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Collection and production of native seeds for ecological
restoration
Simone Pedrini1,2 , Paul Gibson-Roy3 , Clare Trivedi4, Candido Gálvez-Ramírez5, Kate Hardwick4,
Nancy Shaw6 , Stephanie Frischie7 , Giles Laverack8, Kingsley Dixon1

The global push to achieve ecosystem restoration targets has resulted in an increased demand for native seeds that current pro-
duction systems are not able to fulfill. In many countries, seeds used in ecological restoration are often sourced from natural
populations. Though providing seed that is reflective of the genetic diversity of a species, wild harvesting often cannot meet
the demands for large-scale restoration and may also result in depletion of native seed resources through over harvesting.
To improve seed production and decrease seed costs, seed production systems have been established in several countries to gen-
erate native seeds based on agricultural or horticultural production methods or by managing natural populations. However,
there is a need to expand these production systems which have a primary focus on herbaceous species to also include slower
maturing shrub and tree seed. Here we propose that to reduce the threat of overharvest on the viability of natural populations,
seed collection from natural populations should be replaced or supplemented by seed production systems. This overview of seed
production systems demonstrates how to maximize production and minimize unintended selection bias so that native seed
batches maintain genetic diversity and adaptability to underpin the success of ecological restoration programs.
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Implications for Practice

• Seed collection from natural populations can be used to
provide seeds for ecological restoration; however, collec-
tion should be performed sustainably to avoid affecting
the reproductive capability of the source population.

• Multiplication of native seeds under cultivated production
settings should replace or supplement collection from natu-
ral populations, whenever feasible, as it reduces impact on
natural populations and allows for higher productivity,
improved quality, reliability, and reduced seed cost.

• If cultivated production is not feasible, natural popula-
tions can be managed to optimize seed production.

• Seed collection and production should aim to avoid active
selection for certain traits and limit unintended selection,
to maintain the genetic variability of the seed batch.

Introduction

There are three main approaches for supplying native seeds for
restoration projects: (1) seed collection from natural/wild popula-
tions, (2) harvest from managed populations, and (3) cultivated
seed production systems (such as native seed farms). These three
seed supply strategies lie along a continuum where increasing
inputs are required. The methods present different advantages
and limitations and are not exclusive; these sources may be used
in complementary and strategic combinations (Fig. 1).

A key aspect of native seed supply for ecological restoration is to
adequately capture the genetic diversity representative of a natural
population and ensure that such diversity is maintained throughout
the supply chain until seeds are deployed to a restoration site
(Broadhurst et al. 2008;Erickson&Halford2020). In recent decades,
conservation seed bank initiatives worldwide have developed guide-
lines andprocedures for collecting native seeds in order to adequately
capturegeneticvariability,whileavoidingdamagetothesourcepopu-
lations’ reproductive capability (FloraBank 1999: ENSCONET
2009; USDI Bureau of Land Management 2018). These protocols
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are a useful reference point for planning and collecting seeds for eco-
logical restoration. However, the quantity of seed per collection for
conservation purposes is seldom sufficient to meet the demand for
native seeds in landscape-scale restoration (Merritt & Dixon 2011)
where substantial quantities of seed from large numbers of plants
maybeharvested (e.g. tensof thousandsofplants formechanicalfield
grass harvest) and so revised collection protocols are required.

However, the rapidly expanding demand for native seed
often surpasses the quantity that can be sustainably collected
from natural populations (Nevill et al. 2018) where factors
such as low or erratic seed set and quality, seed predation, hab-
itat fragmentation, and invasive species all contribute to har-
vest limitations and increasing seed costs (Broadhurst et al.
2015). Some of these factors can be controlled, or manipulated,
by managing natural populations with activities which include
weed control, watering, fencing, and fertilization with the aim
to improve harvest efficiency and seed yield. This approach
can be applied in certain situations or ecosystems (e.g. some
tree and shrub species in forest ecosystems, or species-rich
grasslands); however, as with seed collection in the wild, such
collection volumes requires large areas of relatively intact wild
areas to be effective.

The establishment of native seed crops, where seeds are pro-
duced in cultivation settings (akin to agricultural or horticultural
production), has the potential to meet the rising demand for
native seeds (Delpratt & Gibson-Roy 2015; Nevill et al. 2016;
Jiménez-Alfaro et al. 2020). Seeds collected from the wild are
multiplied using methods and techniques similar to the produc-
tion of seeds of domesticated cultivars (e.g. cereal crops, fodder
species, vegetables, trees for forestry). However, in contrast to
traditional farming or horticulture methods, production of native

seeds requires special consideration to avoid, as far as practical,
selection of specific traits (Pedrini & Dixon 2020), and to main-
tain the genetic variation found within natural founding popula-
tions as the primary means for ensuring evolutionary and
adaptive potential (Basey et al. 2015). Collecting seeds from
planted, restored habitats is another alternative, but should be
undertaken with caution as the genetic diversity of the restored
plant population may be unknown or low. In some cases, subop-
timal genetic diversity is mitigated if the restored area is adjacent
to remnant natural habitat, thus permitting gene flow from exter-
nal pollination (Pakkad et al. 2007; Jalonen et al. 2018).

Whenever feasible, collection from natural populations
should be replaced or supplemented by production in cultivated
settings or managed natural populations, as these sources can
provide a reliable and cheaper source of native seed, while lim-
iting potential negative impacts to natural populations.

This article is intended to be an overview of current best prac-
tices for the collection and production of native seed and, when
read in conjunction with other articles in this special issue (partic-
ularly genetic considerations in seed sourcing as reviewed by
Erickson andHalford (2020), provides the framework for improv-
ing our understanding of the seed supply chain.

Seed Collection From Natural Populations

The native seed supply chain commences with the collection of
seeds from natural populations.

Collection can be used as a foundation for seed multiplication
in cultivated seed production systems, to enrich managed natural
populations or for deployment to a restoration site via direct
seeding (Broadhurst et al. 2008). When collecting from the wild,

Figure 1. Native seeds supply approaches for ecological restoration. The three approaches commonly used to supply seed for ecological restoration sit on a
continuum of increased management activities intensity (e.g. weeding, fencing, plowing, weed mat, sowing). These approaches allow producers to increase seed
supply while reducing seed price. Each approach has advantages and disadvantages and might not be always feasible for all species/ecosystems. (Image by
Simone Pedrini).
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the two overriding concerns are: (1) to avoid negative impacts
on the native donor population and (2) to retain appropriate
genetic diversity of the donor population.

Pre-Planning

Considered and cautious pre-planning is a key requisite for
achieving high-quality, well-documented seed collections.
Prior to collecting seed from natural populations, it is impor-
tant to obtain information on a species biology (e.g. breeding
system, estimated flowering and fruiting dates) and likely dis-
tribution. Depending on identified project needs/strategies,
seed may be collected from one or many natural donor sites,
and these need to be identified in advance. Locating appropri-
ate donor sites may require investigating national or local seed
herbarium records and botanical or forestry databases, and dia-
logue with experts (local or otherwise) and other seed collec-
tors. Avoid, or be cognizant of, planted populations where
vegetation is of unknown or inappropriate origin. Before con-
ducting surveys or collections in the field, all required con-
sents and permits must be obtained. As these can take some
time to process, permit requests should be submitted in a
timely manner to avoid the risk of delays in collection. Collec-
tors must be adequately trained in plant/seed identification and
risk assessments should be prepared prior to field-based
operations.

Site Surveys

Ideally, donor sites should be surveyed in advance of collection
to confirm the location and site attributes (e.g. weed loads,
access issues, terrain) and to determine whether adequate plant
numbers of each target species are present to provide collections
of sufficient quantity and genetic diversity (Way & Gold 2014).
If possible, the populations should be monitored from flowering
onward to ensure that seed collection dates coincide with seed
maturity. However, in many cases, the constant surveillance of
a population is impractical due to cost and distance, so collectors
should seek additional information from local sources to deter-
mine optimum collection times. To optimize quality and longev-
ity, seeds of native species should usually be collected at, or
close to, the point of natural seed dispersal. Some species dis-
perse over a very short period, so fruit maturity and weather con-
ditions must be monitored carefully to avoid losing potential
harvests (for example, wind-dispersed species like Eriophorum
spp. may disperse seed rapidly on a windy day). Many other spe-
cies disperse seed over extended periods and so harvests would
be ongoing, to capture variation in traits along different maturity
dates (ENSCONET 2009).

Pre-Collection Assessments

Particular care should be taken to avoid over harvesting natu-
ral populations, especially for small, rare, endangered, or iso-
lated populations (Broadhurst et al. 2017; Nevill et al. 2018).
Aim to carry out a pre-collection assessment immediately
prior to collecting, to establish collecting limits. As a

precautionary measure, aim to collect no more than 20% of
the seeds that are mature at the time of collection (Way
2003; Pedrini & Dixon 2020) and for multiple collections
from the same population, less than 20% of the total seed pro-
duced in any 1 year (ENSCONET 2009). For annual species,
whose population survival relies on seeds dispersed in any
given year, no more than 5–10% of the entire yearly produc-
tion should be collected, and collection from the same popu-
lation in consecutive years should be avoided (Meissen
et al. 2015). Use the pre-collection assessment to determine
the population size (number of plants, plant density), evaluate
seed production per plant or area, and obtain an estimate of
total seed production, then set the collection goal to be less
than the prescribed percentage, as indicated above.

The pre-collection assessment should also estimate seed
quality by cut testing a sample of seeds to calculate the per-
centage of empty or infested seeds, thus estimating the mini-
mum quantity that needs to be collected to achieve the desired
number of viable seeds. When wild seed sources are limited,
it may be appropriate to collect and store seed over a number
of years (under suitable conditions) until sufficient seed is
accumulated to initiate the restoration program (DeVitis
et al. 2020).

Collection

Collection may involve single or multiple species. A wide range
of collection techniques may be used, depending on the target
species’ phenology and growth form, population size, amount
of seed required, and local terrain. Hand-harvesting methods
include plucking, stripping, clipping, shaking, and vacuuming,
while mechanical methods include brush, vacuum, and combine
harvesting. Seeds of tree species are best collected directly from
the tree, if possible, as seeds found on the ground may be of low
quality (e.g. old, moldy, or insect infested). Collect the seeds
into containers/bags that keep the seeds as cool and aerated as
possible (Supplement S1). Safety, communication, and biohaz-
ard equipment are also essential—useful checklists are provided
by Way and Gold (2014) and FloraBank (1999). Appropriate
post-harvest management and storage are critical for maintain-
ing seed viability, see DeVitis et al. (2020) and Frischie et al.
(2020) for details.

To allow for the optimal, informed use of seed collections,
detailed data should be recorded about the seed lot and source
population (Supplement S1). Collection of herbarium voucher
specimens before or during seed harvest allows for verification
of the material collected. The herbarium specimen should
include fruits or flowers and bear the same collection number
ID as the seed collection.

Seed Collectors

Collection of native seeds from natural populations can be per-
formed by professional seed collectors (Supplement S1),
native seed suppliers/producers, restoration contractors, pri-
vate landowners, public land managers, researchers, conserva-
tion seed bank personnel, nonprofit organizations, and
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volunteers. Inexperienced collectors will require appropriate
training and leadership by qualified personnel. The involve-
ment of local indigenous people with intimate knowledge of
native species can be invaluable (Fig. 2) while, at the same
time, providing important employment opportunities and reve-
nue, thus helping to stabilize seed markets and increasing the
reliability of native seed supplies for restoration (de Urzedo
et al. 2016, 2019, 2020).

Managed Natural Populations for Seed Production

For some species and ecosystems, seed collection from natural
populations can be improved by actively controlling environ-
mental or ecological variables. For example, a population may
be managed by removing or controlling unwanted species or
encouraging (even planting) the spread of desired plants to
achieve larger or more concentrated areas of the target species
to be harvested. Management activities can also include irriga-
tion, alteration of nutrient characteristics (e.g. fertilization or
biomass removal), reduction of herbivore impacts andmanaging
seed predation (e.g. by fencing, bird netting and other means of
deterrence), and imposed disturbance measures (e.g. controlled
burning or grazing). These approaches suit some native veg-
etation systems and land managers better than cultivated seed
production. For example, highland areas of Scotland are man-
aged on an ongoing basis to maintain the ideal conditions for
animal hunting by arresting the succession to woodland with
patch burning on a 15–20 year rotation, encouraging growth
of young shoots of heather (Calluna vulgaris) and other
heathland species (Mallik & Gimingham 1983). This creates
large stands of uniform vegetation (often dominated by
heather) at the ideal age for seed production allowing collec-
tion with a brush harvester.

Managing natural populations can also increase opportunities
for sequential harvesting and overall seed yields (e.g. by pro-
moting new growth or extending fruiting periods). A managed
natural seed population could be considered and treated simi-
larly to an unmanaged population, especially in terms of phenol-
ogy, ecology, pollinators, herbivores, and demography.
Managed populations (in particular herbaceous species) where

multiple species coexist can be harvested simultaneously
(Scotton et al. 2012) to create a mixed species seed mix. Bulk
mechanical collection is a common harvest practice for herba-
ceous ground layer vegetation (i.e. grasses and forbs growing
in close association) where these exist in suitable size and qual-
ity and on terrain amenable to harvesting (Shaw & Jensen 2014;
Gibson-Roy & Delpratt 2015). Mechanical brush or vacuum
harvesting is often used as an efficient and effective method
for acquiring large seed quantities (especially for grassland
and meadow species).

Cultivated Seed Production

Multiplication of native seeds using cultivated production
approaches employing agricultural and/or horticultural practices
is now an emerging sector in many parts of the world (DeVitis
et al. 2017; Gibson-Roy 2018; White et al. 2018; Hancock
et al. 2020). The development of cultivated seed production sys-
tems, from small-scale container-bed orchards, to large, field-
scale farm operations allows for the multiplication of initially
small founding collections through to native seed production
plots which greatly enhance native seed supply and prevent or
reduce impacts of overharvesting from natural populations
(Kiehl et al. 2014; Gibson-Roy & Delpratt 2015). Where resto-
ration markets exist to support the high capital outlay (DeVitis
et al. 2017; Gibson-Roy 2018; White et al. 2018) installation
of seed production areas on former agricultural land can provide
ready benefits in terms of suitable terrain, existing infrastructure,
and for many herbaceous species, rapid growth andmaturity free
from competition (Supplement S2). For example, farm produc-
tion of native seeds for grassland species is comparable to
domesticated perennial forage cultivars (e.g. Lolium perenne,
Trifolium pratense) (Mainz & Wieden 2019). Usually, for pro-
duction at farming scale for native species, a relatively uniform
substrate is prepared prior to seeding, and the growing environ-
ment is carefully managed to maximize seed production (Fig. 3).
Well-planned and implemented cultural practices, such as prun-
ing, biomass manipulation, weed control, irrigation, pest/disease
control, and fertilizer applications, are used to promote flower-
ing, facilitate harvesting, and improve yields. In these settings

Figure 2. Nödzö’u Group in Brazil: Xavante women collecting seeds of Buriti (Mauritia flexuosa). The Xavante have a seed-collecting tradition and have
participated in the Xingu Seed Network since 2013. (Source: Xingu Seed Network, picture by Rogerio Assis).
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native seeds are typically (but not always) directly sown on
cleared, tilled, friable seedbeds by purpose built seeding equip-
ment (e.g. placed in rows or surface broadcast). An alternative
production system used at small to field scale is to cover bare
soil with weed-mat and plant green stock into cut openings
(it is also possible to direct sow into the openings for highly ger-
minable species). This approach is effective for a large range of
species and functional types (e.g. perennial species, herbaceous
or woody) resulting in a major reduction in weed competition
while fallen seed can be easily harvested from the weed mat
(i.e. sweeping and/or vacuum).

In spite of some similarities in cultural practices, farm-scale
native seed production systems differ significantly from those
of conventional crop production systems where selection and
breeding programs have modified plant and seed traits to
achieve specific characteristics that typically include reduced
dormancy, increased synchronicity of ripening or shattering,
ease of harvest, processing, and storage. These selections result
in uniform plants, often with reduced genetic diversity, and with
crop production practices that are tailored to maintain this uni-
formity. Conversely, native seed production systems for use in
ecological restoration typically aim to capture and retain a repre-
sentative and appropriate range of natural genetic variation dis-
played in founding populations to allow, as much as is possible,

the restored populations to evolve and adapt to prevailing envi-
ronmental changes (Pedrini & Dixon 2020). With these differ-
ences in mind, it is necessary to understand and manage native
seed production systems in a way that adopts and modifies rele-
vant agriculture and horticulture systems and equipment to
effectively produce native seed of appropriate genetic character
and germinability (Supplement S3; Shaw et al. 2012; Shaw &
Jensen 2014).

Best Practices to Retain Genetic Diversity

It is important to acknowledge that any seed harvest activity,
whether from natural populations (managed or unmanaged) or
under cultivated seed systems, may carry the risk of some degree
of genetic selection. However, a number of precautions can be
taken at each steps of seed procurement to limit, as far as practi-
cal, the impact of trait selection.

Collect the Genetic Diversity Representative of a
Natural Population

Native seed collection guidelines often recommend that harvest
should be made from at least 50 individuals in a population
(Brown & Marshall 1995). Recent studies (Hoban & Strand

Figure 3. Seed farms: (A) Field of Wyeth buckwheat (Eriogonum heracleoides) in OR, U.S.A. (B) Mechanical sowing of the annual cornflower (Cyanus
segetum) in Brechin, Scotland. (C) Rows of European native forbs Achillea millefolium and Silene dioica in Freising, Germany. (D) Planting of Allocasurina
acutivalvis seedlings into weed mat in Morawa, Western Australia, in an indigenous-owned and operated native seed farm.
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2015; Hoban et al. 2018) explore the use of simulation models to
predict the capture of genetic diversity with different sampling
strategies and suggest the adoption of collection guidelines tai-
lored to particular taxa that take into account biological factors
such as selfing and seed dispersal strategies.

For taxa with known polyploidy, such as many grasses, it is
important (where possible or where the information exists) to
determine the ploidy number of the potential source populations
and avoid establishing seed production plots with seed from
multiple populations with different ploidy levels, because the
seed produced by cross fertilization will not produce fertile
plants and thus would not persist in restoration plantings
(Kramer et al. 2018).

When collecting from natural populations (especially by
hand) seeds should be harvested as randomly as possible, avoid-
ing the collection of particular traits, and, if feasible, over sev-
eral days during the seed dispersal period (The Royal Botanic
Gardens Kew 2001; ENSCONET 2009). For large populations
of open pollinated species in a uniform landscape, it is often eas-
ier to collect in a more systematic way, sampling at regular inter-
vals along a transect or in patterns when using mechanical
harvesters to ensure an even contribution of seeds frommaternal
genotypes.

Guarding Against Genetic and Phenotypic Drift in
Cultivated Production

Cultivated native seed production can have the risk of drift in the
genetic and phenotypic make-up from the original population due
to unintended selection, usually trending towards a narrowing of
genetic diversity (Espeland et al. 2017). Native seed producers
should be aware of cultural practices that increase the likelihood
of active selection for specific traits, for example when growing
plants for production (e.g. size, speed of development), at crop
harvest (e.g. favoring periods of more synchronous seed set, plant
at certain heights, plants with highest yields), or seed processing
(e.g. seed shape, size, color) and, as far as practical, take the nec-
essary measures to limit these unintended selection points (Basey
et al. 2015). Another practice utilized by seed growers to reduce
this risk is by allowing only a defined maximum of generations
(e.g. 2–5) before the seed production plot needs to be reseeded
with newly collected wild seeds (Gibson-Roy et al. 2010; Associ-
ation of German Wild Seed and Wild Plant Producers 2017).
When tested on five grassland species, this approach proved
effective for maintaining the genetic diversity of four species
out of five, mostly long-lived and out-breeding perennials, while
for Medicago lupulina, a short-lived, selfing perennial species,
genetic and phenotypic drift was detected after five generations
(Nagel et al. 2019). Such studies and results suggest that these

Figure 4. Origin control for seed farm production. All stages are recorded so that seeds can be traced to the original collection. Multiplication of the farm stock
should be limited to a maximum five generations from collection. After five generations, a new collection should be made. This graphic is applicable to perennial
species that produce seed in the first year. For annual species, harvest of a seed lot is limited to the first year. For perennial and woody species where seed
production can occur two or more years after crop establishment, the time scale (on the left) should be extended accordingly. (Original graphic provided courtesy
of Scotia Seeds).
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Figure 5. Effect of post-harvest seed moisture status on seed quality. The dashed line shows fluctuations in equilibrium relative humidity with ambient
conditions. Copyright 2014 Board of Trustees of the Royal Botanic Gardens, Kew.

Figure 6. Seed collection from natural populations. (A) Seed collecting from Abies procera, by U.S. Forest Service climbers in Washington state. Image: M. Way.
(B) Collecting tree seedwith a pruning pole for RBGKew’s U.K. National Tree Seed Project. (C)Mechanical collection ofCalluna vulgariswith handheld brush harvester.
(D) Vacuum seed harvesting of Leontodon hispidus. (Images A,B: Copyright Board of Trustees, RBG Kew. Image C by S. Pedrini. Image D by Marcello De Vitis).
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approaches are usually effective, but over time and where
research and testing capacity are available, the number of genera-
tions recommended for cultivated production crops for different
taxa (according to life form and reproductive strategies) should
ideally be determined on a species by species and region by region
basis.

Certification and Traceability

Certification schemes such as the pre-variety germplasm certifi-
cation program in the United States (Young et al. 2003) or
VWW Regiosaaten® in Germany (Mainz & Wieden 2019) are
important mechanisms for authenticating the origin of founder
seed grown in cultivated seed production settings and that
appropriate cultural practices have been adopted in production
systems to retain the genetic diversity of those natural founding
populations.

Essential to any cultivated native seed production system is a
well-structured recording and labelling system that allows for
the tracing of a collection from source to field and the path
through the production (multiplication) cycle until deployed
(Fig. 4). Such systems allow accurate and consistent descrip-
tions of the seed batch through the production cycle. Ideally,
they entail recording of essential data to seed growers from
source, through cultivation, to harvest yields and seed testing
(Guest 2018; Pedrini & Dixon 2020).

Harvesting Techniques and Equipment

Whether seeds are obtained from natural/managed populations
or from cultivated seed production systems, similar harvest
methodologies and techniques are used; however, the scale of
operations, the frequency of harvest, and the volume of seed har-
vested can be quite different.

Figure 7. Native seed harvesting machinery. (A) Mini combine harvester. (B) Vacuum harvester from Wildblumenburri in Lenggenwil (Switzerland).
(C) Combine harvester and (D) brush harvester used in a hay meadow located in the Pyrenees (Spain). (Pictures (A) and (B) by Simone Pedrini and, (C) and
(D) by Candido Gálvez-Ramírez).
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Ideally, harvest is performed when seeds reach or are near
maturity, which is usually the point of natural dispersal. Seeds
collected too early may be undeveloped and could lose viability
when dried or fail to germinate (Fig. 5). However, seed from cer-
tain species can be collected with fruits and stems intact and left
in dry storage conditions for seed to mature (Delpratt & Gibson-
Roy 2015).

Seed maturity indices include changes in color, fruit dehis-
cence, and seeds becoming hard and dry. It is highly recom-
mended to clearly separate seed from fruits or coverings and to
conduct cut test or pinch test before harvesting, to gauge fill, via-
bility, and optimal timing of harvest as apparently “normal”
fruits may be inviable. For many species, clarifying that the
endosperm is firm and not soft is a key indication that seed is
progressing towards maturity.

Small-Scale Seed Harvesting

Harvesting seed by hand is generally required to collect individ-
ual species within multispecies populations, those fruiting ear-
lier or later than other species present in the same population,
and at sites with difficult access or rugged terrain. Hand collec-
tion is used for seed collection from natural/managed popula-
tions and in cultivated production systems where crops are
small, or species are of high value (e.g. seed price or species of
conservation concern). Simple hand collection techniques
include plucking, stripping, raking, clipping, or shaking seed
from plants.

If seed dispersal/dehiscence occurs over longer periods seed
can be captured using seed traps or bagging. Examples of such

are provided by Way and Gold (2014) and Cochrane et al.
(2009). Ideally seed is taken directly from the plant rather than
from the ground beneath where it may be old, moldy, infested
with insects, at or near the point of germination, or from a differ-
ent or nontarget species altogether. For seed retained at height, it
is normally possible to bring seed to ground level using extend-
able pole pruners, catapults, or throw lines (with appropriate
training and safeguards in place climbing may also be neces-
sary) (Fig. 6). In all cases, ensure that proper safety and personal
protective equipment is used (Kallow 2014).

Mechanical Seed Harvesting

In most cases, seed harvest from larger scale cultivated produc-
tion systems is performed with mechanical equipment. Mechan-
ical devices can range from small handheld equipment
(e.g. vacuums or brush harvesters) (Fig. 6) through to large agri-
cultural sized machines (Fig. 7). The choice of machine is typi-
cally dictated by a range of factors including type and spatial
area of the crop, configuration of the crop bed, type of seed,
and quantity of seed. A wide variety of agricultural and horticul-
tural harvesters have been adapted for field-scale native seed
harvest such as mini-combine harvesters, tractor-mounted brush
harvesters, and vacuum harvesters.

Brush harvesters use rotating brushes (of different length,
type, density) to displace seed/fruits from plants. Where unri-
pened seed remains on plants further passes may be performed
during one season to capture species with different maturation
times (Adams et al. 2016) or new seed that is produced at a later
stage. Vacuum harvesting—using handheld or vehicle-drawn

Table 1. Comparison of different harvestingmethods to be used in managed seed production. *Various hand tools and back-pack or portable vacuum harvesters
may be used.

Harvesting
Method Application Limitations Species (examples)

Manual* Small plots to produce foundation seed.
Wild populations with limited access.
Native stands and planted orchards.

Slow, time consuming. Difficult to
harvest large quantities.

High cost

All species.

Brush
harvester

Species with:
Readily dehiscent seed
Indeterminate ripening
Advantage: multiple harvests possible.

Seed of especially tall or short plants
missed.

Grasses.
Tall dicots with exposed
inflorescences.

Cutting and
threshing

Species with:
Dehiscence or shattering

Requires significant equipment to
manage volume.

Cleaning may be difficult,
time-consuming, and costly.

Legumes with distinct and
rapid dehiscence

Combine
harvester

Species with:
Short flowering period and indehiscent fruits
Easily threshed seeds in favorable seasons
Collections of wild populations of some
herbaceous species

High fixed and equipment costs.
Difficult to use on uneven or steep land.
Immature seeds are also collected.

Brassicaceae
Asteraceae
Plantaginaceae
Caryophyllaceae

Vacuum
harvester

Species with rapid and fairly uniform
dehiscence.

Seeds that are: exposed, light, and often
possess a coma or pappus.

Low-growing or creeping species sown over
landscape fabric.

Limited equipment availability.
Low collection efficiency.

Nigella spp.
Matricaria spp.
Trigonella spp.
Asteraceae
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equipment—is a technique frequently employed for small, low-
growing plants with diffuse, fine seed. This method is also effec-
tive for collecting seed directly from the ground (FloraBank
1999) especially where seed has fallen onto laid weed mat (ide-
ally at or soon after dispersal to minimize the risk of seed loss
through wind or from predation).

Brush and vacuum harvesters enable seed to be collected at
different heights and times without damaging the plant. In con-
trast, harvesting equipment that cut stems, such as combine har-
vesters, may gather all seeds, regardless of their maturity state
(noting that some species can mature post-harvest). If harvest
options are limited to cutting methods, harvesting could be con-
ducted on different parts of the crop at different times. Detailed
species knowledge regarding timing of flowering and seed set
will help growers to tailor harvest approaches and methods for
species and production settings, thus ideally maximizing effi-
ciency, yields, quality, and genetic diversity (Table 1).

Conclusions

Globally, vast quantities of seeds from a great diversity of plant
species are critical for meeting large-scale restoration goals.
Those species that exhibit the capacity for effective seed produc-
tion (as managed natural populations or through cultivated seed
production systems) and those with a specific need for increase
(regardless of ease), such as rare or threatened species, should
be candidates for investigation for these purposes so that effec-
tive and efficient ecological restoration can be conducted at-
scale across the world. However, full ecological restoration
based on the eight guiding principles in Gann et al. (2019)
may ultimately require increasingly comprehensive suite of spe-
cies be understood and integrated into seed production systems.

Native seed production is an emerging area across the world
and significant research and adaptive management will be
required to refine and enhance current methods and outcomes.
Many standard agricultural and horticultural techniques have
proven effective for use with a relatively narrow suite of wild
species, but large information gaps remain for many others
(Hancock et al. 2020). Nevertheless, cultivated seed production
represents an area of unique potential for the supply of the most
fundamental resource for ecological restoration—seed. To this
end, managed natural populations and cultivated production
systems provide an outstanding opportunity for delivering the
quantity and quality of seed required for large-scale global resto-
ration and every effort should be made to encourage and support
their development.

LITERATURE CITED
Adams J, Chapman T, Hardwick K (2016) Case study: UK Native Seed Hub,

Royal Botanic Gardens, Kew. Pages 198–204. In: Blakesley P,
Buckley D (eds) Grassland restoration and management. Pelagic Publish-
ing, Exeter, UK.

Association of German Wild Seed, Wild Plant Producers (2017) Rules and regu-
lations on the selection.

Basey AC, Fant JB, Kramer AT (2015) Producing native plant materials for res-
toration: 10 rules to collect and maintain genetic diversity. Native Plants
Journal 16:37–53

Broadhurst L, Driver M, Guja L, North T, Vanzella B, Fifield G, Bruce S,
Taylor D, Bush D (2015) Seeding the future – the issues of supply and
demand in restoration in Australia. Ecological Management & Restoration
16:29–32

Broadhurst L,Waters C, Coates D (2017) Native seed for restoration: a discussion
of key issues using examples from the flora of southern Australia. Range-
land Journal 39:487–498

Broadhurst LM, Lowe A, Coates DJ, Cunningham SA, McDonald M, Vesk P a,
Yates C (2008) Seed supply for broadscale restoration: maximizing evolu-
tionary potential. Evolutionary Applications 1:587–597

Brown A, Marshall D (1995) A basic sampling strategy: theory and practice.
Pages 75–91. In: Collecting plant genetic diversity technical guidelines.
CABI, Wallingford, United Kingdom

Bureau of Land Management (2018) Seeds of success. Technical protocol for the
collection, study, and conservation of seeds from native plant species. Res-
toration Ecology 28:S285–S302

Cochrane A, Crawford AD, Offord CA (2009) Seed and vegetative material collec-
tion. In: Offord AA, Meagher PF (eds) Plant germplasm conservation in
Australia: strategies and guidelines for developing, managing and utilising
ex situ collections. Australian Network for Plant Conservation Inc., Canberra

Delpratt J, Gibson-Roy P (2015) Sourcing seed for grassland restoration. Pages
258–330. In: Williams N, Marshall A, Morgan J (eds) Land of sweeping
plains – managing and restoring the native grassland of south-eastern
Australia. CSIRO Publishing, Clayton South, VIC, Australia

DeVitis M, Abbandonato H, Dixon K, Laverack G, Bonomi C, Pedrini S (2017)
The European native seed industry: characterization and perspectives in
grassland restoration. Sustainability 9:1682

DeVitis M, Fiegener R, Dickie J, Trivedi C, Choi J, Hay F (2020) Seed storage:
maintaining seed viability and vigor. Restoration Ecology 28:S248–S254

ENSCONET (2009) Seed collecting manual for wild species. https://www.luo-
mus.fi/sites/default/files/files/collecting_protocol_english.pdf (accessed
20 Apr 2020)

Erickson VJ, Halford A (2020) Seed planning, sourcing, and procurement. Resto-
ration Ecology 28:S219–S227

Espeland EK, Emery NC, Mercer KL, Woolbright SA, Kettenring KM, Gepts P,
Etterson JR (2017) Evolution of plant materials for ecological restoration:
insights from the applied and basic literature. Journal of Applied Ecology
54:102–115

FloraBank (1999) Native seed collection methods. https://www.greeningaustra-
lia.org.au/wp-content/uploads/2017/11/FLORABANK-GUIDELINES_-
collection-methods.pdf (accessed 20 Apr 2020)

Frischie S, Miller A, Kildisheva OA, Pedrini S (2020) Native seed processing and
quality testing. Restoration Ecology 28:S255–S264

Gann GD, McDonald T, Walder B, Aronson J, Nelson CR, Jonson J, et al. (2019)
International principles and standards for the practice of ecological restora-
tion. Second edition. Restoration Ecology 27:S1–S46

Gibson-Roy P (2018) Restoring grassy ecosystems – feasible or fiction? An
inquisitive Australian’s experience in the USA. Ecological Management &
Restoration 19:11–25

Gibson-Roy P, Delpratt J (2015) The restoration of native grasslands. Pages
331–388. In: Williams N, Marshall A, Morgan J (eds) Land of sweeping
plains. CSIRO Publishing, Melbourne, Australia

Gibson-Roy P, Moore G, Delpratt J, Gardner J (2010) Expanding horizons for
herbaceous ecosystem restoration: the grassy groundcover restoration pro-
ject. Ecological Management & Restoration 11:176–186

Guest F (2018) Traceabilityin native seed production. In: DeVitis M, Mondoni
A, Pritchard HW, Laverack G, Bonomi C, (eds). Native Seed Ecology,
Production & Policy -Advancing knowledge and technology in Europe.
Muse, Trento, Italy pp. 65–67.

Hancock N, Gibson-roy P, Driver M, Broadhurst L (2020) The Australian
native seed survey report. Australian Network for Plant Conservation,
Canberra

Hoban S, Kallow S, Trivedi C (2018) Implementing a new approach to effective
conservation of genetic diversity, with ash (Fraxinus excelsior) in the UK
as a case study. Biological Conservation 225:10–21

August 2020 Restoration Ecology S237

Native seed collection and production



Hoban S, Strand A (2015) Ex situ seed collections will benefit from considering
spatial sampling design and species’ reproductive biology. Biological Con-
servation 187:182–191

Jalonen R, Valette M, Boshier D, Duminil J, Thomas E (2018) Forest and land-
scape restoration severely constrained by a lack of attention to the quantity
and quality of tree seed: Insights from a global survey. Conservation Letters
11:e12424

Jiménez-alfaro B, Frischie S, Stolz J, Gálvez-ramírez C (2020) Native plants for
greening Mediterranean agroecosystems. Nature Plants 6:209–214

Kallow S (2014) UK national tree seed project. Kew, United Kingdom
Kiehl K, Kirmer A, Shaw N, Tischew S (2014) Guidelines for native seed produc-

tion and grassland restoration. Cambridge Scholars Publishing, Newcastle
upon Tyne, United Kingdom

Kramer AT, Wood TE, Frischie S, Havens K (2018) Considering ploidy when
producing and using mixed-source native plant materials for restoration.
Restoration Ecology 26:13–19

Mainz AK, Wieden M (2019) Ten years of native seed certification in Germany –
a summary. Plant Biology 21:383–388

Mallik AU, Gimingham CH (1983) Regeneration of heathland plants following
burning. Vegetatio 53:48–58

Meissen JC, Galatowitsch SM, Cornett MW (2015) Risks of overharvesting seed
from native tallgrass prairies. Restoration Ecology 23:882–891

Merritt DJ, Dixon Kingsley W (2011) Restoration seed banks – a matter of scale.
Science 332:424–425

Nagel R, Durka W, Bossdorf O, Bucharova A (2019) Rapid evolution in native
plants cultivated for ecological restoration: not a general pattern. Plant Biol-
ogy 21:551–558

Nevill PG, Cross AT, Dixon KW (2018) Ethical seed sourcing is a key issue in
meeting global restoration targets. Current Biology 28:R1378–R1379

Nevill PG, Tomlinson S, Elliott CP, Espeland EK, Dixon KW, Merritt DJ (2016)
Seed production areas for the global restoration challenge. Ecology and
Evolution 6:7490–7497

Pakkad G, Al Mazrooei S, Blakesley D, James C, Elliott S, Luoma-Aho T,
Koskela J (2007) Genetic variation and gene flow among Prunus cera-
soides D. Don populations in northern Thailand: analysis of a rehabilitated
site and adjacent intact forest. New Forests 35:33–43

Pedrini S, Dixon KW (2020) International principles and standards for native
seeds in ecological restoration. Restoration Ecology 28:S285–S302

Scotton M, Kirmer A, Krautzer B (2012) Practical handbook for seed harvest and
ecological restoration of species-rich grasslands. Cleup, Padova, Italy

Shaw N, Jensen S (2014) Using native plant materials for sagebrush restoration.
Pages 141–159. In: Kiehl K, Kirmer A, Shaw N, Tischew S (eds) Guide-
lines for native seed production and grassland restoration. Cambridge
Scholars Publishing, Newcastle upon Tyne, United Kingdom

Shaw N, Pellant M, FiskM, Denney E (2012) A collaborative program to provide
native plant materials for the Great Basin. Rangelands 34:11–16

The Royal Botanic Gardens Kew (2001) Field manual for seed collectors: seed
collecting for the millennium seed bank project. pp. 1–21. http://brahmson-
line.kew.org/Content/Projects/msbp/resources/Training/English_kpp-
cont_035653_A-field-manual-for-seed-collectors.pdf (accessed 20 Apr
2020)

de Urzedo D, Piña-Rodrigues F, Feltran-Barbieri R, Junqueira R, Fisher R (2020)
Seed networks for upscaling Forest landscape restoration: is it possible to
expand native plant sources in Brazil? Forests 11:259

de Urzedo DI, Fisher R, Piña-Rodrigues FCM, Freire JM, Junqueira RGP (2019)
How policies constrain native seed supply for restoration in Brazil. Resto-
ration Ecology 27:768–774

de Urzedo DI, Vidal E, Sills EO, Piña-Rodrigues FCM, Junqueira RGP (2016)
Tropical forest seeds in the household economy: effects of market partici-
pation among three sociocultural groups in the upper Xingu region of the
Brazilian Amazon. Environmental Conservation 43:13–23

Way, M and Gold K (2014) Assessing a population for seed collections. MSBP
Technical Information Sheet 02. http://brahmsonline.kew.org/Content/Pro-
jects/msbp/resources/Training/02-Assessing-population.pdf (accessed 20
Apr 2020)

Way MJ (2003) Collecting seed from non-domesticated plants for long-term con-
servation. In: Smith RD, Dickie JB, Linington SH, Pritchard HW,
Probert RJ (eds) Seed conservation: turning science into practice. Royal
Botanic Gardens Kew, United Kingdom

White A, Fant JB, Havens K, Skinner M, Kramer AT (2018) Restoring species
diversity: assessing capacity in the U.S. native plant industry. Restoration
Ecology 26:605–611

Young S, Schrumpf B, Amberson E (2003) The Association of Official Seed Cer-
tifying Agencies (AOSCA) native plant connection. AOSCA, Moline, IL.
https://www.aosca.org/wp-content/uploads/Documents///AOSCANative
PlantConnectionBrochure_AddressUpdated_27Mar2017.pdf (accessed 20
Apr 2020)

Supporting Information
The following information may be found in the online version of this article:

Supplement S1. Seed collection
Supplement S2. Seed production
Supplement S3. Pollinators, pestand disease management

Coordinating Editor: Stephen Murphy Received: 13 December, 2019; First decision: 29 January, 2020; Revised: 21
April, 2020; Accepted: 24 April, 2020

Restoration Ecology August 2020S238

Native seed collection and production


	Collection and production of native seeds for ecological restoration
	Introduction
	Seed Collection From Natural Populations
	Pre-Planning
	Site Surveys
	Pre-Collection Assessments

	Collection
	Seed Collectors

	Managed Natural Populations for Seed Production
	Cultivated Seed Production
	Best Practices to Retain Genetic Diversity
	Collect the Genetic Diversity Representative of a Natural Population
	Guarding Against Genetic and Phenotypic Drift in Cultivated Production
	Certification and Traceability
	Harvesting Techniques and Equipment
	Small-Scale Seed Harvesting
	Mechanical Seed Harvesting
	Conclusions
	LITERATURE CITED

	REC13190.pdf
	Collection and production of native seeds for ecological restoration
	Introduction
	Seed Collection From Natural Populations
	Pre-Planning
	Site Surveys
	Pre-Collection Assessments

	Collection
	Seed Collectors

	Managed Natural Populations for Seed Production
	Cultivated Seed Production
	Best Practices to Retain Genetic Diversity
	Collect the Genetic Diversity Representative of a Natural Population
	Guarding Against Genetic and Phenotypic Drift in Cultivated Production
	Certification and Traceability
	Harvesting Techniques and Equipment
	Small-Scale Seed Harvesting
	Mechanical Seed Harvesting
	Conclusions
	LITERATURE CITED





