years or decades (Bonner and Karrfalt, 2008;
Frischie et al., 2020). The duration of seed storage that is
biologically possible differs by tree species. Seeds of many species
can be stored long-term, if appropriate storage facilities are
available, while others (i.e., “recalcitrant” seeds) cannot be stored
over multiple years (Bonner and Karrfalt, 2008; De Vitis et al.,
2020). For species with recalcitrant seeds, in situ conservation in
living collections, seed orchards, or SPAs are critical (Dickie and
Pritchard, 2002; De Vitis et al., 2020).

Nationally, our nursery survey found that roughly 20% of
seedlings are produced from wild-collected seeds. In southern
and western regions of the US, most nurseries obtain <25%
of their seeds from wild stocks, and a small percentage of
nurseries rely heavily (>75%) on wild seed collection (Figure 4;
Supplementary Table 2). In contrast, eastern nurseries generally
rely more heavily on wild seed collection, with 87% of nurseries
collecting at least 25% of their seeds from wild sources. The
lower percentages of wild-collected seeds in the southern and
western regions reflect the focus on orchard development for
regionally important timber species, such as loblolly pine (Pinus
palustris Mill.) and slash pine (P. elliottii Engelm.) in the south
and Douglas-fir (Psuedotsuga menziesii Mirb. Franco) in the
west (Wheeler et al., 2015). Species planted in low volumes,
particularly hardwood species (e.g., oaks; Quercus spp.; Pike et al.,
2018), generally do not have established orchards or SPAs and

are typically grown from wild-collected seed. The higher use
of oaks and other hardwoods explains the greater reliance on
wild collection in the eastern region. However, heavy reliance
on wild collection can create seed sourcing challenges. For
example, many oak species, along with other hardwoods, produce
recalcitrant seeds (Bonner and Karrfalt, 2008) making long-term
seed storage difficult. Furthermore, many oak species also exhibit
masting (Sork, 1993), which makes seed sourcing from wild
collections unpredictable.

In our nursery survey, larger nurseries tended to rely the least
on wild collection, especially in the western and southern regions.
On average across regions, nurseries that collected <25% wild
seeds were 16 times larger (mean of 19.6 million seedlings per
year, n = 19) than nurseries that collected more than 25% wild
seeds (mean of 1.2 million seedlings per year, n = 37).

It is unclear how many additional seeds could be made
available from orchards and SPAs. For example, collection could
resume in older orchards where seed collection has ceased
(North Carolina State University Cooperative Tree Improvement
Program, 2020), although the availability of orchards and SPAs
is limited to a relatively small number of commercial species.
Therefore, near-term increases in seedling production to meet
large-scale reforestation goals may disproportionately rely on
increased wild seed collection, because orchards and SPAs require
several years to establish and develop. If seed sourcing from
orchards and SPAs remains unchanged, then wild seed collection
would need to expand from currently sourcing about 0.3 billion
seeds to about 2 billion seeds, a more than 6-fold increase.
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Increased wild seed collection will require additional trained
seed collectors and may be complicated by increasing temporal
variation due to a changing climate, especially for species that
exhibit mast seeding (Koenig and Knops, 1998; Pearse et al,
2017). To supplement seed propagation, an increase in vegetative
approaches such as somatic embryogenesis could be used to select
and produce seedlings (Denchev and Grossnickle, 2019).

Based on our nursery survey, the average seed inventory per
nursery would supply 3.8 and 1.4 years of conifer and hardwood
species production, respectively, at current levels (Figure 5;
Supplementary Table 2). This is insufficient to meet a more
than 2-fold increase in annual seedling production, meaning that
seed collection will have to be rapidly ramped up to meet the
increased demand. Seed inventories vary regionally and depend
on species-specific seed storage requirements, access to facilities
to safely store seeds, adequate funding to support storage and
infrastructure, and assurance that demand for a particular species
will persist.

Tree Nurseries

Only 32% of nursery survey respondents currently produce at
full capacity, with greater potential to boost capacity in federal
and state nurseries compared with private nurseries. Federal
nurseries could increase production by 151% and state nurseries
by 74%, on average, to produce at full capacity, whereas private
nurseries could increase by 21% (Supplementary Table 2). In
our nursery survey results, private nurseries produce 80% of
the seedlings; thus the average percentage increase to full
capacity across all ownerships is 34%. Based on these results and
extrapolation to all forest nurseries in the country, increasing
all nurseries to maximum production would produce about
0.4 billion additional seedlings per year, about 25% of the
additional 1.7 billion seedlings per year required in our large-
scale reforestation scenario.

Further increasing production (i.e., beyond current maximum
capacity) would require expansion of nursery infrastructure.
Nurseries generating container seedlings tended to report
a greater potential to expand nursery infrastructure than

those producing bareroot seedlings. Of the survey respondents
producing container seedlings, 61% reported the ability to
expand beyond current maximum capacity by 10-100%, and 28%
of those could double (or more) their current nursery size. In
contrast, 57% of those producing bareroot seedlings have the
ability to expand by 10-100%, and only 12% could double (or
more) their current nursery size. Based on an average potential
for production expansion of 94 and 47% for container and
bareroot, respectively, we estimate an overall expansion potential
of about 1.1 billion seedlings per year. Thus, current production
(1.3 billion) combined with 0.4 billion from boosting production
to maximum current capacity and 1.1 billion from nursery
expansion beyond maximum capacity yields a total of 2.8 billion
seedlings. This is 93% of the goal of 3.0 billion seedlings per year
to meet reforestation goals by 2040.

While 76% of nursery survey respondents expressed a
willingness to expand, 24% cited no desire to do so. In
general, nursery respondents reported multiple limitations to
expansion (Figure 6; Supplementary Table 2), with the biggest
concern being insufficient workforce. Most nurseries have a
year-round, core staff of 3-12 people and rely on seasonal
crews of 30-100 workers during sowing, harvesting, sorting,
and packing. Even without scaling up, labor shortages have
been an increasing concern to accomplish seasonal nursery
work due to remote nursery locations and competition with
other agricultural operations (Shropshire, 2018; Trobaugh, 2018).
Immigration policies also affect worker availability (Westerman,
2020). After labor, financial needs and market risks were the
most frequently identified limitations to expanded production
(Figure 6; Supplementary Table 2). Large, private nurseries
generally grow seedlings on a contract basis. Public nurseries,
especially state nurseries, and smaller private nurseries often
grow a portion of their stock on a speculative basis, putting them
at greater financial risk (e.g., Pike et al., 2018). Because it takes
1-3 years to produce seedlings, this uncertainty about demand
and associated sales is a significant concern for scaling up.

Public nurseries (federal and state) are also under various
restrictions to prevent them from competing with private
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nurseries. For example, federal nurseries can only sell to other
public entities. Regulations on state nurseries vary greatly by state
and generally consist of one or more of the following restrictions
on sales: a minimum sales amount (e.g., 25-100 seedlings per
order); type of landowner (e.g., must have at least 5 acres [2
hectares]); intended use (e.g., conservation or reforestation only);
and geographic area (e.g., must be within the state).

Outplanting
Outplanting is the permanent placement of nursery-grown
seedlings on the reforestation site. The number of seedlings
outplanted per year in the US is roughly equal to the
number of seedlings produced by US nurseries plus the small
amount (1.4%) imported from Canada (Haase et al., 2020). In
general, outplanting efforts start with clearly defined objectives
by the landowner or manager (e.g., wildlife habitat, timber
production, carbon sequestration) and include site evaluation,
species selection, stocktype specifications (i.e., type, size, and
seedling morphological characteristics), genetic source, site
preparation (e.g., vegetation control and soil conditioning),
seedling transportation and storage, planting arrangements (i.e.,
density and distribution), planting techniques (i.e., hand or
machine), and planting windows (Rose and Haase, 2006; Landis
et al,, 2010). An important consideration is to use seedlings
grown from seeds collected from known provenance and genetics
appropriate to the site’s seed zone. Assisted migration strategies to
mitigate climate change must also be considered (e.g., Joyce and
Rehfeldt, 2017).

Based on our forester survey, current outplanting activities for
site preparation and planting environment are summarized in
Table 1. Survey respondents reported mechanical and chemical

vegetation management as the most common site preparation
practices across all three regions. Best management practices
that promote successful reforestation vary by region and species.
Although relatively few states have detailed guidelines on
reforestation practices (e.g., Rose and Haase, 2006), many
programs follow the Target Plant Concept, in which the nursery
manager works directly with the client to plan and monitor
outplanting activities to optimize seedling performance (Landis,
2011; Dumroese et al., 2016; Grossnickle and MacDonald, 2018).
Failure to follow regionally specific reforestation guidelines
can lead to increased mortality, as can poor stock quality,
improper handling or transportation, poor planting techniques,
and inappropriate timing (i.e., missing the planting window).

One of the greatest challenges to outplanting efforts is seedling
mortality caused by water and heat stress, herbivory, disease,
competing vegetation, or fire (Coté et al., 2004; Allen et al.,
2010; Burney and Jacobs, 2013, 2018; Thyroft et al., 2019). Fire
is a particular concern when seedlings are planted on warm,
droughty sites in close proximity to downed woody material
(North et al,, 2019; Coop et al., 2020). Additionally, projected
future climate conditions in some areas will create a mismatch
between planted genotypes and the new climate. For example,
warmer winters may cause some trees to prematurely lose cold
hardiness, leading to freezing damage and decreased survival and
growth (Kosiba et al., 2013).

Post-planting

While respondents to the forester survey reported substantial
investments in site preparation practices prior to planting, most
reported little investment into post-planting activities (Table 2).
Lack of post-planting activities, also known as “plant and walk
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TABLE 1 | Percentage of foresters implementing various outplanting activities in a
typical reforestation effort by US region.

TABLE 2 | Percentage of foresters implementing various post-planting activities in
a typical reforestation effort by US region.

Outplanting activity Eastern Southern Western Total Post-planting activity Eastern Southern Western Total
Sample size (n) 23 25 22 70 Sample size (n) 23 25 22 70
Planting environment Mechanical vegetation 39 28 23 30
Post-harvest 52 80 68 67 management
Post-burn 13 52 91 51 Chemical vegetation 70 76 36 61
Post-other disturbance 22 44 27 31 management
(wind, insect) Trapping 0 4 14 6
Enrichment or 52 32 27 37 Tree sheters 35 4 41 26
underplanting Fencing 30 4 14 16
Grassland/pasture 61 60 14 46 Fertilization 4 24 9 13
Cropland 65 64 9 47 Irrigation 0 0 9 3
Type of site preparation Pre-commercial thinning 17 36 41 31
Mechanical vegetation 74 84 36 66 Mulching
management Soil amendments
Chemical vegetation 74 96 36 70 Shading 0 0 32 10
management
Soil preparation 52 68 27 50 Values other than sample size are presented as percentage of respondents.
Fertilization 4 16 0 7
Broadcast burn 17 60 36 39
Slash pile/ourn 4 48 36 30 would increase these challenges and require expansion of the
Soil amendments 9 4 9 7 workforce, expertise, and resources necessary for successful post-

The planting environment refers to the site condition prior to planting. Values other than
sample size are presented as percentage of respondents.

away, can result in poor growth or survival of outplanted
seedlings. A misplaced emphasis on how many trees are planted
rather than how many survive and thrive can compromise
reforestation success.

Industrial reforestation programs typically invest in post-
planting activities to ensure seedlings are “free-to-grow” above
the competing vegetation and animal browse within the first
few years, thereby protecting against losses and maximizing
profits. For example, industrial reforestation programs often use
browse protection measures (e.g., tree shelters, and repellents)
and herbicide treatments to control competing vegetation (Ward
and Stephens, 1995; Davis et al., 1999; Devine and Harrington,
2008; Maguire et al., 2009). Non-commercial reforestation efforts,
however, often lack funding for post-planting activities, even
though site conditions in these areas are typically challenging
for seedling establishment, survival, and growth (North et al,
2019). Without some form of intervention, abiotic and biotic
stress factors can result in planting failure on many reforestation
sites (e.g., King and Keeland, 1999; Ouzts et al., 2015).

Investments in post-planting activities are shrinking. North
et al. (2019) found that post-planting release treatments on
National Forests in the western US have declined by more
than 40% over the past 20 years. This decline is likely a
function of workforce reductions, a shift in budget resources
toward fire suppression, and other factors (North et al., 2019).
When a lack of post-planting efforts results in wholesale
failure of plantings, this represents a loss of resources invested
into the entire reforestation pipeline, including seed sourcing,
seedling production, and planting. Scaling-up reforestation

planting treatments.

An associated concern with post-planting activities is
inadequate monitoring to gauge reforestation success,
identify potential causes for failures, and remedy any
identified shortcomings (Hobbs et al, 1992). Inadequate or
absent monitoring of reforestation projects are due to (1)
knowledge gaps on best practices for cost-effectively monitoring
reforestation success, (2) limitations in funding and capacity, and
(3) short-term planning that does not go beyond tree planting
(Mansourian et al., 2017).

Planting Costs

Reforestation costs vary widely and are driven by regional
differences in silvicultural prescriptions such as site-preparation,
post-planting treatments, species (hardwood/conifer), stocktype
(container/bareroot), and planting density. Our survey estimated
median reforestation costs to be $788, $1,058, and $2,098 per
hectare ($319, $428, and $849 per acre) for the southern, western,
and eastern regions, respectively. Our survey estimated the 25th
and 75th percentile (quartile) ranges to be $662-$1,006, $862-
$1,290, $1,282-$4,319 per hectare ($268-$407, $349-$522, and
$519-$1,748 per acre) for the southern, western, and eastern
regions, respectively. Higher costs in the East are partly due to the
greater expense of hardwood seedlings compared with conifers.
Higher costs in the West are partly due to the higher price of
seedlings grown in containers compared with seedlings grown
bareroot, as the western region plants the highest proportion of
container-grown seedlings. Lower costs in the South are partly
due to the relatively inexpensive 1-year-old bareroot seedlings
produced in those states. The USES reports higher reforestation
costs of $2,347 per hectare ($950 per acre) in California. While
our survey did not allow us to estimate average costs specific to
the state of California, this amount is roughly double the cost
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we estimated for the western region. We interpreted this as a
real difference in costs between California and other states in the
western region revealed by the higher-resolution (i.e., state-level
vs. region-level) of the USFS data and therefore used the USES
estimate for California (and our surveyed estimates for the other
47 states).

We estimate that replanting all 26 million hectares (64 million
acres) of our identified areas for reforestation opportunity
would cost $33 billion, or an area-weighted national average
of $1,262 per hectare ($§511 per acre). Using the quartile range
from the survey, the area-weighted national range is $24-53
billion. This cost includes seedlings, site-preparation, planting,
and post-planting treatments until trees are considered free to
grow. While it varies by region, site, and other variables, in
general, the USES estimates that 50% of their costs are for the
planting crew, 29% for site preparation, 15% for seedlings, and
6% for contract administration and post-planting surveys and
analysis (N. Balloffet, USES, Forest & Rangeland Management
& Vegetation Ecology, personal communication). The estimated
cost does not include the required expansion of infrastructure
and operations associated with seed collection, seed banks, and
nursery production.

As the range of reported reforestation costs indicates, costs
at individual sites can be much more expensive than median
costs depending on site-conditions, planting methods, biotic and
abiotic stressors, and the expense of seedlings and planting crews.
The following factors were identified by survey respondents as
determining the cost: slope; amount of slash; soil compaction;
competition from invasive species or pasture grasses; remoteness;
the extent to which site preparation is required; whether soil
amendments are added; whether fencing is required for browse
protection; whether shade shelters or irrigation are required to
reduce water stress; whether planting or site preparation are
done manually or mechanically; the size of the project (larger
projects gain economies of scale); seedling species and stocktype;
seasonal labor constraints; and time since harvest or disturbance
(multiple years that allow growth of competing vegetation are
more costly).

DISCUSSION

A surge in reforestation efforts to meet ambitious goals
will require increased support throughout the reforestation
pipeline across all regions of the US. Our survey and analyses
illustrate how a large-scale reforestation program requires more
than doubling current seedling production and outplanting.
Expansion efforts must address expected limitations, especially
adequate seed supply, consistent market demand, and a
sufficient and appropriately trained workforce for nursery and
field work.

Overcoming Challenges to the
Reforestation Pipeline

To successfully meet reforestation goals, capacity must be
expanded across the entire pipeline, from seed collection and
storage, to nursery production, to outplanting and post-planting

treatments (Haase and Davis, 2017; Guy, 2020; Hohl et al,
2020). Several bottlenecks within the reforestation pipeline
must be addressed to achieve this expansion (Figure7). In
the past, federal and state cost-share assistance programs have
been effective funding mechanisms to support tree planting
and increase productivity on non-industrial private forest lands
(Haines, 1995) and similar programs could again be deployed to
meet current goals.

Our surveys identified labor shortage as the single largest
issue. Seasonal migrant workers have been the standard in
nursery and forestry field work for many years, but the availability
of this labor pool is influenced by immigration policies and
competition within the agricultural sector. Historical precedent
illustrates that federal programs to reduce unemployment and
train workers can expand nurseries and tree planting. For
example, nursery work and tree planting were once part of the
Civilian Conservation Corps’ (CCC) main activities (Dumroese
et al., 2005). Similarly successful efforts have been undertaken in
other countries (Vadell et al., 2016). The current goals to increase
reforestation and the extreme unemployment levels created by
the 2020 coronavirus pandemic could both be addressed by
programs to develop a tree-planting workforce similar to the
CCC (Kurtz, 2020; O’Mara, 2020). Below we discuss additional
options for addressing pinch points along each stage of the
reforestation pipeline.

Seed

To ensure an adequate tree seed supply, investments are needed
to identify gaps and to build seed collection capacity and expertise
(Jalonen et al., 2018; Barga et al., 2020; Erickson and Halford,
2020). For example, a useful model that could be expanded
to address seed shortages is the “Assessment of Native Seed
Needs and Capacities” conducted by the National Academies
of Sciences Engineering Medicine (2020) though this effort
currently targets non-tree species. Similarly, the Seeds of Success
(SOS) program, led by the US Department of the Interior Bureau
of Land Management (BLM) provides hands-on training and
expertise in seed collection and conservation, although it also
focuses on non-tree species (Barga et al, 2020). Expanding
these efforts or conducting a similar systematic nation-wide
effort focused on tree species would help to address seed
shortages. Furthermore, the implementation and integration of
seed certification programs, such as those in Europe and many
US states (De Vitis et al., 2017; Association of Official Seed
Certifying Agencies, 2018; Mainz and Wieden, 2019) to identify
and track plant material along the supply chain would improve
seed quality and planning capacity needed to meet the local and
national reforestation goals outlined by the United Nations and
similar initiatives (FAO UNEP, 2020). Any program to increase
seed supplies must also include a seed testing component to
ensure seed quality (Ryan et al., 2008; Erickson et al., 2012; Jones,
2013; Kramer et al., 2019; Frischie et al., 2020).

The development of seed zones and seed transfer guidelines
for a number of species across the US, particularly for taxa that
do not constitute high-value commercial species, represent a
major advance in helping producers identify the most suitable
genetic sources for a particular planting site (Cunningham, 1975;
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» Develop research programs
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 Ensure the Target Plant Concept is integrated throughout the pipeline

FIGURE 7 | Actions needed to address challenges within the reforestation pipeline in order to implement an ambitious reforestation scenario.

Alden, 1991; Bower et al., 2014; Erickson and Halford, 2020;
Pike et al., 2020). For example, “Generalized Provisional Seed
Zones” use climate data and ecoregional boundaries to delineate
safe areas for seed transfer for seeds that lack species-specific
transfer guidelines (Bower et al., 2014). Continued research
is needed to understand how well these seed zones function
and how this guidance may need to be refined in the face of
a changing climate (Pike et al., 2020). Additionally, empirical
research findings will need to be translated into practical
decision support tools, like the “Climate-Smart Restoration
Tool,” which helps match the climate adaptability of seeds
with climate zones and conditions of candidate sites. To be
effectively integrated into planning, such tools will need to
be expanded to cover a wider range of species across the US
(Cooke et al., 2019; Kilkenny et al., 2020).

Continued improvements to the genetic quality of the
seed supply would also improve the outcome of reforestation

efforts (Broadhurst et al., 2008; Alfaro et al., 2014; Jalonen
et al., 2018; Erickson and Halford, 2020). In particular, tree
improvement and forest genetics programs could further focus
on physiological and restorative values such as drought,
heat, insect, and disease tolerance, as well as adaptability to
changing climatic conditions (Morgenstern and Wang, 2011;
Wheeler et al., 2015; Nevill et al,, 2016). While still in its
infancy, genomic technologies for targeting disease resistance
may play a bigger role in future seed sourcing decisions
(Breed et al., 2019).

Nurseries

To increase seedling production beyond current production
levels in the US, nurseries that currently produce below
maximum capacity could bring their production up to full
capacity, and nurseries that have the ability to expand beyond
their current capacity could do so, either within their current
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footprint or onto additional lands. Additionally, new nurseries
could open if the incentive to do so is sufficiently attractive and
long-term markets are expected. Creative partnerships with other
plant producers could result in mutually beneficial endeavors.
For instance, legal cannabis production in some states has
outweighed demand by as much as 50% (Crombie, 2019). Other
plant production industries, such as landscaping, agriculture, or
seasonal products, may also be underproducing and therefore
underutilizing or abandoning existing facilities that could be used
for tree seedling production.

To expand beyond current maximum capacity requires more
land and facilities. Bareroot nurseries are ideally located on
relatively flat land with favorable soil conditions, as well as
essential infrastructure, such as tractors and implements for
sowing, culturing, lifting, packing, and storing seedlings prior
to shipment to planting sites. Container nurseries also require
relatively flat land, construction of outdoor growing compounds,
shadehouses, or greenhouses, storage facilities, and specialized
equipment. Growing space needs will vary depending on local
target species, growing densities, and stocktypes. For example,
hardwood seedlings tend to be grown at much lower densities
compared with conifer seedlings. All nurseries need access to a
reliable, abundant, and clean water source and installation of an
effective irrigation system as well as structures for administration,
processing, and storage. Planning for a significant surge in tree
seedling production over the next 10-15 years should also include
a plan for longer term adjustments to changes in future demand.

Increased seedling production must not be done at the
expense of seedling quality. For example, simply sowing more
seeds in bareroot beds is not an option as seedling growing
density significantly impacts seedling quality. Using the Target
Plant Concept (Dumroese et al., 2016), nursery-grown seedlings
must be matched to the conditions of the outplanting site and
thus be morphologically balanced and physiologically ready to
grow and thrive after outplanting (Grossnickle and South, 2017).
Adopting a national nursery certification program aimed at
producing high-quality seedlings may be helpful in conjunction
with scaling up efforts.

Outplanting

Improving regional and state reforestation guidelines, as well as
education and training programs for land managers and tree
planters, would help reduce the risk of outplanting failures,
particularly on harsh sites. Following such guidelines can reduce
seedling mortality due to improper handling/transportation,
poor planting techniques, and inappropriate timing (i.e., missing
the planting window). Guidance also helps ensure that species
and genotypes are matched with the climate and environmental
conditions of the outplanting site.

Increasing access to temporary storage facilities and
transportation units (i.e., covered and/or refrigerated trailers or
vans) can protect seedlings from threats such as temperature
extremes, desiccation, and rough handling (Landis et al,
2010). Access to this type of equipment and facilities
could be developed as a cooperative model among regional
organizations. Additionally, it is important to refine planting
windows based on shifting climate conditions to reduce risks to

seedlings and optimize survival and growth after outplanting
(Landis et al., 2010).

Future research efforts should focus on outplanting strategies
that could increase reforestation success and decrease associated
costs. For example, ground-based robotics and unmanned aerial
vehicles for both planting trees and direct seeding are potential
new technologies (Aghai and Manteuffel-Ross, 2020). Another
promising strategy is nucleation planting, where trees are planted
in clusters that provide future seed sources for colonizing
unplanted areas. This approach can mimic natural regeneration
processes and provide landscape-scale heterogeneity which can
improve habitat quality and reduce future disturbance size
or severity (Corbin and Holl, 2012). For example, landscape
heterogeneity can reduce the spread of pests and diseases (e.g.,
mountain pine beetle; Raffa et al., 2008) and reduce the size of
high-severity burn patches (Hessburg et al., 2019).

Post-planting

Evaluation of post-planting survival, growth, tree density, and
tree cover through field monitoring and remote sensing enables
land managers to mitigate any issues, ensure that planted trees
reach a “free to grow” status, and learn from projects that
succeed vs. fail (McDonald et al., 2016). Additionally, monitoring
efforts provide an opportunity to assess the overall performance
of the pipeline (connected to the Target Plant Concept) and
refine the process to improve future efforts. Post-planting
activities may eventually progress into young stand management
activities, such as pre-commercial thinning, depending on
ownership objectives.

While post-planting activities are often more expensive
and likely to receive the least amount of attention of the
four pipeline components (Table 2), investments in the final
stage of the pipeline protects prior investments into seed
collection and storage, nursery production, and outplanting.
Furthermore, additional accounting for the full suite of
benefits trees provide, including carbon capture, protection of
clean water, and other ecosystem services (Lal et al, 2009;
Stanturf et al, 2014; Keller and Fox, 2019; Ovando and
Brouwer, 2019) can help justify post-planting monitoring and
maintenance costs (Hamrick and Gallant, 2018). Water quality
is an especially promising avenue for potential payments for
ecosystem services. For example, in a nationwide survey of
over 1,000 US households, respondents were more willing to
pay for water quality than habitat, flood control, or landscape
esthetics (Aguilar et al., 2018).

Costs

We estimated the planting costs for 26 million hectares at $33
($24-$53) billion, but this estimate does not include additional
investments in infrastructure necessary to expand pipeline
capacity in seed collection and storage, nursery production,
outplanting, and post-planting activities. These costs may be
substantial, and while many promising paths for scaling up the
reforestation pipeline exist, large federal and state incentives
and technical assistance will be required to achieve the goals
identified here. Studies have shown that forest and other rural
landowners respond to incentive payments and plant more
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trees for timber production than simple market forces would
generate (De Steiguer, 1984; Royer and Moulton, 1987; English
et al,, 1997; Daniels et al., 2010). Currently, when reforestation
occurs on private lands, private landowners typically bear
most reforestation costs even with government cost-share
programs, which could be increased to further offset these costs.
Additionally, incentive programs can be effective for prompting
tree planting for production of ecosystem services such as wildlife
habitat, carbon storage, sustainable conservation of forestlands,
and other forest-based amenities (Jacobson et al., 2009; Tian
et al., 2015; Snyder et al., 2019; Chizmar et al,, 2021). Increased
efficiencies and economies of scale that help reduce costs would
also make it more feasible to meet ambitious reforestation goals
(Corbin and Holl, 2012; Corbin et al., 2016; Almeida et al., 2019;
Aghai and Manteuffel-Ross, 2020). Incentive programs and other
funding mechanisms must account for cost variations due to
location, stocktype, terrain, and other factors; therefore, a simple
“one-dollar-per-tree” approach is often inadequate and cannot be
applied universally.

Uncertainties in Reforestable Areas

The area of land we are able to reforest will depend greatly
on the costs and returns of tree planting, public incentives,
and landowner willingness (Claytor et al, 2018). Several
biophysical factors may also limit the need or ability to
reforest the entire 26 million hectares (64 million acres)
classified in our analysis as reforestable. In addition, while
our analysis restricts reforestation opportunities to places that
were historically forested, which excludes natural grasslands,
shrublands, and woodlands, care should be taken not to adversely
impact species of conservation concern that are dependent on
non-forest habitat.

Planting in pastures faces challenges associated with
appropriate species selection, site-preparation to
competing vegetation and reduce soil compaction, and may have
mortality associated with water stress in more arid environments
if not irrigated (Lof et al., 2012; Cunningham et al, 2015).
The 14 million hectares (35 million acres) of pastures in our
reforestation scenario comprise only about 8% of the 178 million
hectares (440 million acres) of grazed lands in the US (2017
Ag Census https://quickstats.nass.usda.gov/). In some areas,
trees could be planted on pasture either by ceasing grazing and
converting completely to forest or by introducing silvopastoral
systems, which allows continued use of the land for livestock
production (Barlow et al., 2016; Jose and Dollinger, 2019).

Another area of concern is semi-arid forests at low elevations,
which provide marginal conditions for reforestation due to
drought and heat stress (Kolb and Robberecht, 1996). In these
areas, alternating periods of cool/wet and hot/dry conditions
result in expansion and contraction of low-elevation forests
(League and Veblen, 2006; Rother and Veblen, 2017; Davis
et al, 2019). Tree seedlings cannot tolerate stress as well
as mature trees, especially in hotter and drier environments
(Dobrowski et al., 2015). Climate change can exacerbate
this issue as the climate continues to deviate from the
more favorable historic conditions that enabled the mature
trees to establish (Rodman et al., 2020). The combination

remove

of disturbance and ongoing climate change may necessitate
a shift in the composition of genotypes, ecotypes, and/or
species (Coop et al., 2020). Reforestation goals in these areas
may benefit from assisted population, range, and/or species
migration (Williams and Dumroese, 2013). In some cases,
shifting restoration goals to non-forest vegetation may be
more practical.

Climate change also contributes to the increasing size
and frequency of wildfires (Seidl et al, 2017), with a direct
relationship between the area and intensity of fires and increasing
temperature (Abatzoglou and Williams, 2016; Westerling, 2016;
Parks and Abatzoglou, 2020). Current rates of reforestation are
already inadequate to keep up with the “backlog” of burned
areas that are not naturally regenerating, and climate change is
expected to exacerbate this by increasing the size and intensity
of wildfire (Dumroese et al., 2019). This is likely to lead to an
increase in the area in need of reforestation, in addition to the
26 million hectares that we identified in our large-scale scenario.
This climate-driven increase in the likelihood of fire also has the
potential to increase mortality of young trees, thereby reinforcing
a non-tree dominated ecosystem (Enright et al.,, 2015; Turner
et al,, 2019; Keyser et al.,, 2020). This risk is increased if post-
burn plantings are high-density, because any subsequent fires
are likely to burn at higher severity in the plantings than in
surrounding unmanaged areas (Thompson et al., 2007; Zald and
Dunn, 2018). Thus, it is critical to consider the likelihood of
future fire when designing the density and spatial arrangement
of post-fire plantings (North et al., 2019).

CONCLUSION

We considered a scenario where 26 million hectares (64 million
acres) of natural and agricultural lands are reforested by 2040
with 30 billion trees at an estimated cost of $33 ($24-$53) billion
dollars. This scenario would require increasing the number of
tree seedlings produced each year by 1.7 billion, a 2.3-fold
increase over current nursery production levels. Meeting this
or similarly ambitious reforestation goals will require expanded
capacity for seed collection, nursery production, workforce
development, and improvements in pre- and post-planting
treatment practices. Historically, in the US and elsewhere, such
investments have successfully provided the labor and plant
materials necessary to increase forest cover on the landscape
(Vadell et al., 2016; Dumroese et al., 2019) and provide benefits to
society for biodiversity, clean water, soil stabilization, recreation,
and fiber.
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