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ABSTRACT

Ecological restoration aims to assist the recovery of degraded,
damaged, or destroyed ecosystems. Restoration practitioners
increasingly recognize the value of using ecologically appropri-
ate and genetically diverse native plant material to support
ecosystem recovery and long-term persistence in the face of
unpredictable current and future conditions. Producing genet-
ically diverse native plant material, however, can be incredibly
challenging. Each step of production, from procuring raw ma-
terial to installing produced material into a restoration site, has
the potential to affect the genetic diversity of the produced
material. Here we examine each of the production steps, from
wildland seed collection through seed or seedling production.

We outline each step where genetic diversity can be lost or
gained, and describe 10 rules that can be used to maintain
high genetic variability in native plant material throughout the
production process.
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Ecological restoration, as defined by the Society for Eco-
logical Restoration, is “the process of assisting the recov-
ery of an ecosystem that has been degraded, damaged,

or destroyed.” Now facing unpredictable current and future
conditions, restoration practitioners more fully appreciate the
value of using ecologically appropriate, genetically diverse na-
tive plant material in projects with the goal of long-term per-
sistence (Harris and others 2006; Clewell and Aronson 2013).
Collecting and maintaining genetic diversity when producing
native plant materials for restoration, however, presents numer-
ous challenges that require special consideration throughout
the production process (Rogers 2004). Each of the steps in-
volved, from procuring raw material to installing produced
material into a restoration site, has the potential to reduce ge-
netic diversity. In this review we outline 10 rules with the aim
of helping seed and plant producers identify genetically diverse
raw material and maintain that diversity throughout produc-
tion.

WHY I S  GENET IC  D IVERS ITY  IMPORTANT
FOR  RESTORAT ION?

Most plant material produced in the US and worldwide is in-
tended for agricultural or horticultural purposes. In these
cases, uniformity is a desirable trait, and management practices
can be used to maintain a crop through extreme weather, fer-
tility problems, or disease issues. Plant material produced for
ecosystem restoration deviates from most cultivated plants in
that it will be used to establish a population capable of persist-
ing and reproducing under a wide variety of conditions, often
without any intervention. Genetic diversity is one way that
many natural populations are able to survive yearly variation
in weather, disease, competition, and soil conditions; hence, us-
ing genetically diverse materials is one way of ensuring that re-
stored populations mirror the potential of natural populations.
What is important to recognize is that this genetic diversity (see
glossary) may be visible only under specific situations, such as
conditions of drought or a disease outbreak.

Using genetically diverse, ecologically appropriate native
plant material in restoration may improve ecosystem recovery
in numerous ways. For example, a number of studies have
shown that, at least in some systems, the use of genetically di-
verse plant material can improve establishment success under
a range of conditions (Crawford and Whitney 2011), increase
resistance to pests and pathogens (Tooker and Frank 2012),
and support faster recovery after disturbances or climatic ex-
tremes (Hughes and Stachowicz 2004; Reusch and others 2005)
when compared to material with low diversity. Additionally,
because genetic diversity allows populations to adapt to unpre-
dictable and changing conditions, restored populations that are
genetically diverse are more likely to adapt and persist into the
future than those with limited diversity (Jump and others

2009). The benefits of genetic diversity also extend to the
ecosystem functions that they provide. Research in some
ecosystems has shown that genetically diverse populations are
more productive, have increased nutrient retention, and sup-
port more diverse and abundant animal communities (Johnson
and Agrawal 2005; Crawford and Rudgers 2012a,b; Reynolds
and others 2012). This is not to say, however, that genetic di-
versity is a panacea, nor is it a substitute for matching the ge-
netics of the source material to the restoration site conditions
(Falk and others 2001; Withrow-Robinson and Johnson 2006).
If the plant material is adapted to conditions that substantially
differ from those of the restoration site, no amount of addi-
tional genetic diversity will improve the restoration’s success
(Johnson and others 2010).

What Does This All Mean for Production?
Cultivated plants represent only a subset of the genetic di-

versity of wild populations (Barrett 1981). Under cultivation,
selecting plants that possess traits considered desirable for pro-
duction and performance is associated with loss of diversity.
Plant production is most efficient when characteristics such as
seed germination requirements, plant size and structure, or
timing of flowering and seed development are uniform. Ge-
netic diversity can translate to nonuniformity in these charac-
teristics; hence, maintaining genetic diversity can make plant
production more challenging (Kitzmiller 1990; Smith and oth-
ers 2007). The lack of uniformity in genetically diverse plant
material means that genetic diversity can be lost at every stage
of plant production (Figure 1) and, if not considered with every
step, loss or change is likely. We outline 10 genetic rules to assist
in the production of restoration material that is ecologically ap-
propriate and genetically diverse, providing justification for,
and examples of why, each rule is important. These rules are
intended to serve as a general road map, and not all rules will
be appropriate or feasible in all circumstances; application and
prioritization of each rule ultimately rests in the hands of the
land manager, seed producer, or plant propagator most familiar
with the species and situation. Likewise, these rules are not in-
tended for production of threatened or endangered plant
species, as specific guidance is available elsewhere (Guerrant
and others 2004; Maschinski and Haskins 2012).

PROCUR ING  RAW MATER IAL :
S I TE  SELECT ION

RULE 1. Identify sources with conditions similar
to potential restoration sites. Genetic diversity can
vary between sites depending on local conditions. Plant
material to be used in a restoration is more likely to es-
tablish and persist if it comes from a site with similar eco-
logical conditions.
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Background
Decades of research have shown that plant populations are

often adapted to the environmental and biological conditions
where they grow (for example, soil type, rainfall, temperature
extremes, pests, pathogens, and soil mycorrhizae) (Linhart and
Grant 1996; Hufford and Mazer 2003). This adaptation to dif-
ferent local conditions represents unique and potentially useful
genetic diversity. Failing to consider adaptation when sourcing
native plant material for restoration may lead to poor outcomes,
for example, plant material that is not adapted to site conditions
may fail to germinate, grow, or reproduce, or it may do so at a

lower rate than for material adapted to site conditions (Johnson
and others 2004; Ågren and Schemske 2012; Bennington and
others 2012; Gibbs and others 2012). Consequently, it is bene-
ficial to target seed collection sites strategically, with some con-
sideration of where and how the seeds will be used, rather than
just selecting a site because it is accessible or convenient. While
the intended restoration site(s) will be unknown for some col-
lected or produced plant material, ensuring that detailed notes
on species identification, source location, and site conditions
are available will increase its value and allow end-users to match
available material to restoration site.
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Figure 1. Steps in native plant material production and 10 associated rules to collect and maintain genetic diversity. Seeds or cuttings
are first collected from a natural population. This material may be used to either sow wild-collected material directly into a restoration
site, produce live material such as seedlings or cuttings, or produce cultivated seeds in production beds or seed orchards. Each action
represented by a shaded block has inherent potential to alter genetic diversity, and these actions compound upon each other as plant
material is held in production.
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Extensive reviews have been published during the last 2
decades to help restoration practitioners determine when adap-
tation may be important and how it can be incorporated into
sourcing appropriately adapted material (Knapp and Rice 1994;
Lesica and Allendorf 1999; McKay and others 2005; Vander
Mijnsbrugge and others 2010). Recent reviews on this subject
have focused on the specific issues of adaptation and sourcing
for restoration in an increasingly changing climate (Broadhurst
and others 2008; Breed and others 2013; Herman and others
2014; Havens and others 2015). Common themes in all of these
reviews are that 1) patterns of genetic diversity and adaptation
vary by species, and 2) strategies of how genetic diversity and
adaptation should be incorporated in sourcing plant materials
for restoration will vary depending on the agency or organiza-
tion carrying out the restoration, the goals of the restoration,
and the site and species being restored.

When information is limited on best practices for sourcing
ecologically appropriate material for a species, land managers
may conservatively seek the nearest source available (Saari and
Glisson 2012) or try to source material from sites that are eco-
logically similar to the restoration site (MacKay 1993; Ward
and others 2008; Johnson and others 2010). Seed transfer zones
have been developed for a growing number of species to delin-
eate geographic boundaries within which seeds can be moved
with minimal risk of being poorly adapted, for example, Indian
ricegrass (Achnatherum hymenoides (Roem. & Schult.) Bark-
worth [Poaceae]; Johnson and others 2012), broadleaf lupine
(Lupinus latifolius Lindl. ex J. Agardh ssp. latifolius [Fabaceae];
Doede 2005), sagebrush (Artemisia spp. [Asteraceae]; Ma-
halovich and McArthur 2004), and most commercial tree
species (Johnson and others 2004). These geographic bound-
aries can be used to guide seed collection, production, and
restoration sourcing decisions on a species-by-species basis
(Johnson and others 2004). For many species, however, the ge-
netics research necessary to develop seed transfer zones has not
been carried out. For these species, the USDA Forest Service’s
provisional seed transfer zones can help determine where im-
portant genetic diversity may exist (Youtie and others 2012;
Bower and others 2014; Kramer and others 2015), and may be
particularly useful when sourcing material to restore relatively
high-quality habitat.

Alternatively, the goal of some restorations may be rehabil-
itating degraded or ecologically extreme habitats. In these sit-
uations, a number of other environmental considerations that
are not included on any seed transfer zone map may be impor-
tant for restorations. Plants growing in “ugly” sites (see Exam-
ple 1), sites with extreme soils (saline, heavy metals, sandy con-
dition), or during years with poor growing conditions may
harbor unique genetic diversity that will be especially useful
when restoring degraded sites (Conesa and others 2007; Leger
2008; Havens and others 2015). For example, “ugly” sites may
produce plants with genetic diversity that makes them more re-

sistant to grazing (Fahnestock and Detling 2000) or more com-
petitive with invasive species (see Example 1). Furthermore,
any plants able to produce seeds during a drought year may
represent important, drought-resistant genetic diversity that
will be particularly beneficial at sites increasingly exposed to
drought conditions. While these sites or years are often avoided
when collecting seeds, the unique genetic diversity they may
hold makes them worth considering.
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EXAMPLE 1. WHEN “UGLY” SITES ARE
USEFUL

Research on alkalai sacaton grass (Sporobolus airoides (Torr.)
Torr. [Poaceae]) (Figure 2) growing in “ugly” habitat invaded by
Russian knapweed (Acroptilon repens (L.) DC. [Asteraceae]) has
shown that native plants growing in these sites may contain ex-
actly the kind of genetic diversity needed for restoring similar
degraded sites. Plants of S. airoides collected from “ugly” sites
were more competitive with Russian knapweed and other inva-
sive species than plants of the same species collected from
undisturbed sites (Ferrero-Serrano and others 2011).

Figure 2. Alkalai sacaton grass (Sporobolus airoides) growing in an
“ugly” site. Photo by Nora Talkington
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Application

1. Collect from sites with environmental conditions similar to
potential restoration sites (for example, habitat, soil, climate,
or presence of invasive species, drought, or disturbance).

2. Keep detailed location information for each collection, and
be sure the final product can be traced back to this informa-
tion.

3. Make use of seed transfer zones or similar maps that may
indicate sites with useful genetic diversity for specific
restoration projects.

4. Consider collecting from “ugly” sites, extreme conditions,
or sites experiencing a year with poor growing conditions
for specialized collections that may do well in similar cir-
cumstances.

5. Avoid sites where the target species has been included in
previous seeding or planting work unless you are confident
that genetic diversity is not reduced and (or) poorly adapted
to the site.

RULE 2. Collect from sites with large populations.
They generally have more genetic diversity than small
populations.

Background
Populations with more individuals often have greater genetic

diversity, as supported by both theoretical and on-the-ground
work (Figure 3) (Leimu and others 2006; Frankham and others
2010; Fant and others 2014). Genetic diversity increases with
population size because larger populations can hold more po-
tential diversity and because small populations tend to lose ge-
netic diversity over time due to random events (a process called
genetic drift). For example, consider a population with 30 plants
where 3 plants (10%) have unique genetic diversity that makes
them resistant to a pathogen. If a rock slide removes half of the
population, the likelihood that these 3 plants will be randomly
killed is higher, and with them the diversity they hold will be

lost. If, however, the population had been larger, more plants
would likely have maintained this unique genetic diversity, as at
least some of them would have survived the rock slide. But how
can you tell when a population is large enough to have experi-
enced minimal loss of genetic diversity? The answer varies by
species and situation but, in general, populations with less than
100 reproductive individuals are likely to show the negative ef-
fects of genetic drift (Montalvo and others 1997), while increas-
ingly larger populations (for example, >1000 plants) are less
likely to experience drift and more likely to maintain adaptive
genetic diversity (Leimu and Fischer 2008).

Large populations will not only be likely to contain greater
genetic diversity but also they will be easier to collect sufficient
quantities of seeds from without negatively affecting the health
of the population itself. In general, removing too many seeds
from any population over multiple years will put it at higher
risk of extinction (Menges and others 2004). While each
species and population is different, the impacts of seed collec-
tion will be worse for populations that are exposed to other
threats such as drought, grazing, pests, or competition with in-
vasive species. Because it is difficult to tell whether a specific
species or population will be negatively affected by seed collec-
tion, the Bureau of Land Management (BLM) and others rec-
ommend that no more than 20% of available seeds be collected
in any given year (USDI BLM 2012), and even this amount
should not be repeated at a site over multiple years.

Application

1. Once potential priority populations have been identified
(Rule 1), preferentially select sites with the largest number
of individuals.

2. Select sites with sufficient plants and seeds so that no more
than 20% of available seeds will be collected.

3. Prevent overharvesting and minimize impacts to native
populations by working with land managers and securing
appropriate permits.
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Figure 3. Neutral genetic diversity generally
increases with population size in a native
thistle, Cirsium pitcheri (Torr. ex Eaton)   
Torr. & A. Gray (Asteraceae) (modified
from Fant and others 2014). The pattern
for non-neutral traits will depend on
selective pressures, but smaller populations
are more likely than large populations to
lose both neutral and non-neutral diversity
through genetic drift, as seen in Figure 8.
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PROCUR ING  RAW MATER IAL :
SEED  COLLECT ION

RULE 3. Leave no genetic stone unturned. Collect
material strategically to ensure it best represents the full
genetic makeup of a population.

Background
When collecting seeds from wild populations, the natural

tendency is to collect from areas that are easy to access and that
contain a high density of robust and vigorously fruiting indi-
viduals. Avoiding plants that are difficult to access or that look
less robust, however, may leave an important subset of the pop-
ulation’s genetic diversity out of the collection. Individual pop-
ulations can harbor a surprising amount of genetic diversity,
and seed collections should aim to capture as much of this di-
versity as possible. Collection techniques can affect the genetic
diversity of a seed collection and, ultimately, what is available
for restoration projects. While it is challenging to collect all
possible genetic variation in a large population, a number of
strategies can be used to maximize genetic diversity with min-
imal effort.

First, consider the number of individuals from which to col-
lect seeds. The total genetic diversity captured in a collection
will increase with every new, unrelated, individual sampled. It
is possible to capture most of the genetic diversity found within
a population by collecting from a relatively small number of
unrelated plants. For example, when seeds are produced
through cross-pollination, collecting from 30 entirely unrelated
plants will capture around 95% of all but the rarest forms of di-
versity in the population, while collecting 45 individuals will
increase that percentage to 99% (Figure 4) (Lawrence and oth-
ers 1995; Crossa and Vencovsky 2011; Hale and others 2012;
Hoban and Schlarbaum 2014). The only life history or ecolog-
ical trait of a plant species that has been shown to influence this
pattern is the type of mating system (whether a plant is purely
outcrossing or is also capable of selfing) (Duminil and others
2007). For seeds that are produced through self-pollination,
twice as many unrelated individuals must be collected to cap-
ture the same amount of genetic diversity (that is, 60 individu-
als for 95%, 90 for 99%). Unfortunately, the reproductive biol-
ogy (for example, whether it reproduces by way of
cross-pollination or self-pollination) of most native species is
not well known, and rates of selfing can vary greatly among
species, populations, and even between flowers on the same
plant (Vogler and Kalisz 2001; Karron and others 2009). Be-
cause of this, the BLM and other plant specialists recommend
collecting from more individuals than the absolute minimum
of 30 plants to ensure that you are capturing the desired genetic
diversity. For this reason, the BLM Seeds of Success program

recommends a minimum of 50 individuals in a collection
(USDI BLM 2012).

Second, minimize the collection of related individuals. Iden-
tifying which plants in a population are likely to be related can
be difficult without expensive genetic analyses, but there are
ways to minimize the collection of related individuals. In gen-
eral, avoid collecting plants growing very close to each other to
minimize the risk of collecting siblings or even clones of the
same plant (Vekemans and Hardy 2004; Rhodes and others
2014)). Try to collect from plants growing throughout the
whole site to ensure that you capture the full diversity present.
In particular, plants growing on the edges of the population or
in different microhabitats (wetter, drier, steeper) within a site
may contain unique and valuable genetic diversity. Finally, do
not avoid plants that look different or have unique growth
forms, as these plants may hold unique genetic diversity that
could be important for restoration. For example, small plants
may have higher survival rates than large plants under stressful
conditions (Rowe and Leger 2011).

Finally, collect seeds that are mature and healthy because
those factors can have an impact on seed germination and
longevity (Love and others 2014). In general, collecting seeds
when natural dispersal is occurring will help ensure that seeds
are mature (Baskin and Baskin 2001), and performing cut tests
prior to collecting will assess seed health by identifying empty,
abnormal, or infested seeds (Luna and Wilkinson 2009). Be
aware that, in many natural populations, plants will not flower
and produce mature seeds at exactly the same time; these 
differences may reflect useful genetic variation (Corre 2005).
Collecting seeds when the population is at peak seed maturity
and, when possible, collecting on multiple dates to ensure that
early- or late-flowering plants are represented will maximize
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Figure 4. The likelihood of capturing all but the rarest forms of
genetic diversity in a population increases with the number of plants
collected. Dotted lines show probability of collecting the most
common genes when 30, 45, and 68 unrelated, outcrossing
individuals have been collected. This figure is based on probability
models for cross-pollinated seeds described in Lawrence and others
(1995), Crossa and Vencovsky (2011), and Hale and others (2012).

by
 g

ue
st

 o
n 

Ju
ly

 1
8,

 2
02

5.
 C

op
yr

ig
ht

 2
01

5
D

ow
nl

oa
de

d 
fr

om
 



potential genetic variation in the collection. Finally, aim to col-
lect a roughly similar volume of seeds from each plant so as to
not skew the representation of one plant over others in the
collection.

Application

1. Strategically collect mature, healthy seeds from at least 50
unique, unrelated plants to maximize genetic diversity cap-
tured:

a. Do not collect from plants growing next to each other
(they are more likely to be related).

b. Do not avoid plants that look different.
c. Collect multiple times to capture early- or late-flowering

plants.
d. Collect from plants in all microhabitats at a site.
e. Collect roughly similar numbers of seeds from each in-

dividual.
2. If collecting from multiple populations of the same species,

use the same collecting strategy for all populations.
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Once a seed collection with maximum genetic diversity has been made following Rules
1 to 3, following Rules 4 to 10 will help ensure that this genetic diversity is not lost
during the production process.

SEED  CLEAN ING  AND STORAGE

RULE 4. Prevent loss of viable seeds during clean-
ing. Unintentionally or intentionally removing viable
seeds during cleaning may lead to loss of important ge-
netic diversity.

Background
Seed size is controlled by both genetic factors (Upadhyaya

and others 2006) and external factors such as temperature, nu-
trient levels, and moisture. Such complexity means that consid-
erable variation in seed size often exists within a population
(Thompson 1981; Baskin and Baskin 2001; Obeso and others
2011). This variation can determine establishment success, pre-
dation risk, dispersal distance, and even duration of seed dor-
mancy (Hare 1980; Rees 1996; Dalling and Hubbell 2002).
Variable seed sizes can therefore represent important genetic
diversity that will be useful in restoration. For example, plants
germinated from smaller seeds have been shown to be more
successful at establishing and persisting in stressful restoration
sites (Kulpa and Leger 2013). Often when seeds are cleaned,
however, the preference is to select the largest and healthiest
seeds and to discard the smaller seeds. While culling nonviable
seeds during the seed-cleaning process is an important aspect
of propagation, it is essential that cleaning techniques do not
also eliminate viable seeds of non-standard size because this
can reduce valuable genetic diversity (see Example 2).

Different populations of the same species can also produce
seeds with a different range of seed sizes. This means that an
appropriate seed-cleaning protocol for one population may not
work for another. Cleaning protocols or tools that cull seeds
based on size or weight may be inadvertently selecting for
larger seeds in one population but not another. For this reason
it is important to clean each population separately and to alter
protocols as needed. It goes without saying that it is also im-

portant to ensure that equipment is thoroughly cleaned be-
tween usage to prevent contamination with seeds from other
species or even from different populations of the same species.

Application

1. Use cleaning equipment or settings that allow the greatest
proportion of viable seeds to be processed.

2. Observe chaff after cleaning to assess if smaller viable seeds
have been unintentionally culled. If they have, find ways to
retrieve small viable seeds from chaff.

3. Clean seeds from different seedlots separately, and modify
cleaning protocols for each species and collection year as
necessary.

EXAMPLE 2. SEED SIZE AND GENETIC
DIVERSITY

In Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco [Pinaceae])
(Figure 5), seed size can vary considerably between plants and
years even within the same population (Silen and Osterhaus
1979). When cleaning seeds of species such as Douglas-fir, the
lightest seeds may be culled out, with the expectation that large
seeds are more likely to produce large, vigorous nursery plants.
This is not always true and often leads to loss of genetic diver-
sity. For example, after culling the lightest 1/3 of seeds from a
single Douglas-fir seedlot (in which seeds from 18 trees were
bulked), 90% of all seeds from 3 trees was lost, and more than
50% of seeds from an additional 3 trees was lost. This means
that, out of 18 genetically different trees in the original seedlot,
only 12 were well represented after cleaning. It is noteworthy
that the 6 trees that had most of their seeds removed also pro-
duced some of the tallest saplings. This is a significant loss of po-
tentially important genetic diversity that can be avoided if viable
seeds are not intentionally or unintentionally culled.
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RULE 5. Use optimal storage conditions. Seeds with
different genetic backgrounds may vary in storage poten-
tial, with loss of seed viability over time translating to loss
of genetic diversity

Background
Once seeds are cleaned, how they are stored, and for how

long, varies greatly depending on intended future use and avail-
able facilities. Seeds from different populations, and even vari-
ous individuals within a population, will have varying re-
sponses to storage conditions. Some may retain their viability
for a decade or more over a range of conditions, while others
may lose viability rapidly (Walters and others 2005). This vari-
ability means that the death of seeds during storage can lead to
a loss of genetic diversity. To prevent such a loss, maximize seed
survival by using optimal storage conditions. Most angio -
sperms (an estimated 75–80% globally) (Walters and others
2013) produce seeds that are orthodox, meaning they can be
stored for at least a year under cold, dry conditions without
major losses in viability. In general, the drier and cooler the
storage conditions, the longer orthodox seeds will be able to
survive. Large fluctuations in humidity and (or) temperature
should also be avoided.

A number of species produce seeds that are not able to sur-
vive dry storage (often referred to as recalcitrant rather than or-
thodox seeds), including oaks (Quercus L. species [Fagaceae])
and buckeyes (Aesculus L. species [Hippocastanaceae]). These
species generally cannot be stored for long durations under any
conditions (except under extremely cold conditions using cry-
opreservation; see Walters and others 2013 for examples). Stor-
age in cool moist conditions for a short time can, however, help
maintain as much viability as possible (see Bonner 2003 for
specific recommendations on the collection and care of oak

acorns). Regardless of whether seeds are orthodox or recalci-
trant, storage recommendations can vary depending on the
species; general guidelines have been described in a number of
publications (Guerrant and others 2004; Bonner and Karrfalt
2008; Luna and Wilkinson 2009).

Application

1. Store seeds under optimal conditions; these will vary by
species, but in general, for species with orthodox seeds:
a. Ensure seeds are dry and have low moisture content

(when feasible, store seeds in an airtight container with
silica gel packets).

b. Ideally, store seeds in cold conditions (at, or slightly
above, freezing) at low relative humidity.

c. If seeds are stored at room temperature, relative humidity
must be very low (works best in arid regions). In general,
the rule of thumb that the storage temperature (°F) plus
the relative humidity (RH%) should be less than or equal
to 100 can be effective for orthodox seeds stored for a
year or less.

2. For species with recalcitrant seeds, store in moist, cool con-
ditions and use shortly after harvesting.

3. Do not store seeds longer than necessary, especially under
suboptimal conditions.

4. Store seeds from different populations separately in order to
track and manage losses in viability.

PLANT  PRODUCT ION  CONS IDERAT IONS

RULE 6. Diversify seed germination conditions.
Seeds that do not germinate may represent a loss of ge-
netic diversity.

Background
When seeds are grown out for production, the preference is

often to select the first plants to germinate and the largest
seedlings for production until the quota of plants is filled. Seed
germination in natural populations, however, is rarely synchro-
nous; separate populations, and even individuals within a pop-
ulation, may differ in seed germination requirements. Conse-
quently, the initial flush of seedlings in a bulked collection may
represent only a small subset of individuals collected (Figure
6). A nursery, seed orchard, or production field that utilizes
only this first flush may have immediate genetic losses or un-
wanted shifts in genetic diversity (Knapp and Rice 1994; Cabin
and others 1997; Ensslin and others 2011). To minimize this
loss, expose seeds to a range of germination conditions, and
make sure as many seeds germinate as possible. Also, because
early-germinating seedlings have longer to grow, they are often
larger and therefore more likely to be preferentially outplanted
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Figure 5. Douglas-fir (Pseudotsuga menziesii) seeds showing a range of
size among viable seeds. Photo by Sheree Pickens
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over smaller late-germinating seedlings, further driving loss of
diversity. It is therefore important to ensure that all seedlings
survive through production, and that plants that germinate first
do not make up the entire production line.

Why is this important in a restoration? Germination require-
ments are often under genetic control (Li and Foley 1997; Foley
and Fennimore 1998; Gu and others 2004), and a loss of genetic
diversity in seed germination timing can negatively impact the
ability of produced seeds to establish in a variety of restoration
conditions (Kalisz 1986). The differences in germination timing
and conditions between individuals serve as a form of bet-
 hedging to ensure some seedlings will survive regardless of sea-
sonal fluctuations and microsite variation. Producing plant
material with a range of germination timing (and therefore ge-
netic diversity) will increase the chances that at least some of
the plants are able to survive and grow in a restoration. For ex-
ample, plants that germinate early will be more susceptible to
late-spring killing frosts but, if they survive, will also be larger
and more competitive than late-germinating plants.

Application

1. Sow different populations separately.
2. Use germination conditions that maximize germination of

as many seeds as possible, and do not favor seeds that ger-
minate faster or under certain conditions more than others.

3. Keep germination flats for as long as possible and consider
multiple cycles of stratification.

RULE 7. Lessen the impacts of plant maintenance.
Establish growing conditions for each seedlot that en-

courage representation of all collected plants in pro-
duced material. If high mortality occurs, replant produc-
tion beds or seed orchards using material from the orig-
inal source population.

Background
When plants are brought into production, some individuals

will be more amenable to cultivation than others. Growing con-
ditions under cultivation are often very different from those
found in the wild. Cultivation provides plants with a relatively
stress-free environment and allows the production of healthy
plants. Studies of crop species suggest that, over time, plants
brought in to cultivation diverge from their wild ancestors in
several traits, including seed retention, increased fruit or seed
size, changes in stature, disease resistance, change in reproduc-
tive strategy, and even changes in secondary metabolites (Har-
lan 1971). These changes have been defined as the domestica-
tion syndrome.

The period of plant maintenance within a nursery or pro-
duction bed has high potential to lead to adaptation to cultiva-
tion that will diminish genetic variability (Havens and others
2004). As discussed in Rule 6, germination conditions can favor
some individuals over others, but the influence of cultivation
does not stop there. Plants slower to establish, grow, flower, and
produce seeds are more likely to be lost or excluded from the
production process. An example comes from the common sun-
flower (Helianthus annuus L. [Asteraceae]) growing as weeds
in agricultural crop settings. Over multiple generations, plants
that responded well to the growing conditions had lower
drought tolerance, increased susceptibility to fungal infections,
and were more palatable to insects (Mayrose and others 2011).

Another important genetic concern when native plants are
brought into cultivation is that the local environmental and bi-
ological conditions at production sites will inevitably differ
from the wild populations. Just as plants can adapt to cultiva-
tion, they may also adapt to local growing conditions at the
production site. The larger the variations between collection
site and production site, the greater the potential impact on the
genetic diversity of plants produced. High mortality associated
with differences in local growing conditions can result in loss
of important genetic diversity (Knapp and Rice 1994). For ex-
ample, exposure to new or high densities of pests and diseases
during production can result in high loss of individuals (Altizer
and others 2003). Plant loss due to diseases and pests in culti-
vated conditions are among the leading causes of accidental
loss of diversity in many crops systems (Barrett 1981). To min-
imize the chance that plant mortality in seed production beds
or seed orchards will negatively affect the genetic diversity of
produced material, replant as needed with appropriate source
material if attrition is high. Note that attrition may not be
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Figure 6. Range of germination timing for seeds collected at the same
time from 3 individual Penstemon pachyphyllus A. Gray ex Rydb.
(Scrophulariaceae) plants (A, B, C) growing in the same population,
demonstrating the potential for loss of genetic diversity. The left
edge, right edge and center line of each box represents the first, last,
and average flush of germinating seedlings, respectively. Selecting
seedlings from the first cull (Line 1. at 62 days) would represent only
1 individual, while selection during the second cull (Line 2. at 78
days) would represent 2 individuals. At no time is there simultaneous
germination of all 3 individuals (Kramer unpublished data).
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obvious in all situations. For example, attrition may be masked
in perennial plants that self-sow or reproduce clonally.

Application

1. Grow plants in conditions that maximize survival and seed
production of all plants in a seedlot.
a. Modify conditions of light, water, nutrient supplementa-

tion, pruning, soil type, and pest and disease control as
needed to maximize survival of all individuals in each
seedlot.

2. Do not continue to use production beds or seed orchards if
plant loss is high.
a. Ensure that clonal growth or self-sowing does not ob-

scure plant attrition over time.

RULE 8. Minimize unintended hybridization. Use
production methods to avoid crossing between seedlots.

Background
An important prerequisite of seed production is successful

pollination. For many species, this requires pollinators that
move pollen from one plant to another. Pollination between in-
dividuals within a population creates genetically diverse seeds
that are valuable to restoration practitioners. Many production
facilities, however, work with multiple species or even multiple
populations of each species. Consequently, populations or
species that were once isolated by large distances may now be
in close contact in a production field. This close proximity can
increase the likelihood of unwanted hybridization between
populations and even species.

While hybridization between seedlots may increase genetic
diversity in the produced seeds, this may not always be advan-
tageous for a restoration. Plants growing in production beds
and seed orchards near each other may cross-pollinate with
other species or populations, unintentionally diluting the genes
that made that population unique. This may change the genetic
variability of produced seeds and introduce the possibility that
genes from one population may override those from another
population, a process called genetic swamping (see Example 3)
(Hufford and Mazer 2003). In extreme cases, hybridization be-
tween seedlots may lead to a failure to produce viable seeds
(Baack 2005; Frankham and others 2011).

Options to prevent cross-pollination among seedlots in pro-
duction include temporal or spatial separation of seedlots. The
distance required for spatial separation varies by species. Spatial
separation is a minimal concern for species that are primarily
self-pollinating, including grasses such as blue wildrye (Elymus
glaucus Buckley [Poaceae]). For species that require cross-
 pollination (either by insects or by wind) to produce seeds,
production beds containing different seedlots of the same

species may need to be physically separated from each other by
as much as 100 m (300 ft) for animal-pollinated species (Van
Rossum and others 2011) and greater than 200 m (600 ft) for
wind-pollinated species (Robledo-Arnuncio and Gil 2005).
Spatial isolation can be augmented with barriers such as
hedgerows. By maintaining isolated seedlots, it is possible to
maintain the unique genetic diversity in each population.

Application

1. Avoid cross-pollination among seedlots through either tem-
poral or spatial separation.
a. Grow seedlots of the same species at different times, or
b. Maintain the maximum spatial separation feasible

among seedlots and species that are known to cross-
 pollinate (including wildflowers that are pollinated by in-
sects or grasses and trees that are pollinated by wind).

RULE 9. Vary timing of seed harvests. Use methods
that maximize the number of plants represented and en-
sure that potential genetic diversity is not unintentionally
left out.

Background
Seeds do not mature uniformly within a population. This

variation can be attributable to genetic differences or to small
differences in sunlight, fertilizer, or irrigation patterns in field
plots. Harvesting seeds within large production areas is often
done by machinery and during a very narrow time frame. Seed
harvest is often timed around peak ripening to ensure most
seeds will be at the right stage. Unfortunately, there will always
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EXAMPLE 3. GENETIC SWAMPING DUE TO
CROSSING BETWEEN SPECIES

An extreme example of genetic swamping comes from a rare
species of lantana native to Florida (Lantana depressa Small [Ver-
benaceae]) (Figure 7) that is losing its genetic identity to one of
its introduced horticultural relatives (Lantana camara L.)
(Maschinski and others 2010). Lantana camara is a popular hor-
ticultural plant that has been planted near, but also escaped
into, many of the sites where L. depressa grows. Unfortunately,
these 2 species are able to cross-pollinate, and now pollen from
L. camara is crossing with L. depressa plants and producing vi-
able seeds, leading to the production of plants that are hybrids
between the 2 species. Because L. depressa populations are
small, these hybrid plants compete for resources and will con-
tinue to cross-pollinate with the native species. Over time it is
expected that, without management to remove hybrids, all
L. depressa plants in all populations will be hybrids that no
longer contain unique genetic diversity.
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be a subset of seeds that have not yet ripened, or that have al-
ready dispersed; this usually represents the earliest and latest
flowering individuals, or those that are less prone to shatter and
ripen during a shorter period of time. Any differences in seed
maturation or release timing may lead to a loss of genetic di-
versity if they are not incorporated into seed harvest timing
and approach. Harvest characteristics such as seed shatter are
genetically controlled, so seeds that may be easier to harvest
may be genetically different from seeds that are harder to har-
vest (Cai and Morishima 2000). As discussed in Rule 3, har-
vesting at peak maturity, and harvesting multiple times when-
ever possible, will help maintain genetic variation within
produced material.

Application

1. Harvest seeds at peak maturity and, if possible, harvest mul-
tiple times.

2. Modify harvest technique with each population. Seed size
and shape will determine which tools will collect the maxi-
mum number of diverse seeds.

RULE 10. Limit the number of generations during
which plants are exposed to controlled produc-
tion conditions. Genetic loss and change (adaptation
to cultivation) can occur during just one generation, and
this may lead to plant material poorly suited to restora-
tion conditions.

Background
Seeds that are adapted to cultivated conditions are of limited

value to restoration practitioners if they are not able to survive

the stresses of a restoration site (Schröder and Prasse 2013). As
highlighted in Rules 6 to 9, cultivation often favors some indi-
viduals over others. With each generation grown in cultivation,
seedlots are increasingly likely to lose genetic diversity and to
become adapted to cultivation conditions. These genetic shifts
can occur in just one generation (Stanford and others 1960)
and can become quite pronounced after multiple generations
(Hoskinson and Qualset 1967). Therefore, if the goal is to pro-
duce seeds that contain genetic diversity and adaptation as sim-
ilar to the original collection as possible, nursery-grown plants,
production beds, and seed orchards should preferably be estab-
lished using wild-collected seeds (Knapp and Rice 1994). This
approach is not always feasible or implemented in practice,
particularly for seedlots that are small and (or) are in high de-
mand for restoration, situations wherein first- or second-
 generation seeds are often used (Shaw and others 2005). The
Association of Official Seed Certifying Agencies may certify
seedlots of native plants grown for up to 5 generations in culti-
vation, but the number of generations must be included on the
seed label (AOSCA 2003).

Additionally, we know from Rule 2 that genetic diversity is
lost in small populations over time because of random effects
(genetic drift). These random processes will also diminish ge-
netic variability in production beds. Even if a production field
begins with a genetically representative sample, each produc-
tion generation will lose variability due to drift (Schoen and
Brown 2001). This loss may be mitigated by initially growing
out a large number of unrelated individuals, but each addi-
tional generation in production leads to more interbreeding,
making it increasingly unlikely that the full genetic diversity
present in the original collection still remains (Figure 8).
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Figure 7. Golden lantana (Lantana
depressa), a species subject to extreme
genetic swamping. Photo by Keith A
Bradley
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Application

1. To most effectively maintain the genetic diversity of the
original collection and minimize adaptation to cultivation,
use only wild-collected material when developing produc-
tion beds, seed orchards, or producing plant material in a
nursery.

2. Limit the number of generations that a seedlot is produced
in cultivation.

3. For any grow out, ensure that large sample sizes are used and
that every effort is made to minimize unintended selection.

CONCLUS IONS  AND  RECOMMENDAT IONS

The potential for genetic diversity to be lost during the produc-
tion of native plant material exists at every step of the cultiva-
tion process, from seed collection through restoration planting.
Every population contains a spectrum of desirable qualities,
and each of the rules described here is intended to help main-
tain as much unique genetic information as possible through-
out the production process. While each of the steps outlined
above may not be appropriate or feasible in every situation, in-
tegrating these rules and applications into the propagation cy-

cle will help maintain the maximum amount of genetic diver-
sity. Some of these characteristics may not be conducive to
mechanized or rigorous production practices. Nonetheless,
with careful consideration, the economic realities of plant pro-
duction can be balanced with the genetic necessities of success-
ful restoration projects.

Each restoration site will pose unique challenges for in-
stalled plant material, and a changing climate will alter these
needs in unforeseen ways (Havens and others 2015). The best
way to prepare for these challenges is to ensure the availability
of genetically diverse native plant materials with detailed notes
on source conditions and propagation steps. With this infor-
mation, restoration practitioners will have the capability to
choose the most appropriate material for their site.

Only a handful of studies have assessed how production
processes influence the genetic diversity of restored populations.
One study of a tallgrass prairie restoration in Indiana found that
the genetic diversity of restoration sites can be similar to wild
populations when the production rules described here are fol-
lowed (Dolan and others 2008). In the referenced study, all but
the rarest genetic diversity was successfully maintained
throughout production. The opposite result was found in a
study of American beachgrass (Ammophila breviligulata Fernald
[Poaceae]) restorations in the Great Lakes region. For this
species, restorations using seedlings from clonally propagated
material rather than grown from genetically diverse seed col-
lections led to restorations with lower genetic diversity than
what was found in the natural populations (Fant and others
2008). This result is particularly concerning given recent re-
search showing that populations of American beachgrass with
higher genetic diversity have better colonization success (Craw-
ford and Whitney 2011). Finally, a study of beech trees in Eu-
rope (Fagus sylvatica L. [Fagaceae]) showed that seed collection
(Rules 1–3 here), rather than nursery production (Rules 4–10),
presented the greatest limiting step in maximizing and main-
taining genetic diversity (Konnert and Ruetz 2003). Summarily
considered, recent studies highlight how propagation tech-
niques can have an important impact on the amount of genetic
diversity that ends up at restoration sites, although additional
research is still needed to help identify which steps pose the
highest risk to the loss of genetic diversity. By working together,
native plant material producers and researchers can identify fac-
tors of potential genetic loss in production situations to contin-
ually refine these rules and best practices to collect and maintain
genetic diversity.

Glossary

Adaptation: the genetic changes of a group of individuals over
multiple generations in response to surrounding environmen-
tal or biological pressures.
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Figure 8. Initial genetic diversity lost over generations for a range of
population sizes (Frankham and others 2010). A population of 1000
individuals will lose negligible genetic diversity after 10 generations,
while a population of 50 will lose about 10% of its genetic diversity,
and a population of 10 will lose 40% of its genetic diversity over the
same amount of time.
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Genetic diversity: the amount and distribution of genetic in-
formation within a population. This can be viewed as the num-
ber of variants of a gene present, the way in which these vari-
ants are organized within an individual, or the way in which
individuals differ from one another.

Genetic drift: the change in genetic diversity within a popula-
tion resulting from chance. These random losses of individuals
can be attributable to lack of reproduction or death.

Genetic swamping: the loss of local genetic diversity in a pop-
ulation because of the introduction of large numbers of non-
local individuals.

Population: a group of individuals growing close enough to-
gether that any 2 plants could likely interbreed. Some stands of
plants may be easy to delineate as a definitive population. If a
species has extensive pollen or seed dispersal, however, a pop-
ulation may be larger than a visual stand of plants. This is par-
ticularly true of species with wind- or animal-pollination as
well as wind-dispersed seeds.

Seed transfer zone: geographic regions where plant popula-
tions are likely adapted to similar environmental conditions.
Collecting and planting plant material within the same zone
will minimize the risk of poor performance due to lack of adap-
tation.
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Midwest Native Plant Society
www.midwestnativeplants.org
mwnpsconference@gmail.com

The Midwest Native Plant Society is a non-
pro�t organization of amateur and 

professional naturalists, botanists, 
teachers, researchers, gardeners, 

birders, photographers and those 
who share a deep appreciation 

for our native �ora and fauna. 
We have no dues or fees. 
Our mission is to promote 
awareness of the importance 
of native plants and the 
wildlife that depend on them, 
within biologically diverse 

ecosystems and in our own 
home landscapes. 

In support of our mission, we 
host the Midwest Native Plant 

Conference and donate a percentage 
of proceeds to conservation projects and 

organizations that are working to preserve 
native plant communities and the wildlife those 

communities support as well as o�er scholarships and 
student internship opportunities.  

This year, our 7th annual Midwest Native Plant Conference will be held at Bergamo Center in 
Dayton, Ohio  on July 24-26, 2015. Our keynotes speakers are: Kenn Kaufmann, Don Leopold 
and John Magee. Our conference plant is the Christmas Fern - .  
During the three-day conference, we offer three keynote speakers, informative breakout 
sessions, evening field trips “Sights and Sounds of the Night,” and Sunday morning field trips to 
diverse habitats. We offer the opportunity to network with other nature lovers during this fun 
and educational weekend. If you can’t make the conference,  vendors are open to the public on 
Saturday from 9 to 5. Our vendors o�er the opportunity to purchase a variety of native plants, 
trees, shrubs and exquisite works by local artisans. 
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