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Abstract 

Tree planting is increasingly being adopted as a strategy to address global change, including mitigation, adaptation, and restoration. 
Although reforestation has long been central to forest management, the desired outcomes of traditional and emerging tree-planting 
strategies face barriers linked to a lack of ecological diversity in forest nurseries. In the present article, we outline how insufficient 
diversity in nursery seedlings among species, genotypes, and stock types has impeded and will continue to hinder the implementation 
of diverse ecological or climate-suitable planting targets, now and into the future. To support this, we demonstrate disparities in seedling 
diversity among nursery inventories, focusing on the northern United States. To overcome these challenges, we recommend avenues 
for improving policy and financing, informational resources and training, and research and monitoring. Absent these advances, current 
seedling production and practices will fall short of ambitious tree-planting goals proposed for forest restoration and global change 
mitigation and adaptation. 

Keywords: reforestation, mitigation, adaptation, nursery, forestry, seedlings, seed source, provenance, seedlot, genotype, assisted 
migration, tree planting 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to meet diverse ecological and climate-suitable planting targets 
will be the greatest barrier to ensuring biologically, economically, 
and socially just outcomes (Bennett 2015 ). 

Various tree-planting strategies for global change have been 
proposed (see box 1) to restore or sustain native ecosystem func- 
tions (Stanturf et al. 2014 , Gann et al. 2019 ), mitigate climate 
change through increased carbon stores (Domke et al. 2020 ), or 
adaptively respond to nonnative pests and pathogens or changing 
climatic conditions through biological diversification (e.g., func- 
tional replacement, assisted migration; Pedlar et al. 2012 , Palik 
et al. 2022 ). Although the motivations for traditional reforestation 
practices aimed at timber production or other commodities 
remain strong (Martin et al. 2021 ), these practices are increas- 
ingly being complemented by planting decisions in response 
to a warming climate, shifting species habitats, and natural 
disturbances (e.g., wildfire, invasive pests, and pathogens) linked 
to global change (Klenk and Larson 2015 ). Irrespective of the 
planting project goals, fundamental economic and logistic issues 
remain that will limit the implementation of tree-planting ini- 
tiatives, with calls to greatly expand seed and nursery seedling 
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Global climate change is expected to dramatically affect forested
ecosystems, presenting challenges for foresters, conservationists,
and policymakers worldwide (Dale et al. 2001 ). In response, forest
conservation strategies, including climate adaptation frameworks
(Millar et al. 2007 , Schuurman et al. 2021 ), as well as ambitious re-
forestation and afforestation initiatives emphasizing large-scale
tree planting, have been proposed (e.g., the World Economic Fo-
rum’s One Trillion Trees Initiative; the REPLANT Act as part of the
Infrastructure Investment and Jobs Act, 117th US Congress 2022 ).
Such momentum has generated substantial and growing interest
in tree planting as a solution for restoration (of species and ecosys-
tems) or adaption and mitigation to the effects of global change.
Despite a long history of using tree planting to meet various refor-
estation and economic goals (Bennett 2015 ), the lofty desired out-
comes of emerging planting strategies are not a simple solution
to address the challenges of global change and will be met with
several barriers for implementation (Holl and Brancalion 2020 ,
Di Sacco et al. 2021 ). Although expanding seedling production is
widely recognized to be a central challenge to meeting this grow-
ing need (see Fargione et al. 2021 ), enabling tree-planting projects
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Box 1. Tree-planting strategies for global change.

Tree-planting strategies vary in terms of global change objectives. In the present article, we outline three commonly proposed 
planting strategies for global change, including a summary of challenges and intended outcomes. Although presented as discrete 
options, our grouping merely serves to differentiate outcomes, because many can be complementary (or conflicting). Furthermore, 
although reforestation strategies for timber production or other utilities are not reviewed in the present article, these practices 
remain important and are not necessarily isolated from the considerations outlined below (Martin et al. 2021 ). 
Mitigative tree-planting strategies aim to increase forest biomass to offset greenhouse gas emissions via enhanced carbon stores 

(Domke et al. 2020 ). These strategies largely include reforestation efforts to increase forest stocks (Cook-Patton et al. 2020 ), recla- 
mation of degraded forests (e.g., mines and other disturbed lands; Fox et al. 2020 ), or afforestation to establish new forests on lands 
that, historically, were unforested (IPCC 2014 ). Although these strategies have long been part of forest management, the carbon 
mitigation potential of tree planting has generated considerable international attention (e.g., www.1t.org ). In fact, some estimates 
suggest that mitigative planting could sequester an additional 6.1 metric tons of carbon dioxide per hectare per year in the United 
States (Cook-Patton et al. 2020 ), or store 205 gigatons of carbon globally (Bastin et al. 2019 ), although debate exists regarding the 
on-the-ground realities of these estimates (Veldman et al. 2019 ). While mitigative planting can offer secondary benefits (e.g., biolog- 
ical diversification, wildlife habitat, flood mitigation), negative consequences involving ecological and societal conflicts (e.g., water 
use, grassland habitat degradation; Holl and Brancalion 2020 ) and environmental equity (e.g., displacement of tradititonal uses, 
land rights; Scheidel and Work 2018 ) can potentially undermine benefits. Concerns remain that project coordinators may become 
singularly focused on carbon storage with potential tradeoffs or negative consequences in ecological function and adaptability (e.g., 
compositional diversity, structural complexity, habitat development). 
Restorative tree-planting strategies principally aim to diversify, restore, or replace species, communities, or ecosystem functions 

that have been threatened or degraded (Stanturf et al. 2014 , Gann et al. 2019 ). Although practiced for decades (Dumroese et al. 
2005 ), restoration plantings may be pursued in response to threats from global change (e.g., invasives, disease, pollution, flooding). 
Frequently, the aim is to diversify forests on the basis of historical conditions to promote ecological persistence, particularly when 
onsite seed sources are absent, or forest management regimes fail to recruit target species. This practice may include species 
reintroductions or restoration of habitats important for climate resilience, such as riparian areas. In addition, restorative plantings 
may support functional assemblages, especially when the degradation or loss of dominant or keystone species threaten forest 
functioning. For instance, the anticipated loss of Fraxinus nigra (Marshall), a species necessary for hydrologic regulation of lowland 
forests, has led to evaluations of planting functional replacement species to maintain wetland habitat function (D’Amato et al. 2018b ). 
Ultimately, the goals of restorative plantings may vary, but focus on augmenting, maintaining, or restoring forest function in the 
context of actual and anticipated changes. 
Future-climate-suitable planting strategies are a reaction to climate change advancing more rapidly than the pace that tree species 

can migrate (in the eastern United States and elsewhere; Sittaro et al. 2017 ), likely modifying habitats and threatening ecosystem 

functioning. In response, foresters and conservationists may transition forest composition on the basis of anticipated shifts in future 
habitat (Nagel et al. 2017 ). Frequently, these efforts are termed assisted migration , and they broadly encompass the movement of 
populations or species to new environments (Pedlar et al. 2012 , Williams and Dumroese 2013 , Palik et al. 2022 ). Foresters have long 
experimented with the movement of genotypes through common garden experiments to inform transfer distances under historical 
climate. Traditionally more emphasis has been placed on species in support of timber production (Dumroese et al. 2005 , Park and 
Rodgers 2023 ), rather than sustaining ecosystem services linked to global change. Although few operational-scale forested assisted 
migration examples exist (see Palik et al. 2022 ), tensions exist between local ecological adaptation and lags in migration (Etterson 
et al. 2020 , Clark et al. 2021 ). Concurrently, we lack scientific consensus regarding potential risks and appropriate uses of assisted 
migration (e.g., maladaptation, invasion, best management practices; Pedlar et al. 2012 ). Although routine use of assisted migration 
is not yet widespread, the risk profile of many forests has already fundamentally changed making the pursuit of climate-responsive 
plantings timely and potentially lower risk than no action (Palik et al. 2022 ). 
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olume production in all its various forms (e.g., bare-root, con-
ainerized, cuttings, plugs; hereafter called seedlings ; Merritt
nd Dixon 2011 , Haase and Davis 2017 , Fargione et al. 2021 ). In
ddition, considerable emphasis has been placed on frameworks
utlining seed provenancing strategies emphasizing the need
or biological and genetic diversity in tree-planting initiatives for
estoration or climate adaptation (Breed et al. 2013 , Broadhurst
t al. 2015 , Jalonen et al. 2018 ). Despite the ostensible utility of
hese proposals, less attention has been paid to the capacity of
orest nurseries to actually supply a diverse and shifting inven-
ory of seedlings (e.g., species, functional groups, climate-suitable
enotypes, seedling sizes, and other stock types) relative to those
raditionally favored for timber production (Tepe and Meretsky
011 , Whittet et al. 2016 ). Failure to diversify seedling production
n forest nurseries today will hamper options for meeting an
ver-widening spectrum of planting goals for global change, with
otential legacy effects expected in future forest demography,
cosystem homogeneity, and vulnerability. For reforestation
rojects, which overwhelmingly rely on seedlings produced
n forest nurseries, the ability of these nurseries to maintain
ufficiently diverse inventory will likely be a major bottleneck in
upporting ecologically rich, climate-suitable plantings, now and
nto the future. 

Over a decade ago, Tepe and Meretsky ( 2011 ) asked whether for-
st nurseries in the United States were prepared to meet restora-
ion targets in response to climate change. In the present ar-
icle, we revisit this question by assessing the status of forest
urseries and seedling production, emphasizing the availability
f ecologically and climatically diverse inventories in the context
f tree-planting efforts for global change. Although the specific

http://www.1t.org
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Figure 1. The northern US focal region, which includes the 20 North Central (light gray) and Northeastern states (dark gray), along with the location 
and ownership type of forestry nurseries. 
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challenges differ regionally (see Fargione et al. 2021 , Martin et al.
2021 ), the issues we identify are broadly and globally relevant to
tree-planting initiatives (Jalonen et al. 2018 ). As such, we focus
on the northern region of the eastern United States, which in-
cludes the 20 Northeastern and North Central states (figure 1 ;
Iverson et al. 2008 ), because this region serves as a useful case
with lessons that are broadly translatable for tree planting. For
instance, the northern region of the eastern United States is one
of the most densely forested and compositionally diverse regions
in North America but, by some estimates, supports over 16 mil-
lion hectares of land area available for reforestation and afforesta-
tion, potentially necessitating up to 22.5 billion seedlings ( https:
//www.reforestationhub.org/, Domke et al. 2020 ). Moreover, this
region has the highest concentration of nonnative insects and dis-
eases in North America (Lovett et al. 2016 ), is already experiencing
climate change-induced impacts (Swanston et al. 2018 ), contains
over 40 tree species forecasted to decline from or migrate into this
region over the next century because of climate-induced shifts
in habitat suitability (Peters et al. 2020 ), and is where tree plant-
ing for global change is already being enlisted in forest ecosystem
management (Palik et al. 2022 ). 

Our goal in the present article is to assess the ability of north-
ern US forest nurseries to meet the need to supply sufficiently
diverse seedlings (e.g., species, native and climate-adapted geno-
types), relative to emerging tree-planting efforts aimed at global
change (e.g., mitigation, restoration, adaptation; see box 1). We ad-
dress this by reviewing forest nursery capacity and seedling in-
ventories (e.g., species, seedlot geography), linking the outcomes
to factors that limit effectively operationalizing these strategies
into routine practice. Our objectives are to broadly illustrate the
barriers associated with species, genotype, and stock type avail-
ability that will hinder emerging tree-planting efforts specifically 
aimed at global change. We conclude by proposing that, to use 
tree planting as a tool for managing forests in response to global
change, forward-looking policy and funding, training and infor- 
mational resources, and research and monitoring will be needed 
to support the diversification of forest nurseries and inventories. 

Diversifying plant production in forest 
nurseries 

Expanding seedling production in forest nurseries will be cen- 
tral to achieve ambitious tree-planting objectives aimed at ad- 
dressing global change. In fact, Fargione and colleagues ( 2021) 
estimated that a 2.3-fold increase in production will be needed 
to meet broadly proposed reforestation goals in the contiguous 
United States, along with refining the seedling supply chain (e.g.,
labor, nursery capacity, outplanting actions). Forest nurseries are 
a unique bottleneck for scaling up tree planting in response to 
global change, but the scope of the challenge reaches far beyond 
volume production of seedlings. 

The novelty of some planting strategies for global change, such 
as the movement of climate-suitable species and genotypes, likely 
generates uncertainty among forest nurseries, hampering broad 
scale investment. This is particularly germane in regions where 
nurseries have declined and where speculative investment in 
growing new, future-climate adapted, or traditionally underrepre- 
sented (nontimber) species and seedlots may carry high financial 
risk. 

In the following sections, we outline barriers that will limit the 
success of future tree-planting initiatives specifically related to 
nursery access, species availability, seedlot diversity, and other 

https://www.reforestationhub.org/
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eedling characteristics. Although aspects of these have been syn-
hesized elsewhere in terms of broadly proposed strategies and
est practices (e.g., Breed et al. 2013 , Broadhurst et al. 2015 , Jalo-
en et al. 2018 , Di Sacco et al. 2021 ), we focus in the present article
n the current state of forest nursery practices related to diversi-
ying seedling inventory because they are a unique pinch point
or seedling procurement and project success. Given that forest
urseries serve as the principal outlet for seedling propagation
sed for the overwhelming majority of tree-planting efforts, we re-
eal how current practices will directly and indirectly hinder the
xpansion and diversification of tree planting for global change,
oth now and into the future. 

ursery access 
n the basis of records obtained from the National Nursery and
eed Directory ( https://rngr.net/) and systematic Internet queries,
05 plant nurseries are located in the 20-state northern US region,
ut only 56 nurseries grow and sell tree seedlings in volumes suit-
ble for conservation, reforestation, or other uses in forestry (as
pposed to horticultural purposes; see the supplemental mate-
ial for detailed methodology; figure 1 ). Of these, 42 are private
urseries, and 12 are state operated, predominantly in the North
entral states. The remaining two are administered by the federal
overnment or Tribal Nations. Government-operated tree nurs-
ries have been on the decline for decades (Dumroese et al. 2005 ),
uch that of the 59 nurseries historically operated by the US De-
artment of Agriculture (USDA) Forest Service to supply seedlings
or federal lands, six remain today, with only one in the north-
rn US region. In a survey of state-operated nurseries and tree
reeding programs, nearly all respondents from the states lack-
ng government-run nurseries reported insufficient inventory, in-
luding a lack of diversity among species, seed geographic origin,
nd stock sizes (NASF 2016 ). Nursery closures have coincided with
eclines in funding to support research as well as in tree breed-
ng focused on producing species and genotypes more capable of
ithstanding the effects of climate change (D’Amato et al. 2018a ).
Relative to private nurseries, where the largest demand is com-
only from industrial timber-oriented operations that plan years

n advance, state-operated nurseries have historically had the
exibility to grow more nontimber species for wildlife or con-
ervation purposes. Theoretically, this could translate into the
roduction of species and sources grown for diversification,
estoration, or climate change adaptation. However, most nurs-
ries are typically entirely funded by seedling sales and operate
n narrow financial margins. Publicly funded nurseries have fre-
uently come under scrutiny during state budget negotiations
nd shifting political administrations, resulting in many closures.
hese legislative actions serve as guardrails that likely motivate
eedling inventories in favor of reliable species and stock types
low financial risk, low reward in terms of ecological diversity) rel-
tive to the production of species and genotypic diverse, climate-
dapted inventories (high financial risk, high reward in terms of
cological diversity). Consequently, nurseries report three major
arriers associated with producing seedling inventory in response
o climate change: laws or policies that constrain inventory de-
isions, uncertainty of how the future climate will necessitate
he need to adapt, and continued high client demand for tradi-
ional species, seed, and stock (Tepe and Meretsky 2011 ). Given
hat propagating seedlings can take several years before they
each maturity to be successfully outplanted, it is understand-
ble why nurseries may be wary of speculatively investing in in-
entory with greater risk portfolios. Without change in policy or
 sustained market signal, tree nurseries will remain behind the
urve aimed at producing a shifting target of sufficiently diverse,
limate-adapted stock in adequate quantities. Moreover, advances
n the network of professional development, education, and ex-
ension programs may be needed to reduce uncertainties associ-
ted with propagation and demand for traditionally underrepre-
ented species. 
Between 2012 and 2020, the overall production of seedlings has

enerally declined (figure 2 a). Moreover, the vast majority (80%) of
eedlings in the northern focal region are produced in the North
entral states rather than in the Northeastern states (figure 2 b).
uch concentration of production will hinder tree-planting efforts
ecause species and seed sources likely originate from similar ge-
graphic or bioclimatic zones (more on this below). In addition,
iven the sensitivity of seedlings to stress, misalignment between
ifting and outplanting times (e.g., a southern nursery may process
eedlings weeks to months before northern soils are frost free) or
xcessive shipping, handling, and storage times increase the like-
ihood of seedling health problems or mortality. 

pecies bias in seedling availability 

he varied objectives for global change plantings demand a di-
erse suite of species and functional groups. This will necessi-
ate a change in nursery practices, which have historically been
ocused on species favored for timber production, although the
roportion grown for wildlife and conservation purposes has in-
reased in recent decades (Dumroese et al. 2005 ). For instance,
oniferous species make up more than 97% of the seedlings grown
n the United States, with the vast majority (80%) produced in
he southeastern states (Haase et al. 2021 ), largely for planta-
ion forestry operations. In the northern US focal region, conif-
rous species valued for wood production and nontimber prod-
cts (e.g., Christmas trees) are also disproportionately represented
n inventories and constrained to just a few species—namely, Pi-
us spp. (L.), Abies spp. (Mill.), and Picea glauca ((Moench) Voss).
ikewise, the most common deciduous seedlings are hard mast
pecies (e.g., nut and one-seeded fruit producers) primarily val-
ed for wood production, such as Quercus spp. (L.), Juglans nigra (L),
arya illinoinensis ((Wangenh.) K.Koch), and Prunus serotina (Ehrh.;
ASF 2016 ). Although these species are found in diverse habitats
nd confer valuable functional attributes linked to restoration,
daptive capacity, and biomass production (e.g., carbon seques-
ration and mitigation), they only represent a small fraction of
he diverse species and life history traits present in northern and
astern US forest. The consequence is that tree-planting efforts
re frequently biased toward these few core workhorse species
hat can be reliably propagated and readily sourced from nurs-
ries (Broadhurst et al. 2015 ). Such homogeneity in species and
unctional diversity in forest nursery inventory serves as a major
arrier for foresters and conservation biologists aiming to gen-
rate structurally complex, compositionally diverse, and ecolog-
cally resilient future forests (D’Amato and Palik 2020 , Palik et al.
020 ). 
In our review of northern US forest nursery inventories (see

he supplemental material for detailed methodology), we found
ignificant disparities in the availability of diverse species sought
n the context of global change (figure 3 ). Although many species
ay be used among one or several emerging planting strategies to
chieve various outcomes to address global change (e.g., species
estoration and assisted migration applied simultaneously; cf.
lark et al. 2022 ), we focus on species that typify these approaches
ithin three discrete categories: 
Future-climate-suitable species are those expected to be well

dapted to future climatic conditions throughout much of the

https://rngr.net/
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Figure 2. Northern US nursery production of deciduous and coniferous tree seedlings (a) from 2012 to 2020 by region (unstacked, smoothed trends 
between groups) and (b) in 2019 by state. The year 2019 was used because it was more representative of state-level trends than was 2020 when 
production was affected by the coronavirus pandemic. Panel (b) also includes the estimated area planted based on USFS Forest Inventory and Analysis 
estimates of planting densities and state-level ground-plot data. See the supplemental material for details regarding data sourcing. 
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northern United States because of increases in habitat suit-
ability under projected climate change (Peters et al. 2020 ), and
potentially serve as candidate species employed for assisted mi-
gration. Example species include Quercus rubra (L.), Pinus strobus
(L.), and Acer rubrum (L.). 

Functional replacement species are those being evaluated as a
means of replacing species and their functional traits that are at
risk of decline because of global change. Example species include
Quercus bicolor (Willd.), Carya cordiformis ((Wangenh.) K.Koch), and
Tsuga canadensis ((L.) Carrière), which have been identified to re-
place Fraxinus nigra (Marshall), Fagus grandifolia (Ehrh.), and Picea
or Abies species, respectively (Palik et al. 2022 ). 

Species restoration includes reintroductions of threatened but
ecologically or culturally important keystone species (Costanza
et al. 2017 ), including Picea rubens (Sarg.), Castanea dentata ((Marsh.)
Borkh.), and Ulmus americana (L.). Although the latter two re-
main susceptible to disease, blight-tolerant strains have been
developed, are commercially available, and are included within
operational-scale planting efforts in anticipation of larger-scale
reintroductions (Clark et al. 2021 , Palik et al. 2021 ). 

Each species listed above in the three planting strategies was
commercially available in our assessment, although major dif-
ferences exist among species; most are highly limited in terms
of availability and regional representation. For example, Q. rubra
and P. strobus , two species predicted to be future-climate suitable
are frequently available at forest nurseries, with most states (75%)
supporting several nurseries with inventory. This is unsurprising,
because these species are highly favored for timber production.
On the other hand, ecologically important species such as C. cordi- 
formis and P. rubens are severely underrepresented, with only seven 
and two nurseries maintaining inventory, respectively. Although 
we were unable to assess the number of seedlings available for 
sale on the basis of nursery inventories, we are aware that, re-
markably, only 800 P. rubens seedlings were commercially available 
for purchase in 2022—enough to reforest less than 1 hectare. This
number pales in comparison to the potential need to effectively 
incorporate this species, or any species, into diverse reforestation 
projects. Although these data represent only 1 year of nursery 
inventory, the disparities in species availability we observed are 
likely consistent with other recent years and will continue to be 
a significant barrier to achieve ecologically diverse tree-planting 
efforts, now and into the future. 

Low genotypic diversity and poor record keeping 

The prevailing view in restoration and conservation science has 
been to prioritize the use of native seed from predefined seed 
zones, because these sources are considered well adapted to local 
conditions while maintaining genetic diversity. However, because 
climate change shifts habitat suitability, seeds will need to be 
sourced from collection zones that represent one or potentially 
multiple future climatic conditions expected for the planting site 
(Pedlar et al. 2012 , Breed et al. 2013 , Prober et al. 2019 ). Given
the ages attained by trees, determining what timeframe and 
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Figure 3. The number of forest nurseries that sold select species in 2022. Although many species may be employed within and across emerging 
tree-planting strategies for global change, we focus on nine deciduous and coniferous tree species that typify these approaches within three common 
objectives: future-climate-suitable plantings (e.g., assisted migration), functional replacement (restoration) plantings, and species restoration 
plantings (see the text and box 1 for details regarding terms). See the supplemental material for methodological details regarding data sourcing 
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hich future climate regime to target when sourcing seeds re-
ains a substantial challenge for nurseries and forest managers.

rrespective of the seed-sourcing strategy employed, we found
hat current nursery inventories fail to supply sufficiently diverse
eedlots within species. 
Depending on the species and nursery type (e.g., private, state

perated), seed procurement may occur internally by nursery
taff or outsourced to a limited number of commercial suppliers
r to a declining number of private seed collectors (with mixed
evels of training; Haase and Davis 2017 ). This results in varying
evels of genotypic diversity within collections (e.g., one versus
umerous parent trees). Moreover, documentation pertaining to
ource and geographic origin is often lacking. Although seed pro-
uction orchards have historically been important, particularly
or timber species (e.g., Pinus taeda (L.)), most seedlings grown in
he eastern United States are from wild-seed collections, often of
nknown quality and genetic origin (Nevill et al. 2016 , Erickson
nd Halford 2020 ). During poor seed production years when local
ources are depleted, nurseries may obtain seeds from well out-
ide of the region, provided that cold hardiness (Daly et al. 2012 ),
 proxy for climate suitability under historical conditions, is jus-
ifiably comparable. Unfortunately, linking performance to cold
ardiness is merely one measure of genotypic adaptation, which
urther restricts the capacity to maintain genetic diversity in tree
lanting. Taken together, there are few options for seedling buy-
rs to refine orders to match project climate profiles, potentially
enerating climate misalignment and maladaptation (in both the
hort and the long term). 
Presently, there is overwhelming scarcity of seedlings originat-

ng from sufficiently diverse bioclimatic seed zones. To illustrate
his, figure 4 a depicts the number of seed collection zones (defined
y Pike et al. 2020 on the basis of a combination of cold hardi-
ess and ecoregions), where Q. rubra seeds were collected for 2022
ursery seedling inventories. Within the focal region, seedlings
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Figure 4. Seed source availability in 2022 seedling inventories from forest nurseries located within the northern US focal region, where panel (a) 
depicts the number of Quercus rubra seed sources available within discrete seed zones throughout the species’ range (the hashed area was omitted 
from the analysis) and panel (b) illustrates source availability among nine target species that typify those commonly used for future-climate-suitable 
plantings, functional replacement of threatened keystone species, and species restoration efforts where historic ranges have been degraded (see the 
text and box 1 for details regarding terms). The seed zones were generated by Pike and colleagues ( 2020 ) and are derived from a combination of plant 
cold hardiness zones and Bailey’s ecoprovinces. In panel (b), each cell represents a seed zone (the x -axis is depicted approximately west to east), where 
white cells correspond to those in which species were historically absent (Little 1971 ). The color-coded cells indicate seed zones in which species were 
historically present and indicates whether a seed source was available for purchase at scale. See the supplemental material for methodological details 
regarding data sourcing. 
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originated from only 31% of the seed zones within the species
range. This trend is particularly troubling, given that Q. rubra is
one of the most widely propagated deciduous tree species in the
United States. Furthermore, seed source scarcity was exacerbated
among all the species examined (figure 4 b), where most had very
few sources available, typically representing less than 28% of the
seed zones within each respective species’ ranges. Unlike trees
with orthodox seeds (i.e., A. rubrum, P. strobus ), which survive dry-
ing and freezing to allow for preservation in seed storage facili-
ties for years, species with recalcitrant seeds (i.e., Q. rubra, C. den-
tata ) are challenging to preserve for long periods and must be col-
lected annually, further complicating the need to expand seed-
harvesting practices and infrastructure. Although biological and
logistical factors determine where and why seed is collected, such
as desirable seed-masting traits and predictability, it is clear from
these results that current forest nursery production severely un-
derrepresents seed provenance, genetic diversity, or climate suit-
ability among the species examined. Consequently, tree-planting
efforts suffer from restricted, homogenous genotypes and source
provenances likely unrepresentative and potentially maladapted
to current or future planting sites. 

In our assessment, the quality of seed source records main-
tained by nurseries vary considerably depending on the species,
collection type (e.g., wild, seed orchard), or collector (e.g., internal,
commercial distributor, hobbyist). Although some nurseries main-
tained detailed records of seed origin (e.g., latitude, longitude, el-
evation) and made them readily available on request, in most in-
stances records were not advertised in catalogues, difficult to ob-
tain, exceedingly generalized (e.g., “Lake States” P. strobus , a region
composed of eight states and more than 30 seed zones, covering
1,040,000 square kilometers), or even of unknown origin. Addi-
tionally, less than 25% reported cold hardiness thresholds, a proxy
for current or future-climate suitability, and none readily tracked
seedlots in accordance with Pike’s seed zones. While we were able 
to obtain some level of seed source information for most (86%) 
nursery records, the challenges we experienced reflect the barri- 
ers a forester or conservation practitioner would encounter when 
seeking to match seedlots with project needs. This is further com- 
pounded when attempting to match other seedling traits, such as 
species or stock types against inherently dynamic environmental,
economic, and operational conditions that can alter or postpone 
narrow planting windows. 

The “right” seedlings 
Despite growing interest in tree planting for global change adap- 
tation and restoration, some foresters do not actively employ tree 
planting as part of management plans. In a survey from the north-
eastern United States (McGann et al. 2023 ), foresters report some 
of the greatest barriers for planting for global change include a 
lack of resources for selecting climate appropriate seedlings (e.g.,
species, origin, stock) or uncertainty about best practices for novel 
planting strategies (e.g., assisted migration, functional replace- 
ment). This disconnect may be linked to nurseries and deficient 
or diminishing institutional knowledge of propagation and plant- 
ing practices, which are likely exacerbated for novel species and 
seedling stock types traditionally underrepresented in commer- 
cial nursery or timber operations. 

One solution is use of seedlot selection tools (e.g.,
https://seedlotselectiontool.org/sst/, www.easternseedzones. 
com ), species distribution models (e.g., Climate Change Tree At- 
las, www.fs.usda.gov/nrs/atlas/tree ), and stronger nursery–client 
partnerships, as was outlined in the Target Plant Concept (Dum- 
roese et al. 2016 ). Although most buyers have historically had 
little influence on nursery inventory (except for large industrial 
forest owners), the target plant concept involves a collaborative 
process to produce ideal plants for meeting project outcomes.

https://seedlotselectiontool.org/sst/
http://www.easternseedzones.com
http://www.fs.usda.gov/nrs/atlas/tree
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he result is greater refinement in the development of species,
rovenances, and stock types while lessening the burden on
urseries to grow speculative inventory. Despite these advan-
ages, the target plant concept is seldom practiced. Although
eedlings typically require 2–5 years to grow to be suitable for
lanting, many foresters commonly place seedling orders only
onths before outplanting. Moreover, the selection of target
pecies necessitates a keen understanding of present and future
limate and the development of best practices for regeneration
nder novel, more extreme conditions (Benito-Garzón et al.
013 , Clark and D’Amato 2023 ). Unfortunately, there are few
xamples to guide this process for emerging planting strategies
r in ecosystems such as lowland forests where planting has
istorically been uncommon, challenging the development of
argeted seedling–site combinations. 

dvancing future policy, resources, and best
ractices 

ree-planting strategies for global change vary in scope and ob-
ective, including mitigative, restorative, and climate-responsive
ctions. Increasing calls for expansion of planting will be seri-
usly hindered by several factors associated with seedling avail-
bility (e.g., labor or supply shortages, seed procurement; Fargione
t al. 2021 ). Specifically, we highlight deficiencies in regional inven-
ory, species availability, and limited, homogeneous seed sources.
o overcome these barriers, we recommend the following efforts
e placed on improving policy and financial support, on infor-
ational resources and training, and on research development,

racking, and monitoring. 

olicy and financial support 
hanges in policy and increases in financial support are likely
eeded to implement and diversify emerging tree-planting initia-
ives. Presently, government agencies such as the US Forest Ser-
ice and many US states lack clear policies for the movement of
pecies or genotypes, rather, relying on seed zones delineated in
he 1970s on the basis of climate and land use at the time. Al-
hough species transfer guidelines under a warming climate exist
e.g., Pike 2021 ), these are guided by historical climatic conditions
nd primarily emphasize species for timber production (Palik et al.
022 , Park and Rodgers 2023 ). Globally, forest nurseries report re-
uctance to diversify species and climate-adapted seed-sourcing
ractices—a hesitancy linked to policies and market pressures
hat constrain inventory decisions (Tepe and Meretsky 2011 , Whit-
et et al. 2016 , Bannister et al. 2018 ). With respect to policy, state
nd federal legislation that actively promotes the advancement of
eedlot diversity and clarifies regulations (or a lack thereof) on the
ovement of genotypes may help guide growers to increase and
iversify nursery inventory. In addition, agreement within the sci-
ntific community is needed to support a cohesive strategy to fa-
ilitate tree-planting efforts for global change, because current or
mbiguous policies hamper the ability to match species and seed
ources to a changing climate. For instance, various federal poli-
ies outlined in the USDA Forest Service Manual (e.g., Reforesta-
ion Policy FSM 2472.03, Native Plant Material Policy FSM 2070.3,
enetic Resources Management FSM 2475.03) prohibit the use
f nonnative species and genotypes in tree-planting and forest-
anagement activities on federal lands (USDA 2014 ). However, the

ecent US National Forest System Reforestation Strategy points
o a shifting sentiment and serves as an important (albeit broad)
ramework for expanding and modernizing reforestation tactics
n federal lands during an era of global change (USDA 2022 ). The
oals outlined by this strategy include expanding seed produc-
ion for climate-adapted species and genotypes to promote fu-
ure forest resilience. Still, advances are needed to define these
pproaches more explicitly such that they translate to action at a
ederal and state level. At the same time, the European Union re-
ently passed a deforestation-free supply chain policy that seeks
o ban the trade of forest and agricultural products originating
rom a jurisdiction (i.e., county) where there is planting of non-
ative tree species in naturally regenerating forests (Council of
he European Union 2022 ). Although the goal is ostensibly to halt
he conversion of natural forests into nonnative plantations (fre-
uently in the tropics), an unintended consequence could result in
mpeding tree planting for climate change adaptation elsewhere
n the world, including temperate forests. Finally, policies that tie
eforestation to more traditional metrics such as density, seedling
urvival, and growth and yield may need to be modified to reflect
he ever-widening goals for tree planting to sustain ecosystem
unctions in addition to timber production. To help meet bench-
arks for propagating and planting increasingly diverse or future-
dapted species and genotypes that carry a heightened degree of
peculative investment, legislation that promotes incentive pro-
rams in the form of regulation or tax breaks may also help mo-
ivate nurseries and buyers to diversify seedling inventory. 
Financial incentives will be needed to support sufficient access

o nurseries and diverse seed procurement, production, and in-
entory. Although tree nurseries may naturally respond to mar-
et pressures, a sustained market signal is needed to invest in
taff and infrastructure, which may take decades without assis-
ance. Presently, ambitious tree-planting targets and short fund-
ng cycles result in periodic, intense demand on nurseries. Such
ressure can result in buyers selecting seedlings on the basis of
vailability rather than on the basis of a more refined approach
ased on project objectives, site conditions, and near- and long-
erm climatic conditions. Unfortunately, few forest nurseries can
isk holding a broad but sufficiently diverse inventory in terms
f species, genotypes, and stock types, without substantial finan-
ial risk. Such a strategy is simply impractical without a finan-
ial buffer. With numerous closures in government funded forest
urseries, it is unclear how private nurseries will respond without
 sustained market signal to increase and diversify their inventory.
o fill this gap, substantial federal and state-level investment may
e needed to bolster the capacity of public nurseries and seed col-
ection efforts. This strategy may stimulate production from pri-
ate nurseries once a stable demand is apparent. In fact, in 2023,
he US federal government made an investment of US$35 million
n expanding federal nursery capacity and an additional US$10
illion to support state and Tribal nurseries and native seed part-
erships (USDA 2023 ). Likewise, the Canadian government has
ade similar investments (Department of Finance Canada 2020 ).
owever, given the existing (and growing) reforestation backlog,
eclines in nursery infrastructure, and complex needs for diverse
eeds and seedlings, it is likely that substantially more public in-
estment in the form of grants, loans, and cost-share programs
ill be needed to reinvigorate, diversify, and expand forest nurs-
ries and propagation infrastructure (e.g., seed processing, stor-
ge, land area). In addition, funding to support research and tree
reeding focused on producing species and genotypes more capa-
le of withstanding the effects of climate change will be needed. 
Labor shortages and ageing demographics in nursery trades

seed collectors, nursery employees) have been identified among
he biggest limitations for scaling forest seed collection and
ursery capacity for global change (Haase and Davis 2017 ,
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Fargione et al. 2021 ). Recruitment of new workers in these fields
is needed to fill the skilled-labor gap and to prevent the loss or
degradation of institutional knowledge. Unfortunately, efforts
to fill this labor gap have fallen short (Haase and Davis 2017 ).
Guest workers on temporary visas (e.g., US H-2B visa program)
often play an important role on tree-planting crews, reforesting
millions of hectares in the United States annually, but unclear
policies and legislation have made it challenging for businesses
to participate in this service (Blinn et al. 2021 ). In the United
States, long-term solutions are needed to allow guest workers
temporary entry to meet the labor demand from tree planting
not fulfilled by US workers. Finally, funding and job-training pro-
grams may also serve as economic drivers for job creation while
potentially providing renewed access to nurseries in underserved
areas. As such, federal and state government programs such as
the proposed Civilian Climate Corps (117th US Congress 2022 ),
modeled after historical tree-planting initiatives generated by the
US government’s New Deal and the 1930s Civilian Conservation
Corps could be leveraged to enhance the labor pool, particularly
to entice younger workers into a career path and to incentivize
the collection and production among sufficiently diverse species,
genotypes, and stock types. In addition, it may be necessary to in-
crease wages, improve work conditions, and offer more full-time
employment opportunities to entice workers over the short and
long term to seek jobs in the nursery and reforestation trades. 

Informational resources and training 

Improvement in informational resources and training is needed to
advance knowledge uptake, develop best management practices,
and reduce uncertainties throughout the reforestation pipeline
(e.g., seed procurement, nursery production, pre- and postplant-
ing activities; cf. Fargione et al. 2021 ). As foresters and natural
resource managers increasingly look to tree planting as a man-
agement strategy for global change, it is important that buyers
work with nurseries years in advance to develop project appropri-
ate seedlings (e.g., the target plant concept). Failure to plan well in
advance can lead to missing time-sensitive seed production (i.e.,
masting years) and harvesting windows or other factors such as
extreme climate that will likely exacerbate the procurement of
the right seedlings for a project’s needs. 

In the United States, the federal-level interest in reforesta-
tion (e.g., the Infrastructure Investment and Jobs Act and the
National Forest System Reforestation Strategy; USDA 2022 ) cou-
pled with growth in the private sector (e.g., The Nature Conser-
vancy’s Minnesota Million campaign) demonstrate the need for
national and regional reforestation specialists responsible for co-
ordinating seedling production and best practices to match di-
verse tree-planting initiatives (now and into the future). Exam-
ples of these services and infrastructure that already exist are
cosupported by the federal government and extension education
(see the Reforestation, Nurseries, and Genetic Resources, https:
//rngr.net ), which can serve as a model and nexus for expanding
personnel and capacity. Such specialists could reciprocally engage
with nurseries and natural resource managers to reduce knowl-
edge gaps and ensure that best practices are adaptive and trans-
ferrable. Furthermore, such individuals could help coordinate the
development of regionally diverse tree-planting projects across
agencies and landowners, informed by how the practice is being
pursued across the landscape, rather than an ad hoc stand-by-
stand approach in terms of species and genotypes selected. 

Information and professional development incentives may be
needed to support seed collectors, nurseries, tree planters, and
foresters to improve best practices for tree planting under global 
change. Presently, there are few resources for nurseries and tree- 
planting project managers to easily assess what to plant or which
climate future to target. The novelty of tree-planting strategies 
for global change will necessitate resources for reducing this un- 
certainty, by localizing decisions and improving best practices 
via university extension programs and literature, online decision 
support tools, or peer to peer adaptation trainings (e.g., North- 
ern Institute of Applied Climate Science Adaptation Workbook,
www.adaptationworkbook.org ). Under some circumstances, con- 
tinuing educational credits may be tied to certification or licensing 
(both new and existing) as a means of evolving and diversifying in-
dustry practices. Finally, more explicit integration of regeneration 
guidelines associated with planting applications, such as the use 
of future-climate-adapted species or genotypes, into state best 
management practices and forest certification standards, could 
further encourage development of communities of practice and 
capacity around tree planting under global change. 

Research development, tracking, and monitoring 

Finally, as examples of emerging planting strategies are devel- 
oped, improvements in research development, tracking seedlots,
and monitoring of outcomes will be required to refine target 
plants and best practices. In a global assessment of tree-planting 
organizations, only 5% reported pursuing postplanting monitor- 
ing outcomes (Martin et al. 2021 ). To ensure forests are sustain-
ably managed, some US states have adopted policies such as 
the Oregon Forest Practices Act that tie postharvest reforesta- 
tion outcomes to requirements in terms of seedling survival and 
stand establishment. It may be appropriate to apply similar prac- 
tices to monitor the outcomes of emerging planting projects, as- 
sessed against multiple measures of ecological health and adap- 
tation, not just survival or future biomass production. However,
unlike postharvest reforestation projects, which are often tied to 
commercial outcomes, mandating monitoring requirements on 
planting projects that lack a commercial purpose (e.g., restora- 
tion, climate adaptation, or mitigation) could have perverse ef- 
fects by increasing the cost threshold for doing these kinds of ac-
tivities. Therefore, financial incentives may be necessary to off- 
set the costs of monitoring some emerging planting projects. Al- 
though monitoring efforts need to track the short-term perfor- 
mance of plantings (3–5 years), given the novelty of many planting
objectives (e.g., assisted migration of species and climate-suitable 
genotypes, functional replacement), research and demonstration 
efforts will also need established to track the outcomes over 
longer time periods throughout various stages of tree and forest 
maturation (from 15 to more than 80 years). Research demonstra- 
tion where business-as-usual treatments (e.g., silvicultural strate- 
gies, planting arrangements, species, genotypes) are compared 
with innovative treatments in side-by-side, operationally estab- 
lished plots may be needed to be established across ecosystem 

types to reduce knowledge gaps and improve knowledge transfer 
(see Gardiner et al. 2008 , Nagel et al. 2017 , Palik et al. 2022 ). The
funding and establishment of permanent monitoring plots specif- 
ically stratified among planting projects, similar to the USDA’s 
Forest Inventory and Analysis program or state-level continuous 
forest inventory plots, will be necessary to ascertain the stand-,
ecosystem-, and landscape-level effects of planting initiatives 
aimed at global change. 

To assist forest nurseries and clients in developing ecologically- 
and climate-appropriate inventory, reciprocal reporting of plant- 
ing outcomes will be needed. Traditional measures of growth and 

https://rngr.net
http://www.adaptationworkbook.org
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urvival should be the minimum, but in some circumstances,
here more novel planting mixtures are used (e.g., assisted mi-
ration, functional replacement), finer measures of plant physio-
ogical performance or maladaptation such as heat and drought
olerance or winter freezing injury may be useful for future
ecision-makers. In addition, given the intended goals of emerg-
ng tree-planting strategies for global change, it may be neces-
ary to track outcomes in terms of the influence on habitat re-
ationships, the sustenance of ecologically or culturally impor-
ant forest functions, or ecosystem service outputs (e.g., flood
itigation, greenhouse gas storage). Greater emphasis on out-
lanting monitoring and information sharing will be needed
o assess and refine practices, particularly for emerging plant-
ng strategies with only nascent evidence. As such, incentiviz-
ng greater participation and information sharing of planting de-
igns, seedlings deployed (species, seedlots, and stock types), and
roject outcomes exchanged via open-access data repositories,
uch as the Propagation Protocols Database ( https://npn.rngr.net/
ropagation/protocols ) or regional silviculture libraries (e.g., www.
vm.edu/nesl ), may be necessary to reduce knowledge gaps and
oster broader, landscape-level decision-making. 
To match the future need, nurseries will need to ensure that

igh quality records of seed origin are readily obtainable for
uyers to ascertain seedling adaptation potential under rapidly
hanging climatic conditions. To facilitate this, the development
f a national seed-labeling standard and database would greatly
mprove seedlot selection, with high resolution records of source
ollections (e.g., latitude, longitude, elevation). Updates to truth-
n-labeling laws, such the Federal Seed Act of 1939, which gov-
rns interstate commerce and importation of agricultural and
egetable seeds, may be needed to integrate forest seed to stim-
late such standards. Likewise, intrastate-level labeling laws may
e necessary given that this act does not cover the movement
f seeds within state boundaries. Presently, few states maintain
eed-labeling laws that include forest seeds, and where appli-
able, enforcement is not strict (Mangold and Bonner 2008 ). Al-
hough examples of seed certification exist in agricultural sectors
r in forestry in some parts of the United States (e.g., the Pacific
orthwest), these have historically focused on commercial out-
omes. Updating seed-labeling certification and standards may be
ecessary to ensure the accuracy, development, and availability
f diverse species and seed of documented provenance. Further-
ore, an accessible database would serve both private and public
urseries to better assess market needs while generating a clear-
nghouse for seedling buyers to better refine seedling selections
o site conditions. Given the growing need to rapidly diversify the
pecies and genotypes used in tree-planting initiatives, such deci-
ion support tools are critical to ensure informed practices. 

onclusions 

ree planting represents an exciting natural climate solution by
roviding an avenue to diversify, adapt, restore, or mitigate the
ffects of global change (Canadell and Raupach 2008 , Griscom
t al. 2017 ). Despite the urgency presented by climate change, it
s important that emerging planting strategies consider complex
cosystem functions, because uniform, monocultural plantations
an be vulnerable to stressors and devoid of multiple ecosystem
enefits (Bennett 2015 ). Beyond planting trillions of seedlings, em-
hasis also needs to be placed on diversifying forest nurseries
nd outplanting practices to allow for the promotion of composi-
ional diversity, structural complexity, and functional connectiv-
ty to foster multiple ecological functions, cultural values, and the
ong-term resilience of forests (Palik et al. 2020 ). To realize this, we
utline tangible improvements to policy and financial incentives,
nformational resources and training, and research and monitor-
ng that could be used to fill knowledge gaps and meet rapidly
xpanding tree-planting needs. Without these changes, current
eedling capacity and practices may fail to meet the needs of the
iverse and ambitious tree-planting goals being pursued, limiting
hat can be accomplished in adapting to and mitigating global
hange impacts. 

upplemental Material 
upplemental data are available at BIOSCI online. 
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