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Abstract. Development of embryo envelopes in Leucospermum cordifolium (Salisb. exKnight) Fourcade is presented in
adetailed anatomical study, and their structure interpreted ecologically.To support interpretation results for at least six other
species of Leucospermum are reviewed, confirming that L. cordifolium is representative of this shrubby group occurring in
fynbos, a fire-prone Mediterranean-type vegetation subject to summer drought. The fate of the water-permeable seed
coverings subsequent to dispersal is followed in seeds stored experimentally underground. The testa at maturity effectively
excludes oxygen in intact soil-stored seeds, thus creating a less common type of physical dormancy which we term ‘anoxia
PY’ (oxygen-impermeable physical dormancy). We postulate ‘fire-mediated desiccation-scarification’ testa breakage on a
large scale in freshly dispersed (by ants) soil-stored young-seeds, dynamically regulated by drying of different testa layers
through fire heat shock (but also by post-fire ambient climate heat), thus alleviating anoxia PY in, and causing undelayed
germination of, a major part of the young-seed bank within the ensuing winter germination season. Concurrently a patchy
disturbancepatternwithin a lesser portionof the young-seed cohort causes unevenundergrounddesiccation-scarificationby
fire, resulting invariabledegrees ofoxygenation and thus temporally extended (erratic) germinationof young-seeds.Bothof
these strategies are primary long term fitness traits in Leucospermum. By contrast the persistent older-seed cohort, stored
underground during the inter-fire period, may become weathered by soil and climate factors (‘soil-mediated abrasion’),
which alleviates anoxia PY in old seeds. Thermodormancy of these embryos (physiological dormancy, PD) is enforced in
unburnt vegetation by two narrow habitat-dependent daily temperature requirements (~10�C � 20�C), and these have
specific ecological functions. The complex Leucospermum system includes balanced adaptive responses to multiple
selective pressures. We propose a coherent mechanistic profile for this fynbos genus, synthesising data partly from the
literature of other fire-prone ecosystems.
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impermeability, physical dormancy, seed anatomy, seed bank dynamics, seed dormancy, seed ecology.
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Introduction

Understanding the complex seed germination ecology of
species in stressful environments, such as Mediterranean-type
ecosystems (fire-prone andwith hot, dry summers) can be critical
to their sustained conservation and the setting up ofmanagement
strategies (LeMaitre andMidgley 1992;Willis et al. 1997; Ayre
et al. 2009) including the important element of ensuring reliable
seed germination technique development (Merritt et al. 2007).
The key to this understanding is often the acquisition of data on
seed structure and function in relation to ecology, and how they
impact on seed dormancy and germination stimulation, and thus
on species recruitment dynamics (Baskin and Baskin 2014).

These research areas have however been relatively neglected
in fire-driven ecosystems (see for example, Le Maitre and
Midgley (1992) on Cape fynbos in South Africa and
Mackenzie et al. (2016) on Australian fire-prone vegetation).
Study and protection of the iconic, threatened fire-sensitive, nut-
fruited taxa of Proteaceae in fynbos (e.g. Mimetes stokoei E.
Phillips & Hutch., Orothamnus zeyheri Pappe ex Hook.f. and
Serruria florida (Thunb.) Salisb. ex Knight), together with
Leucospermum R.Br., are a challenging project in this regard,
heightened by the severe dormancy of the propagules (usually
termed ‘seeds’ but actually achenes (Kelly et al. 1992)). Seeds of
the above genera are in additionmyrmecochorous (stored almost
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exclusively belowground inAnoplolepis ant nests (Christian and
Stanton 2004)), which further complicates our understanding of
their seed biology.

Although the literature on dormancy is vast, information on
the structure, histochemistry and ecological function of the
relevant embryo covering layers is scarce (Werker 1980-81).
However, the relatively abundant and varied seed studies on
Leucospermum (e.g. Van Staden and Brown 1977; Brown et al.
1986; Kelly et al. 1992; Manning and Brits 1993; Brits et al.
2015) afford a limited opportunity to investigate both seed
structure and function in this shrubby genus. For example,
Manning and Brits (1993) presented anatomical results on
Leucospermum seed development essential to its taxonomic
revision; however, morphogenetic data leading to the
interpretation of ecological function have been lacking. The
present study synthesises published information and new
results to this end.

Character syndromes are defined as adaptive features that are
common to a group of species and that have evolved in response
to similar environmental (generalised selective) regimes
(Stebbins 1974; Angevine and Chabot 1979). A common
syndrome in Leucospermum seeds, for example, is the
combination of a fleshy elaiosome and a hard endotesta, as
found in L. conocarpodendron (L.) Buek (sect.
Conocarpodendron) and L. cordifolium (Salisb. ex Knight)
Fourcade (sect. Brevifilamentum) (Manning and Brits 1993).
Here we selectively review research on a group of six, mostly
fire-sensitive (i.e. reseeding species that rely for post-fire
regeneration on the soil-stored seed bank) Leucospermum
species, and representing five of the nine taxonomic sections
that are recognised in the genus (Rourke 1972). These species
comprise an ecological guild with respect to their seed
reproductive strategies (Rourke 1972; Brits 1990; Brits et al.
1993, 1995, 2014) especially their syndromes of dormancy traits,
which are apparently conserved at the generic level (but possibly
reflecting niche/habitat selection (Ackerly 2003)). We view this
groupas representativeof the fynbos species (Brits 1986b),which
represent by far the greater portion of Leucospermum.

New discoveries and technologies are hallmarks of current
seed science. Although Baskin and Baskin (2014) and Willis
et al. (2014) recognise only water-impermeability in seeds as
physical dormancy (PY), we report strong parallels and propose
that the gaseous oxygen-impermeability of the (water-
permeable) Leucospermum seed coat (Van Staden and Brown
1973; Brits et al. 1993) deserves characterisation as a kind of
PY. We therefore use the term ‘oxygen-impermeable physical
dormancy’ (anoxia PY) for this important condition in the
Leucospermum seed coat (Brits et al. 1999, 2015).

Effective germination control (e.g. of timing) and subsequent
seedling establishment are critical early life-history stages
in plants (Keeley 1991; Liyanage and Ooi 2015) especially in
fire-driven vegetation. In our study of fire-driven fynbos we
therefore consider parallels with associated characteristics in
other fire-prone, Mediterranean-type vegetations, including
multiple stress factors common to these biomes. We argue that
theLeucospermum seed has evolved demonstrable adaptations to
these pressures, which are often ecologically contrasting.

Multi-trait dormancy syndromes of the mature
Leucospermum seed have been described (Van Staden and

Brown 1973; Brits et al. 1993, 2014) and from this
descriptive base, supported by a review of relevant literature,
we propose aworking seed biological profile forLeucospermum.

Materials and methods
Seed production
Dispersal units ofLeucospermum are nutlike achenes including a
turgid pericarp (elaiosome) (Manning and Brits 1993). They are
conventionally termed ‘seeds’ in ecological and horticultural
literature, so we follow this terminology here. Seeds used in this
Leucospermum research and on which our literature review is
based were mostly produced in cultivated stands at Tygerhoek
Experimental Farm, Riviersonderend, South Africa (34�400S,
19�370E), on soils derived from Table Mountain Sandstone
adjacent to the natural fynbos habitat of Leucospermum
cuneiforme (Burm. f.) Rourke. Freshly matured, intact seeds
of L. cordifolium, L. cuneiforme (sect. Crassicaudex),
L. erubescens Rourke (sect. Tumiditubus), L. glabrum E.
Phillips (sect. Conocarpodendron), L. reflexum Buek ex
Meisn. (sect. Cardinistylus) and L. vestitum (Lam.) Rourke
(sect. Brevifilamentum) were collected (from 10 plants per
species) after natural release in December 1986. These seed
populations were regarded as essentially wild type on account of
the recent collection of parental plants from the wild and the
apparent strong heritability of seed traits (Brits 1990; Brits et al.
1999, 2014). Seeds are innately dormant and do not after-ripen
(Brits and Van Niekerk 1986; Brits et al. 2015) and were
harvested and dried for 6 weeks under summer conditions in
the shade (Brits et al. 2015), thus roughly approximating natural,
late-summer, dry, shaded (pre-burn) storage conditions in fynbos
(Brits et al. 2014).

Microscopy
Inflorescences of two commercial cultivars (10 plants per
cultivar) of L. cordifolium, ‘Vlam’ and ‘Yellow Bird’, were
tagged on one day in peak flowering time (at Tygerhoek
Experimental Farm) and open florets were removed to
synchronise anthesis within the experimental inflorescences.
Cultivar material was used to maximise uniformity; however,
preliminary analysis revealed no differences in seedmorphology
between cultivars, so the seed sources were combined for
observation. Developing fruits from tagged inflorescences
were collected directly into formalin-propionic acid-alcohol
(FPA) at weekly intervals (weeks after pollination, wap) up to
maturity (13 wap). Seeds were dehydrated in ethanol and
embedded in wax following established procedures. Sections
were stained with Alcian Blue and Safranin (Manning and Brits
1993). Material for scanning electron microscopy was freeze-
fractured in liquid nitrogen, mounted onto aluminium stubs, and
sputter-coated with gold-palladium for viewing in Cambridge
S200 and Jeol 6100 instruments at 10 and 5 kV respectively.

Scarification and natural abrasion
Post-harvest, mature, naturally dried L. cordifolium seeds were
scarified manually, either with acid or by desiccation (two
treatments) or were buried in the soil. For acid scarification,
the standard method for Leucospermum seeds was used (Brits
1990). Two hundred seeds were soaked in H2SO4 (98%
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concentration) for 7 min, washed in tap water, and dried (Brits
1990). Inmanual anddesiccation treatments thepericarpsof seeds
were routinely removed (Brits 1990; Brits et al. 1993) and
600 seeds, re-dried at ambient room temperature and RH
(average 20 and 60% respectively) with intact exotestas
selected stereomicroscopically (Brits et al. 1993). Exotestas
were removed with a scalpel in one batch of 200 seeds. In two
other batches (200 seeds each) both exo- and endotesta layers
were scarifiedbyexposure to40�Cfor6h followedbycoolingand
immersion inwater, or by drying over silica-gel for 24 h followed
by immersion in water. To study natural soil-mediated abrasion,
dry seedsofL. cordifolium,with thepericarp intact,wereburied in
summer, one month after harvest (January 1987), in the shaded
rootzone (75cmsouth, 3cmburialdepth)ofmatureL.cuneiforme
plants growing in mesic fynbos, at Tygerhoek Experimental
Farm, to simulate natural seed dispersal and soil storage (Brits
1987; Brits et al. 2015). The terrain had been unburnt for
eight years. Intact seeds were placed in bags of glass-fibre
gauze (1.5 mm mesh size). Seeds were sampled after 0
(control), 1, 2 and 4 years of storage and carefully cleaned. In
all seed coat treatments, seed surfaces were examined under a
scanning electronmicroscope. The data for viability (see Fig. 10)
were obtained by germinating seeds under optimal laboratory
conditions in oxygen and were taken from Brits et al. (2015).

Weight and volumetric changes in imbibed seeds
Weight
Two samples (replicates) of 48 fresh, mature, pericarpless,

dry (at room temperature) L. cordifolium seeds were soaked in
water for 48 h at 20�C, removed, lightly dried in paper towel and
weighedwith a digital balance to the nearest 0.001 g; the samples
were dried in open Petri dishes at room temperature (20�C, 60%
RHaverage) andweigheddaily for 5 consecutive days.Aparallel
series of dry (non-soaked) seeds was also weighed as a control.
The experimental design was therefore completely random with
two treatments (dry and soaked) repeated at random. Repeated-
measurements of the same sample were taken over time.
Observed weights were subjected to repeated-measures
ANOVA.

Linear dimensions
To test the hypothesis that imbibition ofwaterwill not enlarge

seed size (volume) the linear dimensions of dry and imbibed
seedsweremeasured. Length, width and thickness of three fresh,
mature (fully developed) pericarpless, dry (at room temperature)
L. cordifolium seeds were measured with a micrometer before
and after soaking in water for 24 h (seeds fully imbibed).
Readings taken for the three seeds were subjected to the
Friedman non-parametric ANOVA.

Results

Morphogenesis of the embryo covering layers

The ovary in L. cordifolium is unilocular, with a solitary, sessile,
hemitropous ovule attached medially to an adaxial placenta
(Fig. 1a; Manning and Brits 1993). The ovule is adnate to the
ovary wall except at the micropyle (Fig. 2a). Embryo covering
layers attain their mature dimensions at ~5 wap. The covering
layers comprise the pericarp and two testal layers (exo-,

endotesta, both derived from the ovule outer integument –

Fig. 1a). Seeds are dispersed at 12–13 wap (Fig. 3e, f).

Pericarp

Pericarp tissue develops as a fleshy parenchyma which is
thicker at both seed poles (Fig. 1a); the outer epidermis of the
pericarp produces a thick waxy cuticle. Attachment of the
pericarp to the exotesta is persistent and the inner epidermis
has a densely staining cytoplasm (Figs 3a, e, 5b). Although the
pericarp can be easily removed by hand from the turgid seed at
maturity it remains tightly adherent until 11 wap. In contrast
mature, dried achenes when wetted have a gelatinous, easily
removable pericarp (Brits et al. 1993). The inner tangentialwalls,
of the pericarp inner epidermis, remain attached to the seedwhen
the pericarp is removed (e.g. by hand – Figs 3e, 4d, 5f). This
transparent layer (Fig. 4a) technically forms the true film-like
outer covering of the seed and completely obscures the
underlying cuticular ridges in scanning electron micrographs
(Fig. 4d). Unpalatable tannins, which occur abundantly in the
underlying testa, are absent in the pericarp (Fig. 2b).

Exotesta

The exotesta is derived from the outer epidermis of the outer
integument. At maturity it comprises a thick cuticle, an outer
epidermal layer with thickened outer tangential walls, and up to
several tanniniferous subepidermal cell layers excluding the
inner epidermis (Fig. 3a–f). The cuticle is covered with raised
cuticular ridges (Fig. 3e, f). These are expanded distally,
enlarging the ridge-top surface by ~50% (visual estimation)
with canal-like depressions between the ridges. They form a
prominent, finger print-like pattern on the exotesta (Fig. 4a–d)
from 5 wap, measuring ~7–10 mm wide at the top, ~5 mm across
the base and ~3 mm high (visual estimates), in the mature seed
(Figs3, 4).Ridges appear dark inunstained sections (Fig. 3b,d, e).

Cells of the outer epidermis, the most prominent cell layer in
the exotesta, are initially brick-shaped and radially orientated but
become obliquely compressed during maturation (Fig. 3a–f).
The outer cellwall is greatly thickened. Radialwalls of the brick-
shaped epidermal cells are undulated forming a strongly
interlocking pattern (Fig. 3a–f).

Inmature exotestal cells themain feature is their dense tannin/
phenolic content (Manning andBrits 1993). Tannin deposition is
evident from an early stage and enlarging aggregates of tannin
granules in the cytoplasm later completely occlude the cell lumen
(Fig. 3a–f). Cells of the inner layer of the mature exotesta are
loosely attached to the top of the crystalliferous palisade
(endotesta) cells.

Endotesta

Inner epidermal cells of the outer integument (future
endotesta) are isodiametric at pollination (Fig. 5a) but
elongate rapidly after fertilisation (Fig. 5b, c) until they attain
a mature length of 250–350 mm at 5 wap (Figs 2c, 5c). Adjacent
cellwalls become irregular, laterally interlocking and sometimes
twisting (Figs 5d, 6a–c). Following elongation, the cell lumen
occludes with granular lignin, becoming completely lignified at
maturity (Fig. 5a–f). Enlarging, rod-shaped, centrifugally
migrating crystals are seen from 2 wap onwards. At maturity
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the crystals are large (5–8 mm) and prismatic, lodging at the top
end of each cell immediately internal to the outer tangential cell
wall from 7 to 11 wap (Figs 5a–f). These form an outer crystal
field when the exotesta pulls away from the hard palisade post
dispersal (around 13 wap, Fig. 7b). The endotesta comprises a
single layer of columnar palisade cells forming a solid layer of
sclereids at maturity (Figs 1c, 5f). The hard shell of the intact
endotesta resists strong inward pressure (Brits et al. 1993).At the
chalazal pole the outer epidermis of the inner integument also
develops into a palisade, the cells ofwhich lack crystals (Fig. 2b).

The endotesta has a single opening at the pole through which the
raphal vascular bundle enters the seed. At themicropylar end the
inner epidermis of the outer integument (future endotesta)
overgrows the inner integument shortly after fertilisation
(Fig. 2a), forming a seam in the palisade at 5 wap (Fig. 2c).
The inner integument atrophies after fertilisation (Fig. 2a)
formingpart of a thin layer, the seedpellicle, atmaturity (Fig. 1b).

Outer tangential cell walls of the thickened endotesta are
loosely connected to both its underlying cell contents (including
crystals) and the exotestal layer above (Fig. 5e). The entire
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(b)

(d)

(c)

(a)

Fig. 1. General features of the developing and dispersed achene of Leucospermum cordifolium. (a) Diagram of developing achene at 5weeks after pollination
(wap), showing embryo envelopes and vascularisation. (b) Scanning electronmicrograph ofmature cotyledon and isolated embryonic axis. The axis consists of
onlyundifferentiatedmeristems. (c)Scanningelectronmicrographof endotestawithmicropylar seamcrackoriginating at theclosure lineof theouter integument
(arrow) in the dispersed seed (13 wap). (d) Light micrograph of Leucospermum cordifolium seed after 4 years of burial in unburnt fynbos soil. The elaiosome
(pericarp) has disappeared and the exotesta is broken, loosened from the endotesta and overgrown with hair roots; large and hairline cracks have formed in the
endotesta. Scale bars = 1 mm. Abbreviations: a, inflorescence axis; co, cotyledon; ea, embryonic axis; em, embryo; en, endotesta; es, endosperm remnant; ex,
exotesta; hc, hairline crack; ii, inner integument/nucellus/endosperm remnant (seed pellicle); ma, medial attachment; p, pericarp; s, style; v, vascular bundle.
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woodypalisade is highlypermeable towater (GJBrits, pers. obs.)
resulting in rapid imbibition of free water by the whole seed.
Soaked seeds are fully saturated within 48 h (Brown et al. 1986).
Desiccation occurs at the same rate, stabilising at 24 h (Table 1).

Discussion and review

Physical dormancy (anoxia PY)

Functions of the embryo covering layers

Covering layers of the embryo in freshly, normally matured
seeds have three evident main functions: to aid in dispersal
(pericarp); to enforce dormancy in recently dispersed seeds by
excluding oxygen from the embryo during otherwise favourable
conditions for germination (exotesta and partly the endotesta);
and to mechanically protect the embryo during the inter-fire soil
storage phase (endotesta).

Dispersal

Thepericarp functions in its entirety as anelaiosome, or edible
attractant for ants (Fig. 1a). Leucospermum diaspores, shed
during midsummer afternoons, are located by both ants
(mainly species of the genus Anoplolepis) and rodent
predators, through smell (Slingsby and Bond 1985) although
ant dispersal usually pre-empts rodent predation (Bond and
Breytenbach 1985). During shedding of the seed, the
elaiosomal tissue remains fully turgid, or nearly so (Manning
and Brits 1993), and it acts as a physical ‘handle’ by which ants
can transport seeds; however post dispersal removal of seeds
from nests is impeded because ants are unable to eject the large
Leucospermum seeds which in addition have rounded, smooth
ends (Fig. 7a). The nutritional and attractant substances of the
elaiosome are largely unknown (Midgley and Bond 1995), and
current understanding of the ecological functions of
myrmecochory (beyond that of the pericarp) is relatively limited.

Mechanical roles

Exotesta.When the elaiosome is removed, the remaining unit
is the seed proper, with the exotesta now functioning as the outer
covering (Fig. 7a). There is no evidence for a mechanical
protective role for the exotesta.

Endotesta. Only the hard endotesta (and disintegrating
exotesta) covers the embryo during perennial underground
storage. We propose that the field of large crystals (Fig. 5d) in
freshly dispersed seeds contributes to protection of the embryo.
The presence of crystals only on the outer palisade layer in the
double palisadal wall at the chalazal pole is consistent with this
proposal. The double palisade may function in strengthening the
seed coat where the vascular system enters the seed; however, it
may also be the result of an ontogenetic processwithout adaptive
significance.

Mature intact endotestal envelopes constrain the emergence
of weaker embryos (Brits 1990; Brits et al. 1999). The
geosporous seed bank contains a proportion of weak embryos,
including ageing embryos of previous flowering seasons and
poorly developed seeds from the latest flowering season (Van
Staden and Brown 1973). Conversely immature endotestal
envelopes contribute to a higher rate of seed germination and
increased emergence percentage (Brits 1990), and may also

(a)

(b)

(c)

Fig. 2. Light micrographs of development of Leucospermum cordifolium
seed envelopes. (a) Embryo andmicropyle at 1weeks after pollination (wap),
arrow indicates entering pollen tube. The future testa (outer integument) is
not adnate to the ovary wall and overgrows the inner integument at the
micropylar opening, to form an endotestal seam at maturity (c), inner
integument is seen degenerating. (b) Chalazal pole at 5 wap (mature
dimensions), showing double palisade and vascular bundle travelling
through the exotesta, leaving the raphe to traverse the endotesta.
Abundant tanniniferous cells are present in the exotesta but absent in the
parenchymatous pericarp elaiosome tissue. (c) Micropylar pole at 5 wap
showing fully elongated endotestal cells forming the testal palisade and seam.
Scale bars = 200mm.Abbreviations: em, embryo; en, endotesta; ex, exotesta;
i.e. inner epidermis of oi; ii, inner integument; o, ovary wall; oe, outer
epidermis of oi; oi, outer integument; p, pericarp; se, seam; t, tanniniferous
cells; v, vascular bundle.
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increase extended germination (see Rate of testa degradation in
the young-seed cohort, below).

Anoxia PY: exo- and endotesta

Strong parallels between our proposed ‘anoxia PY’ in
Leucospermum and ‘ordinary’ PY (for example, as used by

Baskin and Baskin (2014) for many Fabaceae taxa) in fire-
prone vegetations are: first, the presence of functional,
persistent encapsulation structures (that exclude either
gaseous oxygen or water); and second, that these structures in
many fire-prone vegetation taxa have evolved distinct physical
breakage mechanisms, dependent on a uniquely timed
disturbance event of fire heat shock, to effect en masse

(a) (b)

(d)(c)

(e) (f)

Fig. 3. Exotesta and cuticle development in Leucospermum cordifolium in relation to the pericarp (light micrographs (a–e) and scanning electronmicrograph
(f)). (a) 2wap; (b) 5weeks after pollination (wap); (c) 7wap, unstained; (d) 9wap, unstained; (e) 11wap, unstained; (f) 13wap, fractured testa of dispersed seed,
the pericarp is shed. The exotesta cuticle is prominent at 2wap (a) and shows early ridge development at 5wap (b); outer cellwall secondary thickening is present
at 5 wap (b), which becomes striated from week 7 (c) and after; tannin depositing occurs at 2 wap (a), tannin becoming granular (5, 7 wap – b, c) and finally
occluding the cell lumina (9 wap, d, and after); cellular compression and strongly undulating cell walls (arrows) are seen from 7 wap (c) and after; the inner
epidermis of the pericarp has a densely staining cytoplasm (a, e) and thickened outer walls (e). Scale bar = 10 mm. Abbreviations: c, cuticle of exotesta; pe,
pericarp inner epidermis; pw, thickened epidermal cell walls; r, cuticular ridges; s, secondary wall thickening; t, tannin.
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germination. From the literature and data presented here we
propose the following functionalities in Leucospermum.

Exotesta.The thin exotesta is theprimary testal layer involved
in oxygen exclusion (Brits et al. 1993, 1995, 1999). Thus, the
unbroken exotesta functions as an airtight capsule around the
embryo (Brown and Van Staden 1973) during imbibition. Both
encapsulation and saturation of the exotestawithwater, appear to
contribute to embryoanoxia.Both exotesta cellular layers and the
cuticle are strongly hydrophilic, water droplets being rapidly
absorbed from any part of its surface (GJ Brits, pers. obs.).
Functional sublayers of the mature exotesta are thus: the lower
epidermal cell wall layer of the sloughed pericarp; cuticular
ridges; and the cellular layer proper, with extreme thickening of
the epidermal tangential cell walls, plus tanniniferous cell
contents.

Specialisation and structural integrity of these sublayers
suggest differentiated ecological roles. In combination, the
cuticular ridges and pericarp cell wall remnants may
contribute to exclusion of gaseous oxygen (in intact seeds).
The ridge microsculpturing may form a hydrophilic matrix
which supports and stabilises a ~5 mm film of free water
under wet conditions. In saturated seeds, water entering
between ridges is trapped and immobilised within the
cuticular canals, these being capped by the roof-like structure
of spreading ridge-tops and pericarp cellwalls.We speculate that

a static water film results, impeding the diffusion of gaseous
oxygen through the exotesta. Captured water films in a mucous
matrix are a strong barrier to oxygen penetration in many seed
species through poor diffusion of oxygen in water (Come and
Tissaoui 1973) coupled with the prevention of convective water
flow in the film (Gutterman 1993). Saturated subcuticular
tanniniferous cell layer(s) in Leucospermum will in addition
restrict the diffusion of oxygen. Saturated tanniniferous layers
rich in phenolic compounds function as a biochemical barrier to
oxygen diffusion in seeds (Come and Tissaoui 1973; Werker
1980-81).

Oxygen impermeability of the Leucospermum exotesta
apparently develops late during morphogenesis, suggested
by the markedly less dormant state of (even slightly)
prematurely harvested seeds compared with fully matured
seeds (floater vs sinker seeds; softer vs harder coats; Van
Staden and Brown 1973; Brits and Van Niekerk 1986; Brits
1990), and this parallels the late development of water-
impermeability in typical PY seeds (Baskin and Baskin
2014). In Leucospermum tannin occlusion of exotestal cells
is incomplete at 7 wap and only near-complete at 9 wap
(Fig. 3c, d). Significantly reduced dormancy is not coupled
to premature, low ABA levels in the embryo (Brits et al. 1995).

Endotesta. Upon shrinking through the process of
desiccation-scarification the exotesta tears away (Fig. 5f)

(a)

(c) (d)

(b)

Fig. 4. Cuticular ridges of the exotesta of the Leucospermum cordifolium seed. (a) Light micrograph of fingerprint-like pattern. (b) Scanning electron
micrograph (SEM) of partly exposed ridges showing relation to the cuticular base. (c) SEM of ridge detail. (d) SEM of persistent pericarp lower epidermal cell
walls normally overlying ridges. Scale bars = 10 mm.
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partly exposing the palisadal crystals (Fig. 7b).With progressive
disintegrationof the exotesta only theendotesta remains (Fig. 1d).
Thepalisadal seam(Fig.2c) createsa fracture linewherebreakage
occurs during germination, facilitating radicle emergence
(Fig. 1c; and ‘Slow germination’ below).The intact endotesta
maypartially reduceoxygendiffusion to theembryo, contributing
to hypoxic constraints (Brits et al. 1993, 1999). Thus endotesta

abrasionmay increase seedlingemergence also through improved
oxygenation.

Degradation of the embryo covering layers

Elaiosome/pericarp. Little is known about the short-term fate
of the pericarp (elaiosome) after harvesting of freshly released

(a) (b)

(c)

(d)

(e)

(f)

Fig. 5. Endotesta development in Leucospermum cordifolium seeds (light micrographs (a–e) and scanning electron micrograph (f)). (a) 0 weeks after
pollination (wap); (b) 2 wap; (c) 5 wap, unstained; (d) 9 wap, unstained; (e) 11 wap, unstained; (f) 13 wap, scanning electronmicrograph of fractured testa: seed
dispersed.Notedensely staining inner epidermis (a) fromwhichendotesta developsand (b) the appearanceof rod-shapedcrystals in elongatingendotestal cells at
2wap; from5wap (c) granular lignin is deposited (vs tannin in the exotesta) as crystalsmigrate to endotestal cell tips; at 9wap (d) fully-formed prismatic crystals
lie at the upper ends of completely lignified endotestal cells inward to the exotesta, 9-seriate here, with traversing raphal vascular bundle. Lignin occlusion of the
mature endotesta cells is shown in (e), note loose attachment of endo- and exotesta. In the dispersed seed (f) the desiccated exotesta curls strongly inward showing
the persistent cell wall remnants of the pericarp lower epidermis on the outside. Scale bars (a, c, d, f) = 100 mm; (b, e) = 10 mm. Abbreviations: cr, crystals; en,
endotesta; ex, exotesta; ie, inner epidermis of oi; ii, inner integument; l, lignin; n, nucellus; oe, outer epidermis of oi; oi, outer integument; p, pericarp; pe, pericarp
epidermis; t, tannin; v, vascular bundle; w, weakly attached cell walls.
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achenes by ants. The elaiosome is apparently consumed (Bond
and Slingsby 1983) and remaining tissue is soon lost in the soil
(Fig. 7c). The pericarp is particularly prone to microbial
decomposition when incubated under moist conditions in
germination experiments (Brits 1986a). It can therefore be
surmised that pericarp tissue not consumed by ants will
rapidly decompose during soil storage. However, in recently
dispersed seeds the presence of a non-decomposed pericarp may
be important, since pericarp removal also improves oxygenation
of seeds (Kelly et al. 1992); this is consistentwith thefinding that,
in buried seeds, the presence of elaiosomes have a negative effect
on seed survival (and emergence of seedlings from 3 cm burial
depth) (Christian and Stanton 2004).

Anoxia PY: exotesta: desiccation-scarification. Temperatures
exceeding 80�C are lethal to Leucospermum seed (GJ Brits,
unpubl. data), as was also shown for another nut-fruited

species, Leucadendron tinctum (Keeley and Bond 1997). This
is in contrast to many taxa in Mediterranean-type climates which
require heat shock above 80�C to physically break testa-imposed
dormancy (Keeley1991;Bell etal. 1993;Keeley andBond1997).
The Leucospermum exotesta is not influenced primarily by heat
but ruptureswhendesiccated, following removal of the protective
pericarp (Brits et al. 1993).

Differential tension of coat layers. Breakage of the exotesta in
Leucospermum resulting from desiccation was first observed in
routine drying of wetted seeds from which the pericarp was
removed. This occurred even at moderately warm temperatures
of 40�C (Brits et al. 1993) and included non-patterned tearing as
well as pulling away of the exotesta from the adnate endotesta
(Fig. 8a; Brits et al. 1993). This process is essentially a form of
dynamically regulated,natural scarification,asopposed topassive
weathering/abrasion of soil-buried seeds. We therefore propose
the term ‘fire-mediated desiccation-scarification’ (Brits et al.
1999) for this structured fire-regulated process – in contrast to
thegradualdisruptionof the testaduringsoil-burial, pre-fire, in the
soil, or ‘soil-mediated abrasion’.

There is very little increase in seed size on imbibition (~1–3%,
Table 2), suggesting that moisture induced volume change of the
endotesta is negligible. Rupturing of the exotesta is therefore
unlikely to be a result of differential shrinking or expansion
between the endo- and exotesta layers involving wetting.
Moreover desiccation causes rupturing of the exotesta also in
dry (intact, pericarpless) seeds (Brits et al. 1993).

Amore likely explanation is differential shrinking of only the
exotestal sublayers when air dry (in the absence of free water)
during progressive desiccation. It appears that desiccation alone
can provide sufficient shrinkage tension for the exotesta to
rupture and simultaneously pull away from the endotesta.
Thus, through continued drying, the thin tanniniferous lower
exotestal layer shrinks more than the surface (outer) layer(s) that
contain both thickenedepidermal outer cellwalls anda thickened
cuticle. Consequently the drying exotesta curls strongly inwards
(adaxially – Figs 5, 8a, b). Incurling is contained in the non-
dispersed achene by the fully hydrated condition of the exotesta,
which in addition is overlain by the turgid pericarp. In the
dispersed, dried achene the parchment-like pericarp initially
serves to hold the exotesta in place mechanically (routinely
observed in experiments). However should the pericarp be
removed by ants or microbially, both slow and shock (rapid)
desiccation mediated by fire will cause the exposed exotesta to
shrink, curl inwards and tear away from the palisade towhich it is
only weakly joined.

AnoxiaPY: endotesta.Asimilar set offire and climatic factors
determines the abrasion history of the endotesta (Fig. 7b vs
Fig. 8a–f; Brits et al. 1993). Exceptions are the apparent
resistance to microbial decomposition (Fig. 8e, f; Brits et al.
2015) and the requirement for freewater following desiccation to
effect fracturing (Brits et al. 1993). The crystal-containing,
smooth, intact hard shell (Fig. 7b) becomes brittle, apparently
through extensive fracturisation (Figs 1d, 8f). In old, abraded
endotestas the crystals are lost (Fig. 7f). Endotesta abrasion may
improve oxygenation of the embryo (see section ‘Functions of
the embryo covering layers’ above) but may also physically
augment radicle protrusion (discussed above in ‘Mechanical
roles’; Brits 1990).

(a)

(b) (c)

Fig. 6. Detail of the endotestal woody palisade in Leucospermum
cordifolium. (a) Scanning electron micrograph (SEM) of cell wall facets
showing the compact alignment of palisadal cells; (b) SEMof individual cell
showing detail of rough sculpturing of faceted cellwalls; (c) lightmicrograph
of palisadal cells in chalazal region showing twisted appearance and rough
wall sculpturing. Scale bars = 10 mm.
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(a) (b)

(d)

(c)

(e)
(f)

Fig. 7. Fates of the embryo covering layers of Leucospermum cordifolium seeds during soil storage (light micrograph (a) and scanning electron micrographs
(b–f)). (a) Intact exotesta after hand removal of pericarp. (b) Intact endotesta surface, after hand removal of exotesta, showing crystal field atop palisade cells.
(c) Testa after 1 year of soil storage showing lack of pericarp and broken exotesta still attached to the endotesta. (d) Testa after 2 years of soil storage showing
loosened, extensively abraded exotesta. (e) Testa after 4 years of soil storage showing remnants of the exotesta, overgrownwith hair roots. (f) Endotestal surface
after 4 years of soil storage showing hairline cracks (arrows) and dissolved-crystal cavities. Scale bars (a, c–e) = 1mm; (b, f) = 10mm.Abbreviations: cc, crystal
cavities; en, endotesta; ex, exotesta; h, hair roots; hi, hilum; ra, raphe; v, vascular bundle.
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Table 1. Changes in weight of Leucospermum cordifolium seed
during drying

Fresh, mature, pericarpless seeds were soaked for 48 h and dried under
ambient earlywinter conditions (228C,60%RHaverage).Mean seedweights
were calculated from two replicates of 48 seeds per drying treatment. Values
significantly different from the control are indicated: *,P = 0.05 according to

an analysis of variance (ANOVA)

Day of weighing Dry (control) (mg) Soaked (mg)

0 270.0 286.1*
1 (24 h) 269.9 272.3
2 269.9 270.6
3 269.6 269.8
4 269.7 269.8
5 269.9 270.0

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 8. Scanning electron micrographs of testal layers showing the effects of different scarification/abrasion mechanisms on the Leucospermum cordifolium
seed testa. (a) Intact seed desiccated at 40�C, cooled and immersed in water. (b) Seed desiccated over silica gel and immersed in water. (c) Seed treated with
H2SO4andwashed. (d)Endotestal surface followingH2SO4 treatment showingpartlydissolvedcrystals andabsenceof carbonised residue. (e)Testa after 4years
of soil storage showing strong disruption/abrasion of the exotesta. (f)Hairline cracks in endotesta of soil-stored seed (4 years) showing dissolved-crystal cavities
and putative soilmicroflora. Scale bars (a, c, e) = 1mm; (d, f) = 10mm.Abbreviations: dc, dissolved crystals; en, endotesta; ex, exotesta; h, hair roots; hc, hairline
cracks; m, soil microflora.

Table 2. Mean linear dimensions of Leucospermum cordifolium seeds
before and after soaking in water for 24 h

Values significantly different from the control are indicated: *, P = 0.05
according to an ANOVA based on three seeds measured, three micrometer

readings per seed per variable; NS, not significant

Length (mm) Width (mm) Thickness (mm)

Before 7.059 5.605 4.500
After 7.157 5.712 4.625
Difference 0.098 NS 0.107 NS 0.125 NS
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Is ‘scarification’ through desiccation-wetting unique? In
cycles of wetting-drying, cracking of the hard seed coat
occurs during the drying phase in some Western Australian
heathland species (Bell et al. 1993) e.g. Santalum species
(Woodall 2004) and in Persoonia longifolia (Proteaceae)
(Chia et al. 2016). The Leucospermum exotesta is affected by
desiccation alone (without obligatory wetting), suggesting a
different rupturing mechanism. Furthermore endotesta
fracturing processes in Leucospermum appears to be in
reverse order to the above (wetting followed by desiccation).
The Leucospermum pattern of fracturing following desiccation
and subsequent wetting are similar in all artificial and natural
modes of endotesta scarification (Figs 1d, 8a–f; Brits et al. 1993)
and discounts any direct influence of heat; the desiccated
endotestal shell is also not weakened by gradual hydration
under high RH (Brits et al. 1993).

ConcentratedH2SO4 scarification. Sulfuric acid is commonly
used to scarify hard-coated seeds (Campbell et al. 1988) and
relatively long treatment periods of up to 4 h may be required to
digest the impermeable outer testa layer(s). The acid carbonises
the testa, leaving a charred deposit which in some cases has to be
removed as well before germination can take place (Campbell
et al. 1988). Digestive action of concentrated H2SO4 in most
organic compounds isbasedon its extremeaffinity forwater, thus
theacidextractswater even fromorganicmolecules, leavingonly
a carbon residue.Wesuggest that desiccationby the concentrated
acid causes breakage of the hard palisade only during subsequent
washing (Fig. 8c; Brits and Van Niekerk 1976). This softening
mirrors the effects of natural abrasion after 2–4 years of
undisrupted soil storage (Fig. 8e, f; Brits et al. 2015). We
suspect consistency with the process in nature, i.e. both testa
layers rupture primarily through H2SO4 mediated drying, with
minimal carbonising digestion (Fig. 8c, d).

Microbial digestion/soil-mediated abrasion. The exotesta
decomposes more rapidly than the endotesta (Figs 1d, 7c–e)
but slower than the pericarp, showing a clear temporal trend in
degradability. It remains uncertain what drives the strong
underground abrasion of the exotesta, even after a relatively
short period of 1 year of natural weathering following the
disappearance of the pericarp (Fig. 7c). Evidence in the
literature for microbial digestion of seed layers is minimal
(Baskin and Baskin 2014). Brits et al. (1999) proposed that
constant climatic desiccation-scarification combined with
microbial digestion (Hourston et al. 2016) could cause
gradual but strong rupturing and abrasion of the exotesta
(Figs 7c–e, 8e, f; Brits et al. 2015).

Seed bank dynamics of anoxia PY

Extended germination and bet-hedging of the seed bank

Extended germination in unpredictable stress/disturbance
environments has been shown to be a primary fitness trait
(Cavers and Harper 1966; Ayre et al. 2009; Brits et al. 2015).
Innately regulated extended germination in seeds is often a bet-
hedging strategy that structurally spreads the risk of reproductive
failure within germination seasons, and even over seasons (see
definitions by Starrfelt and Kokko 2012; Baskin and Baskin
2014), and thiswas shown for someAustralian heathland species
(Ayre et al. 2009; Liyanage andOoi 2015; Liyanage et al. 2016).

Many variables may regulate bet-hedging in nature, in complex
interactions (Baskin and Baskin 2014).

Rateof testadegradation in theyoung-seedcohort (freshly
dispersed)

Fynbos fire will predictably generate a major proportion of
desiccated young-seeds, causing extensive exotesta (anoxia PY)
breakage (Fig. 8a; Brits et al. 1993, 1999), and this will dispose
the greater part of the young-seed cohort to subsequent
oxygenation and undelayed wave-like germination. The heat
mediating process is analogous to heating intact fresh seeds in an
oven (illustrated inBrits et al. 1993). Dry soil is heated by fynbos
fire to ~50�C at 2 cm depth (de Lange and Boucher 1993) thus
overlapping with the depth range of buried seeds (Brits 1987).

Current information indicates that extended (delayed)
germination in fynbos Leucospermum seed populations is a
further function of the young-seed cohort, albeit from a lesser
fraction (Brits et al. 2015), in contrast with the en masse
germination pattern of most older seeds (see below) – and the
synchronised majority of desiccation-scarified young-seed
fraction indicated above. On this functional basis we propose
distinct dynamics for young-seed and old-seed cohorts (Fig. 9).

Fire intensity varies temporally and spatially in fynbos (Bond
et al. 1990) and other fire-prone systems (Hudson et al. 2015;
Liyanage and Ooi 2015) and the heterogeneous heat effects will
determine variable degrees of anoxia PY reliefwithin the young-
seed cohort (Brits et al. 1993). Thus, during ensuing autumn
precipitation only embryos in which testa-imposed anoxia has
been effectively removed will germinate, i.e. in which an
individual oxygenation threshold is exceeded (Brits et al.
1995). This translates to a staggered progression of seedling
emergence in a putative minority proportion of the young-seed
cohort (Brits 1987). Fig. 10 shows that control (intact, unheated)
young-seeds germinated to only 10% after 6weeks, i.e. as part of
a staggered pattern, as opposed to complete (wave-like)
germination (57%) of old soil-stored seeds. The results of an
eco-genetic study by Ayre et al. (2009) using microsatellite
markers to study spatial structure in recruiting Persoonia
mollis R.Br. (Proteaceae) seedlings are consistent with our
proposal for young-seeds, in that a second Persoonia seedling
cohort, i.e. from delayed germination, was found to have
originated from younger seeds (Ayre et al. 2009).

Extended germination within the current (primary)
germination season must therefore ensue from a reservoir of
dormant seeds maintained in the seedbank. Recruitment trends
shown in Bond et al. (1990) and Brits et al. (1999) indicate that a
residue of soil-stored Leucospermum young-seeds will indeed
escape testa heat degradation, potentially creating such a
reservoir. Daily post-fire burnt-exposed surface soil
temperatures are exceptionally high, through direct insolation
(Auld and Bradstock 1996) in fynbos to an average maximum of
55�C in January (Brits 1986a) and upwards of 60�C on
individual days (JH de Lange, pers. comm.). Prolonged
exposure to these temperatures which are enhanced by strong
summer trade-winds (de Lange and Boucher 1993; Rebelo et al.
2006) may further increase exotesta rupturing in the remaining
portion of intact Leucospermum seeds (Fig. 9; Brits et al. 1993).
The endotesta as well may become increasingly fractured due to
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ephemeral rainy spells in this phase of extreme climatic
desiccation, when the regular pattern of seasonal unusually
hot conditions, brought about by low-pressure seaward, heat
wave ‘berg’winds, is often abruptly succeeded by rain (see Brits

et al. 1993, and, for example, Rebelo et al. 2006); we suspect a
parallel in Persoonia longifolia R.Br. fruits (Proteaceae, in
Australian heathland, with endocarp dormancy) which were
found to winter-germinate significantly better when this
season was preceded by hot-summer rainy spells (Chia et al.
2016).

The role above of a heterogeneous environment regulating
desiccative factors may be enhanced by innately variable
(genotypic regulated) components of testa breakage and/or
gaseous permeability in Leucospermum (see also ‘Mechanical
roles’ above). Thus, extended germination may include
bet-hedging strategies, for example the two known
Leucospermum testa breakage phenomena. In the primary
testa breaking mechanism, i.e. rupturing of the exotesta via
desiccation alone, the exotesta breaks quicker, requiring only
drying; by contrast the secondary mechanism, breaking of the
endotesta, requires wetting with free water and higher
desiccation temperature in addition (Brits et al. 1999). We
propose that the combined processes overlap on a continuum
of scale (see Starrfelt andKokko 2012; Liyanage et al. 2016) and
thus provide (at least one) true bet-hedging strategy with
ecologically distinct effects on germination rate (Brits et al.
1993, 1999).

Yet another residual, now terminal, cohort of viable young
seeds remains intact, therefore non-oxygenated and dormant, in
the (surmised) largely depleted seed bank of the primary
germination season (Fig. 10). These seeds will predictably
persist, germinating over the second or even later germination
seasons (Christian and Stanton 2004; and fig. 5 in Brits et al.
2015) – as has been found in Proteaceae in other fire-prone
Mediterranean-type vegetations, for example inPersooniamollis
(Ayre et al. 2009) andGrevillea species (Auld andDenham2006)
and in nut-fruited Proteaceae in fynbos (Knight 1809).

Multiple variables affecting Leucospermum anoxia PY post-
fire include burial depth of seeds (Brits 1987; Auld and Denham
2006); maternal effect (Vogts 1982; Gutterman 1985); PY
phenotypic plasticity effects (see Hudson et al. 2015); and
genetic differences in seed coat permeability (proposed above;
see Liyanage and Ooi 2015). This complex of anoxia PY
breaking factors (and their intensity levels) in Leucospermum
echoes the complexity found in the dynamic response system to
environmental signals within Arabidopsis ecotypes ‘providing
an almost infinite spectrum of dormancy levels’ (Huang et al.
2015).

Rate of testa degradation in the old-seed cohort

Accumulation of small testal fractures in soil-stored seed
during the inter-fire phase, leading to the breaking/alleviation of
initial anoxia PY (as was also shown for PY in several fire-prone
Fabaceae species by Liyanage and Ooi (2015)) may explain the
brittle, strongly abraded condition of L. cordifolium seeds buried
for 4 years in unburnt fynbos (Fig. 1d; Brits et al. 2015). It
probably underpins the markedly higher germination rate (GR)
of soil-stored L. cordifolium seeds (subsequent to the slow first
phase of radicle protrusion; Fig. 10). The Leucospermum pattern
of gradual soil-mediated abrasion (Fig. 7a–f) approaches full
disruption of old testa layers after 2–5 years of soil storage (Brits
et al. 2015). Thus, with post-fire advent of the rainy season the

Fig. 9. Simplified model summarising ‘natural scarification’ by the main
desiccative, hydrative and microbial/soil factors interacting on the exo- and
endotesta layers in young and old Leucospermum cordifolium seed bank
cohorts during soil storage.
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Fig. 10. Cumulative germination percentage response � s.e. in intact
(pericarpless, non-scarified) laboratory dark-incubated Leucospermum
cordifolium seeds under an optimum alternating temperature regime
(8 � 24�C): in oxygen after 4 years of soil burial in fynbos (—D—); fresh
initially dormant (intact) seeds (‘young-seeds’) in oxygen (—¤—); fresh
initially dormant seeds in air (control, —*—). Viability of the fresh seed
batch was estimated at 81% in a tetrazolium test (- - - - - -). Slow germination
sensu stricto in all treatments is indicated in weeks 3–4 for first radicle
protrusion. Partly redrawn from Brits et al. (2015).
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well abraded (older, viable, major) cohort will germinate rapidly
and synchronously (together with the preponderance of the
young-seed cohort – discussed above) in a characteristic first
wave of seedling emergence (Fig. 10; Brits 1987).

In conclusion, alleviating anoxia PY occurs as differentiated
responses of various seed age groups (cohorts) and testa layers to
combinations of climate and fire regime (Fig. 9) and it also acts
concomitantly and additively with embryo PD relief (Brits and
Van Niekerk 1986; Brits 1990). Moreover local adaptation
remains a constant evolutionary driver of dormancy change,
as was shown for Arabidopsis (Kronholm et al. 2012).

Physiological dormancy (PD)

Alternating temperature requirement

Physiological seed dormancy in Leucospermum involves
embryo requirements for daily alternating temperature (Brits
1986a; Brits et al. 2014). These conditions correlate with daily
minimum and maximum air temperatures in fynbos burnt-
exposed soil during late autumn (Brits 1987; Brits et al. 2014)
and restricts germination to the primary recruitment period of the
immediate post-fire, seasonally moist environment via narrow,
habitat-dependent temperature limits (Brits 1986a; Brits et al.
2014, 2015). Summermoisture stress aswell as competition from
overstorey vegetation are thus avoided. A batch of fresh, initially
dormant, intact L. cordifolium seeds emerged annually in a seed
bedoverfive consecutive years almost precisely in the 2–3weeks
during mid- to late-April (illustrated in Brits et al. 2015). Such
cyclical, narrowly adapted thermodormancy is common in plants
surviving in stressful habitats (Abulfatih 1983; Keeley 1991;
Chia et al. 2016) and has several potential advantages, e.g.
increased accuracy of response to environmental constraints
(Probert 1992; Brits et al. 2014).

Temperature requirements in Leucospermum have been
characterised on distinct physiological levels (Brits et al.
1995, 2014) and shown to fulfil specific ecological roles
(Brits et al. 1995). We therefore propose that the aptly termed
‘diurnal bi-temperature requirement’ in Leucospermum (Brits

et al. 2014) is a dynamic PD strategy distinct from the
requirement for an optimum temperature amplitude
(‘optimum temperature difference’ sensu Totterdell and
Roberts (1980)) found in certain small-seeded weed species.

In Leucospermum, the requirement for alternating
temperatures excludes suboptimal low-temperature
stratification (as seen in many boreal cold-region species) at
which germination does not occur, but here rather is met by the
longcoolnights of late autumn inburnt fynbos,whichprovide the
moderately low temperatures conducive to germination (~10�C:
Brits 1986a; Brits et al. 2014). This cool background is the
primary (Brits et al. 1995;Arnolds et al. 2015) incubation regime
and must be punctuated daily by a moderately high-temperature
spike (~20�C) of a few hours’ duration (Brits et al. 1995, 2014),
which is generated only by direct insolation of burnt-exposed
soil. The temperature spike is neither a phasical high temperature
stratification requirement (Brits 1986a) nor is it a once-off high
temperature shock (direct heat-mediated physiological
stimulation) (Brits et al. 1999, 2015) and we propose that the
PD in Leucospermum does not fit with MPD-types of dormancy
characterised by Baskin and Baskin (2014).

Enforced dormancy: intermittent wetting/drying

Once imbibed, dormant soil-stored Leucospermum embryos
can endure long periods of saturation, as occur over multiple
winters, aswell as an indefinite number of shorterwetting-drying
cycles during summer rainy spells, apparently maintaining
dormancy without loss of viability. Similar behaviour has
been observed in Australian heathland-type vegetation (Yates
et al. 1996;Gibson andBachelard 1986) andMerritt et al. (2007)
showed close matching of seasonal moisture content in water-
permeable, soil-stored seeds and the surrounding soil. Such
behaviour has been observed in plants growing in habitats that
receive occasional rain in summer (Lush et al. 1984).

In L. cordifolium the germination curves of both oxygenated,
4-year soil-stored seeds, and initially dormant (intact),
oxygenated seeds increase asymptotically towards their
potential maxima in much the same pattern (Fig. 10),
precluding partial completion of certain pre-germination
stages and indicating complete germination of viable seeds,
thus consistent with the proposal that additional germination
controlmechanismsare inconsequential inLeucospermum (Brits
et al. 1995, 2015), including allelopathy and smoke (Brits and
Van Niekerk 1986; Brits et al. 2015).

Seed longevity: a role for cellular repair?

Seed longevity in the soil is inversely related to age (Roberts
1972) but rates of decline are not known in Leucospermum.
Artificially buried L. cordifolium seed germinated 60% after
4 years in the soil (Brits et al. 2015) and it is therefore likely that
the total viable soil-stored seed bank is markedly larger than the
seed crop of the latest flowering season. Most soil-stored seeds
would be abraded (Fig. 7c–f) and circumstantial evidence points
to potential subterranean longevity of up to scores of years
(Rourke 1972). Brits et al. (2015) proposed that, concurrently
with enforced dormancy during the inter-fire period,
intermittently moistened seeds employ cellular repair
mechanisms which increase longevity (Long et al. 2011;

Fig. 11. A cluster of Leucospermum cordifolium seedlings in fynbos
emerging from under a stone 4 months after fire, presumably from an
abandoned ant nest.
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Baskin and Baskin 2014; Brits et al. 2015; Waterworth et al.
2015). However the question of possible extreme longevity of
Leucospermum seeds (Daws et al. 2007) remains unanswered
(Brits et al. 2015).

Slow germination

Rate of germination in both fresh initially dormant (intact) and
soil-stored L. cordifolium seeds is initially relatively slow
(Fig. 10; Brits et al. 1995). The lag time between sowing and
emergence from 1 cm depth in seed beds is typically 4–6 weeks
(Brits andVanNiekerk1986).At dispersal, the embryonic axis in
Leucospermum is undifferentiated, with meristems where the
plumule and radicle will in time develop (Fig. 1b; Brits et al.
1995). The long incubation period in Leucospermum appears to
match some slow species in moisture-stressed habitats which
germinate only after ~16 days of wetting (Gutterman 1993).
Seeds of winter-growing species that require a long incubation
period would be buffered against intermittent dry spells during
the primary recruitment period by desiccating without damage,
postponing the irreversible conclusion of germination (radicle
emergence) to the extended rainy period of winter (Thanos and
Georghiou 1988).

Concluding remarks: adaptivity and balanced responses to
ecological pressures

Stress-disturbance regimes in Mediterranean-type ecosystems
present stochastic (strong, unpredictablyvariable) alternationsof
environmental states, such as unseasonal drought (Schemske and
Bierzychudek 2007) and fire (Hudson et al. 2015), and thus, a
range of selective pressures. Eco-genetic studies of the
recruitment process are therefore essential to achieve a
balanced ecological profile of species (see for example Ayre
et al. 2009). In Leucospermum a key question is: how much
potential exists in seed populations under constant stress for
significant adaptive genetic response? Other species in unstable
habitats are often associated with the adaptive acquisition of
testa-imposed PY, as inferred for some Australian heathland
Fabaceae (Liyanage and Ooi 2015). Water-impermeable PY is
considered an inherited, quantitative trait (Hudson et al. 2015),
and initial PY especially (i.e. of freshly dispersed, intact seeds)
has been found to have a high heritability (see review by Hudson
et al. 2015). Seed dormancy usually is genetically variable
(Roberts 1972; Kronholm et al. 2012) and it has been
suggested that this applies also to anoxia PY in
Leucospermum, from observed rapid responses of wild
L. cordifolium to domestic selection against seed dormancy
(Brits 1990; Brits et al. 1999, 2014); dormancy loss has
likewise been shown in wild papaya during selection (Paz and
Vazquez-Yanez 1998) and other species during domestication,
indicating substantial heritability (Baskin and Baskin 2014;
Willis et al. 2014). The presence of marked levels of
quantitative variation is consistent with recent genetic
analyses of Australian fire-prone shrub species, which show
that generally, effective genetic diversity is maximised and
maintained in such populations, both in seed banks and
aboveground, as for example in Grevillea (Roberts et al.
2014). At the molecular level, seed dormancy traits in
Arabidopsis have shown a marked degree of additive genetic

variation (Alonso-Blanco et al. 2003; Bentsink et al. 2010;
Kronholm et al. 2012).

Ecological forces driving selection in disturbance regimes are
inherently variable, andmay be conflicting (Schluter et al. 1991;
Willson 1992), for example, mutualist seed dispersal by ants and
antagonist seed predation by rodents in fire-prone vegetations
(discussed below; Strauss and Irwin 2004). Conflicting selection
may be driven by both biotic (Siepielski andBenkman 2010) and
abiotic factors (Schemske and Bierzychudek 2007) and this may
contribute to fostering genetic variability. Evolution of plant
reproductive traits in unpredictable environments ‘is thus best
thought of as a balance between multiple, and perhaps often,
conflicting selection pressures’ (Siepielski and Benkman 2010).
We discuss likely examples of conflicting selective pressures
in Leucospermum below and highlight some ecological
implications.

Slow germination rate (GR) and rapid establishment

Slow germination (21–28 days) in Leucospermum during the
early-winter season places the recruiting population at a potential
disadvantage against faster germinating sympatric competitors.
Strong competition for developmental space by other species (cf.
fast-germinatingAustralian heathland species: Specht 1981) and
resprouters in post-fire fynbos (Yeaton and Bond 1991; Bond
et al. 1992) is a key reason for seedling recruitment failure in
slower species (see Liyanage et al. 2016). Resprouters in fynbos
occupy available growing space quickly (Kruger 1983) by using
large amounts of lignotuber reserves to effect bursts of growth
that could exclude slower seedlings (Specht 1981;Keeley 1986).
A balanced response to selective pressures is therefore required
in the regulation of slow GR in Leucospermum.

Extended germination and pre-emption of space

The strategy of pre-empting available establishment space in
post-fire habitats bymeans of rapid germination (Fenner 1985) is
further compromised in Leucospermum populations by
sequestering a proportion of young seeds to extended
germination (thus reducing mean fitness as a trade-off). This
strategy suggests an adaptive equilibrium between the
conflicting advantages of immediate and delayed germination.

Anoxia and oxygenation of the embryo

The principle of regulated oxygen deprivation is by definition a
risk for seed banks that are dependent on the respiring embryo for
recruitment. The patchy emergence recorded after low-intensity
fires (Bond et al. 1990) indicate a substantial ungerminated
seed proportion remaining in the soil-stored seed bank (Bond
and van Wilgen 1996). Multiple and conflicting dormancy
breaking cues, as well as differential sensitivities in seed
dormancy adaptation, suggest a balance of genetic responses
(Kronholm et al. 2012).

Myrmecochory: a price for fire- and predator evasion

The early and midsummer period of achene release in
Leucospermum immediately precedes the peak fire season in
fynbos (Van Wilgen et al. 1992) and this dispersal phenology,
including soil burial by ants (Fig. 11) provide effective avoidance
of both seed predators and intensefire heat peaks. Themutualism
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between ants and plants (Slingsby and Bond 1985) is countered
by antagonistic predation by rodents (Bond and Breytenbach
1985) in a balance of conflicting directional selection that may
enhance variation in seed traits (see Strauss and Irwin 2004;
Siepielski and Benkman 2010). The almost exclusive dispersal
by Anoplolepis species may lead to high intra-lineage
competition within ant nests, but this may be offset by
intergeneric/interspecific competition prevailing in nests of
other ant species (Tetramorium or Pheidole). Conflicting
selection has been inferred between cryptic elements of the
myrmecochorous dispersal system of Leucospermum
truncatulum (Salisb. ex Knight) Rourke (Christian and
Stanton 2004).

A costly aspect of myrmecochory is the clustering of large
numbers of seeds in small emergence sites (ant nests) (Fig. 11).
Up to 40 seedlings of L. cordifolium have been found post-fire
congested in a single cluster, of which only one will arguably
mature through intense self-thinning (Brits 1987). This implies
considerable waste of the nutrient-rich propagules and their
genetic content, in another example of conflicting selection.
Spatial distribution of emerging seedlings is furthermore
mostly limited around parent plants, with the large majority of
offspring emergingwithin a radius of one, or at most twometres,
from the maternal main stem (Slingsby and Bond 1985; Brits
1987). The advantage of topochory (or short-distance dispersal:
Gutterman 1993) or habitat selection (Ackerly 2003) is the
replacement of the parent plant in a site that is evidently
suitable for survival. Conversely, topochoric seed dispersal
can constrain gene flow (‘genetic neighbourhood’ effect; Levin
1981; Bond and Slingsby 1983;Willson 1992; Lei 2001), although
in Leucospermum this may be partially offset by longer-distance
bird pollination, in relatively small geographical areas (Reisch et al.
2010). Spatially limiting ant-dispersal may contribute to the
negative effects of population fragmentation (Leimu et al. 2010)
and the high degree of endemism found in Leucospermum and
other fynbos myrmecochores (Cowling et al. 1992; Rebelo
2001; Reisch et al. 2010) and inbreeding (Leimu et al. 2010).
We suspect that indications of inbreeding depression
are reflected in Leucospermum wild populations in the
restorative strong F1 interspecific hybrid vigour commonly
encountered in experimental cross-breeding programmes with
near-related genotypes collected from the wild (Brits 1992;
Blomerus et al. 1998).

Physiological dormancy (PD)

Some fresh, initially dormant Leucospermum seeds in the
laboratory germinate at all incubation temperatures (non-
dormant, ND) of which less than 3% will typically germinate
at constant temperature above 20�C (warm temperature
stratification) (Brits and Van Niekerk 1986; Brown et al.
1986) with the overall response of seed batches inversely
related to incubation temperature (Brown and Van Staden
1973; Brits 1986a; Brits and Van Niekerk 1986; Brits et al.
1999). The ND seed fraction in Leucospermum parallels the
cryptic heteromorphism for dormancy thresholds (i.e. not
morphologically distinct) found in some fire-prone Australian
Fabaceae species (Liyanage et al. 2016); ND was also found in
Grevillea (Proteaceae) seed populations (Morris 2000). A

positive response of intra-population ND seeds to atypical
temperature cues will predictably favour germination under
unusual weather patterns, which extends the breadth of
potential response to new and fluctuating environments
(Liyanage et al. 2016). Thus, the genetic basis of seed
dormancy is in constant flux, especially in fire-driven
vegetation types (He and Lamont 2018). These biomes will
predictably respond positively to pressures of long-term
environmental shifts, for example, to future climate change
(Willis et al. 2014; Arnolds et al. 2015).

Perspective

Multiple genetic processes (such as local adaptation) regulate the
complex dialogue between short-term seed dormancy traits and
seed bank dynamics in plants (Kronholm et al. 2012;Willis et al.
2014) and, as argued above, in Leucospermum extant
populations. However long-term changeable selective forces
in fire-prone ecosystems command increasing research
attention and this informs a new surge in ecological genetics
(Ayre et al. 2009;Ooi et al. 2012;Banks et al. 2013;Roberts et al.
2014; Arnolds et al. 2015; Hudson et al. 2015; Mackenzie et al.
2016). Thus the celebrated ‘fine bush’ (fynbos) vegetation
element, Leucospermum pincushions, invites deeper enquiry
of its subtle seed regeneration mechanisms (compare Reisch
et al. 2010 and Arnolds et al. 2015).
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