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Abstract

Annual-based farming systems represent some of the most highly disturbed terrestrial ecosystems on the planet. They are also
highly exposed to climate variability. Many wheatbelt systems of southern Australia rotate annual crops with annual pastures,
where the productivity of both is reliant upon seasonal rainfall. Perennial plants, in contrast, are less reliant upon both consistent
rainfall and annual establishment, so one approach to decrease exposure to climate variability and disturbance in agriculture is to
increase the proportion of the farm sown to perennial species. Perennial pasture or forage species offer immediate possibilities for
transformation of agricultural ecosystems as they offer high protein feed to animals, often when green feed is most limiting, and
concomitantly restore soil fertility. However, there are no perennial forage legumes adapted to acid and infertile soils in low-
rainfall regions of the developed world, either in temperate or Mediterranean climates. Here, we review the recent research efforts
to domesticate a perennial legume for these regions. Reasons for the lack of success are provided by a comparison of the attributes
of the legumes evaluated in recent research programs and the limitations of these legumes as assessed by reviews and publica-
tions. This manuscript outlines an alternative approach to domestication of perennial forage legumes for acid soils and introduces
new concepts in ley farming in an Australian context that might support the development of more sustainable agro-ecosystems. It
highlights situations where very hard-seeded annual legumes have been successfully included in modern intensive cropping
systems, and where perennial legumes may underpin ley-farming systems on infertile soils that normally produce low crop
yields. Both innovations require the legume and their nodule bacteria to be sown only once in decades and address concerns about
the sustainability of modern agro-ecosystems.

Keywords Self-regenerating legumes - Perennial - Rhizobia - Ley farming - Agro-ecosystems - Lebeckia ambigua

Contents
1. Introduction

2.2.1 The hydrological imbalance caused by annual-
based farming systems

2. Ley farming
2.1 The development of ley farming in Australia based on
the agro-ecosystems of Europe
2.1.1 The crucial role of nodule bacteria in ley-farming
2.1.2 How “hard seed banks” are used in ley-farming
systems
2.2 The inherent weakness of ley farming with annual
species

>4 Tom Edwards
tom.edwards @dpird.wa.gov.au

Department of Primary Industries and Regional Development
Western Australia, South Perth, WA 6156, Australia

2.2.2 The FEED-GAP in annual ley-farming systems
2.2.3 Susceptibility to false breaks
3. Developing an ecological approach to select suitable peren-
nial legumes for ley farming
3.1 Tackling the first limitation—selecting plants for mar-
ginal lands that are least profitable for cropping
3.2 Tackling the second limitation—from where to source
new plant germplasm?

Centre for Rhizobium Studies, Murdoch University,
Murdoch, WA 6150, Australia

Department of Botany and Plant Biotechnology, University of
Johannesburg, Johannesburg, South Africa



http://crossmark.crossref.org/dialog/?doi=10.1007/s13593-019-0558-2&domain=pdf
mailto:tom.edwards@dpird.wa.gov.au

13 Page 2 of 19

Agron. Sustain. Dev. (2019) 39: 13
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Western Australia
3.2.2 Grazing pressure in the Kwongan and the Fynbos
3.3 Tackling the third limitation—selecting perennial
plants that will complement current farming systems
3.3.1 Understanding disturbance and opportunities for
recruitment
4. “Hard seed” produced by perennial legumes and its poten-
tial exploitation in perennial ley systems
4.1 Is it possible to develop persistent and hard-seeded
perennial legumes to fit within ley-farming systems by
utilising hard seed?
4.2 Field softening of the hard seed of Lebeckia ambigua
4.3 Further questions to be answered
5. Conclusion

1 Introduction

In a recent review, Crews et al. (2016) stated “Humanity’s
long-standing dependence on a disturbance-based food and
fiber producing ecosystem has resulted in degraded soil struc-
ture, unsustainable levels of soil erosion, losses of soil organic
matter, low nutrient and water retention, severe weed chal-
lenges, and a less-diverse or functional soil microbiome.”
We concur with those concemns, which the authors considered
should be addressed by the development of perennial grain
crops. We offer a parallel and more immediate solution. We
propose that the development of a ley-farming system (de-
fined below), based upon perennial, self-re-seeding forage
legumes for animal production, would greatly reduce ecosys-
tem disturbance by moving from an annual plant-based sys-
tem that is regularly cropped to a perennial-based system with
infrequent crop cycles. We further suggest the target edaphic
niche should be the least productive cropping soils in low-
rainfall regions. These currently have the lowest profitability
in cropping-dominant agro-ecosystems based upon annual
plants. This is a pragmatic research target that implements
the systems-based approach to post-industrial-era agricultural
sustainability proposed by Ikerd (1993).

2 Ley farming

Ley-farming systems that are based on self-regenerating an-
nual legumes grown in rotation with annual crops go part of
the way to addressing the concerns of Crews et al. (2016). The
pasture phase provides inputs of organic matter and has re-
duced tillage, with less erosion, fertiliser and herbicide appli-
cations. The ley-farming systems of southern Australia (in-
cluding Western Australia—WA) are considered some of the
most advanced low-input agro-ecosystems in the world
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(Keating and Carberry 2010). These systems are integral to
meeting the demands facing modern agriculture because they
(as discussed in Section 2.1):

* Are closely modelled on ecological systems

* Are adapted to marginal farmland and subsistence farming
operations

» Utilise biological pathways to improve soil nutrition

* Reduce the frequency of tillage

» Improve the biodiversity of farming land

However, these systems also have inherent frailties as a
result of being over-reliant on a small suite of adapted annual
legume species (discussed in Section 2.2), and it remains a
challenge to achieve growth in productivity within these par-
ticular agro-ecosystems without rescinding sustainability
(Schoknecht 2015). However, we consider these systems an
excellent prototype to discuss the deficiencies of modern ag-
riculture in a wider context, whilst also providing a basis from
which to seek improvement in sustainability.

2.1 The development of ley farming in Australia based
on the agro-ecosystems of Europe

The majority of the Western Australian wheatbelt region (WA)
is characterised by having relatively poor soil fertility and low
(250-500 mm) annual rainfall (Moore 2001). This set of
edaphic conditions provided a significant challenge to
European settlers attempting to achieve adequate food produc-
tion through their conventional agricultural practices of the
time. Contemporary ley farming now practiced therein is a
system which rotates between crop and pasture phases as de-
scribed by Donald (1965), where the pasture phase is usually a
mixed sward comprised of self-regenerating annual plants,
including legumes. If managed for legume dominance, this
phase can increase soil fertility and impede the buildup of
pests and diseases that occur in the crop phase (Angus and
Peoples 2012). Animals can also graze the pasture, providing
meat and wool whilst simultaneously helping to control weeds
by eating them (Loi et al. 2005).

The value of regenerating naturalised legume species was
common knowledge in agriculture long before Australian set-
tlement (Henzell 2007). Without a sophisticated knowledge of
legumes, Roman scholar Marcus Terentius Varro in 37 BC
(approximately) wrote of the benefits of resting the land every
second year to allow plants that, when cut and left, will im-
prove the soil (Savio 2011). However, no suitable legumes
naturally occurred in the Australian landscape, and it was
not until 1889 that South Australian farmer AW Howard
recognised the value of annual legume species that had been
incidentally transported with sheep from the Mediterranean
basin (Henzell 2007). Despite intermittent advances in farm-
ing technology and machinery since settlement, crop yields
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did not increase until this adoption of domesticated legumes.
This decision arose from an increasing ecological understand-
ing and awareness (Donald 1965; Puckridge and French
1983).

In reviewing ley farming in Australia, Donald (1965) wrote
“the use of fertilized, leguminous pastures stands as the
greatest factor of favourable environmental change in our ag-
riculture since first settlement”. Perhaps as a consequence of
this success, the development of well-adapted legumes for
similar pasture-based farming systems has become a primary
focus of many research programs, throughout the developed
and developing world, for over 50 years (Miles 2001).

However, the ley farming referred to by Donald (1965) has
evolved in WA in the 50 years since that review, in response to
a series of biological, climatic and economic challenges
(Howieson et al. 2000). These are, briefly, reduced and less
reliable rainfall, increased soil acidity, widespread use of her-
bicides and intensification of cropping, the latter driven by the
greater profitability of grain production enterprises relative to
animal-based enterprises (Anwar et al. 2015; Bathgate and
Pannell 2002). These challenges have mitigated against the
success of the key pasture legumes that inspired the Donald
(1965) review—Trifolium subterraneum and Medicago spp.
In response to these challenges, a sustained research and de-
velopment effort over the past 30 years domesticated a num-
ber of alternative annual pasture legumes with different phys-
iology, and these are having a remarkable impact, despite in-
tensification of cropping (Howieson et al. 2000; Loi et al.
2005; Nichols et al. 2007). To achieve this, researchers
returned to the Mediterranean basin to find and collect species
in the regions considered to have the lowest rainfall and most
hostile acid infertile soils (Howieson 1995).

Ley farming with this “second generation” of annual le-
gumes in WA has evolved to include crop:pasture sequences
of 1:1; 2:1, 3:1 and even 4:1 made possible by the develop-
ment of very hard-seeded, deep-rooted and early maturing
cultivars of Ornithopus and Biserrula (Loi et al. 2005; Nutt
2012) which self-regenerate, and resilient rhizobia bacteria
which survive in hostile soils in the absence of their host
(see Section 2.1.1). Juxtaposed against the traditional ley
farming described by Donald (1965), where the pasture
phase regenerated from dormant seed and typically lasted
for 1-3 years, we now have up to a three-fold decrease in
the frequency of the pasture years in rotation (from 2:3 to
4:1). However, the new annual pasture legumes are reli-
able in these intensively cropped systems (Hackney et al.
2015), and we contend they will continue to ameliorate
some of the sustainability concerns raised by Crews et al.
(2016). Specifically, those benefits offered to the agro-
ecosytem by sophisticated ley-farming systems are sub-
stantial inputs of organic nitrogen (up to 300 units per
ha) and organic matter, reduced tillage and reduced her-
bicide application. We suggest the new legumes be

implemented on the soils of better quality, which deliver
a consistently high crop seed yield.

2.1.1 The crucial role of nodule bacteria in ley farming

A key benefit of legumes in ley farming is in the ability of their
nodule bacteria (rhizobia) to assimilate atmospheric nitrogen
(N) (Ronner et al. 2016). These bacteria persist in the soil
between the crop phases and are able to nodulate their legume
host when it is allowed to regenerate (Howieson 1995).
Successful nodulation enables the pasture phase to replace
nitrogen exported through both cropping (Angus and
Peoples 2012) and animal enterprises (Li et al. 2008). The
legume-rhizobia symbiosis is a fundamental system for the
health and function of global terrestrial ecosystems (Herridge
et al. 2008; Crews and Peoples 2004) and is considered by
some as second only to photosynthesis as the most important
biological process on earth (Lindstrom et al. 2010).

Nodule bacteria that are competent as soil saprophytes in
the crop phase when the legumes are absent, but which can
nodulate their legume host in the pasture phase to fix N, are
thus essential elements of low-input farming practices.
Because legumes require specific nodule bacteria which are
often absent when legumes are transported to new environ-
ments, the selection of appropriate nodule bacteria when do-
mesticating new legumes is a key to successful innovation
(Howieson and Ballard 2004). This is an important underlying
consideration throughout the remainder of this manuscript.

2.1.2 How “hard seed banks” are used in ley-farming systems

An impermeable seed coat is often referred to as “hard” seed,
which is a type of physical dormancy that regulates germina-
tion over time by preventing imbibition until the seed coat is
damaged (Baskin and Baskin 2001). It is a common survival
strategy in Mediterranean annual legumes (Norman et al.
1998).

Hard seed dormancy can provide a range of ecological
advantages and, in many natural systems, is an important as-
pect of species fitness (Nutt 2012). In Mediterranean climates,
physical dormancy is most commonly broken by a well-or-
dered, temperature and moisture-dependent physiological pro-
cess known as “seed softening” (Taylor and Revell 2002).
Taylor (1988) described this process as a two-stage model,
the first being a pre-conditioning stage of exposure to high
temperatures. Soil surfaces in a Mediterranean climate over
summer are exposed to very high temperatures (often with
maximum temperatures above 60 °C). The second stage is
exposure to wide diurnal temperature fluctuation (Taylor and
Revell 2002). The result is that the seed coat becomes perme-
able to water, so that the hard seeds are released from dorman-
cy gradually over the autumn. They will therefore not germi-
nate as a result of sporadic rain events in summer. This is
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important because summer rainfall events are not commonly
followed by sufficient timely rainfall to support seedling
growth (Loi et al. 1999).

Furthermore, not all hard seeds will germinate in the same
year; some will remain dormant but viable for future years
(Loi etal. 1999). This provides a reserve seed bank in the soil,
which can be crucial if there is a poor winter growing season
or a major disturbance to growth, and parent plants are unable
to set seed that year (Smith et al. 1998; Taylor 2005).

Legumes that form a hard seed bank have provided great
resilience to the low-input farming systems of Australia as
described by Donald (1965) and, more recently, Taylor
(2005). When the paddock is rotated to a crop species, the
seed bank remains in the soil. Those seeds that germinate in
the crop are lost, but others do not germinate (and grow) until
the paddock is rotated back into pasture in subsequent seasons
(Loi et al. 1999). Farmers commonly rely on hard-seeded
legumes to regenerate, and provide pasturage after several
years of cropping, without the need for re-sowing (Taylor
and Revell 2002). This strategy reduces the financial outlay
required for pasture establishment, as expenditure on seed is
only required for the initial introduction of the legume species
and its rhizobia (Nutt 2012).

Reducing inputs and costs to agriculture is not the only
benefit gained through self-regenerating pastures based upon
hard seed. The farmer also has more flexibility if there is a
persistent seed bank. The choice between crop and pasture for
individual paddocks can be delayed into early winter,
allowing for adaptation to changes in economic or environ-
mental conditions (Revell et al. 2013).

2.2 The inherent weakness of ley farming with annual
species

Despite historical success, and the modern improvements with
the domestication of a second generation of annual pasture
legumes described earlier (Loi et al. 2005), ley-farming sys-
tems based upon annual plants have severe shortcomings. In
12 recent reviews of Australian ley farming and its compo-
nents, secondary salinisation of the environment and the prev-
alence of the summer—autumn feed gap for animal production
were the most common limitations identified. Nine of the
reviews highlighted the hydrological imbalance, whilst six
were concerned with the feed gap. These limitations, which
cover both agriculture and environment, are consistent with
the challenges to sustainability defined by Crews et al. (2016).
They are summarised in Table 1 and described in more detail
below.

We have integrated the limitations identified by previous
reviewers, and in Fig. 1, we demonstrate how each of them
can be considered as part of a negative feedback loop, ulti-
mately leading to a loss of production and profitability in both
animal and crop operations. Figure 1 illustrates how the issues
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stem from two antecedent problems: over-reliance on a small
suite of well-adapted annual plant species and a dearth of well-
adapted perennial plant options.

2.2.1 The hydrological imbalance caused by annual-based
farming systems

The soils of the research region in WA where this review is
focused are predominantly sandy at the surface, which makes
them free draining and characteristically with low water-
holding capacity (Moore 2001). Native plant communities of
these regions consist of both annual and perennial species
which have evolved to survive in these soils by having very
long taproots to access water at depths greater than 2 m
(Hobbs et al. 1995). Most introduced annual pastures and
crops have shallow roots unable to access water and nutrients
below 50 cm (Hamblin and Hamblin 1985). Their short grow-
ing season also means they are only using water for relatively
short periods of time when compared to the (predominantly
perennial) original native vegetation. When annual crops and
pastures are used exclusively in agriculture, the transpiration
is effectively reduced whilst the rainfall remains the same
(Cocks 2001). As the rainfall exceeds the transpiration level,
the hydrological balance is no longer in equilibrium and the
water table rises (Hatton et al. 2002). The rising water table
mobilises salts that have accrued in the soils over millions of
years and brings them to the surface (Smith 1962). Dissolved
salts lower the osmotic potential of water in the soil solution,
and this increases the energy input required by the plant to
acquire water, effectively making the water less available
(Clarke et al. 2002). The soil quality and plant beneficial mi-
crobe communities can also be considerably disturbed by the
salt, further disrupting the ability of plants to obtain nutrients
(Lefroy et al. 1993). The PSMEIC (1998) report estimated that
15 million hectares of WA is at risk of salinity which will not
only reduce the amount of agricultural land available but also
threaten the functionality and biodiversity of all ecological
systems, along with water quality and infrastructure (Lefroy
et al. 1993).

Perennial plants in agriculture can utilise water over sum-
mer through deep roots, in a manner that more closely resem-
bles the original flora of Western Australia (Hobbs et al. 1995)
that of the Quercus/Oleaceae extensive grazing regions of
southern Europe and the Acacia caven—dominated “espinal”
of central Chile (Ovalle et al. 1990). Their deeper root systems
also keep the subsoil dry by utilising the intermittent rainfall
during spring and summer (Loi et al. 2005). This creates a dry
soil “buffer” which reduces the amount of water and nutrients
that drain away when they are in excess of the plants’ require-
ments (Dear and Ewing 2008). Thus, perennial plants can
theoretically maintain the hydrological balance, aiding in the
reduction of dryland salinity (Caccetta et al. 2010). Not all
perennial species will make the same contribution to
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Table1 A summary of the major limitations to sustainability that have emerged in ley farming in the wheatbelt region of Western Australian, compiled
from recent reviews
1. Feed gap for 2. Low 3. Increased use of 4. Inorganic 5. Herbicide and pesticide 6. Secondary
stock biodiversity  nitrogen fertiliser waste runoff resistance due to overuse of  salinisation
agri-chemicals
Howieson et al. * * * * *
(2000)
Cocks (2001) * *
Bathgate and *
Pannell (2002)
Dear et al. (2003)  * * *
Loi et al. (2005) * * *
Nichols et al. #* * * *
(2007)
Robinson et al. * ®
(2007)
Dear and Ewing *
(2008)
Moore et al. (2009) *
Hochman et al. * * * *
(2013)
Brock et al. (2013) * * *

*Indicates that the corresponding issue was raised by the review

hydrological balance, but if the plants are deep rooted, grow-
ing throughout the year and producing aboveground biomass,
it is considered they are having a positive effect (Suriyagoda
et al. 2013).

2.2.2 The feed gap in annual ley-farming systems

The feed gap in Mediterranean farming systems is defined as a
period of the year when the forage available (either quality or
quantity) does not meet the demands of the livestock. Whilst
the magnitude of the feed gap can be irregular, as a result of
variation between years in terms of pasture growth (Bathgate
and Pannell 2002), true Mediterranean climates that operate
without perennial-based feed supply have a regular feed gap
from late spring until autumn (Moore et al. 2009). During this
time, the farmer must produce or purchase conserved fodder
and grain to supplement senesced crop and pasture residues or
reduce their livestock population (Suriyagoda et al. 2013).
The quality of standing forage declines after senescence as
the plant matter decomposes, particularly after rainfall events
(Bathgate and Pannell 2002). This makes it challenging to rely
solely on senesced in situ biomass to provide the feed and, as it
is of low quality, the livestock production is restricted (Kaiser
etal. 2007). Wool quality suffers a severe reduction as a result
of nutritional decline in the feed available to sheep during the
feed gap. This provides a significant challenge to the industry
in loss of production in livestock and general profitability
(Hacker et al. 2009).

As the feed gap in these agricultural systems is a regular
and predictable feature, farmers have adapted to manage their
stocking rates and lambing time to limit the impact of the
stress (Moore et al. 2009). By keeping the livestock popula-
tions below a conservative level, the difference between the
amount of feed available and feed required during the gap is
decreased. Through this process, livestock can also make the
most of abundant food during the spring flush of plant growth
so they are entering the feed gap in the best possible condition
(Bell et al. 2008). This management strategy, though widely
employed, still imposes tight restrictions on the productivity
of the livestock operation and is a sub-optimal strategy. It is
very inefficient for animals to lose weight and then to regain it
at a later stage (Byrne et al. 2010).

There is a strong case to develop pasture plants that are
actively growing in the dry months and available as forage
to fill the feed gap. Annual forages that are summer active
have not been widely adopted in WA because they are con-
sidered high risk and are rarely economically viable (Moore
et al. 2009). Because perennial plants continue to grow over
the summer months, green forage may be provided for live-
stock during the key feed gap, greatly diminishing the input
costs to animal enterprises (Byrne et al. 2010) and increasing
flock health. This includes the supply of vitamin E which is a
common deficiency in animals maintained on dry feed
(Norman et al. 2013). Medicago sativa fills this niche on fer-
tile and alkaline soils of south-eastern Australia (Dear et al.
2003) and much of the developed world (Small 2011) but fails
where soils are acidic (Bouton and Sumner 1983).
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Fig. 1 A demonstration of how
each issue raised by previous
reviews of sustainability of ley
farming in southern Australia is
related: blue denotes the issues
commonly raised in reviews
examined in the table; yellow
denotes source issues that we
suggest are antecedent to the
following issues; red denotes the
final outcome
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2.2.3 Susceptibility to false breaks

In a Mediterranean climate, a false break refers to late
summer/early autumn rainfall that is sufficient to cause germi-
nation of the annual plant seed bank. If there is insufficient
follow-up rainfall, these seedlings will fail to establish, there-
by markedly reducing plant density in that season, with seri-
ous implications for pasture production and extending the au-
tumn feed deficit. In an analysis of the timing and frequency of
false breaks, Chapman and Asseng (2001) found that false
breaks occur 2 out of every 3 years in WA. Perennial-based
pastures, by contrast, are not affected, or actually benefit from
these unseasonal rainfall events (Turner and Ward 2002).
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Changing rainfall patterns and increased climate vari-
ability are likely to further increase the frequency of
false breaks (Revell et al. 2013). In the south west of
Western Australia, rainfall has declined by 10% over
the last 30 years (Watterson et al. 2007). Increasing sea
surface temperatures are likely to alter the variability of
rainfall distribution and intensity (Sudmeyer et al. 2016).
It is predicted this will lead to intense isolated summer
and autumn rainfall events occurring more frequently
(Hope et al. 2015). Revell et al. (2013) recommend that
there must be a sustained investment in plant improve-
ment research to address the challenges created by a
more variable climate.
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3 Developing an ecological approach to select
suitable perennial pasture legumes for ley
farming

Despite the obvious benefits in overcoming the above con-
straints, there is no perennial pasture legume in agricultural
commerce that is adapted to acidic and infertile soils, in mar-
ginal lands, such as those found in WA (Monjardino et al.
2010). Like most legumes in global agriculture, the suite of
perennial pasture legumes so far domesticated is better
adapted to the fertile soils of the planet, reflecting those on
which humans first farmed (Howieson 2015). Many alterna-
tive perennial pasture legumes have been assessed for use in
the target regions of Australia over the last half-century.
Despite consensus on the importance of perennial legumes
in agriculture and a recent considerable research effort (Li
et al. 2008; Raeside et al. 2012; Real et al. 2012), there has
been no commercial success. In attempting to understand
this failure, we evaluated recently researched pasture legumes
against a set of attributes, informed by the literature (Table 2),
that we consider should be applied in domesticating new pe-
rennial pasture legumes for difficult soils. None of the peren-
nial legumes evaluated over the last few decades appear to
have been selected on the basis of this well-documented set
of attributes, including high seed yield, ease of seed harvest
and symbiotic tolerance to infertility. A good example is
Hedysarum coronarium. Despite being a valuable long-lived
herb in WANA and parts of the Mediterranean basin, it lacks
acid tolerance and its seed is very difficult to harvest and to
process (Yates et al. 2006).

We conclude that (in the context of recent outcomes) to
successfully develop perennial pasture legumes for difficult
soils and modern farming enterprises, we must overcome
three main limitations inherent in the traditional research ap-
proach. These limitations are as follows:

1. A lack of focus upon selecting new plants adapted to the
least profitable cropping soils, where they might be more
readily adopted and where their fiscal risk of implemen-
tation failure is lower.

2. A continued focus upon collecting germplasm from
traditional sources, such as the Mediterranean basin,
rather than considering alternate regions where plants
with the key attributes listed in Table 2 may be
discovered.

3. A belief that extant farming systems should be altered to
accommodate perennial pasture species, rather than
researching ways to incorporate perennial legumes into
the existing systems.

We believe that by addressing these three limitations a
more ecologically driven approach can be implemented, and
this will ultimately be more fruitful.

As an example of how this selection approach has been
employed, we introduce a new species, Lebeckia ambigua.

L. ambigua is a perennial legume native to the heathlands
of the Fynbos biome in the Western Cape region of South
Africa (Le Roux and Van Wyk 2007). Plants are commonly
found in isolated pockets of acidic, infertile sandy soils, in
regions receiving winter rainfall of between 250 and
500 mm (Howieson et al. 2013). L. ambigua is currently being
assessed to determine if it can be domesticated as a perennial
forage legume in WA (and potentially other edaphically sim-
ilar regions of the world). This species is just one candidate
from the region with agricultural potential identified through
this process. We believe there are many other species and
genera of legumes worthy of further development and exam-
ination (Muller et al. 2017; Howieson et al. 2008)

3.1 Tackling the first limitation—selecting pasture
plants for marginal lands that are least profitable
for cropping

Notwithstanding the hypothesis that the current suite of pe-
rennial pasture legumes in commerce is edaphically better
suited to the fertile soils (Howieson 2015), we believe there
are three main arguments to support the search for new peren-
nial legumes for the least profitable soils.

Firstly, there is an environmental argument. In WA, the
least profitable soils are undoubtedly the infertile deep sands.
They are non-wetting, acidic and infertile; have low clay con-
tent, low OM and low CEC; and thus, represent a considerable
challenge to modern farming. Cropping these soils rarely
returns a profit and grazing the often meagre pastures renders
them prone to soil erosion when the plant cover is removed
(Hamblin 1987). Establishing perennial plants to better man-
age the erosion risk on these soils has been attempted with the
importation of woody species such as tagasaste (Cytisus
proliferus) (Wiley et al. 1994) for lower rainfall and
Tasmanian blue gum (Eucalyptus globulus) in the higher rain-
fall regions (Sudmeyer and Simons 2008). These examples
demonstrate that focusing on the least profitable soils where
there is a lack of commercial options can lead to a rapid uptake
of more sustainable practices.

Secondly, there exists an economic imperative. Despite the
implementation of the perennial species mentioned above for
environmental reasons, they have rarely provided an econom-
ic advantage. Tagasaste is not well suited for sheep farming,
cannot be established reliably from seed and becomes woody
with age and problematical (Edwards et al. 1997). Sudmeyer
and Simons (2008) considered that Tasmanian blue gums
were unsuited to medium rainfall agroforestry due to their
sub-economic growth rates and significant losses to adjacent
production through competition. Soil management methods
for these sands, such as topdressing clay, can ameliorate the
constraints, reduce the environmental risk and increase the
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reliability of annual-based farming (Hall et al. 2010).
However, this is an expensive approach and many reliable
seasons are required to remunerate the investment (Roper
et al. 2015).

The third key reason is the opportunity for social return.
Global food security is reliant on increasing production on
soils with significant edaphic constraints, whilst safeguarding
the natural resource base (Sanchez et al. 1997). Increasingly,
the soil fertility of marginal lands is depleted through unsus-
tainable practices (Sanchez 2002). Rebuilding fertility through
high-input soil management technology (such as mineral
fertilisers) is often not feasible, as most often these marginal
agricultural lands are retained by famers with limited re-
sources (Sanchez and Salinas 1981). These farmers are often
unable to make these investments due to prohibitive costs and
the increased risk of return brought by the variability in yields
(Sanchez and Salinas 1981).

Taken together, these limitations suggest that low-input
methods of amelioration, such as planting species that are
tolerant of existing soil constraints, and which can biologically
improve nutrition, are required to replenish soil fertility
(Sanchez and Salinas 1981). Only through better preservation
of soil resources can poverty be reduced and food security be
attained (Sanchez et al. 1997).

3.2 Tackling the second limitation—from where
to source new plant germplasm?

There are five major regions of the world with Mediterranean-
type climates: the Chilean coast, the Mediterranean basin, the
Western Cape of South Africa, southern Australia and the
Pacific Coast of North America (Reinten and Coetzee 2002).
The Mediterranean basin in the northern hemisphere has been
the predominant source of germplasm for agricultural pasture
species improvement in Australia for over a century
(Howieson et al. 2000). Annual species dominate the herba-
ceous component of the Mediterranean basin, but it is impor-
tant to note that the infrequent perennial legumes therein are
confined to the more fertile soils and higher rainfall regions
(Cocks 2001). The low-rainfall zone of WA is not edaphically
suitable for most of these perennial Mediterranean legume
species when considering the multiple edaphic challenges al-
ready outlined. The lack of success demands that researchers
should now investigate other regions of the world which share
a “Mediterranean climate”, but which are also more ecologi-
cally similar, have soils with lower fertility and carry a greater
diversity of perennial species.

Several ecological reviews (Wisheu et al. 2000; Hobbs
et al. 1995; Goldblatt 1997) have compared the
Mediterranean-type bioclimates and concluded that the biome
most closely resembling the target wheatbelt regions of WA in
terms of soils, disturbance regimes and vegetation composi-
tion is the Fynbos of South Africa.

The following sections of this review will discuss the
Fynbos as an alternative region from which to source new
germplasm of perennial legumes and their nodule bacteria,
as an example of matching edaphic similarities when seeking
to develop new plants for agriculture. We then emphasise
physiological attributes that we see as essential in these plants,
if they are to be domesticated. Lastly, we discuss how to fit
new perennial pasture plants into existing and entrenched
farming systems that land managers (initially in Australia)
are familiar with.

3.2.1 The Fynbos of RSA and the wheatbelt regions
of Western Australia

The WA regions we discuss encompass some 20 million hect-
ares of which nearly 64% is agricultural land primarily
used for mixed sheep and grain farming (ABARE 2016).
These regions are generally characterised as having a
Mediterranean-type climate in which the rain falls mostly in
the winter (Stephens and Lyons 1998). The summers are typ-
ically hot and dry for long periods in this region, and plant
growth is severely limited by the lack of surface soil moisture
(Hobbs et al. 1995). Native Australian plants found in these
regions are typically unsuitable for use in agriculture (Cocks
2001). Because of this, Australian agriculture has a long and
successful history of introducing plants such as wheat and
barley from similar Mediterranean-type bioclimatic environ-
ments (Puckridge and French 1983). However, we can learn a
great deal from the remnant vegetation in WA about the plant
traits that might make new plant introductions for agriculture
successful in this environment.

The native vegetative communities of WA are considered
unique, with a very diverse range of endemic plant species
(Beard et al. 2000). Amongst the remnant plant communities
are those of the Kwongan heathlands, consisting of
sclerophyllous shrubs. These grow on the sandy soils with
the lowest fertility throughout the south west of WA (Beard
etal. 2000). The Kwongan heathlands have very high levels of
species richness and endemism and are considered hotspots of
floral biodiversity (Beard et al. 2000). The Fynbos biome is a
belt within the Western Cape of South Africa that stretches
from the West of Port Elizabeth to Nieuwoudtville, north of
Clanwilliam (Reinten and Coetzee 2002; Manning and
Goldblatt 2012; Mucina et al. 2006). The Fynbos, like the
Kwongan heathlands, exhibits rich botanical diversity, and
salient to this review, the biome boasts a very large diversity
of perennial legumes. There are 795 legume species from 45
genera native to the Fynbos, of which the majority are endem-
ic (Manning and Goldblatt 2012). Seven species from five
genera are trees, 21 species from five genera are annuals but
the vast majority (767 species from 39 genera) are shrubs,
pyrophytic suffrutices or perennial herbs (Manning and
Goldblatt 2012).

IN?A @ Springer

= SCIENCE & IMPACT



13 Page 10 of 19

Agron. Sustain. Dev. (2019) 39: 13

The soils of both regions are ancient and derive from sim-
ilar parental material (Hobbs et al. 1995). Processes of
weathering have yielded coarse-grained sand soils, with very
little clay content and a lack of water-holding capacity
(Goldblatt 1997). Although acid sandy soils derived from
Table Mountain Sandstone are typical for the Fynbos, some
parts have acid clay soils derived from granite or alkaline
limestone soils (Mucina et al 2006). The sandy soils of the
Kwongan heathlands and the largest part of the Fynbos biome
are also relatively poor in nutrients compared to the other
Mediterranean-type regions (Wisheu et al. 2000). The low
availability of nutrients, particularly phosphorous, is limiting
to plant growth and significant in the type of vegetation that
can be supported (Goldblatt 1997).

The similar challenge posed by their edaphic circumstances
is considered the major reason that the floral communities of
the Fynbos and the Kwongan are comparable (Wisheu et al.
2000). The remarkably low nutrient availability constrains the
growth of the vegetation, and sclerophylous shrubs are the
principal life form for both regions (Wisheu et al. 2000).
Extensive and deep root systems are also required to access
water and nutrients on the freely draining soils, so generally
only plants with large tap roots and specialised structures are
able to thrive (Hobbs et al. 1995). Lebeckia ambigua provides
a good example of this specialised root architecture. It pos-
sesses a tap root capable of penetrating 3 m into the soil profile
and can produce cluster roots (Edwards 2015). Cluster roots
arise when portions of lateral roots become highly branched,
forming many closely spaced hairy roots (Raven et al. 2005).
These specialised root zones are capable of forming associa-
tions with beneficial bacteria and releasing exudates that aide
in the uptake of nutrients (Lambers et al. 2006).

Taken together, we contend that this set of circumstances
indicates that the Fynbos biome offers a potential valuable
resource for domestication of new plant species for agricul-
ture. However, a further key part of domestication of new
plants for pasture—ley systems is whether the plants are
adapted to grazing by ruminants.

3.2.2 Grazing pressure in the Kwongan and the Fynbos

One manner in which the plants in the Kwongan and Fynbos
do differ, and which is critically relevant to pasture plant do-
mestication, is in their interaction with grazing animals. Many
native Australian legumes contain toxins that deter grazing by
animals (Dowling and McKenzie 1993). Gastrolobium,
Gomphelobium and Oxylobium are common genera in WA
and contain species which produce the toxic compound sodi-
um monofluoroacetate (Short et al. 2005). Native animals
have co-evolved with these species, developing a resistance
to the compound (Short et al. 2005). The compound is lethal to
introduced herbivores, including agricultural species, and
therefore, plants that produce sodium monofluoroacetate are
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completely unsuitable for grazing. Other native legumes in
Australia which do not contain sodium monofluoroacetate,
such as that found in the Kennedia genus, have their growing
points exposed, and whilst they tolerate browsing, they do not
tolerate sustained grazing (Silsbury and Brittan 1955). They
are also generally slow growing and therefore relatively un-
productive (Robinson et al. 2007). In contrast, a large diversity
of ruminants and browsers, both native and introduced, have
grazed the Fynbos vegetation (Radloff et al. 2014). Though it
has been poorly studied, herbivory has had an important in-
fluence on the vegetation structure and development of the
Fynbos through its evolution (Kraaij and Novellie 2010).
Some legumes of the region accumulate quinolizidine and
pyrrolizidine alkaloids and are therefore poisonous to various
degrees (Van Wyk 2003), whilst a small minority (e.g.
Lotononis species) are strongly cyanogenic and potentially
lethal to livestock (Van Wyk 1989). However, free grazing
by agricultural ruminants introduced to the Fynbos in current
times provides a high intensity of grazing pressure on the
native vegetation without adverse effects to livestock health
(Radloff et al. 2014). Therefore, the Fynbos appears to be an
ideal place to search for perennial legume species that are
amenable to grazing by agricultural animals, and are adapted
to infertile soils.

As previously discussed, to improve the sustainability of
ley-farming systems, perennial pasture legumes are required
to reduce the summer—autumn feed gap in WA. Therefore, any
new legume must be productive during autumn and safe and
nutritious for livestock to consume. Preliminary experiments
have shown L. ambigua to be capable of modest forage pro-
duction during the autumn on the target soils. In the months of
February—June 2016, replicated 50 m? swards of L. ambigua
produced 1.3 t/ha of dry matter in the target wheatbelt region
of WA, in the absence of any recorded rainfall. In comparison,
M. sativa produced 0.3 t/ha during the same period. Lebeckia
ambigua has similar in vitro feed qualities to M. sativa
(Table 3).

3.3 Tackling the third limitation—selecting perennial
pasture plants that will complement current farming
systems

We identified a third major weakness in the contemporary
research approach to domestication of perennial pasture plants
for the WA regions—that of attempting to mold farming sys-
tems to fit the plant. Globally, perennial legumes are grown in
high-input agricultural systems that can operate successfully
within the framework of a high cost of establishment, where
outputs are also high. However, the significant and ongoing
costs associated with establishment of perennial plants are a
considerable barrier to their adoption in the low-rainfall envi-
ronments in WA. To obviate these high establishment costs,
Cocks and Bennett (1999) suggested that “phase farming”
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Table 3  The nutritive value of L. ambigua dry leaf and stem material
from in vitro analysis. Dry matter was collected from trial plots in West
Dale, Western Australia during March—June

Nutritive value Leaf Stem
Dry matter (%) 92.9 93.7
Crude protein (%) 23.1 13.1
Neutral detergent fibre (%) 34 57
Acid detergent fibre (%) 21.9 44.1
Acid detergent lignin (%) 8.5 10.2
Ash (%) 8.7 5.7
Organic matter (%) 91.3 94.3
Digestible dry matter (DM) (%) 81 54.7
Digestible organic matter in DM (%) 75.5 532
Metabolisable energy (MJ/kg DM) 12.3 7.8
Water-soluble carbohydrates (%) 9.47 6.4

could replace ley farming as an effective system for incorpo-
rating perennial legumes, where the forage phase is re-sown
after each cropping period. However, this has proven commer-
cially unattractive as it appears too expensive and time-
consuming to re-sow perennial plants in low-input/low-output
systems.

In addressing the third weakness in approach, we need to
focus on which physiological and reproductive elements of
perennial legumes (as they have evolved in their natural sys-
tems) might coincidentally suit them to modern farming sys-
tems. In the Fynbos, annual species rarely persist, and the flora
is dominated by perennial shrubs (Rutherford et al. 2011). As
outlined above, nearly 97% of the 795 Fynbos species are
shrubs or perennial herbs. Charnov and Schaffer (1973) con-
sider that a perennial habit should be favoured in such envi-
ronments, where there exists low juvenile survivability. These
environments can inhibit recruitment in each annual cycle,
regardless of how many seeds are produced (Charnov and
Schaffer 1973). An established perennial plant can, neverthe-
less, set seed every year it persists, increasing the opportunity
that 1 year will be favourable to more successful recruitment,
or a disturbance event will occur to increase seedling estab-
lishment (Pierce and Cowling 1991). This is a key consider-
ation as we explore characteristics in perennials that might
make them suitable for the low-rainfall farming systems of
the world.

3.3.1 Understanding disturbance and opportunities
for recruitment

Fire is considered the major disturbance regime of the Fynbos,
exerting a significant influence on the structure and function
of the floral community (Rutherford et al. 2011). Two main
strategies are employed by plants to thrive in fire-prone envi-
ronments: re-sprouting from undamaged tissues (re-sprouters)

or recruiting from seed (seeders) after the fire (Atwell et al.
1999). Species that have the ability to re-sprout have well-
developed underground carbohydrate stores in the form of
lignotubers, which are protected from the fire. After the fire
destroys the vegetation aboveground, the stores are activated
and the plant regrows (Atwell et al. 1999). Seeders either rely
solely (obligate) or partially (facultative) on recruiting from
seed, post-fire (Wisheu et al. 2000).

The re-sprouting strategy is certainly the dominant mecha-
nism encountered across the majority of the known fire-prone
environments (Pausas and Keeley 2014). However, this dom-
inance is reversed in both the Fynbos and Kwongan commu-
nities. Species that are able to regenerate from seed are more
frequently encountered in these biomes, along with the only
occurrence of obligate seeder species (Wisheu et al. 2000).
Less than 25% of Fynbos legumes are sprouters (Le Maitre
and Midgley 1992) and re-sprouting is not evenly distributed
amongst genera. As an example, all 19 species of Rafnia
(Campbell and Van Wyk 2001) and 12 of the 14 species of
Lebeckia (Le Roux and Van Wyk 2009) re-sprout after fire.
Lebeckia ambigua has both re-sprouting and re-seeding ca-
pacity after fire. Can this key property be exploited in
agriculture?

Fire disturbance removes all of the aboveground vegetation
which had been competing for, and accumulating, the water
and nutrients in the post-fire interval (Moreno and Oechel
1994). Some of the nutrients in the ecosystem are returned
to the soil after the fire; hence, the ecosystem post-fire has
little competition for light and moisture but with relatively
fertile soil available for whichever species is the first to regen-
erate. The chance of juvenile survival is at its highest post-fire.
Seeds are small and only need a small amount of water to
germinate and are able to grow quickly to make the most of
the favourable conditions (Pierce and Cowling 1991; Le
Maitre and Midgley 1992). A parallel disturbance in agricul-
ture might be a cropping phase. There is also evidence from
extant species that obligate seeders have physiological traits
which make them more tolerant of drought and water stress
(Pausas and Keeley 2014). In Fynbos legumes, however, there
is a tendency for seeders to favour moist habitats, whilst
sprouters are more commonly encountered in dry or season-
ally arid places (Schutte et al. 1995).

The more seed a seeder species is able to produce during a
fire interval, the higher its chances of successful recruitment
(Wisheu et al. 2000). For this reason, the life cycle of a seeder
species must closely correlate to the fire interval (Wisheu et al.
2000). Less predictable regimes and long periods are seen to
be detrimental to this regeneration strategy (Rutherford et al.
2011). Pierce and Cowling 1991 discovered that the longer the
interval between fires, the smaller the germinable soil seed
“bank”, and the less the seed bank represents the aboveground
vegetation. The ideal disturbance regime for the obligate seed-
er species is a predictable, short interval. In the context of this
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review, a short interval before fire disturbance causes death
might be seen as analogous to the kind of pressure that would
be put on agricultural plants in a cropping phase.

Production of large amounts of harvestable seed is a very
desirable feature in plants sought for agricultural domestica-
tion (Howieson et al. 2000), but unfortunately, this trait is
considered very rare in herbaceous perennial species
(DeHaan and Van Tassel 2014). Inadequate seed production
is considered one of the major obstacles to the widespread
agricultural adoption of many forage cultivars, both annual
and perennial (DeHaan and Van Tassel 2014). High fecundity
is more associated with an annual life strategy in plants, be-
cause they have only one reproductive opportunity before
death (this is termed semelparity). Therefore, there is evolu-
tionary pressure to allocate more resources into seed produc-
tion (Pausas and Keeley 2014). The unusual combination of
herbaceous perenniality with high fecundity does, however,
occupy an ecological niche in environments with regular fire
disturbance and low juvenile survivability, such as the Fynbos
and Kwongan heathlands.

Thus, we offer an alternative vision for domesticating pe-
rennial legumes into agriculture: that by selecting species
which produce large quantities of seed and that are suited to
the edaphic constraints of the marginal lands in the low-
rainfall zones of WA, we might be able to develop a “perennial
ley-farming system”. The perennial plant in this system would
persist for several years and, during this period, produce a seed
“bank” with large numbers of seeds. After a period of produc-
tion and soil fertility improvement, the land-owner might pro-
vide disturbance by rotating the perennial pasture with one or
several crops and, in the process, completely remove the pe-
rennial plants. However, after a period of cropping, the peren-
nial legume would recruit from its seed bank to reform the
perennial-based pasture. To restore biological N into the dis-
turbed system, it would nodulate with resilient rhizobia previ-
ously introduced to the soil.

We expect farmers would adopt such a system for its bio-
logical, social, ecological and economic advantages. We now
explore some of the key attributes of such a perennial plant
ideotype further.

4 Hard seed produced by perennial legumes
and its potential exploitation in perennial
ley-pasture systems

If we are to learn the lessons from the commercially successful
annual pasture—ley system, we would seek plants that produce
a large quantity of seed, and develop a long-lived seed bank in
the soil. Indeed, our previous research has strongly
emphasised that plant ideotypes for domestication into ley-
farming systems should produce large quantities of hard seed
(Table 2) (Howieson et al. 2000).
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Hard seed dormancy is found at low levels in the few do-
mesticated perennial pasture legumes from temperate regions
occasionally employed in agriculture (Baskin and Baskin
2001) (Table 4). However, this trait is not exploited. This
may be because, whilst the seed produced by these perennial
plants can be hard, the number of seeds is relatively low, i.e.
they are not prolific seeders, and seedlings can be uncompet-
itive. Thus, the few perennial legumes currently in established
farming systems are re-sown after each crop phase (Ward
2006). This is described as “phase farming” (vis-a-vis ley
farming).

Current forms of phase farming with perennial species are
thus very different to ley farming, in that the seeds produced
by the perennial legumes do not form a viable hard seed bank.
The phase ends when the legume is mechanically or chemi-
cally removed, and a cropping phase can then be implemented
to access the biologically fixed nitrogen (Cocks and Bennett
1999). The subsequent (perennial) legume phase must then be
re-established by sowing scarified seed, at considerable cost
(Kimura and Islam 2012). Added to this economic disincen-
tive, post-harvest seed processing is difficult and time inten-
sive, significantly increasing the price of seed for many culti-
vars of perennial legumes (Ewing et al. 2006). A typical ex-
ample is Hedysarum coronarium. It produces a low yield of
seed per hectare and the pod structure makes the retrieval and
processing of seed very labour intensive (Ewing et al. 2006).
Hence, the seed is very expensive and this is one reason why
adoption of this species is low in the WA (another is that it is
not well adapted to acid, sandy soils). For the perennial phase
in current farming systems to be profitable, the cost of estab-
lishment must be recovered over a few years (Yates et al.
2006) compared to the standard 10-20 years when a pasture
is regenerating from a hard seed bank in the annual ley system.

Parenthetically, selecting perennial species with high seed
yields that can be mechanically harvested (and therefore inex-
pensive) may be a strategy to increase the economic viability
of current phase systems, even without seeking species that
produce hard seed. The potential to harvest seed from the
legume creates a viable income stream, whilst also allowing
the growers to produce their own seeds to reduce the cost of
establishment (Howieson et al. 2000). This feature is lacking
in all of the current perennial pasture options for low-rainfall
regions of WA. For example, the lucerne (Medicago sativa)
seed market in Australia is highly lucrative, with RIRDC
(2014) estimating its worth at AUD $59.3 million per year.
However, seed crops of lucerne are generally grown under
irrigation and with high-intensity production regimes.
Eighty-three percent of all lucerne seed production in
Australia is grown in Keith and neighbouring regions of
South Australia (Anon 2010). These areas enjoy significantly
higher rainfall and more productive soils than the low-rainfall
regions of WA, where traditionally, the fecundity of lucerne is
too low to establish a viable seed crop (Cocks 2001). In
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Table 4 Initial hard seed

dormancy for legume species Species Life Initial First summer Second summer Reference
commonly encountered in form dormancy dormancy (%) dormancy (%)
Mediterranean agricultural (%)
systems. The breakdown of
d()rrnancy under field conditions Trlfollum Annual 98 37 18 Loi et al. (1999)
is listed for those species that have subterran-
been studied. References are eum
reported re]aﬁng to each of the Omzthopus Annual 97-99 85 60 Nutt (2012)
studied species sativus
Biserrula Annual 99 98 83 Loi et al. (1999)
pelecinus
Medicago Perennial 3040 10 Not studied Pang et al. (2009),
sativa Kimura and Islam
(2012)
Trifolium Perennial ~ 85-95 10-20 Not studied Harris et al. (1987)
repens
Bituminaria Perennial 70 0 Not studied Pang et al. (2009),
bituminosa Castello et al. (2013)
Lotononis Perennial 80 Not studied Not studied Pang et al. (2009), Real
bainesii et al. (2005)
Lotus Perennial 94 Not studied Not studied Pang et al. (2009),
corniculat- Ollerton and Lack
us (1996)
Lebeckia Perennial 93 83 53 This review
ambigua

contrast, tagasaste (tree lucerne, Cytisus proliferus) is very
well adapted to the deep sandy soils in this region and pro-
duces large amounts of seed per hectare (Wiley et al. 1994),
but no mechanised way of harvesting the seed exists, so
labour-intensive hand harvesting is required.

It has been postulated that breeding new perennial cultivars
that have a lower percentage of hard seed is crucial to ensuring
plants fit economically into phase-farming systems (Ewing
et al. 2006). We would argue the opposite: that no phase-
farming system will be successful in our target environments
unless it exploits hard seed, and thus, is better suited to the
economic realities of the region.

4.1 Is it possible to develop persistent
and hard-seeded perennial pasture legumes to fit
within ley-farming systems by utilising hard seed?

Ordinarily, the place to begin this search might be within the
existing suite of perennial legumes: either those commercially
available or currently under research. In Table 2, we list some
of the contemporary species and cross-reference them against
attributes we postulate to be essential for the success in our
envisaged perennial ley system. “N” in any attribute column
infers a low probability of being successful in the perennial
ley.

Working through Table 2, unfortunately, no single species
appears suitable for use in the putative perennial ley system.
Those perennials that are available:

* Are poorly adapted to the edaphic constraints of marginal
lands

*  Produce seed that is expensive to multiply and process,
thereby making them economically unattractive

* Do not produce enough hard seed to establish a seed bank

* Possess hard seed breakdown dynamics not suited to
persisting under consecutive years of cropping (and
thus rotating in and out of cropping intervals is too
challenging)

Lebeckia ambigua is very fecund species (it can produce
20,000 seeds per individual per year for some mature plants)
and the seed produced has a very high percentage of hard seed
dormancy (88-99%) (Edwards 2015). These seed attributes of
L. ambigua are quite unique when set against the most com-
mon perennial pasture legumes utilised in agriculture (e.g.
Table 3). The hard seed dynamics discovered in L. ambigua
are more comparable to the annual legumes used in ley-
farming systems.

We postulate that L. ambigua was faced with the same
evolutionary pressures to produce a large amount of seed as
were the annual species of the Mediterranean basin so suc-
cessfully domesticated in Australian annual ley-farming sys-
tems (e.g. Biserrula pelecinus) (Howieson 1995). Further, its
life cycle evolved such that it produces as much seed as pos-
sible through growing seasons during the fire interval, to com-
pete in an environment with low juvenile survivability.
Additionally, to ensure that a high percentage of seeds germi-
nated at the ideal time (the first rains post-fire), we suspect the
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species has evolved mechanisms to regulate germination, such
as hard seed dormancy. We have begun to investigate this and,
in doing so, revisited some of the original collection sites of
L. ambigua in 2016, a decade after the original collection of
seed and rhizobia. The succession of an originally Lebeckia-
dominant site over this period is illustrated in Figs. 2 and 3 and
provides strong lessons for managing its ecology in Western
Australia (Fig. 4).

4.2 Field softening of the hard seed of Lebeckia
ambigua

In the first field experiments in WA, L. ambigua was deter-
mined to have an initial hard seed content of 93%. This re-
duced to 53% after 57 weeks of exposure to field conditions
(Table 4). In comparison, Bituminaria bituminosa (another
perennial legume that has been examined for agricultural do-
mestication) was reported to have a primary dormancy of
70%. This lasted for a period of 3 months before germination
at near 100% (Castello et al. 2013). The initial level of hard
seed in L. ambigua is considerably higher than that encoun-
tered in the perennial legumes Medicago sativa (Kimura and
Islam 2012) and Trifolium repens (Harris et al. 1987) and
similar to Lotus corniculatus (Ollerton and Lack 1996) which
are all commonly used in agriculture. No studies of field soft-
ening of hard seed have been reported with these perennial
legumes, probably because an understanding of seed bank
dynamics is not normally required for the agricultural man-
agement of these (or any) perennial pasture legumes.

The breakdown patterns of the hard seed of L. ambigua can
be compared to that of annual legume species in ley-farming
systems. Nutt (2012) reported that under field conditions, seed
of French serradella (Ornithopus sativus) dropped between 20
and 30% from their initial hard seed levels of 90% over a 12-
month period. Loi et al. (1999) found that after 12 months of
field softening in Biserrula pelecinus, seed remained 90%
hard, reducing only 8% from the initial level. In comparison,

s

Fig. 2 An original collection site of L. ambigua near Nieuwoudtville in
December 2006
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Fig. 3 The same original collection site in October 2016 illustrating
species succession. Seedlings of L. ambigua were present in 2016,
indicating a recent germination event as a result of seed softening (inset)

in the same study, the annual clover Trifolium subterraneum
(the corner-stone of Donald’s original ley-farming review)
recorded an initial hard seed percentage of 98%, but this
dropped to 18% over 12 months (Table 4).

The hard seed level of L. ambigua dropped from 93 to 83%
by winter after 24 weeks of field exposure during the
first summer—spring softening period (Edwards 2015).
Comparatively, B. pelecinus and T. subterraneum had hard
seed percentages of 98 and 31%, respectively, at the beginning
of winter in their first year of field exposure (Loi et al. 1999).
However, in that study, the seed was not placed into the field
setting until autumn and, therefore, had no exposure to the
summer softening environment. Further, the seeds were

Fig. 4 Professor Howieson in a Lebeckia ambigua field trial in
Harrismith, Western Australia. The trial was sown into a deep sandy
soil with very low inherent fertility and water-holding capacity and a
long-term average rainfall <400 mm
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buried to a depth of 2 cm, not 1 cm as in our study. Lebeckia
ambigua, therefore, seems to uniquely behave more as a hard-
seeded annual legume in its seed ecology, than in the expected
manner of a domesticated perennial legume.

4.3 Further questions to be answered

Two research questions that arise immediately are (i) can
Lebeckia ambigua regenerate from a hard seed bank following
cropping to create a perennial ley farming system, and (ii) can
its rhizobia survive to nodulate after such a major disturbance
interval?

A reserve of 53% dormant L. ambigua seed after 1 year
of softening is comparable to that of the hard-seeded
French serradella cultivars and significantly higher than
the successful subterranean clover cultivar Dalkeith.
However, whether enough seed of L. ambigua is released
from dormancy in a timely manner after several seasons of
accumulation to form a useful pasture phase, following
disruption by a cropping event, is currently unclear. This
will depend on how much seed is produced and the uni-
formity of its release from dormancy. These factors are
likely to be different between an annual and a perennial
species and require further research.

The nodule bacteria for L. ambigua are beta-rhizobia from
the genus Burkholderia (Howieson et al. 2013). This is a rel-
atively new genus to be described by legume microbiologists
(Moulin et al. 2001), and little is known of its ecology (Sprent
et al. 2017). There are indications that Burkholderia, particu-
larly those from the Fynbos, favour acidic soils (Dludlu et al.
2017). Knowing that the introduction of Fynbos legumes to
Australia has hitherto been compromised by the poor compet-
itive ability of their symbionts (Gerding et al. 2012, 2013,
2014), experiments are underway to select strains of
Burkholderia suitable for L. ambigua that are well adapted
to the edaphic stresses of the target soils in WA.

5 Conclusion

To improve the productivity and sustainability of agricul-
ture in WA, in the context of the review of Crews et al.
(2016), a perennial pasture legume suitable for low-rainfall
areas and very infertile soils is required. Whilst some have
advocated the development of perennial grain crops, we
suggest a perennial forage legume would be more pragmat-
ic, as animals are less selective in their food preferences
than humans. A perennial forage would deliver increased
nutritional benefit to stock (particularly through severe
summer and autumn), biological nitrogen fixation to in-
crease soil fertility and hydrological benefits to holistically
contribute to sustainability of the agro-ecosytem. Despite a
considerable research effort, access to well-adapted plants

is still severely limited (Dear and Ewing 2008). Although it
is unilaterally agreed that the low-rainfall zone of WA is a
particularly challenging environment for perennial pastures
(Turner and Asseng 2005; Cocks 2001; Dear et al. 2003),
we believe the approach to seeking potential candidates for
domestication can be improved.

Dear and Ewing (2008) suggested that when screening
new forage plants for agricultural candidacy, the establish-
ment phase must be low risk and low cost. We concur and
would add that the maintenance of the entire phase should
be low cost and resilient and integrative with current
farming systems. Traditional methods of establishing pe-
rennial pasture legumes require a high economic outlay
on seed each time the phase is established, and this makes
the practice untenable.

By identifying species that produce large amounts of
hard seed, and through managing the hard seed bank, the
prospect of inventing a perennial ley-farming system is
potentiated. This would be superior to contemporary phase
farming as it would incorporate the low-input, low-risk,
highly amortised aspects of annual ley farming which
makes that enterprise successful, in a challenging and high-
ly variable environment.

The Fynbos in South Africa is an environment
characterised by poor soil fertility, low rainfall, periods of
drought and frequent fire disturbances. To increase the prob-
ability of survival in this environment, a number of plant spe-
cies have evolved to favour a perennial life form, whilst still
producing abundant seed combined with physical hard seed
dormancy to regulate germination (Wisheu et al. 2000). The
Fynbos appeals as a biome in which to seek new plants for
agriculture on similar soils (Howieson et al. 2008), and as this
concept is gaining in acceptance (Muller et al. 2017), it is
appropriate to focus selection characteristics on plant traits
we have proven are important for domestication (Howieson
et al. 2000). The role of the symbiosis cannot be ignored, as it
has previously hindered domestication attempts in plants from
this region (Gerding et al. 2012).

Lebeckia ambigua is one species from this environment
that demonstrates a combination of the features we consider
essential: high fecundity, hard seed dormancy, symbiotic tol-
erance of infertility and grazing tolerance. The pattern of hard
seed breakdown displayed by L. ambigua is comparable to
that recorded for hard-seeded O. sativus, and B. pelecinus,
annual legumes which have been successfully implemented
in annual ley systems. It may be possible to exploit the hard
seed dynamics of L. ambigua to establish a permanent peren-
nial ley, where the forage phase regenerates through a hard
seed bank in the same manner as in annual ley-farming sys-
tems. This is a novel target for domestication of perennial
pasture legumes, and if successful, many of the
sustainability concerns aired by Crews et al. (2016) will be
substantially overcome.
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