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Climate change continues to alter the seasonal timing and extremes of global
temperature and precipitation patterns. These departures from historic
conditions along with the predicted variability of future climates present a
challenge to seed sourcing, or provenance strategy decisions, within the
practice of ecological restoration. The “local is best” for seed sourcing
paradigm is predicated upon the assumption that ecotypes are genetically
adapted to their local environment. However, local adaptations are potentially
being outpaced by climate change, and the ability of plant populations to
naturally migrate or shift their distribution accordingly may be limited by habitat
fragmentation. Restoration practitioners and natural area managers have a
general understanding of the importance of matching the inherent adaptations
of source populations with the current and/or future site conditions where
those seeds or propagules are planted. However, for many species used in
seed-based restoration, there is a lack of empirical evidence to guide seed
sourcing decisions, which are critical for the longevity and ecological function
of restored natural communities. With the goal of characterizing, synthesizing,
and applying experimental research to guide restoration practice, we
conducted a systematic review of the literature on provenance testing of
taxa undertaken to inform seed sourcing strategies for climate resiliency. We
found a strong bias in the choice of study organism: most studies have been
conducted on tree species. We also found a strong bias regarding where this
research has been conducted, with North America (52%) and Europe (31%)
overrepresented. Experiments were designed to assess how propagule origin
influences performance across both climatic (26%) and geographic (15%)
distance, with some studies focused on determining how climate normal
conditions (39%) impacted performance related to survivorship, growth and
other parameters. We describe the patterns and gaps our review identified,
highlight specific topics which require further research, and provide practical
suggestions of immediate and longer-term tools that restoration practitioners
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can use to guide and build resilient natural communities under future
climate scenarios.

KEYWORDS

climate change, common garden, ecological restoration, provenance, reciprocal
transplant, reforestation, seed sourcing

Introduction

Climate change is altering both biotic communities and
abiotic environments globally (Parmesan, 2006; Diffenbaugh
et al, 2018), with the potential to disrupt locally adapted
populations and drive new patterns of dispersal (Anderson
and Wadgymar, 2020). Cumulatively, this is likely to result in
changes in species distribution and community composition
(Lof et al, 2019) at landscape scales. The impact of climate
change on the study and practice of restoration has been
extensively discussed (e.g., Hobbs et al., 2006; Corlett, 2016).
For example, climate change may disrupt community
composition in such a way that systems may retain only some
historic components or may be completely novel, meaning that
intact reference habitats will not be available to guide our
restoration and management plans (Hobbs et al., 2009). Not
only is the practice of restoration challenged by climate change,
but restoration itself is now considered to be an important tool
to combat its effects (Brancalion and Holl, 2020, Simonson
et al,, 2021).

For many ecosystems, the vegetative community is
fundamental, and seed augmentation is a critical component
of restoration (Breed et al., 2018; Gann et al., 2019). Indeed, a
primary consideration in undertaking management decisions to
ensure the climate resiliency of natural areas, and the native
species that comprise them, is the sourcing of propagules for
restoration, reforestation, and rare species reintroduction efforts
(Houseal and Smith, 2000; Havens et al.,, 2015; Torok et al.,
2021). Most restoration projects rely on seed addition during
initial phases to establish a new habitat or during later phases to
augment community diversity. Restoration seedings are
undoubtedly impacted by climate change. For example,
changes in soil water availability and temperature with climate
change are likely to influence the success of seedling
establishment. (Mufioz-Rojas et al., 2016; Groves and Brudvig,
2018). Despite its importance to the successful outcome of
restoration projects, seed procurement is largely dependent
upon local and regional availability; both the species diversity
and volume of seed available frequently fail to meet the needs of
land managers (Houseal and Smith, 2000; White et al., 2018;
Cambhi et al., 2019; Oldfield, 2019; Harrison et al., 2020; Barak
et al,, 2021; Torok et al., 2021).
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Traditional restoration practice has operated under the
assumption that seed sourced from wild populations near the
project location ensures the greatest chance for successful
establishment and growth (Aitken and Bemmels, 2016; Breed
et al,, 2018; Risk et al, 2021). This paradigm is often referred to
as the “local is best” approach (Hancock and Hughes, 2014; Reiker
etal, 2015; Breed et al., 2018). However, provenance guidelines may
vary regionally or across different land management agencies (Saari
and Glisson, 2012). The relevance of a local provenance strategy is
challenged when practitioners attempt to design seed mixes with
long-term climate resiliency in mind (Hancock and Hughes, 2014;
Reiker et al.,, 2015; Breed et al., 2018), especially when evidence for
local adaptation across multiple plant traits is lacking for at least
some species within a region (Giencke et al., 2018). This had led to
recommendations for strategies that could be useful in sourcing
climate resilient seed such as: establishing a supply chain for source
identified seed to aid in seed mix design (Havens et al, 2015),
sourcing that is biased towards the predicted direction of climate
change (Havens et al,, 2015; Prober et al,, 2015), using regional or
other mixed provenance strategies to increase genetic diversity and
the potential for adaptation (Prober et al., 2011; Bucharova et al,
2019) and the use of species distribution modeling to gain insight
into both the direction and distance from which to source seeds for
any given project or region (Ramalho et al,, 2017). Taken as a whole,
however, resilient seed will likely be from sources that closely match
the conditions of the restoration site, currently and into the future,
regardless of the geographic distance between project site and seed
source (Vitt et al, 2010), but this relationship may be species-
specific (Rushing et al., 2021).

Many restoration practitioners and land management agencies
recognize and likely already incorporate the general observation
that plant species ranges will shift poleward in latitude and upward
in elevation (Etterson, 2004a; Parmesan and Hanley, 2015;
Anderson and Wadgymar, 2020) in their seed sourcing decisions
and in the design of their seed mixes (Figure 1). However, there is a
dearth of knowledge about sourcing plant materials for any given
species, locale, or project as climate change raises questions about
where species may thrive in the future (Lof et al., 2019), and the
magnitude and timeframe of change is uncertain (Diffenbaugh
et al, 2018). Phenological mismatches may complicate seed
sourcing decisions even more, as they can result in low fecundity
(Etterson, 2004a), driven by the failure of fruit to mature, failure of
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FIGURE 1

Seed procurement specifications from Lake County Forest Preserve District (LCFPD), Illinois, USA. (A) Standard seed sourcing specification used
during the bidding process is biased for seed regionally produced south of Lake County, Illinois which is indicated by the map centroid. The
District has a two-tier seed provenance system for purchase consideration of native plant material. Seed sourced by vendors from Tier 1 - (Deep
Red) is given priority over seed sourced from Tier 2 (Light Red) during purchasing decisions. (B) Lake County Forest Preserve District has
undertaken a test of climate predictive provenancing, with updated Tiers 1 and 2 that were determined by applying Species Distribution Models
of multiple species used in standard restoration of abandoned agricultural lands. Overlapping regions between the standard seed provenance

(A) and the predictive provenance are cut out.

seasonally appropriate bud or leaf expansion, or failure to flower
(Anderson and Wadgymar, 2020). The demographic consequences
of poor seed sourcing decisions may remain obscured in the early
stages of a restoration, when seed germination, seedling
establishment, and high relative growth rates are paramount to
restoration success (James et al., 2011; Larson and Funk, 2016).
Once established, however, population dynamics of longer-lived
species may be buffered against climate change, relative to short-
lived ones (Morris et al,, 2008; To6rok et al., 2021), thus appearing
more resilient in the near-term.

We undertook this study to establish the “state of the
science” and thus to provide a systematic update to the general
recommendations regarding seed sourcing strategies to explicitly
address climate change. We wanted to determine how sourcing
decisions under climate change are likely to alter the
performance of seed during the establishment phase of a
restoration, as well as during later stages when community
composition and structure may overshadow the effects of the
population dynamics of individual species. We also wanted to
explore if any performance or fitness patterns could be discerned
from the literature that might inform the development of specific
recommendations for sourcing seed that would provide more
predictable outcomes as the climate changes. We were
particularly interested in summarizing the literature around
climate resilient seed sourcing so that we could make specific
recommendations for land managers and other practitioners
that go beyond provisional seed transfer zones (Bower
et al., 2014).

Frontiers in Conservation Science

We conducted a review of the literature for studies that had
explicit or potential application for seed sourcing under climate
change. We sought out experimental studies that assessed
differences in performance of plants collected from different
populations, i.e., studies that focused on evaluating different seed
provenances, and analyzed plant responses to climate either
implicitly or explicitly across multiple provenances. We had five
primary objectives for this review of the literature. We sought
to determine:

1. The range of species commonly included in these studies,
as well as their life histories (e.g., were trees or long-lived

herbaceous perennials common subjects of research)?.
2. The context in which these studies had been conducted

(e.g., continent, country, and habitat type).

3. The experimental design of these studies, including the
types of experiments used (e.g., common garden
experiments, or if genetic effects such as maternal
effects, plasticity or heritability were considered), and
the duration of each study. In addition, we were
interested in how researchers addressed the effects of
climate change (e.g., did studies use actual climate
variables such as mean annual temperature or mean
annual rainfall as predictors, or did they use “proxy”
variables that are strongly correlated with climate such
as elevation or latitude).

4. The range of response variables studied, and which, if
any, performance or fitness variables could be used to
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measure a successful “match” between seed origin and
the geography of the restoration project.

5. The motivation for the studies (e.g., restoration, assisted
migration or assisted gene flow, commercial forestry),
and whether studies were explicitly designed to assess
seed sourcing. We were also interested in determining
which funding sources supported the work.

As a practical synthesis and application of the above
objectives, we wanted to use our review of the literature to
understand - and work towards bridging - the gap between the
research regarding how plants respond to climate change and
the practice of sourcing seed for restoration. To this end, we
provide recommendations in the Discussion.

Methods

To understand the current state of the science with regard to
seed sourcing under climate change, we performed a
comprehensive review of the literature and subsequent analysis.

Literature search

To compile a list of studies that test seed provenances, we
conducted a total of nine searches in February 2021 on Web of
Science using combinations of keywords including “seed sourcing,”
“restoration,” and “climate change.” This process returned 2442
unique titles; 120 titles were returned in three or more of these nine
search word combinations. Twelve references were incomplete and
couldn’t be located during specific title searches and were therefore
discarded. The resulting bibliography was uploaded into Rayyan
(https://rayyan.ai), an online tool designed to provide a
collaborative platform during the title/abstract screening phases of
the review process that allows multiple reviewers to vote for
inclusion or exclusion in their study. We utilized the available
tools to ensure that no reviewer was able to see the
recommendations or comments of any other reviewer (i.e. the
review was “blind”. Each title and abstract of the remaining
references were reviewed by at least two randomly assigned
reviewers to determine relevance to our primary question of seed
sourcing under climate change; a subset was reviewed by more than
two of the authors because of the blind anonymous review process.
Of the papers thus evaluated, 182 were considered germane by all
reviewers, while 1770 titles were excluded by all reviewers. One
hundred seventy-three titles (173) required further review of the full
text to determine relevance and the reviewers were conflicted on the
remaining 305 titles. To reconcile conflicts among reviewers with
regards to these titles, two additional reviewers conducted a
subsequent blind review of these titles and their abstracts to
determine if the studies were relevant. Relevant studies were
defined as those that evaluated plant materials (seeds and/or

Frontiers in Conservation Science

04

10.3389/fcosc.2022.938110

seedlings) from more than one source or origin (provenance) and
that did so under experimental conditions where these materials
were planted in a common environment such that phenotypic or
performance traits could be objectively measured. We included
studies that were conducted in greenhouses, growth chambers, or in
field conditions and that were designed as common garden studies
and/or reciprocal transplants. Ultimately, 378 references were
determined to be relevant to our question about seed sourcing
under climate change and were included in the next step of the
review (Figure 2).

Literature review

Of the 378 articles that were deemed relevant, further review
of the abstracts and methods revealed that 63 were reviews of the
issues or otherwise provided background information important
to consideration of our topic, and 13 were papers that used
modeling approaches. Therefore, a total of 302 papers appeared
to be experiments related to provenance testing using reciprocal
transplants, common garden studies, or other field-based or
greenhouse trials designed to determine how the origin of a seed
collection performs in an environment outside of the one in
which it naturally occurs (Figure 2).

[ LiteFature Seaich }% Literature Review

i
l ( Studies Excluded

Web of Science Search La. Modeling

b. Reviews/Opinion

) S S

9 searches conducted 7
Combinations of “seed

sourcing” ‘restoration”
“climate change”

302 included

(_Characterization of Studies

a. Species life history
b. Habitat
c. Continent/Country
d. Predictor Variables
I. Climate
Il.  Provenance
e. Response Variables

2442 Records Returned

Relevance Criteria:
a

. Explicitlyaddressed
climate change

b. Experiment

c. Provenance Trial—

multiple seed

sources

l c

378 Relevant articles d.

FIGURE 2
Process flow diagram illustrating literature search, review, and
characterization of studies.

!

Knowledge Gaps and Future
Research Needed

a. Taxonomic Gaps

b. Geographic Gaps
Identify Important
Performance Criteria
Across Taxa
Recommended
Approaches
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Characterization of the
literature reviewed

Each of the 302 papers was randomly assigned to one reviewer,
who undertook an initial screening to determine if the paper met
the following criteria: An experimental study regarding the
performance or fitness of more than one origin or source of plant
material, i.e.: more than one “provenance.” Non-experimental
studies including review, opinion/perspective, modeling, and
methods papers that had not been previously filtered out were
excluded in this screening phase and did not undergo further
review. Data collection on the included papers was iterative and
took place in two phases.

Included papers were subsequently assessed for the inclusion
of terms and/or concepts indicated in Table 1; the data were
gathered and managed via Google Forms. To assist our
evaluations, we developed a rubric for terminology that was
applied inconsistently across the literature we reviewed.
Maternal effects were constrained to papers in which
individual maternal lines (e.g., a single parent plant) were
followed from seed collection through to experimental set-up

10.3389/fcosc.2022.938110

and were tracked during the measurements of response
variables. To account for plasticity, an experiment needed to
assess at least half-sib families and to follow clones or siblings in
multiple environments so that a single genetic signature could be
followed and measured with replication. Lastly, an experimental
design that assessed heritability would require full sibs to be
evaluated as well as measurements to be taken across different
environments to determine the breadth of the expression of the
genotype-by-environment interaction.

Although many studies acknowledged that genetic factors such
as plasticity or heritability are important to consider, not all were
specifically designed to account for them. To evaluate this
discrepancy, we assessed 176 papers that were experimental
papers relevant to our research questions (see Results below). We
undertook keyword searches within the text of each paper for
“maternal effects”, “plasticity”, “heritability”, and related terms (see
Table 1). We were also interested in establishing if these effects were
explicitly integrated into the experimental design and analysis (i.e.,
methods/results), or used as framing concepts (i.e., found only in
the introduction or discussion, but not accounted for in the
experimental design).

TABLE 1 Terms or concepts considered during the review, with their associated multiple-choice responses.

Questions Possible
responses
Plant growth form Tree Shrub Forb/herb Graminoid Vine Other
Plant life cycle Annual Biennial Herbaceous ~ Woody Other
perennial perennial
Experiment established from Seed Seedlings Both

Investigation type Common garden

Greenhouse Incubator/

Molecular ~ Physiology/ Provenance Quantitative Reciprocal ~Other

growth genetics chemistry  trial genetics transplant
chamber
Year plant material was collected/ 4-digit year Not stated
sourced
Where plant material was collected/ Africa Asia Australia Europe North South
sourced America America
What habitat types were represented?  Desert Forest Grassland Mountains Savanna Shrubland ~ Wetland/ Other
riparian
Year experiment(s) was initiated 4-digit year
Continent where experiment(s) took Africa Asia Australia Europe North South
place America America
Length of experiment 1-3 months 3-6 months 6-12 months  1-2 years  3-5 years 5-10 years  >10 years
Did any of the following terms appear ~ Family, genotype, Plastic* Heritab*
in the paper? maternal,
provisioning
In what section of the paper did these  Introduction Discussion
terms appear?
Did the experiment test the effect of Yes No

the source climate on trait expression?
If the effect of source climate was Climate variables

Name of the country the experiment Write-in answer

was conducted in

Funding sources listed in the paper Write-in answer

Proxies for None of the  Other
tested, what traits varied significantly? climate above

Responses were managed using Google Forms.
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We determined whether the experimental design tested the
effect of the source climate (climate where provenance was
collected) on trait expression using one of the following variables:
proxies for climate (e.g., provenance, latitude, elevation), climate
variables (e.g., BIOCLIM variables, mean annual temperature etc.),
none of the above, or other. If the experiment was determined to
have tested the effect of source climate, reviewers listed the traits that
varied significantly by source climate, including traits that varied
significantly as an interaction with another model term. To further
refine the geographic range of the studies represented in the
literature, reviewers indicated the identity of the country or
countries in which experiments took place.

Lastly, we compiled sources of funding listed in the
acknowledgments. Each funding source was then categorized as
follows: federal or national funding (e.g, a national agency or
ministry); European Union (funding by EU commissions, or
specific EU grants aimed at international collaboration); state or
provincial funding (provided by the state/provincial governments);
university-based funding sources (e.g., funding provided by
university fellowships, or by specific departments or programs);
industrial or commercial; non-profit organizations and foundations
(including non-profit umbrella organizations that unite various
stakeholders); indeterminate; and not listed.

Data analysis

We used the R environment for statistical computing,
version 4.0.4 ‘Lost Library Book’ (R Core Team, 2021) to
manipulate, summarize, and visualize data. Open-ended
responses, and “other” responses were assigned to posteriori
thematic categories by individual authors with design input,

10.3389/fcosc.2022.938110

review, and approval from the authorship team. Visualizations
were created with the following packages: forcats (Wickham,
2021), ggfittext (Wilkins, 2021a), ggmosaic (Jeppson et al., 2021),
ggplot2 (Wickham, 2016), ggthemes (Arnold, 2021), tidyr
(Wickham, 2021), treemapify (Wilkins, 2021b).

Results

Of the 302 papers screened through the literature review
process, 124 were excluded during the data collection phase.
These included 35 experimental papers that did not address our
research questions, 42 modeling papers, 19 review papers, 18
opinion and perspective papers, and 5 methods papers. Five
papers were excluded for miscellaneous reasons - e.g., poor
experimental methods, etc. One hundred and seventy-six (176)
studies were experimental papers relevant to our research questions
and are included in the results.

Species and life histories

In the literature we reviewed, provenance trials on tree
species have the earliest history, appearing in the scientific
literature more than 60 years ago, and interest in tree species
responses to climate change has greatly increased since the mid-
2000’s (Figure 3). The number of studies on perennial
herbaceous species, including grasses and forbs, also began to
increase around the same time, but remains outpaced by
published studies on tree species. Additionally, the length of
time devoted to tree trials is much longer than for other growth
forms (Figure 4A). Similarly plants with longer life histories,

304 . Forb or Herb
. Graminoid
|

. Tree

201 Vine

Number of Papers

1960

2000 2020

Year Experiment Started

FIGURE 3

Histogram of included papers by plant growth form(s) examined and the year the experiment was initiated.
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including woody perennials, have been studied more intensively
than annual or biannual plants, (Figure 4B). The bias towards
tree species is also reflected in the frequency with which journal
titles were observed, as Forest Ecology and Management was the
most frequently observed (Supplementary Figure S2). While the

10.3389/fcosc.2022.938110

most-represented journals were tree centric, the journal
Evolutionary Applications, which has a broader scope beyond
forestry, was also frequently encountered among the papers we
reviewed. Furthermore, while there were approximately 175
species included in the studies we reviewed, the ten most
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(A) Experiment length by plant growth form. Studies of forbs and graminoids are typically between 3 months and 1-2 years in length. Few are
3-5 years in length, and almost none are over 5 years. Whereas woody plants have good representation across experiment lengths (from 1-3
months through >10 years). This is consistent with documentation that many restorations are only tracked for the first few years, despite
including many long-lived perennials (15+ years). (B) Number of studies by experiment length and plant life cycle. A single study of an

3-5I yr. 5-16 yr. >1d yr.

Experiment Length

frontiersin.org


https://doi.org/10.3389/fcosc.2022.938110
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Vitt et al.

studied species were trees. The species that appeared most
frequently in these studies were Picea abies (Norway spruce,
found in 14 papers, 8%), and Picea glauca (white spruce, 7%),
followed by Pinus sylvestris (Scots pine, 5%) and Pseudotsuga
menziesii (Douglas fir, 5%), all in the Pinaceae family. Only one
Angiosperm taxon was frequently observed, Fagus sylvatica
(European beech, Fagaceae, 4%).

Geographic and habitat context

Most of the trials were conducted in North America (52%)
or Europe (31%), with 41% of the studies conducted in the
United States and Canada (Figure 5). Our search found very few
studies from the South American (2%) and African (3%)
continents (Figure 5). Most of the studies assessed species
found in woodland habitats (68%), while species found in
montane and grassland habitats were assessed in 17% and 16%
of the papers, respectively (Figure 6).

Experimental design

Experiments were designed to assess how propagule origin
influences performance across geographic distance (15.0%), or
climatic distance (37%), or how the climate normal conditions
decreased or increased performance relative to those found at
the common garden or other study site outside of the origin
(27%). Most of the studies regarding the performance of woody
species utilized seedlings (51%) rather than seeds (25%), while
studies on shorter-lived species, especially herbaceous

50 64

Longitude
o

No. Papers 12

501 0 10 20 30 40

-100 0 100 200
Latitude

FIGURE 5

Indicates the number of studies by continent where plant
material was sourced. The color shading of the countries
indicates the number of studies conducted within each country.
The majority of studies took place on the North American
continent, with a greater number from the United States than
from Canada. Countries represented by a single study are
omitted from this visualization (n=31).
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perennials, used seeds with nearly the same frequency
(37%; Figure 7).

We also categorized the types of investigations used in these
studies, noting that some papers reported results from more than
one type of study. Two types of field experiments, common
gardens (48%), and provenance trials (41%) were the most
common experimental types. These were followed by incubator
or growth chamber experiments (19%), greenhouse experiments
(18%), reciprocal transplant field experiments (11%), quantitative
(10%) and molecular (6%) genetics approaches, and studies of
physiology and/or chemistry (4%). Fewer than 2% of papers
included each of the following: nursery studies, lab experiments
that were not specifically incubator experiments, in situ/
observational studies, assisted migration studies, and field
experiments of types not captured elsewhere, while 7% of
studies included experiment types that did not fit into any of
these categories.

Predictor variables

The most common predictor variables were provenance/site
of origin (98% of studies), and experimental treatment/study site
(53%) (Figure 8). Climate and geographic factors, such as climate
normal of provenance origin (26%), geographic (15%) and
climatic (15%) distance between collection and experimental
sites, and elevation (8%) were also studied. Forty-eight percent
(48%) of papers used proxies for climate such as provenance,
latitude, and elevation as predictor variables in their analysis,
while 41% of papers incorporated bioclimatic variables such as
mean annual temperature, 38% included both types of variables,
and 2% did not include variables of either type (Figure 9).

Genetic considerations

While most of the papers assessed climate-related
performance of a single taxon, approximately half (51%) did
not control for or mention genetic effects, such as maternal
effects, heritability, or plasticity, that might influence these traits
depending upon the environment in which they are expressed
and measured (Figure 10). Twenty-nine percent (29%) of the
studies considered these genetic effects to frame the context of
their experiment—i.e., they referred to them in either the
introduction or discussion—but only 20% explicitly designed
their experiments to account for or to measure these
effects (Figure 10).

Response variables

We found that response variables varied quite broadly, with
a total of 249 unique variables reported upon in the relevant
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FIGURE 6

Treemap of the number of papers per habitat type. The label is
omitted from the smallest category in the upper righthand
corner, "Wetland and riparian” (n=3). "Other” includes categories
such as "home gardens,” “coastal,” and "disturbed”.

literature. Many of these disparate variables could be broadly
categorized as morphological or other character traits to
visualize them more readily; when combined, morphological
traits far outpaced exceeded other types of response variables
(Figure 11). Survivorship was an important measure of
performance in 41% of the experiments we reviewed, while
plant height was assessed in 46% and was particularly
prevalent in studies that focused on tree species (Figure 11).
Other traits of interest included germination (22%), biomass
(22%), and phenology (19%), while 23% of the experiments
measured how important physiological traits such as
photosynthetic rates, stomatal conductance, and water use
efficiency might be impacted.

Approximately half of the papers (53%) reported that
performance varied among provenances, meaning that the site
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FIGURE 7

Treemap of the number of studies by source of plant material
(seeds, seedlings, or both) and life cycle (woody perennial,
herbaceous perennial, and annual). The sole study of a herbaceous
biennial started using seeds is omitted from this visualization.
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of propagule origin significantly influenced performance of one
or more traits.

Motivation of study

The most common study motivation we found was
commercial forestry (42% of papers), followed by ecological
restoration (27%), and three conservation topics—assisted
migration, natural dispersal, and reintroduction (18%, 16%,
and 7%). Finally, 5% of studies were conducted in the context
of agriculture or crop science. There were 47 “other” responses,
among these were 10 papers (6%) that studied responses or
adaptation to climate change, and five papers (3%) on evolution.

We found that the majority of the relevant experimental
papers returned from our literature search were explicitly
designed to address how seed sourcing affects performance
(71%) and we concluded that 86% of the papers offer insights
into seed sourcing strategies under climate change.

Funding sources

Many studies had more than one funding source. Out of the
369 funding sources recorded, governmental sources were most
common (60%). Most government-based funding came from
national agencies (44%), 14% was provided by state/provincial
agencies, while the European Union provided 2% of funding
(Supplementary Figure S2). Industry support comprised 7% of
funding sources, somewhat lower than the 13% provided by
nonprofits. Of the studies reviewed, 17% did not record any
funding sources and fewer than 2% had undetermined sources
of funding.

Discussion

Globally, climate is predicted to shift from historic patterns
(IPCC and Core Writing Team, 2014), with the potential to
disrupt the structure and function of ecosystems, as well as the
services they provide. For example, the Great Lakes region of the
Midwestern United States, where most of the authors are located
and where several of us practice restoration, is predicted to
experience increased air temperatures between 3 + 1°C under
lower emissions scenarios and 5.0 + 1.2°C under higher
scenarios by the end of the century, and regionally the number
of summer days with very high temperatures is also expected to
increase (Pryor et al., 2014). The severity and frequency of heavy
rain events will increase, leading to heightened flooding across
the region (Pryor et al., 2014). Increases in winter and spring
precipitation of up to 20-30% are projected, but future summer
and fall patterns remain uncertain (Hayhoe et al., 2010). As a
result, the challenges associated with managing and restoring
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Predictor variables by plant life cycle. Predictors by life cycle
pairs represented by two or fewer studies, as well as a single
study of an herbaceous perennial, are omitted from this
visualization. The most common predictor variables seen in
statistical analyses were the provenance (or site of origin),
followed by the experimental treatment or study site. However,
this trend is largely driven by studies of woody perennials.
Studies of woody perennials also appear to consider a greater
diversity of predictor variables than studies of herbaceous
perennials and annual plants.

natural habitats will become increasingly complex. Given the
magnitude of the predicted changes, and the uncertainty that
surrounds them, planning for habitat management and the
restoration of degraded natural areas is becoming increasingly
complex, despite the importance of undertaking these activities.
Indeed, restoration actions are increasingly advanced as nature-
based solutions to mitigate the effects of climate change
(Brancalion and Holl, 2020; Simonson et al., 2021). This is a
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FIGURE 9

Treemap of the number of papers which modeled plant
performance in response to source climate. The majority of
studies included proxies for source climate (76%) or climate
variables (54%) when modeling performance variation among
provenances. Only 6% of studies did not include source climate or
climate proxies in modeling plant performance by provenance.
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tall order despite the focus on restoration during this, the
UN Decade of Ecosystem Restoration (https://www.
decadeonrestoration.org/), when so much uncertainty remains
regarding the fundamentals of sourcing plant materials.

We began this review hopeful that a critical mass of studies
was available that had accumulated a body of results that would
elucidate some general guidelines about sourcing seed to foster
climate resiliency in seed-based restoration projects. To this end,
we anticipated that we would at least find some commonality
among predictor, and especially response, variables that would
lead to general conclusions that could be broadly applied to the
adaptive management of on-the-ground restoration projects at
the seed sourcing stage (Perring et al., 2015; Baughman et al,,
2019; Leger et al., 2021; Rushing et al., 2021). However, that is
not what we found. Instead, our results showed that seed
sourcing trials are primarily focused on tree species of
economic importance, rather than on species that are the
focus of ecological restoration. Indeed, the breadth of the data
for forest trees is sufficient to support the development of a
database for North American tree species compiled specifically
to address future syntheses and/or meta-analysis (Risk et al,
2021). The data on the species included in this resource
corresponds to those species we found have been most
studied, which appear to be forest trees with economic value
in extractive, production forestry. We base this conclusion upon
the large number of studies that focused on trees, as well as upon
the response variables that were chosen to determine
performance as climate changes. These were frequently
parameters such as biomass, tree or wood volume, DBH etc.,
rather than measures that are generally useful in monitoring
success of restoration projects, such as germination and
establishment (Broadhurst et al., 2016), survival, phenology,
and fecundity (i.e., traits that are important for reproductive
success and a trajectory of persistence and community function
over longer time scales). In our view, the dearth of papers that
assessed fecundity speaks to a near-term vision of land
management, rather than the long-term restoration goal of
establishing self-sustaining populations of a community of
species that is resilient over time (Principle 9 - FAO, IUCN
CEM and SER 2021).

Common garden and reciprocal transplant experiments,
especially when the maternal identity of propagation materials
is maintained throughout the experiment, are the optimal way to
test how climate and other environmental conditions interact
with the genetic background of individuals and population to
affect heritable traits and phenotypic plasticity (Schwinning
et al, 2022). Such genecological studies undertaken for tree
species have far outpaced those focused upon shorter-lived
species (Aitken and Bemmels, 2016). Sedentary and long-lived
species may not be able to track conditions through migration,
and very long-lived species such as trees are even more likely to
be challenged to respond adaptively to climate change (Kremer
et al., 2012). Conversely, the population and genetic structure of
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Mosaic plot showing the proportion of studies that discussed
(Introduction or Discussion) or included (Methods or Results) the
potentially influential phenomena of trait heritability, plasticity,
and maternal effects. Approximately half of studies did not
include any discussion of these phenomena (51%), almost a third
addressed their role in the broader context of their study (29%),
and only a fifth explicitly included them in their methodology
and data analysis (20%). Of the three, the topic of plasticity was
most frequently included in the ‘Introduction or Discussion’
(50%), followed by maternal effects (35%), and heritability (15%).
The top two topics switch for inclusion in the ‘Methods or
Results,” with maternal effects (60%) followed by plasticity (24%),
and heritability (16%).

many forest tree species, including high amounts of genetic
variation, and high heritabilities coupled with large populations
and high fecundity rates, might increase their adaptive potential
(Alberto et al., 2013). However, predicting such adaptations is
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FIGURE 11

Response variables by plant life cycle. A single study of an
herbaceous perennial is omitted from this visualization. "Other
vegetative traits” consists of vegetative, morphological traits

not listed separately (e.g., diameter, number of leaves, branching
habit, etc.).
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complex (Nadeau and Urban, 2019), thus it is understandable
that the majority of provenance trials undertaken to determine
sourcing strategies for climate resilience are performed on tree
species. Although trees also are dominant functional
components of habitats globally, it may be their economic
importance that has driven the result underpinning the
current review given the emphasis on biomass and other more
“resource-related” response variables that we found, and the
finding that only tree studies were funded by industry sources.
This finding is even more remarkable given the long timeframe
that has been devoted to such provenance trials, frequently more
than 10 years, when most studies tend to have much shorter
durations, driven by funding cycles and the need to publish
results quickly, and generally tend to focus on novel methods,
questions, or context (Lindenmayer et al., 2012).

Long-term studies are valuable as they can be used to
determine whether trends favoring certain provenances over
the short term hold after decades or after extreme weather
events, which are expected to increase under climate change.
For example, St. Clair et al. (2020) showed that survival rates
changed drastically after an interval of 20 years in a century old
Douglas-fir provenance trial. Further, relationships between
growth, survivorship, or other measures of fitness and the
effects of site may vary across the life span of individuals.
Thus, when experimental plantings are installed for long-term
studies, and where multiple provenances are included, these may
be repurposed to evaluate performance across time as climate
changes. This approach was recommended long ago for trees
(Matyas, 1994), and was implemented in many of the studies on
trees that we reviewed here. Similar insights for long-lived
herbaceous perennial species would be useful in determining
the likelihood that plants surviving the early stages of a
restoration might prove resilient over time.

In the early stages of de novo restoration, most projects are
focused on creating a community matrix, usually with
herbaceous perennial species installed via seed and later
adding woody components such as trees and shrubs, which are
usually installed as pot-grown or bare root plants. Most of the
papers we reviewed studied a single taxon, and did not measure
any plant community related pressures and interactions. In
degraded woodlands, restoration efforts generally concentrate
on removing invasive trees and shrubs, and then restoring any
remnant plant communities by re-establishing natural processes
such as fire and augmenting with graminoid and forb seed if
needed. Therefore, it is unclear whether studies on long-lived
tree species that measure response variables like biomass
production, have relevance to seed sourcing for restoration
projects. Furthermore, while we found that most papers
offered insights that could inform seed sourcing decisions,
these insights may be dependent upon species-, context-, or
life-history stage. This may be especially true for herbaceous
species, which have a tremendous diversity of species, ranges,
and life-histories. On the other hand, Etterson (2004a) utilized a
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reciprocal common garden design to demonstrate that
Chamaecrista fasciculata, an annual nitrogen-fixing forb, was
best adapted to its local environment, and when sourcing
distance increased, performance—measured as fecundity—
decreased. Phenology played a critical role in this relationship.
Furthermore, some measures of performance traits had low
heritabilities, thus limiting the adaptive potential of these
populations, especially on the edges of the distribution
(Etterson, 2004b). Etterson’s paired studies would support a
“local is best” strategy for this, and perhaps other, annual species.
However, a study using cutleaf monkeyflower (Mimulus
laciniatus), another annual forb, showed that this species can
adapt to quickly changing conditions after experiencing a severe
drought (Dickman et al, 2019). In a study published after our
data collection was complete, Woolridge et al. (2022)
demonstrate the complexity of sourcing seed for climate
resilience. They assessed the performance of three restoration-
relevant forb species in a common garden and found that the
influence of site and climate varied based on species as well as
life-stage. They found that one species had highest lifetime
fitness when sourced locally, a second had highest fitness when
sourced from north of the common garden site, and a third
when sourced from south of the site. Altogether, these findings
present a conundrum for land managers tasked with restoring
biodiverse and resilient local habitats that will withstand
changing climatic conditions.

We recognize that the question we posed is likely too broad.
Seed sourcing in an era of climate change is incredibly complex.
If we had conducted a more focused search on a particular
region or community type, e.g., the Great Basin of North
America as did Shryock et al. (2018) or Baughman et al.
(2019), we might have found a critical mass of information on
functional or other traits that would prove useful for seed
sourcing decisions in the manner that we envisioned. But
climate change provides an existential challenge that has been
broadly addressed by research for many decades. Therefore, we
are surprised by the lack of data with which to undertake any
meta-analysis, even for well-studied forest trees. This was largely
driven by the high number of response variables we
encountered. We recorded a total of 329 unique response
variables, and while we were able to place them into broad
categories, there was no single category that provided sufficient
data for a meta-analysis. Many studies did use survivorship as a
response variable, but the life stage at which they measured
survivorship was also highly variable, making direct
comparisons difficult. Another response variable we
encountered with high frequency was plant height. While
plant height has successfully been used in autecological and
demographic studies, comparison across multiple unrelated
species with a diversity of life histories, e.g., annuals and trees,
with highly divergent growth rates, and assessed at different
stages in the life span of an organism, was untenable. A common
set of parameters established for use in evaluating plant
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performance from an ecological perspective, across climate
gradients, or climate proxies would provide the foundation for
powerful analysis in future work.

Recommendations and conclusions

We anticipated that we would discover general trends in
plant performance across a gradient of environmental
conditions that would prove useful for seed sourcing decisions
for restoration practitioners. We found that trees, particularly
those species that have economic value, are well-represented by
provenance studies in the literature. Developing an aggregated
database for these species might provide useful data for meta-
analysis. We found a dearth of similar studies specific to
important forb or graminoid species that might be broadly
used in restoration projects, so-called “workhorse” species
(Havens et al, 2015). In light of these findings, we have
several recommendations that might bridge the gap between
study and practice.

1. Source Identified Seed. It can be a challenge to find
sufficient quantities of seed with the collection origin and the
production data readily available. Seed with a certified origin, or
“yellow-tag” seed (Houseal and Smith, 2000), is the exception
rather than the rule. If the provenance details were more readily
available across multiple producers, practitioners would then
have the option of sourcing outside their region, and/or the
opportunity to use environmental versus geographic distances in
their seed choices; and/or to screen multiple sources for the best
fit for their project location (Houseal and Smith, 2000; Havens
et al., 2015; Leger et al., 2021). Seeds banked in regional and/or
national seedbanks can provide the foundation for climate
resilient restoration, as multiple species are collected across
wide geographic areas (Chapman et al, 2019; Barga et al,
2020), and provenance information on each collection includes
information on the location, as well as biotic and abiotic
characteristics of the site. Moreover, a central database of seed
origin and availability would make seed purchases easier and
could be a tool for the industry for tracking demand (e.g., https://
appliedeco.org/restoration/nativeseednetwork/). In addition,
documenting the outcome of on-the-ground restoration
projects using source-identified seed would provide valuable
insights into plant performance from different sources.

2. Species Distribution Modeling (SDM). Ramalho et al.
(2017) provided a very tangible and workable framework for the
application of SDM’s to seed sourcing decisions. The approach
they outlined included the use of user-friendly internet resources
that could be implemented by practitioners to choose source
locations beyond their typical protocols. A similar approach was
recently implemented by McKone and Hernandez (2021) in a
prairie planting in Minnesota, United States. However, they
advocate the introduction of species that might naturally
expand their range, as predicted by models of climate-based

frontiersin.org


https://appliedeco.org/restoration/nativeseednetwork/
https://appliedeco.org/restoration/nativeseednetwork/
https://doi.org/10.3389/fcosc.2022.938110
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Vitt et al.

range envelopes, rather than sourcing ecotypes of species outside
their local region.

Another approach taken by one of the authors here (P. Vitt)
involved the installation of an experimental seed mix design
utilizing the species palette typical for de novo prairie
restorations but sourced using SDM-based climate envelopes
(Figure 1B). Exploratory modeling was undertaken using the
tools presented by Ramalho et al. (2017). The results were used
to set the source specifications for seed purchased through a
standardized competitive bidding process. The experimental
planting was paired with the same suite of species sourced in a
similar bidding process specifying the seed origin as outlined in
Figure 1A. The first seeding was implemented in February 2021
but failed because of a prolonged and deep regional drought. A
second seeding was installed in February 2022. No data are
yet available.

3. Regional Seed Networks. We know of several efforts to
develop appropriate native seed supply regionally, including the
Colorado Plateau Native Plant Program (United States), the Nevada
Native Seed Partnership (United States), Northern Illinois Native
Seed Network (United States), Ontario Plant Restoration Alliance
(Canada), Southern Alberta Native Seed Collaborative (Canada),
and the Xingu Native Seed Network (Brazil). Networks of all sizes
can help ensure the availability of native seed through cooperative
collection and production, and they can provide feedback on the
performance of seed across regional restoration projects. They can
also collaboratively provide resources such as the seed collection
database created by the Minnesota, North Dakota, and South
Dakota Chapter of The Nature Conservancy (2020) (https:/tnc.
maps.arcgis.com/home/group.html?id=453b14cdc5164015bfae43
662d50aec7#overview). Efforts such as these can help expand the
availability and use of source-identified seed. We advocate for the
creation of more such networks.

4. Dynamic Seed Transfer Zones. Seed transfer zones are
spatially explicit regions within which plant material may be moved
while also minimizing the loss of fitness via maladaptation as well as
avoiding the disruption of population genetic patterns. We
recommend developing regional spatiotemporal seed transfer
zones (Marinoni et al., 2021) or other approaches to create
dynamic seed transfer zones that expand upon provisional seed
transfer zones (e.g., Bower et al., 2014).

5. Increased integration between practice and theory.
When researchers and practitioners work collaboratively on
restoration projects, the results may prove particularly
insightful (Dickens and Suding, 2013; Jellinek et al., 2021;
Leger et al, 2021). Many studies have focused on extending
basic ecological concepts to the practice of restoration (Dickens
and Suding, 2013), but many of these are done in plot-based
experiments that may or may not be correlated with patterns and
dynamics at play in at-scale restoration projects. This science-
practice gap exacerbates the uncertainties facing practitioners
attempting future-forward climate resilient restoration. Many of
the recommendations listed here will be most informative if
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applied in at-scale experiments done in collaboration. For
example, the long-term resiliency of restored populations may
be addressed by a regional collection approach that ensures a
diversity of genotypes are introduced to restoration sites (Saari
and Glisson, 2012; Herman et al., 2014, Bucharova et al., 2019)
and then monitored for performance across climate gradients.
More powerfully, purposefully moving populations beyond their
current range (predictive provenancing) to be proactive in
response to climate change (Havens et al., 2015), coupled with
adequate monitoring, analysis, and communication in
appropriate outlets for both scientists and practitioners would
provide either a powerful proof of concept, or an appropriate
repudiation of this approach. Either way, addressing these
questions within the context of real-world restoration projects
would be tremendously informative.

6. Addressing research needs. Havens et al. (2015) and the
United States National Seed Strategy (Bureau of Land Management,
2021. US National Seed Strategy. https://www.blm.gov/programs/
natural-resources/native-plant-communities/national-seed-strategy)
among others, call for research that should focus on the genecological
studies of broadly distributed foundational species. For example,
screening multiple sources for the best fit or broadest adaptive
potential (Leger et al., 2021). We call for funding to support long-
term studies which are extremely important for ecology in general,
and for understanding the impacts of climate change in particular
(Kuebbing et al., 2018). Also, we advocate for a generalized set of
response variables to be used in this type of study (see Supplementary
Table 2), to contribute to a unified understanding of the impacts of
climate change on plant populations, and implications for seed
sourcing. For example, phenological changes affect >90% of plant
species (Parmesan and Hanley, 2015), which may be particularly
informative when coupled with an analysis of geographic variation in
the responses (Parmesan and Hanley, 2015), and performance of
individual species (Etterson, 2004a). Furthermore, while many
studies that we reviewed focused on height and biomass
production as response variables, only a few focused on the
reproductive traits of herbaceous perennials such as seed
production, viability, germination, etc. However, as reproductive
traits are key to understanding restoration outcomes in the long
term, and are often uncorrelated to vegetative traits (e.g., Hoyle et al,,
2015), we believe they should be considered as central to questions of
seed sourcing for climate change. Additionally, we found that most
studies only consider a single taxon, while the expectation is that
climate change is likely to change community composition.
Therefore, research that addresses how community dynamics
might be influenced by seed sourcing should also be undertaken.

7. Finally, we recommend that researchers and practitioners
alike consider depositing data and lessons learned with a
Restoration Project Clearinghouse to communicate how
plantings undertaken with different seed designs are faring
over time (Havens et al., 2015; https://www.ser-rrc.org/project-
database/; https://www.globalrestoreproject.com/). Many
seeding experiments are undertaken on a small scale, or as
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part of an on-the-ground restoration project. Data collected by
land managers, while an important part of project monitoring,
may be informal or accomplished across sporadic timeframes,
which may be difficult to analyze. In combination with the
results of formal monitoring however, these observations, as well
as data from failed experiments (many of which do not get
published) would provide a more comprehensive and deepened
understanding of the processes at work. It may be necessary to
develop an incentive to encourage land managers to spend the
time submitting the necessary data through adding such
requirements to grants or other funding opportunities. One
approach is that taken by the Chicago Wilderness (2021), an
alliance of regional land management, academic and private
organizations working to advocate for nature in a highly
developed landscape. Their Excellence in Ecological
Restoration Program (www.chicagowilderness.org/page/
EERPProgram) provides practitioners the opportunity to
highlight their projects and be recognized for quality land
management. The process of the program includes a site visit
by a commission of regional professionals who evaluate the work
during an extended site visit. These types of interactions provide
a critical opportunity for discourse and information exchange.

Although many of the actions that we are calling for here are
not new, perhaps there is a greater urgency for implementation.
We are nearing the threshold for important climate change
tipping points and the need for tools to ensure climate resilient
restoration has never been more urgent.
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