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Abstract

In this study, seeds of Lebeckia ambigua E. Mey., a South African perennial legume, displayed a high level of physical
dormancy, commonly termed ‘hardseededness’. In Australian agricultural systems, this trait is exploited in annual legumes to
ensure their regeneration after a cropping phase. While hardseededness in annual legumes has been studied extensively, there
have been fewer studies of this feature in perennial legumes. Here, for the first time, we examine the conditions required for hard
seed breakdown in L. ambigua, with experiments undertaken in both the field and laboratory. The annual legumes Ornithopus
sativus Brot. and Biserrula pelecinus L. were included for comparison. More than 50% of the hard seed of L. ambigua, when
buried at 0.5 cm for 87 weeks, remained hard, and 25% were still hard after 188 weeks. We are also the first to demonstrate
genetic variation in hard seed breakdown patterns of L. ambigua when buried at 0.5 cm. In the laboratory, L. ambigua seed
softened after exposure to a temperature of 80°C for 2—8 days in a dry oven and also after reaching 60°C in a cycling temperature
oven, with fluctuating humidity. Seed of L. ambigua produced in two different geographic regions of Western Australia and then
buried at 0.5 or 4 cm in the soil, at two softening locations, became differentially soft over 188 weeks. There was a significant
three-way interaction between burial depth, site and maternal influences (P<0.01) on hard seed breakdown. The pattern of hard
seed breakdown revealed in this perennial legume reflects that described for pyrogenic species and does not fit the models
developed by agricultural researchers for annual legumes. Understanding the ecological triggers for release of seeds of
L. ambigua from dormancy has provided opportunities for exploitation of this trait in future sustainable agricultural development.

Keywords Hard seed breakdown - Ecology - Perennial legume - Sustainable agriculture - Seed dormancy - Perennial ley

1 Introduction

Seed production is an essential reproductive trait in angio-
sperms. Physical seed dormancy is just one of a number of
mechanisms that protect seeds from untimely germination,
and is of substantial ecological significance in many species
of Fabaceae (Lindl.) (Baskin and Baskin 2004). Physical dor-
mancy develops via an impermeable “hard” seed coat that
prevents the imbibition of water and therefore the immediate
germination of the seeds when exposed to moisture (Gama-
Arachchige et al. 2013; Baskin and Baskin 1998; Baskin
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2003; Baskin et al. 2000). A second adaptive mechanism to
ensure longevity that is common in perennial plants from fire-
prone environments is resprouting (Fig. 1). New growth arises
from growing points below the ground that are protected from
the direct effects of fire (Keeley and Zedler 1978; van Wilgen
2013). In natural settings, there is a complex interplay be-
tween resprouting, reseeding and patterns of hard seed break-
down that impacts the long-term persistence of perennial
plants. These interactions must be understood if perennial
plants are to be developed for the advancement of sustainable
agriculture and agroecology (Crews et al. 2016; Edwards et al.
2019; Wezel et al. 2009; Malézieux 2012).

Lebeckia ambigua E. Mey. is a perennial, suffrutescent
legume found narrowly distributed in the fynbos biome of
the Western Cape floristic region of South Africa (Le Roux
and Van Wyk 2007). It grows on sandstone derived soils of
inherent low fertility, with an acid reaction trend (pHc,cpp 4.5—
6.5), in regions that receive an annual rainfall of between 250
and 450 mm (Le Roux and Van Wyk 2007; Howieson et al.

INRAD 4 springe


http://crossmark.crossref.org/dialog/?doi=10.1007/s13593-021-00704-0&domain=pdf
http://orcid.org/0000-0001-7179-4678
mailto:r.harrison@murdoch.edu.au

45 Page2of13

Agron. Sustain. Dev. (2021) 41: 45

iGN i SN

2008). These challenging edaphic constraints for legume cul-
tivation are analogous to some of the agricultural zones of
Western Australia (WA), a major agricultural region of some
16 million hectares. Globally, Huang and Hartemink (2020)
estimate that coarse-textured sandy soils account for 199 mil-
lion hectares of agricultural soils and reliance on these soils to
increase food and fibre production is increasing. Africa and
WA comprise the greatest proportion of sand soils under ag-
riculture, and production on these soils is typically challenged
by physical and chemical constraints such as soil water
repellence, low inherent fertility, susceptibility to erosion,
poor water holding capacity and low pH (Hall et al. 2020).
Additionally, due to the inherent fragility of these soils, they
are prone to degradation when regularly disturbed for agricul-
ture based upon annual plants (Lal 1988). Breeding a robust
perennial legume suited for acid sandy soils offers a solution
to combat unsustainable management of such soils.

Lebeckia ambigua was identified as a candidate legume for
domestication after observations of it surviving and
regenerating after being grazed by sheep in the fynbos biome
(Howieson et al. 2008). This perennial legume is highly fe-
cund and can produce up to 25,000 highly dormant seeds per
plant (Edwards et al. 2019; Howieson et al. 2008). Lebeckia
ambigua is also considered a resprouter (Goldblatt and
Manning 2000), and thus there are likely to be complex inter-
actions between fire, resprouting and seed germination that
ultimately determine its reproductive dynamics and eventual
success.

In both ecological and agricultural settings, dormant
legume seeds can form a reserve “bank” of viable seeds
in the soil, a portion of which are released from dormancy
when the seed coat eventually becomes permeable (here-
after termed hard seed breakdown) (Ehrman and Cocks
1996). The regulation of hard seed breakdown encourages
the seeds to germinate at a time that provides them with
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Fig. 1 Lebeckia ambigua reseeding under the mother plant (left), and resprouting after severe grazing (right) on a coarse sandy soil in Western Australia.

the greatest chance of survival and subsequent reproduc-
tive success. This is often in the context of favourable
rainfall events in Mediterranean-type systems dominated
by annual legumes (Baskin and Baskin 1998), or follow-
ing fire events in more complex biomes dominated by
perennial legumes such as the Cape Floristic region
(CFR) in South Africa (Goldblatt and Manning 2000)
and the Kwongan biome of South-west Australia (Beard
et al. 2000).

There are numerous genetic and environmental factors that
interact and contribute to hard seed formation in plants and
subsequent seed softening (summarised in Fig. 2). Taylor
(1981) proposed a “two-stage” model to explain hard seed
breakdown in annual Mediterranean legumes of agricultural
relevance. The first stage requires a sustained temperature of >
50°C that “preconditions” the seeds, followed by a second
stage of diurnal fluctuating soil temperatures (60/15°C; after
Quinlivan 1961) that renders them permeable. The impact of
the maternal environment of seed formation, and influences of
light, humidity, burial and storage on hard seed breakdown
have received increasing attention in recent years. Storage of
seed at lower temperatures for over 10 years may have the
same effect on Fabaceae hard seeds as high temperatures dur-
ing Taylor’s preconditioning stage (Harrison et al. 2020).
Temperature aside, Taylor (2005) reported moisture to be an
important factor that advanced the first step of hard seed
breakdown in the second stage (Taylor 1981, 2005). The ef-
fect of cycling of temperature and humidity to break physical
dormancy has only been reported in the seeds of Fabaceae and
Convolvulaceae (Jayasuriya et al. 2009a; Rodrigues-Junior
et al. 2018; Baskin and Baskin 2014; Jayasuriya et al.
2009b). This knowledge has recently been exploited to select
and breed annual legumes that potentiate the development of a
less disruptive and more sustainable form of legume-based
farming system (Nutt et al. 2021b; Howieson et al. 2021).
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Fig. 2 An interactive flowchart of factors that may influence hard seed formation in Fabaceae, and its breakdown dynamics. Grey shading indicates

factors examined in this study.

Unfortunately, the trait of hard seed dormancy presents two
substantial challenges in the domestication of legumes for
agriculture: firstly, how to ensure synchronous germination
of seed when the legume is first sown, and secondly, how to
manage patterns of self-regeneration of the legume in any
given farming system. The former challenge has historically
been overcome by crude methods of physical scarification
such as heating, freezing, mechanical abrasion, or by treating
seeds with acid (Kimura and Islam 2012), and by applying
these measures to more intractable legume seed bracts
(Carruggio et al. 2020). However, handling and processing
of seed becomes a substantial barrier to adoption of legumes
in farming as it increases their cost of establishment (Nutt et al.
2021b). Howieson et al. (2021) describe a more elegant and
economically viable approach, whereby untreated hard seeds
are sown in the hot, dry months preceding rainfall to allow the
environment to release them from dormancy. The second
challenge (of managing hard seed banks) has been overcome
by developing farming systems with particular sequences of
crop and forage pasture rotations to suit the dormancy patterns
of the (forage) legume (Taylor et al. 1991; Loi et al. 1999).

Edwards et al. (2019) proposed the term “perennial ley” to
describe the potential utilisation of the hard seed formed by
L. ambigua in agriculture. However, field trials designed to
investigate the agronomy of L. ambigua recorded low levels
of seedling recruitment up to 4 years after the hard seed was
formed and released onto the soil (Fig. 1). An understanding
of the specific ecological requirements for hard seed break-
down of seed of L. ambigua is required to exploit its seed bank
in agriculture. Previous studies into the ecological triggers
required for hard seed breakdown in T7ifolium (L.) spp. and
Ornithopus (L.) spp. have identified ex situ methodology to

predict release from dormancy in these annual species origi-
nating from the Mediterranean basin (Revell et al. 2012;
Taylor and Revell 1999, 2002; Howieson et al. 2021).
However, these legumes evolved under different ecological
conditions from those of perennial legumes in the fynbos bi-
ome of South Africa, which is prone to fire events, and so the
methodology may not be applicable.

Based on our field observations, we hypothesised that, as a
consequence of the evolutionary origins of L. ambigua, the
temperature regimes required to reliably break hard seed dor-
mancy would differ from those of the annual legumes previ-
ously studied. Furthermore, we hypothesised that exposure to
temperatures reflecting those at the soil surface in fire-prone
environments would impact the hard seed breakdown.
Therefore, we designed experiments to investigate triggers
that might break the dormancy of L. ambigua seed to assist
in the commercial utilisation of the species in the proposed
perennial ley farming system. The grey boxes shaded in Fig. 2
(depth of burial, moisture, temperature and humidity fluctua-
tions, day length and altitude, growing season and maternal
genetics) indicate the factors affecting hard seed formation
and breakdown that were examined in this study.

2 Materials and methods

Three experiments were undertaken. The first two examined
effects of environment on hard seed breakdown when seed
was buried in situ at different sites in WA for up to 188 weeks.
The third experiment evaluated whether the ex situ methodol-
ogy developed for annual legumes from the Mediterranean
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basin could be applied to L. ambigua to predict its hard seed
breakdown.

2.1 Acquisition of seed for study of hard seed
breakdown

Seed of L. ambigua was collected from four sites within South
Africa (RSA) between latitude 31°26’47" S and 33°29'07" W
(Table 1). Soil pH at the sites was between 5.5 and 6.5
(CSIRO field kit) and the average annual rainfall was between
300 and 450 mm (Howieson et al. 2013). Collected seed was
then germinated and grown to maturity at Murdoch
University, Perth, WA (32°04'04.1” S 115°50'24.6" E), over
several years (where there was potential for some cross polli-
nation between plants from the different collection sites).
Seeds from plants from each of the four original sites in
RSA were bulked for each site to give a population genotype
and this provided material for an initial study of hard seed
breakdown at Murdoch University. Based upon seed produc-
tion and growth habit, seeds from plants originally from site
32 in RSA were then harvested for a second set of field ex-
periments in the wheatbelt of WA.

2.2 Hard seed breakdown of L. ambigua in situ

2.2.1 The effect of genotype on the hard seed breakdown
pattern of buried seed of L. ambigua

Seeds produced from the four genotypes (Table 1) were har-
vested at Murdoch University in December 2014 then stored
for 8 weeks at room temperature before the experiment com-
menced in February 2015. Seed from each genotype was
passed three times through an Encott two-way seed divider
before being subsampled into 30 groups of 100 seeds. These
subsamples were randomly assigned a replicate and treatment
number then sewn securely into pockets of flywire micromesh
(Howieson et al. 2021). The mesh pockets were then buried at
Murdoch University (coarse textured sand) at a depth of
0.5 cm (Fig. 3). The pockets remained buried for up to 87
weeks, with samples exhumed for assessment of remaining
hard seeds at 8, 24, 38, 57 and 87 weeks post-burial. There
were four replicates from each genotype exhumed at each

Fig. 3 Lebeckia ambigua hard seed enclosed in micro-mesh before being
buried at 0.5 or 4 cm at Murdoch, WA.

sampling date. Seeds were placed onto moist filter paper in a
tray with excess water, in a room held at 16°C, to provide
conditions for germination for those seeds whose dormancy
had been broken during the burial period. The seeds were
checked for germination at regular intervals over 3 weeks
(Howieson et al. 2021). The criterion for germination was an
emergence of a radicle. Any seed that had not imbibed after 21
days was considered to be “hard” (i.e. impermeable to water).
A separate subsample was assessed for initial hard seed level
at the commencement of the experiment, prior to burial.

2.2.2 The effect of maternal growing environment, seed
burial depth and location on the hard seed breakdown
pattern of L. ambigua

Seed from “site 32 genotype was harvested from Murdoch
University then hand scarified and sown to establish two field
stands in September 2014 on soils which are both classified as
coarse-textured sands. The first stand was established near
Brookton (32°22'4.8" S, 117°0'21.6" E), considered to be a

Table 1 The location, soil pH,

annual rainfall and altitude of Collection site Latitude Longitude pH (BaSO4- Annual Altitude
collection sites in South Aftica of CSIRO rainfall (m)
Lebeckia ambigua genotypes. field kit) (mm)

5 33°2921" 18°19'36" 6.5 450 50

11 31°47'59" 18°37'16" 5.5 200 100

14 31°26'47" 19°8'41" 5.5 350 700

32 32°50'36" 18°37'99" 6 400 300
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medium to high annual rainfall environment (600 mm annual
rainfall), and the second stand was established at Harrismith
(32°52"21.4" S 117°51'11.4" E), considered to be a low to
medium rainfall environment (400 mm). Fifteen months later,
the seeds produced at both sites were hand harvested, on the
same day (10th of December 2015). The researchers who
hand harvested the seeds visually selected the highest density
areas, with ripe seed held in pods that had not shattered, yield-
ing a high percentage of viable seed. Seed produced from
Brookton and Harrismith was stored in airtight containers at
16 +£4°C (<20% relative humidity (RH)) for 2 months prior to
the start of the seed burial experiments in February 2016.

Seeds from each maternal source were initially divided into
200 subsamples, each containing 40 seeds. These subsamples
were randomly assigned a treatment number and placed se-
curely into pockets of flywire micromesh as described in
Section 2.2.1. Seeds (enclosed in pockets) were exposed to
the environment at two locations: Murdoch (32°04'04.1” S
115°5024.6" E) and Harrismith (32°56'23.7" S, 117°50’
59.7" E), beginning on the 4th of February 2016, by placing
them at depths of 0.5 and 4 cm below the soil surface in four
replicated blocks and then covering with topsoil (Fig. 3). The
pockets were protected from disturbance by placing chicken
wire on the surface. Seeds were exposed to the ambient field
conditions for up to 188 weeks and sampled nine times at
intervals of approximately 26 weeks during that period.
Temperature loggers (Thermochron TC) were placed adjacent
to the seed pockets and retrieved and replaced after every 6
months to obtain temperature fluctuations in the soil. Further
temperature data was collected nearby from Stephenson
screen apparatus (Table 2).

2.3 Ex situ methodology for study of release of
legume seeds from physical dormancy

2.3.1 Acquisition of legume seeds

Biserrula pelecinus (L.) cv. Casbah is an annual legume from
the Mediterranean basin (Howieson et al. 1995). It was select-
ed as a comparator in this study because it has a high hard seed
content with a greater percentage of seed germinating in the
second year after seed set, relative to the first (Loi et al. 1999).
Ornithopus sativus (Brot.) cv. Margurita is an annual legume
bred for the ley-farming system of WA (Nutt et al. 2021a). It
was selected as the second comparator in this study as its
pattern of hard seed breakdown differs from B. pelecinus in
that it has a greater percentage of hard seed breakdown in the
first year after seed production than the second (Loi et al.
1999). Seeds of both comparators were collected from
neighbouring 50-ha stands growing in the wheatbelt of WA
at Narembeen (32°05'49.1” S 118°19'17.6” E). Seeds of
B. pelecinus were gently separated from pods by rubber
beaters in a Kimseed/ L & T Venebles thresher equipped with

a 3-mm sieve. Pods of O. sativus were hand harvested and
aspirated to remove the light organic matter. In contrast to
B. pelecinus (and L. ambigua), O. sativus seed was left inside
their woody pods, as removal of seed leads to unavoidable
scarification. Seeds of B. pelecinus and pods of O. sativus
were then stored in paper bags at 16 + 4°C (<20% RH) until
use in the experiments described in Section 2.3.2 below. Pods
of L. ambigua were hand harvested from Harrismith in
December 2019 and seeds were gently removed from the
pods, then stored as described for B. pelecinus.

2.3.2 Seed drying and exposure to subsequent cycling
of temperature and humidity

Seeds of L. ambigua and B. pelecinus were screened for uni-
formity by passing through a sieve, then through an Encott
two-way seed divider and subsampled. One hundred seeds of
L. ambigua and 100 seeds of O. sativus (in pods) were sorted
into eight replicates and allocated to each of three temperature
regimes in laboratory ovens set to 40, 60 or 80 °C (treatments
B-M, Table 3). The ovens all had a mercury glass thermom-
eter placed next to the seeds and were inspected daily to mon-
itor temperature. Seeds “dried” at 20°C were considered to be
aroom temperature control (Table 3). B. pelecinus (100 seeds)
was subject to dry constant temperatures of 20°C and 80°C, as
a preliminary study indicated that this species did not release
from dormancy when exposed to temperatures below 75°C
(data not shown). The oven temperatures of 40°C and above
were selected as they are commonly achieved on the soil sur-
face in WA (Quinlivan 1961, 1966). The temperature of 80°C
can occasionally be reached on certain soil types in Australia
(Ooi et al. 2009; Taylor 2005). Additionally, Ooi et al. (2014)
described 80°C cues for conditions that break dormancy in
legumes that persist in fire-prone environments.

Following the initial oven-drying phase, seeds/pods of four
replicates of each species were placed onto moist filter paper
and left to germinate for 21 days, with germination counts
every 3 days as described in Section 2.2.1. The remaining four
replicates were placed into a Thermoline Scientific tempera-
ture and humidity chamber (Model: TRH-150) and exposed to
two temperature fluctuations per 24 h for 10 days (i.e. 20
fluctuation cycles). The fluctuations consisted of 60°C (20%
RH) for 2 h then 15°C (50% RH) for 2 h. The remaining 8 h
were spent reaching the minimum and maximum temperature
and humidity (i.e. 4 h from 60°C (20% RH) to 15°C (50%
RH) then 2 h of stable temperature and RH, then 4 h returning
to 60°C (20% RH)), referred to as the cooling and heating
phases.

After exposure to 20 cycles, seeds/pods were assessed for
germination as described above (Section 2.2.1). Seed was de-
fined as germinated when a radicle measuring at least 2 mm in
length was evident and as “hard” if there was absence of
imbibition, hence remaining dormant.

INRAD 4 springe
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Table 2 The cumulative number

of days where soil temperature Location Measurements 2016 2017 2018 2019

was >30°C, and soil temperature

fluctuations >25°C, in two Murdoch Cumulative summer days >30°C 63 149 169 263

different agro-ecological zones Annual rainfall (mm) 745.0 890.8 836.8 613.2

(Murdoch and Hamsmlth) m Cumulative days >25°C fluctuation 0 0 0 0

Western Australia. Temperature . o

fluctuations were recorded 0.5 cm Maximum summer temperature (°C) 43.5 42.4 41.1 424

under the soil surface. Annual Minimum summer temperature (°C) 10.3 8.8 10.1 10.7

ralznfall, and maximum and Harrismith Cumulative summer days >30°C 53 125 152 263

finimum temperatures are Annual rainfall (mm) 378.4 470.6 2942 2380

included for general site

description. Cumulative days >25°C fluctuation 9 30 49 62
Maximum summer temperature (°C) 432 40.6 40.2 41.9
Minimum summer temperature (°C) 8.5 6.7 6.6 8.1

2.4 Statistical analysis and calculations

A generalised mixed model (function lmer in package
lme4) (Bates et al. 2019) with family binomial (logit link)
was performed. The percentage hard seed breakdown was
the response variable, treatments were fixed effects and
block effect was a random effect to account for dependen-
cy in the data. Residuals were visually assessed to ensure

Table 3  Temperature regimes that were imposed on each of the seed
sources in the cabinet experiment (ex situ). Treatments in the left column
(A-M) were exposed to a constant dry temperature for a number of days
only. The treatments in the second column (N-Z) were exposed to 20
cabinet cycles consisting of 60°C (20% relative humidity (RH)) for 2 h
then 15°C (50% RH) for 2 h, with 4 h of heating or cooling stages
between cycles after receiving an initial constant dry temperature.
*Biserrula pelecinus was only subject to 20°C and 80°C constant dry
temperature treatments.

Treatments Constant dry Days of
temperature  exposure
Constant Constant dry temperature °C) to dry heat
dry followed by fluctuating
temperature temperature (60/15°C) and
humidity (20/50% RH)
A* N* 20 (control) -
B o 40 1
C P 40 2
D Q 40 4
E R 40 8
F S 60 1
G T 60 2
H u 60 4
I \% 60 8
J* W 80 1
K* X* 80 2
L* Y* 80 4
M* Vi 80 8
asmes INRA@

the model assumptions were met. The Akaike Information
Criterion (AIC) was used in the model selection where
appropriate. The function emmeans from package
emmeans (Lenth 2016) was used for post hoc testing
using the Tukey method of P value adjustment and the
Kenward-Roger method of calculating degrees of free-
dom. Fitted values, 95% confidence intervals and compar-
ison arrows (based on Tukey method) were extracted from
models using the emmeans function from the package
emmeans (Lenth 2016) and plotted with package ggplot2
(Wickham et al. 2016). Comparison arrows represent
Tukey pairwise comparisons between treatments and
where the arrows overlap there is no significant difference
between treatments.

3 Results
3.1 Hard seed breakdown of L. ambigua seed in situ

Effect of genotype on the hard seed breakdown pattern of
L. ambigua Hard seed of L. ambigua from the four genotypes
originally sourced in RSA differed (P>0.05) with respect to
their pattern of hard seed breakdown over 87 weeks of burial
at 0.5 cm (Fig. 4). The initial hard seed content varied between
84% (genotype 14) and 99% (genotype 11) (P>0.05). After
burial, the hard seed from the four genotypes had a similar
breakdown pattern in the first 24 weeks with approximately
5-10% of the seeds softening (P>0.05). After this, two pat-
terns emerged, with genotypes 14 and 32 softening linearly,
while 5 and 11 softened less between weeks 37 and 54 and
more rapidly thereafter. Genotype 11 seed remained relatively
hard at 87 weeks, while genotype 14 continued to soften with
only 38% remaining hard at the completion of the experiment
(P<0.0001). The largest decline in hard seed between sam-
pling times occurred between 57 and 87 weeks for genotypes
5and 11 (P<0.05).
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Fig. 4 The hard seed breakdown of four genotypes of Lebeckia ambigua
from the western cape of South Africa when buried at a depth of 0.5 cm at
Murdoch University for 87 weeks. Error bars represent 95% confidence
intervals.

The effect of maternal growing environment, burial depth
and location on the hard seed breakdown pattern of
L. ambigua genotype 32 Both Harrismith and Murdoch sites
experienced 263 summer days where the temperature reached
>30°C over the 4 years of the experiment. However,
Harrismith also experienced 62 days where the diurnal tem-
perature fluctuation was >25°C, while the latter site recorded 0
days (Table 2). The maximum summer air temperature record-
ed during the 4 years was similar at both sites (43.2°C at
Harrismith, and 43.5°C at Murdoch), while the mean rainfall
during this period was 345.3 mm for Harrismith and
771.5 mm at Murdoch.

L. ambigua seed from the maternal sites was initially hard
(92% Brookton; 85% Harrismith) before burial. No release
from dormancy of this hard seed when buried at 0.5 cm was
detected at either site after 11 weeks of burial (P>0.05), nor
when sampled again after 33 weeks (Fig. 5). However, after
55 weeks of burial at 0.5 cm at Harrismith, both maternal
sources softened to around 70% hard seed remaining, which
was less than that at Murdoch (80%, P<0.01, Fig. 5). After
188 weeks, <26% of seed buried at 0.5 cm remained hard at
both sites when the mesh pockets were finally exhumed. The
level of dormancy in seed buried at 0.5 cm did not differ
between the two burial sites and maternal seed sources except
at the 110-week sampling time, where seed produced at
Harrismith had softened to 59% and 36% at Murdoch and
Brookton, respectively (P<0.05).

However, the effect of maternal source on hard seed break-
down pattern was highly significant (P<0.01) when seed was

buried at 4 cm. Harrismith maternal seed remained greater
than 60% hard when buried at this depth at both Harrismith
and Murdoch (P<0.01), whereas Brookton maternal seed had
only 25 and 30% hard seeds at the completion of the experi-
ment. Furthermore, the pattern of hard seed breakdown of
maternal seed from Harrismith differed for burial depth, irre-
spective of burial location (P<0.05).

In a further significant departure from the patterns
established by burial at 0.5 ¢cm, maternal seed from
Brookton did not continue to soften after 50 weeks when
buried at 4 cm at Murdoch, whereas it did when buried at this
depth at Harrismith (P<0.05). There was thus a significant
three-way interaction between burial depth, site and maternal
influences (P<0.01) on hard seed breakdown over the 188
weeks of the experiment.

3.2 Release from dormancy of L. ambigua, O. sativus
and B. pelecinus seed ex situ

Eighty-nine per cent of seeds of L. ambigua produced for the
oven and cabinet experiments were initially hard (Fig. 6,
treatment A). Exposing these hard seeds to 40 or 60°C in a
dry oven for up to 8 days did not influence hard seed break-
down (P>0.05; treatments A—H, Fig. 6); however, exposure of
seeds to 80°C reduced the proportion of hard seed to between
65 and 74% (P<0.05). This release from dormancy by expo-
sure to 80°C was not increased by subsequently exposing
oven-dried seeds to cycling of temperature and humidity
(P>0.05; treatments W—Z, Fig. 6). In contrast, cycling oven-
dried seed through the same series of temperature and humid-
ity changes reduced hard seed from the initial 89% to approx-
imately 75% (P<0.05), whether the constant dry temperature
was at 20, 40 or 60°C (N-V).

O. sativus seed (in pod) had an initial hard seed content of
90% (Fig. 7, treatment A). Hard seeds of this species were not
released from dormancy by exposure to any temperature in the
dry ovens (P>0.05, left panel). However, when this seed was
then exposed to alternating cycles of temperature and humid-
ity, only 50-65% remained hard (P<0.05; treatments N—Z,
Fig. 7). The effect of fluctuating temperature and humidity
on seed softening appeared additive to the effect of oven dry-
ing, with the greatest release from dormancy being recorded
from seeds initially dried at 80°C (P<0.05; treatments W-Z).

Seed of B. pelecinus was initially 92% hard (Fig. 7,
treatment A). There was no release from dormancy of this
hard seed sample by exposure to any temperature in the dry
oven, nor by combining this drying with subsequent fluctua-
tions of temperature and humidity (P<0.05). Hard seed of
B. pelecinus increased from 92 to 97% after being in the dry
oven for 4 days at 80°C (treatment L, Fig. 8) (P<0.05).

Thus, all three legumes behaved significantly differently in
their patterns of hard seed breakdown under the ex situ
conditions.

INRAD 4 springe



45 Page8o0f13

Agron. Sustain. Dev. (2021) 41: 45

Fig. 5 The hard seed breakdown Percentage
of Lebeckia ambigua seeds grown of hard seed
at two different maternal locations P P
(Brookton and Harrismith) before Harrismith Harrismith
being buried at 0.5 cm or 4 cm in 0.5cm 4cm
two softening locations, 100 1 100 1
Harrismith and Murdoch, for 188
weeks. Error bars represent 95% 754 75+
confidence intervals. Harrismith
501 501
251 Harrismith 251 Brookton
Brookton
0 50 100 150 200 250 0 50 100 150 200 250
Murdoch Murdoch
0.5cm 4cm
100 1 100 1
754 754
Harrismith
50+ 501
Brookton
251 Bakiain 251
0 50 100 150 200 250 0 50 100 150 200 250

4 Discussion

Hard seed dormancy is considered to have substantial ecolog-
ical value, in both natural and agricultural ecosystems, and is a
common trait in legumes inhabiting Mediterranean-type cli-
mates (Enright et al. 2014; Edwards et al. 2019; Rundel 1989;
Rolston 1978). Understanding the pattern of hard seed break-
down of forage legumes can promote optimisation of farm

Percentage
of hard seed

Fig. 6 Hard seed of Lebeckia
ambigua following different

Sampling time (weeks)

management practices, leading to a more profitable and sus-
tainable forage pasture production system (Nutt et al. 2021b).
Contemporary domestication programmes for perennial for-
age legumes should also consider this to be relevant (Beukes
et al. 2021; Chimphango et al. 2020). Lebeckia ambigua has
potential benefits to both cereal cropping and animal produc-
tion in agricultural systems, particularly on infertile soils
which have proven intractable to establishment of perennial
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Percentage
of hard seed

Fig. 7 Hard seed of Ornithopus
sativus cv. Margurita following

different temperature treatments
in a controlled environment (A—

Constant dry temperature

Constant dry temperature followed by
fluctuating temperature and humidity

Z) (x-axis). The centre points 100 4
represent means, shading
represents 95% confidence
intervals and the arrows indicate
comparison values of
significance.
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forage plants (Edwards et al. 2019). Hence, understanding the
pattern of hard seed breakdown of this legume may add con-
siderable value to farming enterprises in both southern
Australia and global regions with similar edaphic constraints.

Our experiments demonstrated that a large proportion (80—
90%) of seeds produced by L. ambigua has physical hard seed
dormancy and that genotypes differed in the extent and pat-
terns of breakdown of this dormancy when buried in soil. All
four genotypes produced an initial high level of hard seeds;
however, after 87 weeks of burial at 0.5 c¢cm this hard seed
content had reduced to < 40% for genotype 14 but remained
close to 75% for genotype 11. When genotype 32 was exam-
ined in greater detail, the rate and pattern of this breakdown
were consistent when buried at 0.5 cm, irrespective of the site
of its seed production (the maternal effect) or the site of its
burial (location effect). However, if burial was at 4 cm, then
patterns of hard seed breakdown were greatly conditioned by
both maternal and location effects.

Percentage
of hard seed

Fig. 8 Hard seed of Biserrula
pelecinus cv. Casbah following

Treatment

After burial in the soil at 0.5 cm for approximately 90 weeks,
half of the hard seed of genotype 32 had been released from
dormancy in both field experiments. This seed would be expect-
ed to germinate given appropriate conditions of moisture and
temperature. Importantly, for this genotype, even after shallow
(0.5 cm) burial for 188 weeks, up to 25% of its seed remained
hard. Combined, these data have great significance for those
attempting to domesticate a hard seeded perennial legume, and
developing a sustainable farming system around it, to achieve
long-term environmental benefits within an agricultural context.

Although both softening locations in experiment 2 experi-
enced the same number of summer days >30°C, the
Harrismith site accumulated 62 days where diurnal tempera-
ture fluctuations were >25°C at the soil surface, while there
was zero at the Murdoch site. The contrast in exposure to
diurnal fluctuations of temperature at ambient humidity at
the two sites did not alter the patterns, or extent, of breakdown
of hard seed buried at 0.5 cm. It could be argued that the lack

different temperature treatments
in a controlled environment (A—
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Constant dry temperature followed by
fluctuating temperature and humidity
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of response to diurnal fluctuations in temperature in situ was
in conflict with our laboratory data. In the third experiment,
fluctuations of temperature, (60/15°C) combined with vari-
able humidity (50/20%), appeared to stimulate the hard seed
breakdown of L. ambigua, independent of any impact of the
initial constant dry temperature. However, the release from
dormancy by diurnal fluctuations might simply be the result
of an accumulation of hours of exposure to 60°C, which was
reached at the peak temperature of these cycles, rather than
temperature fluctuations per se. For example, twenty oscilla-
tions of temperature in the cabinets exposed seeds to a mini-
mum of 40 accumulated hours at 60°C and this released seeds
from dormancy (treatments N—Q, Fig. 5). The greater release
of dormancy in treatments S—V cf. F-I may be explained by
longer exposure of the former to 60°C (oven drying at 60°C +
cycling to 60°C). Exposure of seeds for 4-8 days to 80°C
without fluctuations produced a similar result (treatments L
and M, Fig. 5). It is also possible that the moisture present in
the diurnal cycling treatments accelerated the breakdown of
hard seed. Exposure to moisture is considered to degrade the
lens region of hard, dry legume seeds, allowing them to be-
come permeable to water (Gama-Arachchige et al. 2013;
Baskin 2003; Baskin et al. 2000).

It is uncommon for small seeds (<5 mg) in either an ecolog-
ical or agricultural system to be buried below 2 cm, especially if
farmers in the latter utilise a zero-tillage (conservation agricul-
ture) approach when sowing crops (Taylor 1985; Taylor and
Ewing 1988). However, if seed of L. ambigua is buried deeply,
perhaps by the action of insects, sand blow or by deep tillage,
the release of these seeds from dormancy is likely to be substan-
tially lessened depending upon maternal influences on hard seed
development. L. ambigua seed grown at the maternal site of
Brookton in 2015 received 289 mm with 51.3 mm falling in
the seed-forming months of October—December, while
Harrismith received 341 mm with 74.8 mm falling in the
seed-forming months. It is feasible that the hard seed coat may
not have fully formed at the time of harvest at the latter site or
the lens did not fully seal. Nonetheless, seed from both sites
softened equally when buried at 0.5 cm, presumably after re-
ceiving the temperature triggers necessary for hard seed break-
down. Further research is necessary to understand the effect of
depth of burial and moisture on hard seeds of this species.

The hard seed breakdown pattern revealed for L. ambigua
ex situ was dissimilar to that recorded for the annual legume
O. sativus, which behaved in accordance with the two-stage
model proposed by Taylor (1981). That study linked a pre-
exposure of dry, hot conditions with subsequent cycling of
temperature and humidity and their (combined) impacts on
release of forage legume seeds from dormancy. Neither
L. ambigua nor B. pelecinus conformed to that model in our
experiments. Aberrant behaviour in this respect has previously
been reported for other legumes. For example, the triggers for
release of hard seed from dormancy for annual forage legume
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species Trifolium dasyurum C. Presl, T. glomeratum L. and
O. compresuss L. (cv. Santorini) eluded agricultural seed ecol-
ogists when they studied the conformity of these species to the
two-stage model (Taylor 2005; Smith et al. 1998; Taylor and
Revell 2002; Taylor 1996; Loi et al. 1999).

Furthermore, in our field experiments, both sites recorded
263 days with an air temperature above 30°C, which can
equate to a soil surface temperature of approximately 60°C
(Ooi et al. 2009). Quinlivan (1961), in his formative studies
of legume seed dormancy, measured soil temperatures over
summer of this magnitude in WA. Quinlivan then developed
an approach to investigating hard seed dormancy ex situ in a
fluctuating temperature cabinet that reached 60°C.
Cumulative exposure of hard seeds of L. ambigua to 60°C
and above to break dormancy conforms to the outcomes of
Quinlivan (1961, 1966). However, the relative lack of hard
seed breakdown during 33-87 weeks buried in situ (with an
accumulation over 120 days exposed to this temperature) is
difficult to explain. A recent report by Harrison et al. (2020) of
long-term storage (>10 years) changing the pattern of hard
seed breakdown in annual legumes raises the possibility that
the 33+ weeks of burial might be considered a period of “stor-
age” that potentiated the subsequent release of hard seeds of
L. ambigua from dormancy when buried for 188 weeks.

Our understanding of factors that release hard seeds from
dormancy might be deficient to explain patterns of behaviour
for legume seed that evolved in biomes other than the
Mediterranean basin. Lebeckia ambigua hard seeds were re-
leased from dormancy in our experiments by exposure to
60°C and 80°C for 1-8 days in a dry oven, and this effect
has not previously been reported for any perennial legume
of Mediterranean origin in agriculture. Temperatures on the
soil surface during fires can be in excess of 80°C for short
periods of time in the fynbos and similar biomes, albeit de-
pendent upon the aboveground biomass (Auld and Bradstock
1996; Ooi et al. 2014; Hall et al. 2017; Jeffery et al. 1988;
Cocks and Stock 1997; Ooi et al. 2009; Bell et al. 1993; Gresta
et al. 2011; Arianoutsou and Thanos 1996). Exposure to fire
events in its evolutionary environment could well explain why
the hard seed of L. ambigua softened at 80°C in our experi-
ments. In support of this, reliance on a high temperature
threshold to break seed dormancy has recently been demon-
strated for a group of facultative pyrogenic perennial legumes
(Ooi et al. 2014; Santana et al. 2010). Fire has also been
demonstrated to break the dormancy of seeds of several annu-
al legumes in the Mediterranean basin (Arianoutsou and
Thanos 1996; Gresta et al. 2011). Smoke is often associated
with fire and can play a role in breaking dormancy in fynbos
species (Brown 1993; Waller et al. 2015; Brown et al. 2004)
and other plants (Dixon et al. 1995). Although Brown et al.
(2004) reported an increase in germination of fynbos legumes
exposed to smoke, our preliminary research for a smoke effect
on hard seed breakdown in L. ambigua was equivocal
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(Edwards 2015). Further experiments combining smoke, high
temperatures and subsequent fluctuating temperatures and
humidity may be required to fully understand the hard seed
dormancy of L. ambigua.

Facultative pyrogenic legumes differ in obligating pyro-
genic functional groups in that some hard seed breakdown is
recorded in response to high temperatures in the former, rather
than to fire. Lebeckia ambigua seed germinated when provid-
ed with moisture in our laboratory experiments after exposure
to typical summer soil temperatures. Nevertheless, Ooi et al.
(2014) did not impose fluctuating temperatures or humidity on
the species they studied. However, from the low percentage of
germination reported, and the slow time to achieve 50% ger-
mination (maximum 42 days), we speculate that imposing
temperature fluctuations post fire might have increased germi-
nation in their studies. Thus, without discarding factors such
as the action of soil microbiota and sudden humidity changes
(Quinlivan 1968; Taylor 1981, 2005; Quinlivan 1961; Auld
and Bradstock 1996; Ooi et al. 2014; Hall et al. 2017; Jeffery
et al. 1988; Cocks and Stock 1997), we postulate that expo-
sure to very high temperature (e.g. 80°C) is necessary for the
rapid hard seed breakdown of L. ambigua, and that this re-
flects the seed ecology of facultatively pyrogenic species.

The fynbos biome from which L. ambigua originated is
considered a Mediterranean-type climate; however, the vege-
tation therein is dominated by sclerophyllous shrubs. These
burn far more readily than those of the Mediterranean basin,
leading to more regular fire disturbances, perhaps as often as
every 10 years (Wisheu et al. 2000). The two most common
reproductive/survival traits of plants from fire-prone environ-
ments are resprouting and reseeding (Keeley 1986). The pop-
ulation dominance of either resprouter or reseeder shrubs has
been strongly linked to the frequency of fires (Keeley and
Zedler 1978) moderated by the subsequent climatic events
(Ojeda 2008). Both fire-defensive traits have been examined
in the fynbos region (le Maitre 1992; Smith et al. 1992) where
it appears the reseeder attribute is dominant among woody
species like Lebeckia spp. (le Maitre and Midgley 1992).
For these reasons, and the data produced in the experiments
reported here, it may be better to consider patterns for hard
seed breakdown generated by environmental researchers of
legume ecology, rather than those produced by agricultural
researchers, to understand triggers for hard seed breakdown
in legumes found outside the Mediterranean basin.

5 Conclusion

An accumulation of hours exposed to 60°C and above may
explain the release from dormancy of the hard seeds of
L. ambigua. Edwards et al. (2019) postulated that the ancestral
growing conditions of L. ambigua encouraged the production
of high levels of hard seed that require a fire event to release

from dormancy. This is different from the current understand-
ing of hard seed breakdown triggers in annual legumes of
Mediterranean origin. In both ecological and agricultural con-
texts, it would be disadvantageous to have a distinct germina-
tion event if the seedlings are to compete against their mother
plant for light, moisture and essential nutrients. If L. ambigua
is to be utilised in agriculture, knowledge of hard seed break-
down triggers must be exploited to ensure its long-term per-
sistence. For example, after several years of a forage pasture
phase of L. ambigua, a crop could be established through zero
tillage, and its stubble burnt to provide a seed softening event
to allow fresh germination of L. ambigua without further
intervention.

The extensive body of work on hard seed breakdown ecol-
ogy by agricultural scientists could be augmented by studies
on this phenomenon in natural settings, as new legume species
adapted to a changing climate are further explored and domes-
ticated to increase the sustainability of agriculture.
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