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Seed enhancement: getting seeds restoration-ready
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Seed enhancement technologies such as seed priming and seed coating, developed by the agricultural seed industry, are stan-
dard procedures for the majority of crop and horticultural seeds. However, such technologies are only just being evaluated
for native plant seeds despite the potential benefits of such treatments for improving restoration effectiveness. Key approaches
applicable to native seed include: (1) seed priming, where seeds are hydrated under controlled conditions, and (2) seed coating,
in which external materials and compounds are applied onto seeds through a diversity of treatments. These technologies are
commonly employed to accelerate and synchronize germination and to improve seed vigor, seedling emergence, establishment,
and to facilitate mechanized seed delivery to site, through standardizing seed size and shape. Seed enhancement technologies
have now been tested on native seeds to overcome logistical and ecological barriers in restoration. However, further research
is needed to extend the application of seed enhancements to a broader array of species, ecosystems, and regions as well as to
evaluate new and innovative approaches such as the incorporation of beneficial soil microorganisms and plant growth regula-
tors in the coatings. As techniques in native seed enhancement develop, these approaches need to be capable of being scaled-up
to provide the tonnages of seed required for global restoration.
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seeds (Merritt & Dixon 2011) and the potential negative impacts
of increasing seed collection rates on wild populations (Nevill
etal. 2018), such a high failure rate is unsustainable and severely
limits the success of seed-based restoration at the scales that are
now required (Menz et al. 2013). Thus, there is an emerging
need and market demand for techniques and technologies that
improve restoration outcomes associated with direct seeding.
The high failure rates in seed-based restoration have been
attributed to physiological, logistical, and ecological-
environmental factors. These include low seed viability,

Implications for Practice

® Seed priming can provide synchronized, rapid, and on-
demand germination, establishment, and confer resilience
to a variety of stresses, improving plant survival in harsh
environments.

e Seed coating technology modifies the shape and size of
field-ready seed units, improving delivery to site, espe-
cially for small-seeded species, or for seeds with con-
founding appendages or complex morphology.

® Seed coating and priming can be used to deliver com-
pounds such as germination promoters, protectants, and

predator deterrents that have the potential to greatly
improve seed emergence and plant establishment.

® Seed coating and priming can be used to broaden poten-
tial seed germination response as a bet-hedging strategy
to compensate for often extreme spatial and temporal var-
iability in the seedbed microclimate of disturbed systems.

Introduction

Seeds are the most cost-effective option for ecological restora-
tion compared with the planting of seedlings, particularly at
larger scales or in highly biodiverse ecosystems (Pérez et al.
2019). However, fewer than 10% of seeds deployed to field-
based successfully establish to produce a mature plant (James
et al. 2011; Merritt et al. 2011; Ceccon et al. 2016). Given the
challenges and cost of procurement and production of native
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Seed enhancement: getting seed restoration-ready

dormancy, limited emergence, challenges in handling and deliv-
ery of seed mixes due to variation in seed size and morphology,
and variability in the environmental conditions across restora-
tion sites. As such, seed enhancement technologies (in which
seeds are artificially treated to promote “‘germination and estab-
lishment on-demand”) represent an area where research and
development are urgently required to improve the quality, deliv-
erability, and reliability of native seed batches and to confer
resilience to environmental stresses, such as moisture or temper-
ature extremes, and ecological challenges (e.g. predation, com-
petition, and disease).

However, seed enhancement technologies have received lim-
ited attention in ecological restoration for a variety of reasons
including: extensive research and development needed to cus-
tomize existing crop seed technologies to complex and diverse
native seed types, high initial cost of equipment, and hurdles
in scaling the enhancement processes. Yet, such technologies
are a standard feature in the crop and horticulture seed supply
chains as the benefits they provide far outweigh the costs
(Pedrini et al. 2017). In recent years, seed enhancement technol-
ogies have been developed for ecological restoration with iden-
tified potential benefits if the technologies can be optimized and
effectively scaled (Madsen et al. 12016a; Erickson et al. 2017).

The aim of this review is to present a broad and practical over-
view of the currently available seed enhancement technologies
developed in agriculture (seed priming and seed coating) and
provide examples of how such technologies have been applied
in the context of ecological restoration.

Seed Priming

Seed priming refers to the controlled hydration of seeds before
sowing, where seeds begin the germination process but are re-
dried before germination proceeds to the point of radicle/epi-
cotyl extension (Heydecker & Coolbaer 1977; Bradford 1986).
Priming can reduce the variability in seed germination rate
within a population, ensuring more uniform and rapid germina-
tion and establishment (Taylor et al. 1998; Jisha et al. 2013;
Paparella et al. 2015; Bhanuprakash & Yogeesha 2016). It can
also confer greater resilience to thermal, moisture, and osmoti-
cum (salt) stresses (Bruggink 2005) and therefore may be bene-
ficial for plant establishment in harsh environments
(Kildisheva 2019).

The Priming Process

The physiological processes that occur during seed priming (see
Supplement S1) begins with water uptake. Water uptake
(or imbibition) is modulated by seed coat permeability and the
area of contact with, and hydraulic conductivity of, the growth
substrate (Koller & Hadas 1982; Bradford 1995). Seed water
uptake can be divided into three phases: (1) imbibition or the
physical uptake of water, (2) “activation” of metabolic activity,
and (3) embryo and radicle/epicotyl growth and commencement
of mitosis (Fig. 1; Taylor et al. 1992; Bradford 1995).

For imbibition to occur, the seed coat must be permeable to
water (Kildisheva et al. 2020). For seeds with a water-

impermeable seed coat, permeability must first be achieved by
the opening of the water gap or through artificial means such
as scarification or hot water treatment (Baskin & Baskin
2014). Once seeds are permeable, imbibition generally occurs
within hours or days and water uptake subsides at the initiation
of metabolic activity (Bradford 1995).

Seeds are tolerant to desiccation during the first two phases of
water uptake, but become desiccation sensitive once embryo
growth has been initiated (e.g. phase three; Taylor et al. 1992).
Thus, effective priming treatments result in imbibition and acti-
vation of the germination process up to a point prior to embryo
development so that seeds are poised to complete germination,
but retain the ability to be dehydrated and stored prior to delivery
to the restoration site, without major viability losses. The opti-
mal priming duration can depend on several factors, including
priming method, species biology, seed size, dormancy status,
and germination speed (Powell et al. 1984; Karssen et al.
1989; Bradford 1995; Bruggink 2005). Similarly, the extent to
which germination can visibly occur before seeds become
desiccation-sensitive can also vary by species. For example,
for most species if priming has induced visible radicle emer-
gence, viability can be assumed to have been negatively
impacted (Tarquis & Bradford 1992; McDonald 1998; Brug-
gink et al. 1999); however, seeds of some desert species can tol-
erate desiccation even after the radicle has fully emerged and
commenced root extension (Gutterman 2002). Seed priming
can be accomplished through a number of different means,
including hydro-, chemo-, osmo-, and solid matrix priming
(Taylor et al. 1992; Bruggink 2005; Paparella et al. 2015).

Hydro-Priming. Hydro-priming refers to the hydration of
seeds in pure water, typically in aerated conditions (Fig. 2) and
at temperatures considered favorable for germination (Ward &
Powell 1983; Coolbear & McGill 1990; Gray et al. 1990; Harris
etal. 1999). Because the extent of priming is controlled by treat-
ment duration, hydro-priming is the least precise of the priming
techniques and is applied in combination with other treatments
(e.g. chemo- or hormone-priming) or immediately before sow-
ing under nursery conditions (e.g. “soaking,” Luna et al. 2014).

Chemo- or Hormone-Priming. In chemo-priming or
hormone-priming, germination promoters (e.g. cytokinins, jas-
monates, gibberellins, and karrikins), inhibitors (e.g. ABA), or
plant protective compounds (e.g. salicylic acid, fungicides) can
be used to improve seed germination of dormant species, control
germination timing to optimize recruitment, and protect seeds
from biotic and abiotic stresses (Carrow & Duncan 2011; G6r-
nik et al. 2014; Badrakh 2016; Erickson et al. 2017; Call 2018).

Osmo-Priming. Osmo-priming is a widespread priming
approach that relies on the use of an osmoticum bathing solution
at water potentials below 0 MPa that allows controlled hydration
of seed. This is accomplished through the use of salts
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Figure 1. Seed water uptake can be divided into three phases: imbibition, the initiation of germination (activation), and embryo and radicle/epicotyl growth
(growth). In seed priming, imbibition is interrupted at the beginning of the growth phase and seed are dried back to be stored.
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Figure 2. Custom-built seed priming unit used for hydro-, osmo-, and
chemo-priming seeds was developed at the University of Western Australia
and Kings Park Botanic Garden. This six-cylinder unit is able to treat 1-2 kg
of pure seeds of numerous native species and differing morphologies
(Erickson et al. 2019; Kildisheva 2019). Cylinders are filled with priming
solution and connected to an air pump (Hailea Air Pump, IPX4, Guang
Dong, China; flow rate ca. 3—4 L/min) to promote aeration during priming
(image modified from Kildisheva 2019).

(e.g. KNOj3, NaCl, CuSQ,), polyethylene glycol (PEG), or man-
nitol (CgH40¢) (Yadav et al. 2011; Amirkhiz et al. 2012).

Matrix Priming. Solid matrix priming is another approach in
which seeds are primed in a solid substrate (e.g. compost, clay,
peat, sand, or vermiculite) moistened with water to achieve

desired water potentials for priming (Taylor et al. 1988). In some
cases, matrix priming can be more effective than osmotic prim-
ing (Harman & Taylor 1988; Taylor et al. 1988), presumably
because the process is thought to simulate natural seedbed con-
ditions and because oxygen is freely available to seeds through-
out the priming duration. Matrix priming has demonstrated
positive results by improving germination and emergence of
both horticultural and wild plant species (Bosma et al. 2002;
Madsen et al. 2018) and has the potential to be combined with
other seed technologies.

Seed Priming Materials and Equipment. In the seed industry,
hydro-, osmo-, or chemo-priming is accomplished using a num-
ber of approaches, such as incubation trays moistened with poly-
ethylene glycol (PEG) or other solutes; incubation inside aerated
solution (e.g. PEG, inorganic salts, mannitol) typically inside
large upright cylinders; or membrane priming, where PEG and
seeds are separated by a semipermeable membrane to improve
aeration needed to maintain seed viability (Bruggink 2005).
Smaller-scale priming units have been developed for restoration
use. For example, Erickson et al. (2019) describe a six-cylinder
priming apparatus developed for seed priming for mine site res-
toration (Fig. 2). The unit can be used for hydro-, osmo-, and
chemo-priming and is able to treat 1-2 kg of pure seeds. It has
been tested across a range of osmotic potentials, aeration rates,
and seed morphologies of different native species—and has
proven effective at treatment delivery (Erickson et al. 2019;
Kildisheva 2019).

Solid matrix priming can be used to treat large quantities of
seed by storage in a matrix media (e.g. peat, vermiculite), typi-
cally inside a drum that rotates around a central axis to ensure
even moisture distribution (Rowse 1996; Bruggink 2005).
Another method, “drum priming,” involves mixing seeds with
a specific quantity of water to raise the seed moisture content
to the desired level, either in a static or rotating drum (Khan
1992; Bruggink 2005).
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Seed Priming in Ecological Restoration

Although priming is used extensively in the agricultural indus-
try, examples of its use in ecological restoration with native
plant spices remain limited, despite the potential for consider-
able benefits. Seed priming has been successfully used to stimu-
late the germination of pioneer tree species, which are
commonly used in the tropical forests (Rodrigues et al. 2009).
For example, hydro-priming (immersion in water for 16 hours)
and osmo-priming (polyethylene glycol-PEG 8000, —0.8 MPa
for 56 and 88 hours) improved seedling establishment of a pio-
neer tree species Guazuma ulmifolia (Brancalion & Tay 2010).
Priming also induced rapid germination of several tree species
(Albizia saman, Cedrela odorata, Enterolobium cyclocarpum,
and Swietenia macrophylla) native to the tropical semidecidu-
ous forest of Veracruz, Mexico. Natural priming (manual seed
burial, similar to matrix priming described above) was effective
for A. saman, C. odorata, and S. macrophylla while hydro-
priming enhanced the performance of E. cyclocarpum seeds
(Peraza-Villarreal et al. 2018). Hardegree and Van Vactor
(2000) reported that matrix priming enhanced total emergence
of four North American bunchgrass species (Elymus elymoides,
Elymus lanceolatus, Poa sandbergii, and Pseudoroegneria spi-
cata) in the field, but the range of effects on germination were
contingent upon seed lot, planting date, and soil type.

Priming has been used in combination with other pre-sowing tech-
niques, for example Wagner et al. (2011) investigated the response of
10 difficult-to-establish species from European calcareous grasslands
to: osmo-priming (PEG 6000, osmotic potential of —21.0 MPa),
osmo-priming combined with gibberellic acid (GA3), or cold stratifi-
cation treatments. Germination was enhanced by osmo-priming
(Campanula glomerata, Filipendula vulgaris, and Helianthemum
nummularium) and osmo-priming + GA; (Thymus pulegioides).
Interestingly, the addition of GAj3 to the osmo-priming solution pro-
moted germination in suboptimal conditions (e.g. drought, light/dark)
or substituted for the temperature fluctuation requirement of some
species, thus expanding the germination “niche” of the tested species
to a wider range of environmental conditions (Wagner et al. 2011;
Lewandrowski et al. 2018; Kildisheva et al. 2019).

The ability to promote more rapid germination across a wider
range of conditions may be particularly salient in regions where
environmental conditions are highly stochastic, such as drylands
(Pedrero-Lépez et al. 2016; Erickson et al. 2017; Kildisheva
2019). Erickson et al. (2017) and Kildisheva et al. (2019)
reported on the potential for the integration of seed priming into
the restoration tool kit in the context of mine rehabilitation,
either alone or in combination with other seed enhancement
techniques. Priming with karrikinolide, a smoke-derived germi-
nation stimulant, was shown to improve germination and emer-
gence of Triodia pungens L. (Erickson et al. 2017; Kildisheva
2019)—a keystone species in the Pilbara bioregion of Western
Australia (Nicholas et al. 2009). Priming was particularly effec-
tive when combined with seed coating, possibly by acting to
expand the capacity of plants to take advantage of available pre-
cipitation more effectively and facilitating greater root develop-
ment to increase survival under increasingly arid conditions
(Kildisheva 2019).

Madsen et al. (2018) demonstrated how solid matrix priming
(—0.5 to —2.5 MPa for up to 12 days) can be effectively com-
bined with seed coating technologies (e.g. seed “pods”) to
improve emergence and establishment density of two grass spe-
cies (Poa fendleriana and P. spicata) seeded on the Kaibab Pla-
teau in Arizona. Results show that emergence from the primed-
seed pods was 66—82% faster than for non-treated seeds. Addi-
tionally, the final density of P. spicata seedlings originating
from primed-seed pods was 2.9- to 3.8-fold higher than non-
treated seeds.

Thus, while the evidence of use in restoration remains to be
broadly tested, seed priming has the potential to improve resto-
ration outcomes, especially when combined with other seed
enhancement technologies. However, effective adoption of
priming into restoration practice requires an in-depth under-
standing of species-specific seed biology (Hardegree 1996),
site-dependent recruitment limitations, and seed delivery
methods to ensure cost-effective integration (Bujalski & Nie-
now 1991).

Seed Coating

Seeds of native species vary widely in shape and size, posing
challenges for handling and mechanical sowing, such as lack
of flowability and bridging (where seed cross-link and block
the seed delivery system). By applying external material to the
seed, seed batches can become more homogeneous and easier
to manipulate in the deployment to the restoration site (Hoose
et al. 2019). Moreover, an artificial coating can be loaded with
active ingredients that, once released to the seed or in the sur-
rounding soil, protect the seed from pathogens and improve ger-
mination, survival, and growth (Taylor et al. 1998;
Halmer 2008).

Seed coating has been widely employed by the agricultural
industry for decades, but so far, its application to native seeds
remains limited to experimental trials. A significant impediment
to the implementation of seed coating for ecological restoration
using native plant species is the limited access to the expertise
and seed coating techniques that are mostly confidentially con-
fined to the agrochemical industry that specializes in seed coat-
ing of agricultural and horticultural species (Pedrini et al. 2017).

Seed Coating Types, Materials, and Equipment

Three major seed coatings have been developed for agricultural,
forestry, and horticultural species that have relevance to restora-
tion (Fig. 3). These include film coating, where a thin layer of
material is applied to the seed (less than 5-10% of the weight
of the seed); encrusting, in which materials that increase the
weight and volume of the seed are added but the shape of the
original seed is still recognizable; and pelleting, in which mate-
rials are added to the seed to create an oval-spherical shape
where the initial seed shape is indiscernible (Taylor et al.
1998; Halmer 2008). Further variations of seed coating have
been developed and adapted in recent years for native plant
seeds, such as agglomerates or conglomerates (Madsen et al.
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Figure 3. Examples of seed coating equipment and seed coating type.
Images adapted from Pedrini et al. 2017.

Figure 4. Agglomerates of Eucalyptus loxophleba made with diatomaceous
earth and polyvinyl alcohol (approx. 5 seeds per pellet).

2012; Hoose et al. 2019), in which multiple seeds are clustered
together into a single delivery unit (Fig. 4) and extruded pellets
(Madsen et al. 12016b, 2018, Brown et al. 2019), when seeds are
mixed with a relatively large amount of material and then passed
through an extruder that forms and cuts the extruded material
into desired shapes (usually cylindrical). To avoid confusion, it
is important for restoration researchers and practitioners to con-
sistently define the seed coating type according to the currently
agreed agricultural definitions and allow for constructive

collaborations in the development of this technology with crop
and horticulture seed companies and scientists.

In the seed industry, there are three main types of equipment
in use (Fig. 3): fluidized bed, used for film coating; rotary
coater, commonly employed on native seeds; and pan coater,
used on very small seeds (Gregg & Billups 2010; Bennett &
Lloyd 2015). Seed agglomerates can be made with either a
rotary coater or pan coater. Extruded pellets instead require a
specific machine, the extruder, that is similar to the ones used
by the food industry to make pasta (Watkins 2014; Madsen
et al. 2016b).

Seed coating is not always feasible on pure seed units for
many native species without prior reduction or removal of exter-
nal structures (Guzzomi et al. 2016; Pedrini et al. 2019), and
extensive seed processing is sometimes required (Frischie
et al. 2020).

Materials and compounds used to provide for the physical,
thermal, and mechanical properties of the seed coating can be
broadly divided into two groups: binders, usually polymers such
as celluloses and gums that adhere to the seed and allow for the
retention of other materials, and fillers, powdery materials used
to increase the volume and weight of the original seed (e.g. clay,
lime). A wider range of active ingredients, either biological or
chemical, can be incorporated into coatings to improve seed sur-
vival (e.g. by protecting from pathogens and predators), aiding
in germination (e.g. nutrients, hormones, plant growth pro-
moters, symbionts), and improving stress resistance
(e.g. salicylic acid, beneficial microbes) (Taylor et al. 1998;
Rocha et al. 2019).

Seed Coating in Ecological Restoration

Seed coating technologies, particularly when combined with
beneficial biological and chemical active ingredients or protec-
tants, can play a role in the success of seed-based restoration
programs (Table 1) by targeting specific challenges that limit
plant recruitment on a site, such as variable soil moisture, low
soil nutrients, pests, and diseases (Gornish et al. 2019). For
example, the inclusion of a soil surfactant agent in the coating
of Pseudoroegneria spicata (bluebunch wheatgrass), for post-
fire restoration in the northwestern United States, improved
seedling emergence and plant survival in water repellent soil
(Madsen et al. 2013). Similarly, the inoculation of microorgan-
isms in the coating improved seedling emergence and survival
of two species on degraded rangeland in the Qinghai—Tibetan
Plateau (Liu et al. 2010), while seeds coated in salicylic acid
improved plant survival and growth for native grasses in
Australia (Pedrini 2019). Seed predator repellents incorporated
in seed coatings reduced seed consumption rates from rodents
(Taylor et al. 2020) and improved plant establishment
(Pearson et al. 2019).

Seed coating has also been tested as a means of controlling
germination timing, for example, Richardson et al. (2019)
delayed germination in P. spicata by applying abscisic acid
(ABA) and delaying germination from late autumn, to spring,
when conditions for seedling emergence and plant establish-
ment would be more favorable.
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Table 1. Studies on the application of seed coating to native species published in peer-reviewed journals from 2006 to 2020.

Publication

Ecosystem—Species

Coating Type, Machine, and Material

Active Ingredients

Experiment Results Compared to Uncoated
Control

Taylor et al.
(2020)

Pearson
et al.
(2019)

Hoose et al.
(2019)

Richardson
et al.
(2019)

Madsen
et al.
(2018)

Erickson
et al.
2017)
Madsen
et al.
(12016b)
Williams
et al.
(2016)

Madsen
et al.
(2014)

Rushing
et al.
(2013)

Madsen
et al.
(2012)

Liu et al.
(2010)

Mangold
and
Sheley
(2007)

Turner et al.
(2006)

Pseudoroegneria
spicata

Twelve dominant
species in
intermountain
grasslands of
Western Montana
(US.A)

Artemisia tridentata
SSp. wyomingensis

P. spicata

Poa fendleriana,
P. spicata

Tridia pungens

A. tridentata ssp.
wyomingensis

Four plant species

native to arid and
semiarid regions in

western United States

P. spicata

Panicum virgatum

P. spicata
Lolium multiflorum,
Astragalus sinicus

Agropyron cristatum

Eleven banksia

woodland species in

South Western
Australia

Encrusting on rotary coater with
bentonite clay and polyvinyl

alcohol

Encrusting on rotary coater with
bentonite clay and polyvinyl

alcohol

Conglomeration on rotary coater
with mineral soil (azomite),
compost, and commercial binder

Encrusting on rotary coater with

calcium carbonate and
commercial binder

Extruded pellets with various clay
filler materials, absorbents,
bio-stimulants, plant protectants,

water

Encrusting on rotary coater with
calcium carbonate and polyvinyl

alcohol

Extruded pellets with various clay
filler materials, absorbents,

water

Encrusting on rotary coater with
biochar and polyvinyl alcohol

Encrusting on rotary coater and
extruded pellets with activated
carbon, diatomaceous earth,
polyvinyl alcohol, and water.

Non-specified coating type in pan
coater with commercial coating

powder and binder

Agglomeration on rotary coater
with diatomaceous earth and

polyvinyl alcohol

Manual mixing of seeds and
material with algal powder gums

and wheat flour

Nondisclosed

Outsourced, nondisclosed

Nine predator
repellents such as
peppers and oils.

Predator repellent
chili-pepper

(Capsicum chinense)

None

Abscisic acid (ABA)

Matrix priming prior
extrusion

Hydro-priming with
KAR;

Bio-stimulants, plant
protectants

Biochar used as a
promoter

Activated carbon used

as herbicide safeners

Commercial herbicide
safeners

None

Biologicals
(Aspergillus sp. and
Streptomyces sp.)

Mycorrhizal, algae,
beneficial Bacillus

inoculums, vitamins,
and growth hormone

Outsourced,
nondisclosed

Lab germination: similar to control.

Feeding trial: reduced consumption by
rodents in some treatments.

Lab feeding trail: reduced consumption
for treated seed in all species.

Field plant establishment: variable in the
first 3 years, but improved for treated
seeds in fourth year.

Seed flowability and broadcast delivery
improved for treated seeds.

Higher seed germination in lab trials but
similar seedling emergence in the
field.

Seed treated with ABA showed a delay
in germination tested in the lab.

Seedling emergence improved in one
soil type and seedling density
improved.

Improved seedling emergence in rain
manipulated shelter.

In soil, improved seed emergence at
different sowing depth and increased
growth.

Lab germination: neutral or negative
impact on all species.

Field trial: no difference in plant cover
and biomass.

Encrusted seeds and extruded pellets
were protected from pre-emergence
herbicide and resulted in higher
seedling density, height, and biomass.
Best results were given by extrusion.

Field trials: coating with safeners
generally did not protect plants from
herbicidal injury. Controlled
hydration was more effective in
delivering protection.

Improved seedling emergence in clay
and sandy soil.

Increased aboveground biomass.

Indoor experiment: seedling emergence
improved.

Outdoor pot trial: growth improved.

In pot trial: seedling emergence reduced
while seedling survivorship and
biomass were not affected by either
seed treatment.

Ex situ trial: in 10 species similar
seedling emergence, in one reduced
emergence.

In situ trial: emergence improved in two
species, similar for the others.
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When agglomeration of multiple seeds per pellet was tested
with P. spicata, the treatment improved seedling emergence
and plant growth in crusting soils (Madsen et al. 2012). This
approach also improved the handling and sowing efficiency of
a small-seeded species, Artemisia tridentata, while increasing
germination in laboratory conditions, but the improvement
was not detected in field emergence (Hoose et al. 2019). How-
ever, Anderson (2020) found in a more extensive field trial
across the Great Basin, United States, that the agglomeration
technique improved A. tridentata seedling emergence and plant
establishment in comparison to untreated seed.

Extruded pellets have been tested in dryland systems. For
example, extruded pellets made with activated carbon, protected
seeds of native grasses (Elymus elymoides, P. spicata, Poa
secunda) and a shrub (A. tridentata) from pre-emergent herbi-
cide and in some cases promoted higher seedling density,
height, and biomass compared to the untreated control
(Madsen et al. 2014; Clenet et al. 2019).

Other compounds have also been incorporated to address
other specific establishment limitations. When seeds of a key-
stone shrub, A. tridentata, were incorporated into extruded pel-
lets with super-absorbent polymers, seedling emergence was
also improved, particularly in crusting soils, presumably result-
ing from the swelling action of the pellet that elevated the seeds
in the soil and created a moisture-rich micro-environment
(Madsen et al. 12016b).

However, the effectiveness of these techniques can vary
between sites, years, species, coating formulations, application
approaches, and the plant demographic stage being evaluated
(Williams et al. 2016; Davies et al. 2018; Kildisheva et al. 2019).

Furthermore, the scope of existing studies and the probable
under-reporting of failed seeding experiments in restoration
make it difficult to evaluate the true effectiveness of these tech-
nologies. Based on the agricultural seed literature, which
includes reports of the negative effects of coating on seed germi-
nation and emergence (Pedrini et al. 2017), developing effective
techniques may require time and substantial investment. For
development efforts to be successful, scientists and practitioners
alike need to share failures and challenges associated with seed
coating native plant seeds, to help identify the potential limita-
tions and improve the general understanding of the factors
underpinning successful coating formulations in relation to spe-
cific ecological or logistical constraints.

In a few instances, seed coating was outsourced to private
companies and coating specifications not disclosed (Turner
et al. 2006; Mangold & Sheley 2007), making it difficult to
replicate. Whenever feasible, seed scientists and users should
collaborate with organizations and companies that are willing
to share material and methods or try to develop seed coating
recipes and protocols independently. For example, a recently
published open-access tool for developing seed coating pro-
tocols (encrusting and pelleting) provides a practical step-
by-step guide to develop species-specific seed coating treat-
ments (Pedrini et al. 2018). This tool can be used for the test-
ing of coating methods, materials, and active ingredients,
using readily available seed coating equipment and chemical
agents.

Economies of Seed Enhancement Technologies for
Ecological Restoration

In spite of some evidence of successful application of seed prim-
ing and coating to treat seeds of native species, most of this work
has been conducted in controlled experimental settings, and the
costs and benefits related to the employment and scalability of
these technologies have rarely been investigated. A baseline
approach to estimate economies of seed coating should compare
the cost for each successfully established plant from treated and
untreated seeds (Pearson et al. 2019). Additionally, many exter-
nal variables should be considered beyond the cost of seed coat-
ing material and personnel time. For example, if coating
improves a seed’s ballistic proprieties, allowing for a wider seed
broadcast area, it will reduce seeding time and equipment use
(e.g. fewer mechanized passes). Such benefits should be
accounted for in the cost/benefit evaluations of seed coating in
ecological restoration (Hoose et al. 2019) and to facilitate the
adoption of seed enhancement technologies at scale.

Is Fast and Synchronized Germination Always Better?
Bet-Hedging Strategies With Seed Enhancement
Technologies

Soil seed beds (awaiting restoration seeding) can exhibit rela-
tively high spatial variability in soil water availability and tem-
perature (Hardegree et al. 2020) and often have logistical
constraints that require seeding well in advance of germination
and emergence (Rajagopalan & Lall 1998; Eiswerth & Scott
Shonkwiler 2006; Boyd & Lemos 2015; Hardegree et al.
2018). Additionally, many restoration sites present challenging
edaphic and environmental complexities that in cases of signif-
icant degradation can substantially differ from the natural refer-
ence site conditions (Seastedt et al. 2008; Coates et al. 2016).
These include human-induced management disturbances, such
as mining or grazing, as well as competition from invasive
species.

Regardless of the source of the disturbance, natural environ-
mental variability can also impose severe constraints on the tim-
ing and location of suitable microsites for establishment in any
given year (Hardegree et al. 2016, 2018). Various seed enhance-
ment techniques and technologies can be designed to shift the
germination behavior of a given seed population to compensate
for environmental changes that have diminished the probability
of successful establishment (Angevine & Chabot 1979). How-
ever, it may be beneficial to broaden (rather than merely shift)
the germination behavior of a desirable species (Madsen et al.
12016a; Erickson et al. 2017; Davies et al. 2018; Hardegree
et al. 2020). This approach can provide a bet-hedging capability
to compensate for both environmental and edaphic variability
resulting from ecological disturbance and degradation factors
(Davies et al. 2018; Lewandrowski et al. 2018; Kildisheva
2019). Seed priming and coating can be used to accelerate or
delay a germination response, narrow or broaden the variability
in seed germination rate within a population, or compensate for
undesirable site conditions (Hardegree 2002; Madsen et al.
12016a; Kildisheva 2019).
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Conclusion

The success of large-scale restoration using direct seeding will
continue to depend on efficient and effective seed use. Seed
enhancement technologies, though in their infancy in ecological
restoration, are likely to provide major improvements in field
establishment akin to that achieved for crop species. We have
described how individual seed treatments can accelerate, delay,
or stagger germination and emergence in the field but any or all
of these effects need to be tailored to the site and local climatic
conditions. These treatments should not be used indiscrimi-
nately for the sake of novelty or innovation but need to have
proven benefit with deployment able to target specific ecological
or logistical limitations and give every seed the optimum chance
for germination, emergence, and successful establishment.
Thus, the effectiveness of the development and use of seed
enhancement technologies is contingent on dedicated research
and implementation programs that work to understand and
address the species- and site-specific challenges that limit plant
recruitment from seed. As such, seed enhancement technologies
must become part of a broader restoration strategy that integrates
relevant issues of site conditions, species availability, and spe-
cies performance.

Acknowledgments

S.P. and K.D. were supported by the Australian Government
through the Australian Research Council Industrial Transforma-
tion Training Centre for Mine Site Restoration (Project Number
ICI150100041). A.B. was supported by the Italian Ministry of
Education, University and Research (MIUR): Dipartimenti di
Eccellenza Program (2018-2022)—Department of Biology
and Biotechnology “L. Spallanzani,” University of Pavia. The
authors would also like to acknowledge the role of the Interna-
tional Network for Seed Based Restoration board members for
the support and help provided during the planning and prepara-
tion of the manuscript, Dr. Adam Cross for the help provided in
the early draft of the manuscript, and the anonymous reviewers
whose comments and feedback greatly improved the quality of
the manuscript.

LITERATURE CITED

Amirkhiz KF, Omidi H, Heshmati S, Jafarzadeh L (2012) Study of black cumin
(Nigella sativa L.) germination attributes and seed vigur under salinity
stress by osmopriming accelerators pretreatment. Seed Science and Tech-
nology 10:299-310

Anderson RA (2020). Novel techniques to improve restoration of native range-
land species. MSc Thesis. Brigham Young University, Provo, Utah.

Angevine MW, Chabot BF (1979) Seed germination syndromes in higher plants.
Pages 188-206. In: Solbrig OT, Jain S, Johnson GB, Raven PH (eds)
Topics in plant biology. Columbia University Press, New York

Badrakh T (2016) Effects of abscisic acid (ABA) on germination rate of three
rangeland species. Brigham Young University, Provo, Utah

Baskin CC, Baskin JM (2014) Ecology, biogeography, and evolution of dor-
mancy and germination. Elsevier, Academic Press, San Diego, California

Bennett GM, Lloyd J (2015) Seed inoculation, coating and precision pelleting:
science, technology and practical applications. Taylor and Francis Group,
Boca Raton, Florida

Bhanuprakash K, Yogeesha HS (2016) Seed priming for abiotic stress tolerance:
an overview. Pages 103—117. In: Abiotic stress physiology of horticultural
crops. Springer India, New Delhi, India

Bosma TL, Cole JC, Conway KE, Dole JM (2002) Solid matrix priming hastens
Canterbury bells seed germination. HortTechnology 12:268-270

Boyd CS, Lemos JA (2015) Evaluating winter/spring seeding of a native peren-
nial bunchgrass in the sagebrush steppe. Rangeland Ecology & Manage-
ment 68:494-500

Bradford KJ (1986) Manipulation of seed water relations via osmotic priming to
improve germination under stress conditions. HortScience 21:1112

Bradford KJ (1995) Water relations in seed germination. Pages 351-396. In:
Kigel J, Galili G (eds) Seed development and germination. Marcel Dekker,
New York

Brancalion PHS, Tay D, Novembre ADLC, Rodrigues RR, Marcos Filho J (2010)
Priming of pioneer tree Guazuma ulmifolia (Malvaceae) seeds evaluated by
an automated computer image analysis. Scientia Agricola 67:274-279

Brown VS, Ritchie AL, Stevens JC, Harris RJ, Madsen MD, Erickson TE (2019)
Protecting direct seeded grasses from herbicide application: can new
extruded pellet formulations be used in restoring natural plant communi-
ties? Restoration Ecology 27:488-494

Bruggink GT (2005) Flower seed priming, pregermination, pelleting and coating.
Pages 249-262. In: McDonald MB, Kwong FY (eds) Flower seeds: biol-
ogy and technology. CABI, Wallingford

Bruggink GT, Ooms J1J, van der Toorn P (1999) Induction of longevity in primed
seeds. Seed Science Research 9:49-53

Bujalski W, Nienow AW (1991) Large-scale osmotic priming of onion seeds: a
comparison of different strategies for oxygenation. Scientia Horticulturae
46:13-24

Call RS (2018) Emerging seed enhancements to reduce the risk of sagebrush post-
fire seeding failure. Brigham Young University, Provo, Utah

Carrow RN, Duncan RR (2011) Best management practices for saline and sodic
turfgrass soils: assessment and reclamation. CRC Press, Boca Raton,
Florida

Ceccon E, Gonzilez EJ, Martorell C (2016) Is direct seeding a biologically viable
strategy for restoring forest ecosystems? Evidences from a meta-analysis.
Land Degradation and Development 27:511-520

Clenet DR, Davies KW, Johnson DD, Kerby JD (2019) Native seeds incorporated
into activated carbon pods applied concurrently with indaziflam: a new
strategy for restoring annual-invaded communities? Restoration Ecology
27:738-744

Coates PS, Ricca MA, Prochazka BG, Brooks ML, Doherty KE, Kroger T,
Blomberg EJ, Hagen CA, Casazza ML (2016) Wildfire, climate, and invasive
grass interactions negatively impact an indicator species by reshaping sage-
brush ecosystems. Proceedings of the National Academy of Sciences 113:
12745-12750

Coolbear P, McGill CR (1990) Effects of a low-temperature pre-sowing treatment
on the germination of tomato seed under temperature and osmotic stress.
Scientia Horticulturae 44:43-54

Davies KW, Boyd CS, Madsen MD, Kerby J, Hulet A (2018) Evaluating a seed
technology for sagebrush restoration across an elevation gradient: support
for bet hedging. Rangeland Ecology and Management 71:19-24

Eiswerth ME, Scott Shonkwiler J (2006) Examining post-wildfire reseeding on
arid rangeland: a multivariate tobit modelling approach. Ecological Model-
ling 192:286-298

Erickson TE, Muifioz-Rojas M, Kildisheva OA, Stokes BA, White SA, Heyes JL,
et al. (2017) Benefits of adopting seed-based technologies for rehabilitation
in the mining sector: a Pilbara perspective. Australian Journal of Botany
65:6

Erickson TE, Munoz-Rojas M, Guzzomi AL, Masarei M, Ling E, Bateman AM,
et al. (2019) A case study of seed-use technology development for Pilbara
mine site rehabilitation. Pages 679-69246. In: Fourie AB, Tibbett M (eds)
Proceedings of the 13th International Conference on Mine Closure.
Australian Centre for Geomechanics, Perth

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

August 2020 Restoration Ecology

S§273



Seed enhancement: getting seed restoration-ready

Gornik K, Badowiec A, Weidner S (2014) The effect of seed conditioning, short-
term heat shock and salicylic, jasmonic acid or brasinolide on sunflower
(Helianthus annuus L.) chilling resistance and polysome formation. Acta
Physiologiae Plantarum 36:2547-2554

Gornish E, Amold H, Fehmi J (2019) Review of seed pelletizing strategies for
arid land restoration. Restoration Ecology 27:1206-1211

Gray DH, Steckel JRA, Hands LJ (1990) No responses of vegetable seeds to con-
trolled hydration. Annals of Botany 66:227-235

Gregg BBR, Billups G (2010) Seed coating and pelletizing. Pages 818-834. In:
Seed conditioning, Vol. 2. Science Publishers, Enfield, New Hampshire

Gutterman Y (2002) Minireview: survival adaptations and strategies of annuals
occurring in the Judean and Negev deserts of Israel. Israel Journal of Plant
Sciences 50:165-175

Guzzomi AL, Erickson TE, Ling KY, Dixon KW, Merritt DJ (2016) Flash flam-
ing effectively removes appendages and improves the seed coating poten-
tial of grass florets. Restoration Ecology 24:5S98-S105

Halmer SP (2008) Seed technology and seed enhancement. Acta Horticulturae
771:17-26

Hardegree SP (1996) Optimization of seed priming treatments to increase low-
temperature germination rate. Journal of Range Management 49:87-92

Hardegree SP (2002) Variability in thermal response of primed and non-primed
seeds of squirreltail [Elymus elymoides (Raf.) Swezey and Elymus multise-
tus (J. G. Smith) M. E. Jones]. Annals of Botany 89:311-319

Hardegree S, Van Vactor SS (2000) Germination and emergence of primed grass
seeds under field and simulated-field temperature regimes. Annals of Bot-
any 85:379-390

Hardegree SP, Sheley RL, Duke SE, James JJ, Boehm AR, Flerchinger GN
(2016) Temporal variability in microclimatic conditions for grass germina-
tion and emergence in the sagebrush steppe. Rangeland Ecology & Man-
agement 69:123-128

Hardegree SP, Abatzoglou JT, Brunson MW, Germino MJ, Hegewisch KC,
Moffet CA, Pilliod DS, Roundy BA, Boehm AR, Meredith GR (2018)
Weather-centric rangeland revegetation planning. Rangeland Ecology &
Management 71:1-11

Hardegree SP, Sheley RL, James JJ, Reeves PA, Richards CM, Walters CT,
Boyd CS, Moffet CA, Flerchinger GN (2020) Germination syndromes
and their relevance to rangeland seeding strategies in the intermountain
Western United States. Rangeland Ecology & Management 73:334-341

Harman GE, Taylor AG (1988) Improved seedling performance by integration of
biological control agents at favorable pH levels with solid matrix priming.
Phytopathology 78:520

Harris D, Joshi A, Khan PA, Gothkar P, Sodhi PS (1999) On-farm seed priming in
semi-arid agriculture: development and evaluation in maize, rice and chick-
pea in India using participatory methods. Experimental Agriculture 35:
15-29

Heydecker W, Coolbaer P (1977) Seed treatments for improved performance sur-
vey and attempted prognosis. Seed Science Technology 5:353-425

Hoose BW, Call RS, Bates TH, Anderson RM, Roundy BA, Madsen MD (2019)
Seed conglomeration: a disruptive innovation to address restoration chal-
lenges associated with small-seeded species. Restoration Ecology 27:
959-965

James JJ, Svejcar TJ, Rinella MJ (2011) Demographic processes limiting seedling
recruitment in arid grassland restoration. Journal of Applied Ecology 48:
961-969

Jisha KC, Vijayakumari K, Puthur JT (2013) Seed priming for abiotic stress tol-
erance: an overview. Acta Physiologiae Plantarum 35:1381-1396

Karssen CM, Haigh A, Van der Toorn P, Weges R (1989) Physiological mecha-
nisms involved in seed priming. In: Taylorson RB (ed) Recent advances in
the development and germination of seeds. Springer US, Boston,
Massachusetts

Khan AA (1992) Preplant physiological seed conditioning. Horticultural
Reviews131-181

Kildisheva OA (2019) Improving the outcomes of seed-based restoration in cold
and hot deserts: an investigation into seed dormancy, germination, and seed
enhancement. University of Western Australia, Perth, Australia

Kildisheva OA, Erickson TE, Madsen MD, Dixon KW, Merritt DJ (2019) Seed
germination and dormancy traits of forbs and shrubs important for restora-
tion of north American dryland ecosystems. Plant Biology 21:458-469

Kildisheva OA, Dixon KW, Silveira FAO, Chapman T, Di Sacco A, Mondoni A,
Turner SR, Cross AT (2020) Dormancy and germination: making every
seed count in restoration. Restoration Ecology 28:5255-S264

Koller D, Hadas A (1982) Water relations in the germination of seeds. Pages
401-431. In: Lange OL, Nobel PS, Osmond CB, Ziegler H (eds) Physio-
logical plant ecology II. Encyclopedia of plant physiology. Springer-Ver-
lag, Berlin

Lewandrowski W, Erickson TE, Dalziell EL, Stevens JC (2018) Ecological niche
and bet-hedging strategies for Triodia (R.Br.) seed germination. Annals of
Botany 121:367-375

Liu Y, Horisawa S, Mukohata Y (2010) Effect of seed coating on plant growth
and soil conditions: a preliminary study for restoration of degraded range-
land in the Qinghai-Tibetan Plateau, China. Grassland Science 56:145-152

Luna T, Wilkinson K, Dumroese RK (2014) Seed germination and sowing
options. In: Wilkinson KM, Landis TD, Haase DL, Daley BF,
Dumroese RK (eds) Tropical nursery manual: a guide to starting and oper-
ating a nursery for native and traditional plants. USDA Forest Service,
Washington D.C.

Madsen MD, Davies KW, Williams CJ, Svejcar TJ (2012) Agglomerating seeds
to enhance native seedling emergence and growth. Journal of Applied Ecol-
ogy 49:431-438

Madsen MD, Kostka SJ, Hulet A, Mackey BE, Matthew A (2013) Surfactant seed
coating — a strategy to improve turfgrass establishment on water repellent
soils. In: International Symposium on Adjuvants for Agrochemicals.
pp- 205-210

Madsen MD, Davies KW, Mummey DL, Svejcar TJ (2014) Improving restoration
of exotic annual grass-invaded rangelands through activated carbon seed
enhancement technologies. Rangeland Ecology & Management 67:61-67

Madsen MD, Davies KW, Boyd CS, Kerby JD, Svejcar TJ (2016a) Emerging
seed enhancement technologies for overcoming barriers to restoration. Res-
toration Ecology 24:S77-S84

Madsen MD, Hulet A, Phillips K, Staley JL, Davies KW, Svejcar TJ (2016b)
Extruded seed pellets: a novel approach for enhancing sagebrush seedling
emergence. Native Plants Journal 17:230-243

Madsen MD, Svejcar L, Radke J, Hulet A (2018) Inducing rapid seed germination
of native cool season grasses with solid matrix priming and seed extrusion
technology. PLoS One 13:0204380

Mangold JM, Sheley RL (2007) Effects of soil texture, watering frequency, and a
hydrogel on the emergence and survival of coated and uncoated crested
wheatgrass seeds. Ecological Restoration 25:6-11

McDonald MB (1998) Seed quality assessment. Seed Science Research 8:
265-275

Menz MHM, Dixon KW, Hobbs RJ (2013) Hurdles and opportunities for
landscape-scale restoration. Science 339:526-527

Merritt DJ, Dixon KW (2011) An unorthodox approach to forest restoration—
response. Science 333:36-37

Merritt DJ, Dixon KW (2011) Restoration seed banks — a matter of scale. Science
332:424-425

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

Nicholas AMM, Franklin DC, Bowman DMJS (2009) Coexistence of shrubs and
grass in a semi-arid landscape: a case study of mulga (Acacia aneura,
Mimosaceae) shrublands embedded in fire-prone spinifex (Triodia pun-
gens, Poaceae) hummock grasslands. Australian Journal of Botany 57:396

Paparella S, Aratjo SS, Rossi G, Wijayasinghe M, Carbonera D, Balestrazzi A
(2015) Seed priming: state of the art and new perspectives. Plant Cell
Reports 34:1281-1293

Pearson DE, Valliant M, Carlson C, Thelen GC, Ortega YK, Orrock JL,
Madsen MD (2019) Spicing up restoration: can chili peppers improve res-
toration seeding by reducing seed predation? Restoration Ecology 27:
254-260

S274

Restoration Ecology August 2020



Seed enhancement: getting seed restoration-ready

Pedrero-Lépez LV, Rosete-Rodriguez A, Sanchez-Coronado ME, Mendoza-
Hernandez PE, Orozco-Segovia A (2016) Effects of hydropriming treat-
ments on the invigoration of aged Dodonaea viscosa seeds and water-
holding polymer on the improvement of seedling growth in a lava field.
Restoration Ecology 24:61-70

Pedrini S (2019) Seed enhancement research for improving ecological restora-
tion. Curtin University, Bentley, Australia

Pedrini S, Merritt David J, Stevens J, Dixon K (2017) Seed coating: science or
marketing spin? Trends in Plant Science 22:106-116

Pedrini S, Bhalsing K, Cross AT, Dixon KW (2018) Protocol development tool
(PDT) for seed encrusting and pelleting. Seed Science and Technology
46:393-405

Pedrini S, Lewandrowski W, Stevens JC, Dixon KW (2019) Optimising seed pro-
cessing techniques to improve germination and sowability of native grasses
for ecological restoration. Plant Biology 21:415-424

Peraza-Villarreal H, Sdnchez-Coronado ME, Lindig-Cisneros R, Tinoco-
Ojanguren C, Veldzquez-Rosas N, Camara-Cabrales L, Orozco-
Segovia A (2018) Seed priming effects on germination and seedling estab-
lishment of useful tropical trees for ecological restoration. Tropical Conser-
vation Science 11:1-15

Pérez DR, Gonzilez F, Ceballos C, Oneto ME, Aronson J (2019) Direct seeding
and outplantings in drylands of Argentinean Patagonia: estimated costs,
and prospects for large-scale restoration and rehabilitation. Restoration
Ecology 27:1105-1116

Powell A, Dulson J, Bewley J (1984) Changes in germination and respiratory
potential of embryos of dormant Grand Rapids lettuce seeds during long-
term imbibed storage, and related changes in the endosperm. Planta 162:
40-45

Rajagopalan B, Lall U (1998) Interannual variability in western US precipitation.
Journal of Hydrology 210:51-67

Richardson WC, Badrakh T, Roundy BA, Aanderud ZT, Petersen SL, Allen PS,
Whitaker DR, Madsen MD (2019) Influence of an abscisic acid (ABA) seed
coating on seed germination rate and timing of bluebunch wheatgrass.
Ecology and Evolution 9:7438-7447

Rocha I, Ma Y, Souza-Alonso P, Vositka M, Freitas H, Oliveira RS (2019) Seed
coating: a tool for delivering beneficial microbes to agricultural crops.
Frontiers in Plant Science 10. https://doi.org/10.3389/fpls.2019.01357

Rodrigues RR, Lima RAF, Gandolfi S, Nave AG (2009) On the restoration of
high diversity forests: 30 years of experience in the Brazilian Atlantic For-
est. Biological Conservation 142:1242-1251

Rowse HR (1996) Drum priming: a non-osmotic method of priming seeds. Seed
Science and Technology Technology 24:587-597

Coordinating Editor: Stephen Murphy

Rushing JB, Baldwin BS, Taylor AG, Owens VN, Fike JH, Moore KJ (2013)
Seed Safening from herbicidal injury in switchgrass establishment. Crop
Science 53:1650-1657

Seastedt TR, Hobbs RJ, Suding KN (2008) Management of novel ecosystems: are
novel approaches required? Frontiers in Ecology and the Environment 6:
547-553

Tarquis AM, Bradford KJ (1992) Prehydration and priming treatments that
advance germination also increase the rate of deterioration of lettuce seeds.
Journal of Experimental Botany 43:307-317

Taylor AG, Klein DE, Whitlow TH (1988) SMP: solid matrix priming of seeds.
Scientia Horticulturae 37:1-11

Taylor AG, Prusinski J, Hill HJ, Dickson MD (1992) Influence of seed hydration
on seedling performance. HortTechnology 2:336-344

Taylor AG, Allen PS, Bennett MA, Bradford KJ, Burris JS, Misra MK (1998)
Seed enhancements. Seed Science Research 8:245-256

Taylor JB, Cass KL, Armond DN, Madsen MD, Pearson DE, St. Clair SB (2020)
Deterring rodent seed-predation using seed-coating technologies. Restora-
tion Ecology rec.13158

Turner SR, Pearce B, Rokich DP, Dunn RR, Merritt DJ, Majer JD, Dixon KW
(2006) Influence of polymer seed coatings, soil raking, and time of sowing
on seedling performance in post-mining restoration. Restoration Ecology
14:267-277

Wagner M, Pywell RF, Bullock JM, Heard MS, Knopp T (2011) The germination
niches of grassland species targeted for restoration: effects of seed pre-treat-
ments. Seed Science Research 21:117-131

Ward FH, Powell AA (1983) Evidence for repair processes in onion during stor-
age at high seed moisture contents. Journal of Experimental Botany 34:
277-282

Watkins A (2014) Optimisation of seed extrusion technology for mine-site reha-
bilitation. University of Western Australia, Perth, Australia

Williams MI, Dumroese RK, Page-Dumroese DS, Hardegree SP (2016) Can
biochar be used as a seed coating to improve native plant germination
and growth in arid conditions? Journal of Arid Environments
125:8-15

Yadav PV, Kumari M, Ahmed Z (2011) Chemical seed priming as a simple tech-
nique to impart cold and salt stress tolerance in capsicum. Journal of Crop
Improvement 25:497-503

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

Supplement S1. The physiology of seed priming

Received: 12 December, 2019; First decision: 31 January, 2020; Revised: 15
April, 2020; Accepted: 16 April, 2020

August 2020 Restoration Ecology

S§275


https://doi.org/10.3389/fpls.2019.01357

	Seed enhancement: getting seeds restoration-ready
	Introduction
	Seed Priming
	The Priming Process
	Hydro-Priming
	Chemo- or Hormone-Priming
	Osmo-Priming
	Matrix Priming
	Seed Priming Materials and Equipment

	Seed Priming in Ecological Restoration

	Seed Coating
	Seed Coating Types, Materials, and Equipment
	Seed Coating in Ecological Restoration

	Economies of Seed Enhancement Technologies for Ecological Restoration
	Is Fast and Synchronized Germination Always Better? Bet-Hedging Strategies With Seed Enhancement Technologies
	Conclusion
	Acknowledgments
	LITERATURE CITED


