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Australian native seed sector practice and behavior
could limit ecological restoration success: further
insights from the Australian Native Seed Report
Paul Gibson-Roy1,2,3 , Nola Hancock4, Linda Broadhurst5, Martin Driver6

The Australian native seed sector is critical for undertaking ecological restoration but faces serious challenges from interacting
factors, including native vegetation loss and habitat fragmentation, low funding levels, and climate change impacts. The
Australian Native Seed Survey was conducted in 2016–2017 to better understand sector structure, practitioner perceptions,
and practice. It found that most native seed is collected from small and fragmented tenures and from geographic ranges that
greatly exceed “local provenance”; that the diversity of species available for restoration is typically low; that native seed is sel-
dom quality tested; and that most annual seed collections (wild or production) are small in volume suggesting overall seed yields
are modest in quantity and not sufficient to support large-scale restoration. Together, survey findings raise serious concerns
about the ability of the sector, as currently constituted and resourced, to meet projected future increases in the demand for seed
or for achieving the effectiveness and efficiency required to meet UN-Decade type ecological restoration outcomes. Central to
recommendations for sector improvement are the following focus areas: maturing the native seed sector; sustainability; seed
production; licensing; seed testing and tracking; and research.
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Implications for Practice

• The Australian native seed sector is critical for undertak-
ing restoration but faces serious challenges from interact-
ing factors, including vegetation loss and fragmentation,
low funding levels, and climate change impacts.

• Sector survey findings revealed most seed is collected from
small and fragmented land tenures; from geographic ranges
that greatly exceed “local provenance”; that species diver-
sity available for restoration is low, that native seed is sel-
dom quality tested, and that most annual seed collections
(wild or production) are small, suggesting overall seed
yields are not sufficient to support large-scale restoration.

• Findings raise concerns about the sector’s ability, as currently
constituted and resourced, tomeet projected increases in seed
demand or for achieving the effectiveness and efficiency
required to undertake large-scale ecological restoration.

Introduction

The UN Decade on Ecosystem Restoration (2021–2030) has the
ambitious goal to prevent, halt, and reverse the degradation of eco-
systems worldwide (About the UN Decade, UN Decade on Resto-
ration). A draft strategy to facilitate this goal defines pathways to
action (Strategy, UN Decade on Restoration) including generating
a global movement, fostering political support, and building

technical capacity, while barriers to those outcomes are overcome
by increasing and improving public awareness, political will, legis-
lative and policy environments, technical capacity, finance, and
research (Strategy, UN Decade on Restoration). Some researchers
have embraced this global endeavor and provided further guidance
into how countries and communities might embrace a “restorative
culture” that extends beyond this decade (Aronson et al. 2020;
Young & Schwartz 2020), while others question if there is yet the
restoration expertise to achieve such a goal (Cooke et al. 2019).

Among the many factors underpinning successful seed-based
restoration, the availability of native seed in the necessary

Author contributions: PGR, MD conceived and designed the research; NH performed
the survey; PGR, NH, LB wrote and edited the manuscript.

1Kalbar Operations, 48 Bailey, Bairnsdale, Victoria, Australia
2Hawkesbury Institute for the Environment, Western Sydney University, Sydney, New
South Wales, Australia
3Address correspondence to P. Gibson-Roy, email paulgibsonroy@gmail.com
4Department of Biological Science, Macquarie University, Sydney, New South Wales,
Australia
5Centre for Australian National Biodiversity Research, CSIRO National Research
Collections Australia, Canberra, Australian Capital Territory, Australia
6Australian Network for Plant Conservation, Canberra, Australian Capital Territory,
Australia

© 2021 The Authors. Restoration Ecology published by Wiley Periodicals LLC on
behalf of Society for Ecological Restoration.
This is an open access article under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no
modifications or adaptations are made.
doi: 10.1111/rec.13429
Supporting information at:
http://onlinelibrary.wiley.com/doi/10.1111/rec.13429/suppinfo

November 2021 Restoration Ecology Vol. 29, No. 7, e13429 1 of 12

https://orcid.org/0000-0003-4794-911X
mailto:paulgibsonroy@gmail.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


quantity, quality, and diversity (species and genetic) is arguably
the greatest barrier to any UN-type goals. However, accessing
this raw material is immensely complicated because landscapes
with the greatest need for ecological restoration are often where
native vegetation has been largely cleared and thus where this
essential seed resource is least available. This conundrummakes
seed supply for long-term and large-scale restoration a formida-
ble challenge (Broadhurst et al. 2016; Hancock et al. 2020;
NASEM 2020; Pedrini et al. 2020; Zinnen et al. 2021).

The nature and behaviors of native seed supply chains are
often poorly understood, making it difficult to determine
whether seed is being sourced effectively, ethically, and to
agreed standards. For this reason, there have been various
attempts to assess native seed sectors in several countries to bet-
ter understand their capacities and shortcomings (Mortlock &
Australian Tree Seed Centre 1999; Kauth & Perez 2011; De
Vitis et al. 2017; Le�on-Lobos et al. 2020; Hancock et al. 2020;
NASEM 2020; Tangren & Toth 2020). Native seed supply
chains comprise many different participant types and segments
(e.g. collectors, growers, purchasers, users, researchers, govern-
ment agencies, landholders, consultants, volunteers, commu-
nity, and indigenous groups) all operating in what often appear
to be ad hoc and poorly structured or coordinated fashion
(Hancock et al. 2020; NASEM 2020; Tangren & Toth 2020).
This is in stark contrast to agricultural, horticultural, and forestry
sectors where there are clear obligations around behaviors and
practice based on industry standards and legislative require-
ments for regulated and transparent seed trading. In this light
the establishment of similarly functional native seed sectors is
a great challenge for any jurisdiction or country (Ladouceur
et al. 2018; de Urzedo et al. 2019; Hancock et al. 2020; Le�on-
Lobos et al. 2020), let alone at a global level to underpin such
a grand vision as the UN Decade on Ecosystem Restoration.

Gibson-Roy et al. (2021a) detailed selected findings from the
Australian Native Seed Sector Survey (Hancock et al. 2020),
focusing on the sector’s structural characteristics and participant
views which included the ranking of issues of most concern for
seed supply and demand. Those findings indicated that the sec-
tor faces numerous constraints in terms of workforce size,
capacity and cohesiveness. This article will report on specific
sector practices under the following topic areas:

• Licensing compliance
• Seed origin
• Seed ordering, seed volumes, and plant type preference
• Species diversity and seed end-use
• Seed handling and testing

It will explore if findings from these areas shed further light on
sector capacity and if these are consistent with perceived sector
concerns observed in Gibson-Roy et al. (2021a).

Methods

TheAustralianNative Seed Survey opened on 4October 2016 and
closed on 24 October 2016. Preliminary results from 112 respon-
dents were presented at APCC11 Melbourne (APCC11 2016)
(and as part of a linked native seed sector workshop). Following

this event, the ANPC received many requests for the survey to
be re-opened. This occurred from 2 February 2017 until 28 April
2017, increasing total respondent number to 146 representing a
40% response rate (comparatively high for similar-style surveys).
However, as is the case with surveys of this type, the authors place
some caveats on the data reported, these being:

• There is no single entity or agency responsible for coordinat-
ing, regulating, or collating data on the Australian native seed
sector. Therefore, it is difficult to determine what proportion
of those working across the sector completed the survey or
whether the responses received are fully representative of var-
ious sub-groups operating within the sector. Consequently,
we recommend that for quantitative questions, readers focus
on trends rather than the absolute values reported.

• It was also understood that some respondents may have been
reluctant to participate due to perceived commercial sensitiv-
ities about the information being requested. Because of the
difficulty in determining the extent to which this may have
occurred, it is acknowledged that there may be gaps in sector
information due to such omissions.

Despite these caveats, we are confident these reported data are
derived from a broad sample of those participating in the
Australian native seed sector and so represent sound quantifiable
baseline data. Adding to its validity was that the survey was
detailed, time consuming, and required considerable input to
complete, and the large number of respondents who took part
indicated a strong desire of people to have their views heard.

Survey questions were developed by ANPC representatives
with feedback provided by key sector practitioners. Respondents
used the online survey tool SurveyMonkey (https://www.
surveymonkey.com/) to record answers. Respondents self-
selected into one of four categorized groups: Seed Collectors
(n = 70), SPA Growers (n = 24), Seed Purchasers (n = 26),
andOther Users (n= 26). Groupswere at times referred to as seed
supply groups (Seed Collectors, SPA Growers) and seed demand
groups (Seed Purchasers, Other Users). Please note that the acro-
nym SPA (in SPA Growers) relates to the term Seed Production
Area—which can be defined as a location/s where seed produc-
tion techniques are implemented to manage wild or cultivated
populations as seed crops to increase seed supply for restoration
(Gibson-Roy et al. 2021a, 2021b). Some survey questions were
worded slightly differently, depending on the group, to allow
comparison within and among groups (e.g. Seed Collectors
“how is the bulk of your seed prepared for sale or for your own
use?”; Seed Purchasers “how is the bulk of your seed pur-
chased?”). Some questions required respondents to rank answers
(e.g. between 1 and 5 with 1 being least important and 5 being the
most important). Answers were represented by SurveyMonkey as
percentage responses, weighted averages (wa), or both. Weighted
average was calculated using the following formula:

Weighted average¼
n�w1½ �þ n�w2½ �þ n�w3½ �þ n�w4½ �þ n�w5½ �ð Þ

Total number of respondents
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where n = the response count and w = the weight of the
response; w1 is given a weighting of 1, w2 = 2, w3 = 3, and
so on.

Depending on group, respondents answered between 18 and
28 questions. To avoid respondent fatigue, all questions (exclud-
ing “What is your postcode?”) were multiple choice. For ques-
tions with multiple categories, a pooled mean of weighted
average or percentage values for the four groups was calculated
to determine the order of response across all groups
(i.e. pooled—mean or percentage). Questions allowed for writ-
ten responses by free-form comments (450 recorded) or by elab-
orating in the “Other” response category. General comments
were reviewed and, where possible, incorporated into the
themes of the final report (Hancock et al. 2020).

Results

Due to structural constraints survey questions and data tables
have been placed in Supporting Information. Please refer to
these in tandem with results for full presentation and interpreta-
tion of survey findings. Results will also follow the following
topic areas: (1) licensing compliance; (2) seed origin; (3) seed
ordering, volumes, and plant type preference; (4) species diver-
sity and seed end-use; (5) seed handling and testing.

Licensing Compliance

Sixty-one percent of Seed Collectors held a current seed collec-
tion license, 24% did not, and 4% were unsure. Fifty percent of
Seed Purchasers required Seed Collectors to hold a license and
8% did not, with a further 21% indicating that they were unsure
if a license was required (Supplement S1).

Seed Origin

The following focus points relate to understanding the source of
native seed for collection and end-use.

Pooled responses indicate most native seed is sourced from
private property (wa 2.9), public reserves (wa 2.5), and public
roadsides (wa 2.4), while least comes from state (wa 1.7) and
national parks (wa 1.4) (Supplement S2). Seed Collectors
sourced most seed from private property (wa 3.6) followed
equally by public reserves and public roadsides (wa both 2.9),
whereas Seed Growers collected seed (to initiate crops) equally
from private property and public reserves (wa both 2.7). For
Seed Purchasers, seed was sourced equally from private prop-
erty and public reserves (both 2.5), followed by public roadsides
(wa 2.3), whereas for Other Users, most came from private prop-
erty (2.7) and then equally from public reserves and public road-
sides (wa both 2). For seed demand groups a similar amount of
seed comes from SPAs (wa 1.7) and state parks (wa 1.7) and
some also from unidentified or “other locations” (wa 1.3). Some
seed demand respondents indicated that they had no interest or
knowledge of the tenure/origin of purchased seed.

The following focus points relate to understanding the broad
geographic scale of seed collection and its end-use.

From the five defined end-use categories, across all groups,
Immediate Region was most nominated category (wa 3.9), fol-
lowed by Broad Region (wa 2.8), State-wide (wa 1.7), Interstate
(wa 1.3), and International (wa 1.1) (Supplement S3).

The following focus points relate to understanding the
distance-based scale of seed collection and its end-use.

Across four defined plant types, Seed Collectors marginally
collected most seed from the <100 km category (16%), followed
by the <50 km category (15%) with the <20 km, <500 km, and
<200 km categories the next most chosen (all 11%) (Supple-
ment S4). Seed Purchasers most nominated the <100 km cate-
gory (22%) followed by <50 km and <200 km (both 16%).
Between plant types, for Seed Collectors <50 km was the most
nominated category for Trees and Shrubs (both 15%) whereas
for Seed Purchasers <100 km was most nominated for those
plant types (both 25%). For grasses and wildflowers Seed Col-
lectors and Purchaser both nominated <100 km category as the
most common choice (22% and 16% and 21% and 19%,
respectively). Across the four plant types the two least nomi-
nated distance categories for both suppliers and demanders
were the <10 km range (8% and 9%) and the >500 m range
(6% and 8%).

The following focus points relate to the geographic scale over
which foundational seed for seed production areas is collected.

For individual plant types, collection distance ranges varied
(Supplement S5) with the <20 km and <500 km categories most
nominated for trees and shrubs (both 11%), and the <100 km
category the most nominated for grasses and wildflowers (26%
and 32%).

Seed Volumes, Ordering, and Plant Type

The following focus points related to determining what plant
types seed is being collected/produced/purchased from.

Seed supply for shrubs (wa 3.4) exceeded seed demand (wa
2.8) while for other plant types there was little disparity (Supple-
ment S6). Shrubs were the most collected plant type (wa 3.4)
whereas trees were the most purchased plant type (wa 3.1). Non-
woody wildflowers were the least utilized plant type across all
groups.

The following focus points relate to understanding the
dynamics of seed ordering behavior.

Across all groups there were slight differences between the
proportion of seed sourced to forward order and that sourced
opportunistically (Supplement S7). Both Seed Collectors and
Seed Purchasers showed a preference toward sourcing to for-
ward order, and SPA Growers a slight preference to opportunis-
tic production.

The following focus points relate to estimating the quantities
of seed collected or purchased annually.

Across all plant types, annual seed quantities sourced or pur-
chased were typically low (Supplement S8). Most respondents
from seed supply (30%) and seed demand groups (31%) nomi-
nated the <5 kg category. Conversely, for both supply and
demand groups only a small proportion of respondents nomi-
nated >500 kg category (this mainly the grass plant type). Rela-
tively large percentages of respondents nominated the 0 kg
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category, indicating they did not utilize one or more of the
defined plant types. A small percentage of respondents from
supply and demand groups (5% supply, 6% demand) were not
prepared to disclose information on this question.

The following focus points relate to estimating the annual
seed yields from Seed Production Areas.

Across all plant types most SPA Growers (20%) nominated
the <5 kg category as annual seed yield produced (Supplement
S9). Only 9% of respondents nominated the >500 kg category.
Grass seed was the plant type produced in largest quantities
(42% >100 kg). Relatively large proportions of SPA Growers
grew no tree (74%) or shrub (58%) plant types.

Species Diversity and Seed End-Use

The following focus points relate to understanding the diversity
of species requested or used.

For both seed supply and seed demand groups the level of
species diversity requested or sought was typically from 20 to
50 species (Supplement S10). For Seed Collectors 43% of
respondents nominated the <20 species category and 31% the
<50 species category as typical of diversity requests from
demand groups while only 4% nominated the >100 species cat-
egory. For the seed demand groups, most Seed Purchasers
(38%) nominated the <50 species category as typical of their
species needs and none nominated the >100 species category.
Most Other Users (39%) nominated the <20 species category
as typical of their species requests, and none from that group
nominated the >100 species category.

The following focus points relate to understanding species
diversity in Seed Production Areas.

Across all plant types, species diversity in SPAs was low
(Supplement S11). SPA Growers most nominated the <10 spe-
cies category (28%), followed by <20 species (15%) and <50
species (14%). Only 3% of this group grew >100 species. Trees
and shrubs were the most likely plant types to not be grown in
SPAs (i.e. zero species category).

The following focus points relate to understanding seed
end-use.

Across all groups biodiversity restoration (wa 4.6) was nom-
inated as the most common end point for native seed, followed
by landcare (wa 2.7). The categories of carbon offsets, develop-
ment offsets, road projects, mine projects, urban projects, and
native food categories were all also nominated as seed end-uses,
but with weighted averages between 1.4 and 1.9 (in Supple-
ment S12).

Seed Handling and Testing

The following focus points relate to determining state of seed
purity at sale/purchase.

Seed Collectors prepared more seed to a pure (cleaned) state
(wa 4.4) than as seed/chaff mix (wa 3.0), whereas SPA Growers
prepared marginally more as seed/chaff (wa 4.0) than pure seed
(wa 3.8) (Supplement S13). Seed Purchasers and Other Users
bought more seed in a pure state (wa 4.4 and 3.8) than as seed/
chaff (wa 2.8 and 1.8).

The following focus points relate to the provision of seed test-
ing information by seed supply groups.

Most Seed Collectors (70%) indicated they did not provide
seed test results. For SPA Growers 50% indicated they did sup-
ply test results and 50% did not (Supplement S14).

Figure 1. Schematic representation of the Australian native seed sector. Red cogs indicate challenges and constraints for the sector, yellow cogs indicate actions
required, and green cogs indicate desired end-states to achieve a more mature sector.
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The following focus points relate to the commonality of
requests for seed testing information by seed demand
groups.

Most Seed Purchasers (46%) expect test information on pur-
chased seed and would pay extra on the seed price for this
information (Supplement S15), while 13% expected test infor-
mation but did not want to pay extra for that information, and
25% did not require test results. For Other Users most respon-
dents (73%) did not require seed test results with purchased
seed. Seventeen percent of these respondents nominated the
Other category which may indicate in-house seed testing (Sup-
plement S16).

The following focus points relate to perceptions of expecta-
tions regarding seed testing between seed suppliers and
purchasers.

Seed supply groups indicated that it was not common to be
asked for seed testing information by Seed Purchasers (>70%),
while Seed Purchasers likewise indicated it was not common
to be offered seed testing information by seed supply groups
(75%) (Supplement S17).

The following focus points relate to determining the indepen-
dence of seed testing.

SPA Growers (56%) are more likely to use independent seed
testing facilities than Seed Collectors (38%). Both Seed Pur-
chases (29%) and Other Users (25%) were unlikely to ask for
independent testing from seed suppliers (Supplement S18).

The following focus points relate to understanding seed test-
ing methods.

A range of testing procedures are utilized by those offering
testing information (Supplement S19). Seed Collectors most
used viability cut tests (23%), whereas SPA Growers most used
purity tests (26%). For seed demand groups, Seed Purchasers
most requested purity tests and nursery germination tests (both
24%), whereas Other Users most requested germination cabinet
tests (25%).

Survey findings provide the basis for a schematic representa-
tion of the Australian native seed sector, indicating current chal-
lenges and constraints, actions required for positive change, and
desired sector end-states (Fig. 1).

Discussion

Gibson-Roy et al. (2021a) presented a range of findings on the
structural characteristics of the Australian native seed sector
along with concerns highlighted by participants as constraints
to effective seed supply. This article presents linked findings
on sector practice which highlight areas of consistency and
diversion with those concerns giving a more comprehensive
understanding of sector capacity.

Licensing Compliance

Native seed collection from protected species or communities
requires a valid permit. Regulation aims to protect species from
indiscriminate harvest. In theory it should also allow the moni-
toring of seed quantities although there is little transparency of

collection data from regulatory agencies to the broader sector,
leaving it difficult to determine if and where overharvesting
has or is occurring. It is not uncommon at forums for seed collec-
tors to voice concerns about the difficulties associated with seed
collection permits (e.g. APCC11 2016; AABR 2019) given
there can be serious negative outcomes for individuals, busi-
nesses, and projects where regulators impose onerous restric-
tions on if, and where, seed can be harvested. Survey
respondents indicated navigating seed licensing processes are
an issue of concern (Gibson-Roy et al. 2021a). Likewise, Driver
and Commander (2021) found New South Wales (NSW) seed
suppliers viewed seed licensing structure and processes as inef-
fective in regulating seed collection—describing them as
restrictive, arduous, time consuming, unwieldy, antagonistic,
and alienating.

To gauge permit compliance, suppliers were asked if they
held licenses and purchasers if proof of permits were required
(from suppliers). Findings showed 61% of Seed Collectors
held current licenses, 24% did not, with the remainder unsure
or not applicable indicating most are aware of license require-
ments and have these in place, but that a sizable proportion
(almost one-third) do not. Driver and Commander (2021)
reported significantly lower licensing compliance in NSW
where only 1% of questioned collectors sourced seed under
a valid license. It is unclear if collectors not holding licenses
are unaware they are required, are not currently active as col-
lectors (and so have not sought licenses), are not required to
hold a license (e.g. landholder collection on private land), or
have chosen to collect without a license. Anecdotal feedback
from seed-focused workshops suggests that due to difficulties
with navigating licensing requirements—including compli-
cated and sometimes arbitrary procedures, difficulties inter-
preting decision-making processes, and long turnaround
times, many collectors choose to work without permits.

Equally worrying was that for Seed Purchasers (a group
dominated by government agencies), only half of respondents
required that collectors hold a license, and almost one-quarter
(21%) were unsure if a license was required. That some three-
quarters of Seed Purchasers do not require license verification
suggests many may be prepared to overlook compliance
rather than risk a lack of seed supply jeopardizing restoration
projects (or a cheaper product). This is also discouraging
because many Seed Purchasers work in the same or closely
aligned agencies to those tasked with ensuring license com-
pliance. Collectively, these findings suggest a need for mean-
ingful discussion between the various licensing agencies and
practitioners to create more effective, workable, and equitable
seed licensing systems. In this way, native plant communities
can be better protected, seed collection effectively tracked,
while practitioners may be better able to source seed in a
timely and transparent manner.

Seed Origin

There is a perception many seed collectors prefer to guard the
exact location of their source populations to restrict access from
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competitors or others. This has sparked debate at forums about
collection practices (e.g. Seeds for the Future, Sydney 2019).
Because of a lack of collection transparency via seed licensing
and given there are no origin certification programs in operation
in Australia (such as the US-based Iowa Crop Improvement
Association’s Source Identified Native Species Seed Program)
the survey explored collection and use behaviors.

In terms of land tenure supporting collection findings revealed
most seed is taken from private properties, public reserves, and
roadsides, and that contrary to sector concerns little is taken from
state and national parks. This might be explained by the reasoning
it is much easier for most collectors to access seed from these ten-
ures than it is from much more highly regulated and tightly man-
aged state and national parks. While these findings may allay
concerns about overharvest from state and national parks, they ver-
ify that much seed used in restoration is sourced from what are
likely to be fragmented and small populations with a high probabil-
ity of inbreeding depression increasing the prospect that those res-
torations may also be genetically compromised (Broadhurst
et al. 2008). This would also increase stresses on already impacted
native populations, many of which are listed as threatened. This
indicates a need for discussion between practitioners and regulators
on allowing well-supervised collections from large healthy popula-
tionswithin state and national parks to provide a resource of species
diversity and genetically healthy seed for restoration.

Provenance and seed collection ranges are topics that
garner much discussion in the Australian seed sector
(Waters 2001; Broadhurst et al. 2008; Frankham et al. 2011;
Breed et al. 2013; Delpratt & Gibson-Roy 2015; Rossetto et al.
2019). Provenance, in the native seed context, is taken as short-
hand for the spatial relationship between seed used at a restora-
tion site and its location of origin/collection. Seed collected at or
nearby a restoration site is typically referred to as of “local”
provenance, whereas seed collected more remotely is loosely
termed “nonlocal” provenance. Provenance ranges are com-
monly used to express the maximum geographic distance
thought probabilistically “safe” to avoid risks of (for example)
genetic incompatibility or unfitness in the planted environment
(Waters 2001; Broadhurst et al. 2008).

In Australia, there has been a strong historic preference for
the use of local provenance seed by restoration program man-
agers (Mortlock 2000; Breed et al. 2013). However, while
guidelines (e.g. Florabank Guideline No. 5—Mortlock &
Australian Tree Seed Centre 1999) recommend that seed
should be collected “as local as possible” to a restoration site,
the practicality of adhering to very narrow collection ranges
(i.e. 1–5 km) can create logistical difficulties and even ethical
conundrums for both suppliers and users, especially if seed
from those restricted ranges/provenances is unavailable, lim-
ited, rare, of poor quality, or low genetic diversity
(Broadhurst et al. 2008; Hancock & Hughes 2012; Delpratt &
Gibson-Roy 2015; Nevill et al. 2018). This may explain why
respondents ranked the statement provenance stipulations are
too restrictive at 3.3 (wa) (Gibson-Roy et al. 2021a) suggesting
many feel local provenance requirements are difficult to meet.

To further explore this concern and better determine if current
practice follows the historic preference for local provenance, the

survey asked respondents to define seed collection and end-use
behaviors as geographic and distance-based categories. For geo-
graphic categories, across all groups, findings showed most seed
was collected or used in the immediate region (wa 3.9), defined
as the local or adjoining local government area (i.e. council). In
Australia (especially in rural regions) this could encompass sig-
nificant geographic footprints (e.g. 100s to 1000s of square kilo-
meters); more so for the next most nominated end-use category,
the broad region (wa 2.8), defined as catchment management
areas (the boundaries of which typically encompass 1000s+
square kilometers). Beyond this, results showed seed is sourced
and used across whole states (wa 1.7), between different states
(wa 1.3), and even that Australian seed is sent internationally
for use (wa 1.1) (most likely for forestry-type use). Together
these findings represent collection and end-use ranges well
beyond expectations of local provenance.

This scenario was further corroborated by questioning on dis-
tance ranges which showed only small amounts of seed are col-
lected or used within tight distance ranges of <10 km. Indeed,
for seed suppliers the bulk of collections were made in the
<100 km and <50 km range categories, while for seed
demanders most was used in the 100 km range category. For
suppliers, there were differences revealed for collection ranges
between plant types with the <50 km category the most nomi-
nated distance category for trees and shrubs, while <100 km
was the most nominated category for grasses and wildflowers.
For seed demanders <100 km was the most nominated end-use
category for all plant types. Approaching one-third of seed sup-
pliers nominated one of the <200, <500, and >500 km range cat-
egories for seed collection, while over a third of seed demanders
one of the <200, <500, and >500 km range categories, indicat-
ing a clear preference away from, rather than toward, narrow
provenance ranges. Not surprisingly, these collection trends
were also consistent for SPA Grower collections of founding
propagules for production crops.

In contrast to the local provenance preferences of recent decades
these findings signal a shift toward a broader notion of provenance
and more flexible approaches to defining the ranges over which
seed can be moved (Hancock & Hughes 2012; Rossetto et al.
2019; Cevallos et al. 2020). This may have been prompted by
revised guidance on provenance and collection strategies in the
light of climate change predictions to incorporate broader genetic
diversity for adaptability (Prober et al. 2015). Conversely, it may
indicate that strict provenance stipulations are being ignored or
flouted and seed is being collected and used widely to meet purely
pragmatic goals around demand, price, and business viability. This
latter scenario was corroborated by written comments noting if
local seed was unavailable there is little choice but to source from
more distant locations (raising further questions about licensing
compliance). Tangren and Toth (2020) similarly reported eastern
US practitioners purchasing native seed from distant vendors
because local ecotypes were unavailable.

Seed Volume, Ordering, and Plant Type

There is no formal government-level restoration program tracking
of seed supply and demand relationships in Australia other than
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through estimates or from individual project reports (DSE 2004;
Gibson-Roy et al. 2010; Merritt & Dixon 2011). Therefore, to
develop a more comprehensive snapshot of seed use, the survey
explored behaviors around seed ordering and collection/purchase
volumes. On ordering, respondents considered seed orders are typ-
ically made at too short a notice (Gibson-Roy et al. 2021a), but
when questioned on practice, findings revealed that both seed
demand groups and SeedCollectorsmarginally nominated forward
ordering or collection to order over opportunistic ordering or col-
lection to order, suggesting this perceptionmay not be quite consis-
tent with current behavior.

To shed light on the critical question of whether seed supply is
meeting seed demand, participants were asked to define what pro-
portion (i.e. percentage ranges) of seed they collected or produced
(supply) or used (demand) came from the four main plant types
deployed in Australian restoration (i.e. trees, shrubs, grasses, non-
woody wildflowers). Surprisingly, findings revealed that, other
than for shrubs (where supply actually exceeded demand), there
was little disparity between the amount of seed made available by
suppliers and that demanded by purchases. At face value this is
welcome information, given that there have been ongoing concerns
voiced by the sector that seed supply will not be able to meet seed
demand (Mortlock 2000; Broadhurst et al. 2015).

In terms of plant type preference, trees and shrubs were the
most sought-after by Seed Purchasers (followed by grasses and
then wildflowers). This inclination toward woody species is
well-recognized in Australian restoration (Dodds et al. 2002;
Broadhurst et al. 2015), which may explain why the availability
of shrub seed was found to be high (i.e. in expectation of high
demand). It may also reflect that shrub seeds are typically easier
to source than that from trees (i.e. closer to ground level). This
bias toward woody strata is likely market-led in line with tree-
shrub-focused government funded programs (i.e. 20 Million
Trees), while carbon offset markets may continue to skew
demand toward woody strata (Bush et al. 2018). For example,
the private company AstraZeneca will fund the planting
of 25 million trees across Australia between 2021 and
2025 for carbon mitigation (https://www.timberbiz.com.au/25-
million-more-trees-to-green-australia/).

While woody strata dominate restorations, interest in native
grasses for restoration of grassy ecosystems, as inclusions in agri-
cultural pastures and as resilient low-biomass cover on roadsides,
has increased in recent years (Gibson-Roy & Delpratt 2015;
Cuneo et al. 2018; Driver & Commander 2021) and this use trend
is confirmed by survey results. Likewise, there is increased inter-
est in the use of wildflowers to improve species and functional
diversity in restorations (Gibson-Roy et al. 2010; Gibson-
Roy & McDonald 2014) and while these were the least sought-
after plant type, findings showed supply and demand for it was
effectively matched. This use of herbaceous plant types may
reflect calls for the uptake of high-quality ecological restoration
as promoted through standards developed by the Society for Eco-
logical Restoration (McDonald et al. 2016; Gann et al. 2019).

The finding that seed supply and seed demand is generally
matched may seem at odds with survey participants’ concern
that wild sources cannot meet future seed demand (Gibson-

Roy et al. 2021a). Therefore, more detailed knowledge about
the actual quantities of seed being collected/produced or pur-
chased is critical to gauging if there is sufficient capacity to
undertake future restoration at larger scale. On this point the sur-
vey findings were very concerning, showing that across each of
the four plant types, seed is overwhelmingly collected or used
annually in only small volumes (i.e. <100 kg). Tellingly, almost
one-third of suppliers and demanders sourced or used seed in
minute annual quantities (i.e. <5 kg) while only 12% of sup-
pliers and 7% of demanders sourced or used seed in relatively
larger per annum amounts (i.e. categories of >100 kg to
>500 kg). Remarkably, these findings remain broadly consistent
with those reported by Mortlock and Australian Tree Seed Cen-
tre (1999) showing that annually 60% of that survey’s respon-
dents collected/used only approximately 2 kg of seed, 21%
only 14.4 kg of seed, and 17% used 348 kg of seed.

The survey showed that while many participants hope seed pro-
duction approaches may help to relieve stress on wild sources,
small workforces and diminutive crop footprints constrain their
capacity to meet those goals (Gibson-Roy et al. 2021a). The poten-
tial (or the lack of) of Australian seed growers was further illus-
trated by findings showing that overall, annual seed yields from
seed production are low with the largest percentage of SPA
Growers nominating the <5 kg category (20%) and only a small
proportion nominatingwhatmight be described as themodest yield
categories of 100–500 kg (5%) and >500 kg (9%) (Table S9). This
characterization of low seed production capacity is further con-
firmed by Driver and Commander (2021) who reported that less
than 1%native seed for restoration inNSWwas derived fromSPAs
(2019–2020 season).

That seed availability for restoration has essentially remained
static over the last decade andahalf seemsan indictment on thepoor
rate of sector development in those intervening years. Whether this
has occurred because wild sources continue to degrade (Jackson
et al. 2016) or because various governments have failed to effec-
tivelyassist in thedevelopmentof suitablemarket structures, coordi-
nation, and capacity (Broadhurst et al. 2015; Gibson-Roy 2018) is
difficult to determine. Regardless, extrapolations of these findings
would indicate the scale of current restoration outcomes would
barely bemodest, and the future large-scale species-rich ecosystem
restoration of the type called for in the UN Decade on Ecological
Restoration are unlikely to occur on Australian soils.

Species Diversity and Seed End-Use

High-quality ecological restoration relies on the reinstatement of
species and functional diversity (McDonald et al. 2016). Thus, it
was concerning that survey respondents ranked the statement
there is a lack of seed available from a broad range of species
as their equal third issue of concern (Gibson-Roy et al. 2021a).
Others have raised this point, Broadhurst et al. (2015) reporting
that most Australian restorations rely on only a small suite of
10–20 key eucalypt and acacia species. More recently, Driver
and Commander (2021) reported almost three-quarters of sur-
veyed NSW seed collectors targeted <30 species for restoration
projects. Poor access to species diversity as a limitation to
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restoration outcomes has also been recognized in other countries
(e.g. Kauth & Perez 2011; Tangren & Toth 2020). In our survey,
quantitative findings confirm the validity of qualitative con-
cerns. For example, questioned on seed usage across plant types,
respondents also reported on those plant types they did not uti-
lize. Each plant type is essentially a functional grouping and a
surrogate for species and functional diversity. Thus, it was tell-
ing that approximately one-third of respondents did not utilize
one or more of the four defined plant types. This is concerning
because the absence of whole functional groups in restorations
would diminish their ecological integrity.

Paucity of species representation was further highlighted by
questioning on the typical level of diversity asked for in collection
tenders or used in restoration projects. Here findings revealed that
approximately two-thirds of Seed Collectors (60%) and half of
Seed Purchasers nominated the <20 species category while an
increasingly smaller proportion of respondents nominated the
higher diversity categories (i.e. <50, 34%; <100, 8%; >100). These
findings are concerning in that at the very least they indicate most
Australian restorations are unlikely to be species-rich (i.e. 100+
species), and so would fall well short of any goals to mitigate the
diversity currently being lost in this country. They also suggest
few Australian restorations are complex and ecologically func-
tional or would meet standards for high-quality ecological restora-
tion (McDonald et al. 2016).

Regarding SPAs potential to provide a wider range of species
for restoration, the survey revealed that promise is not living up
to potential. Findings showed SPAs typically maintain only low
levels of species diversity, with the largest proportion of respon-
dents (28%) nominating crop diversity of <10 species, while
15% nominated <20 species and 14% <50 species, and only
3% >100 species. While many believe SPAs can provide reli-
ability for seed quantity and diversity, findings suggest that
without significant incentives for investment in SPA develop-
ment (e.g. infrastructure grants or targeted tax concessions) or
through large increases seed demand from re-structured
landscape-scale restoration programs, Australian SPAs are
unlikely to match the scale and efficiency of US and European
seed producers (De Vitis et al. 2017; Gibson-Roy 2018).

Surprisingly, despite this strong evidence for a lack of species
diversity, all groups nominated that the largest proportion of
native seed was intended for use under the category of Biodiver-
sity Restoration, which would suggest greater rather than lesser
diversity; whereas the remaining less-nominated end-use catego-
ries of Landcare, Carbon and Development Offsets, Roadside,
Mine Rehab, Urban, and Native Foods, are more likely to match
the diversity levels available and used in Australia (i.e. these do
not seek or require high diversity). Perhaps the high nomination
of the Biodiversity Restoration end-use category signifies many
in the sector (funders and practitioners alike) intuitively want to
undertake high-quality ecological restoration, but due to the pre-
vailing funding and structural paradigms, are unable to do so.

Seed Handling and Testing

Knowledge of seed-lot composition and quality are critical com-
ponents to ensuring restoration success and value-for-money

(Gibson-Roy et al. 2010). While agricultural and horticultural
sectors have strict industry standards and obligations dictating
seed quality and labeling, similar frameworks are largely absent
or not enforced in any meaningful way for the Australian native
seed sector (Broadhurst et al. 2015). For this reason, the survey
explored issues relating to native seed handling, testing, and the
degree to which these practices are (or are not) undertaken.

Encouragingly, findings revealed that most Seed Collectors pre-
pared, and Seed Purchasers and Other Users purchased, seed in a
pure (cleaned) state (while SPAGrowers preparedmarginallymore
product as seed and chaff). It is likely this reflects that most collec-
tions are small in volume meaning less time, technology, and labor
is required. Another contributing factor may be that a large propor-
tion of seed used in Australian restorations are from acacias
(Broadhurst et al. 2015), which are considered simple to clean to
a pure state. Conversely, the complex morphologies of seed from
many other native species typically increase the difficulty and
therefore the cost of cleaning to a pure state (Ling et al. 2019).
Thus, while the heavy reliance on a narrow range ofAcacia species
in small volumes for restoration continues to be the norm, seed
purity at sale is likely to remain high (even in the absence of regu-
lation). However, thismay not be the case if higher levels of species
diversity were to become available.

In Australia, seed testing (and labeling) is subject only to a
voluntary code of conduct developed by the Australian Seed
Federation (National Code of Practice for Labelling andMarket-
ing Seed for Sowing). To gauge testing behaviors the survey
asked seed suppliers if they provided testing information on sold
seed. Worryingly only approximately one-third (30%) of Seed
Collectors and half of SPA Growers responded in the affirma-
tive. Given that Seed Collectors make up the bulk of seed sup-
pliers in Australia, these findings suggest a large proportion of
native seed is sold without test information. Seed Purchasers
were asked if they required testing information on purchased
seed, and/or if they would pay extra for seed to be tested. Almost
half of those respondents said they expect seed to be tested at
sale and would pay extra for that testing to occur, while another
13% said they want seed to be tested but would not pay extra for
the service (again, bringing to the fore the sector concern about a
failure to pay for the true cost of seed supply—Gibson-Roy
et al. 2021a). A further 25% did not require testing information,
revealing that a relatively large proportion of Seed Purchasers
are not concerned about seed quality or are possibly more con-
cerned about seed price (while the 17% nominating the “Other”
category may indicate these respondents have in-house testing
capacity). Interestingly, over two-thirds of Other Users did not
require seed testing information. Rather than indicating that this
group does not value seed testing, a likely explanation is that a
large proportion of this group work for organizations where
there are facilities to test seed in-house (e.g. universities, conser-
vation seed banks, botanic gardens).

Finally, to gauge how each group perceived the expectations
of the other groups regarding testing, suppliers were asked if it
was common for purchasers to request testing, and purchasers
were asked if it was common for suppliers to offer this informa-
tion. Findings revealed that 80% of Seed Collectors, 72% of
SPA Growers, and 75% of Seed Purchasers indicated it was
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uncommon to be asked for or offered testing information.
Together, these findings confirm that seed quality testing is not
routine practice for the Australian native seed sector, that volun-
tary codes of practice are not adhered to, and that seed is rou-
tinely used in restorations without knowledge of its viability
(with poor viability leading to poor restoration outcomes and
poor use of limited funding).

For the small proportion of respondents who do test seed, the
survey explored if this was performed independently and what
tests were conducted. Findings showed that relatively low pro-
portions of all groups used independent testing facilities sug-
gesting that most testing is conducted in-house, without
transparency. Over the range of seed testing method categories,
responses revealed that purity, cut seed test, and germination
cabinet tests were the most favored. The International Seed Test-
ing Association (ISTA) administers international standards for
seed testing and in 2016 there were only five ISTA accredited
laboratories operating in Australia (https://aseeds.com.au/
australia-ista-laboratories/) (as well as a small number of non-
ISTA laboratories). It is possible that the difficulty accessing
independent accredited laboratories is a barrier. However, a
more likely explanation is that because the bulk of native seed
collections and purchases are relatively small and the cost of
testing multiple batches is high (estimated at $200 per test for
routine germination or viability tests—P. Gibson-Roy 2019,
personal communication) this suggests expense is the major bar-
rier to seed testing (and that concerns about payment for the true
cost of seed procurement are again verified).

Constraints and Challenges

The goal of the Australian Native Seed Survey was to establish
baseline information on a range of areas of native seed sector
practice and opinion which might help pave the way for the
development of a more mature, efficient, and effective sector.
Survey findings have revealed the sector is complex and multi-
faceted and attempting to meet the expectations of a broad range
of seed-use outcomes across Australia. It also revealed there are
major constraints and challenges to be faced and overcome if the
desired “end-state” of a mature and sustainable industry is to be
achieved.

While variable evidence of restoration successes has left
some with low confidence in the potential for global-scale resto-
ration (Cooke et al. 2019), in Australia there have been clear,
albeit small- to modest-scale quantified examples of restoration
success (Gibson-Roy et al. 2010; Gibson-Roy & Delpratt 2015;
Bradby et al. 2016; Cuneo et al. 2018). These examples show
that while much restoration in this country has failed to produce
high-quality outcomes, when seed supply, technology, capacity,
and practitioner ambition are properly supported, high-com-
plexity, functional, and resilient communities can be success-
fully reinstated. This is a significant prospect, which should be
built upon. Further, BenDor et al. (2015) remind us that in addi-
tion to biological values, ecological restoration produces other
long-term associated benefits including new employment and

revenue opportunities, eco-tourism potential, and ecosystem
services. Such outcomes have been well demonstrated in the
United States where large-scale restoration programs on arable
lands, transport corridors, and in urban areas have led to formi-
dable sector function and capacity and to these many flow-on
benefits (Gibson-Roy 2018).

In Australia, however, many decades of inefficiencies, poor
sector structure and regulation, alongside minimal government
incentivization means there is much to be done if the
Australian seed sector is to transition to a fully fledged industry
capable of delivering nationwide outcomes for ecological resto-
ration. This is no doubt also true for many other countries where
similar constraints occur. However, it is undoubtedly clear that
only if such progress is made will Australia be capable of being
a worthy contributor to the UN Decade on Ecological
Restoration.

Improving Sector Capacity

The value of the Australian Native Seed Survey is that it has pro-
vided strong evidence of the factors that explain why examples
of high-quality restoration are few, small-scale, infrequent, and
far-between in this country. It is hoped that these insights will
spark determined action from those who fervently believe we
must strengthen restoration capacity to help mitigate human
impacts to our planet. Survey findings should prompt and assist
sector representatives and governments to develop and imple-
ment more finely tailored policies and effective restoration pro-
grams to better support the people and markets that focus on
restoring Australia’s biodiversity.

In recognition that a more mature native seed industry is indis-
pensable for improving restoration outcomes, biodiversity recov-
ery, ecologically sustainable NRM, and successful climate
change adaptation, and to achieve such outcomes, 11 recommen-
dations have been developed which could facilitate improvement
for the native seed sector and see it become capable of achieving
high-quality landscape scale restoration (Supplement S20). The
following recommendation summaries provide an overview of
the focus areas addressed in each.

Maturing the Australian Native Seed Industry

(1) Government coordination—discussions among agencies
from federal, state, and regional governments with responsi-
bilities for implementing environmental programs, policies,
and procedures must be initiated (and thereafter conducted
annually) to better align and refine programs, policies, and
procedures and to develop mechanisms that ensure the
native seed sector is embedded as a fundamental component
of environmental activities.

(2) Industry representation—a national native seed industry body
shouldbeestablished to represent andassist the sector (andgov-
ernments) to transition to a statewhere the needs of broad-scale
and long-term environmental programs can bemet.
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Sustainability

(3) Environmental funding—more consistent and sustained
funding for biodiversity recovery must be forthcoming to
provide stable markets for native seed and restoration prac-
tice that can support viable businesses, stable workforces,
continued skills development, and quality improvement.

(4) Seed pricing—to provide sustainability for seed suppliers
payments for native seed should reflect the full range of
costs and standard obligations associated with its sourcing,
collection, production, processing, testing, and storage.

(5) Environmental planning—to ensure market sustainability
for seed suppliers, and the availability of adequate and qual-
ity seed for restoration land management agencies should
implement forward planning and coordination of seed
requirements linked to all regional restoration programs.

Seed Production

(6) Seed production areas—to reduce the collection burden on
remnant vegetation and provide the market with a more con-
sistent supply of cost-effective, high-quality seed from a
broader range of native species, federal, state, and regional
environmental strategies must be better integrated and pro-
vide clear support and incentives for the development and
operation of regionally focused SPAs.

Licensing

(7) Collection tenures—federal, state, and territorial agencies
should review current seed collection licensing require-
ments to determine whether land tenures such as state and
national parks can be utilized to supplement and support
native seed collections (particularly for SPA establishment).

(8) Licensing review—federal, state, and territorial agencies
must review the purpose, structure, and effectiveness of
seed collection permitting and licensing regulations, to pro-
vide better clarity on accepted conditions and to improve
compliance.

Seed Testing and Tracking

(9) Seed quality assurance—government and seed industry
bodies must work together to establish minimum seed qual-
ity standards and nationally consistent mechanisms for
native seed testing that provide affordable services for sup-
pliers and purchasers.

(10) Seed data portal—a national seed database and tracking
system for seed sales should be established to assist sellers
and buyers to more readily determine species and seed
availability, allow for future auditing of seed-based
restoration-based activities, and provide the native seed
sector with data on supply and demand.

Research

(11) Research support—research and development that mobi-
lizes current knowledge for the sector and which is easily

accessed by practitioners should be better supported to
improve sector practice and maximize the success of eco-
logical restoration.
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