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In this study, we focused on understanding key storage traits of seeds from Macrozamia fraseri, an unusual though important
species that is impacted by mining. To support current restoration activities, large amounts of seed from M. fraseri have been
regularly collected and stored for up to 8 years under standard seed banking conditions (5◦C and 20% relative humidity),
though in situ recruitment from directly sown seed is poor. To investigate the underlying constraints to germination on
demand, we set out to assess the viability of M. fraseri seeds that had been stored in a restoration seed bank from 6 to
66 months. Seed moisture content (MC) (fresh weight basis) was also determined for seeds with different storage histories to
ascertain whether M. fraseri seeds display traits (i.e. high MC) that might suggest non-orthodox seed storage behaviour. The
youngest seed accession (6 months old) was found to have a high MC (45.8 ± 5.4%—fresh weight basis), and >50% viability. In
comparison, older (>30 months old) accessions were observed to have a marked reduction in both seed MC (10–35% MC) and
viability (0–29.4%). While preliminary, we conclude that M. fraseri seeds appear to lose viability during conventional storage
with younger accessions displaying both a higher seed MC and viability, compared to accessions stored for longer. Given the
significance of these results, future research activities are recommended to better understand the interplay between seed
MC and storage environment and how this relates to the seasonally dry Mediterranean climate where this species naturally
occurs. As well, storage and propagation approaches are proposed to increase success when using M. fraseri for conservation
and restorative activities.
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Introduction
Macrozamia (Zamiaceae) is a common understory genus
found in many regions of Australia with >40 species rec-
ognized (Atlas of Living Australia, 2023). Of concern is
the fact that 10 of these are classified as either threatened
or vulnerable (∼25% of all known Macrozamia species),
thus in need of conservation actions including ex situ stor-
age (Martyn Yenson et al., 2021; Department of Climate
Change, Energy, the Environment and Water, 2023). Three
closely related species of Macrozamia are found throughout
southwestern Australia, a region with a strong seasonally dry
Mediterranean climate (Groom and Lamont, 2015). Both M.
fraseri and Macrozamia riedlei are key framework species
within different native woodland communities throughout
this region, which has experienced extensive clearing due to
various activities such as urbanization, agriculture and mining
(Beresford, 2001; Koch, 2007; Turner et al., 2022).

For decades now, resource companies such Alcoa Australia
and Hanson Australia have collected, stored and utilized tons
of Macrozamia seed annually as part of post-mining rehabili-
tation works across this region, placing significant collection
pressure on local Macrozamia populations already impacted
by clearing and climate change (Beresford, 2001; Norman
and Mullins, 2005; McFarlane et al., 2020; Turner et al.,
2022). Multiple investigations have reported that Macroza-
mia seeds are slow to germinate and show a marked reduction
in germination vigour if stored >12 months, although the
reasons for this decline are poorly understood (Baird, 1939;
Norman and Mullins, 2005; Turner et al., 2022). Remark-
ably, Macrozamia seeds have also been demonstrated to be
capable of germination when stored dry at room tempera-
ture, strongly suggesting seeds possess sufficient endogenous
moisture to initiate and sustain the germination process in the
absence of rainfall (Baird, 1939; Norman and Mullins, 2005;
Turner et al., 2022). Even so, M. riedlei seeds also reportedly
show some capacity to emerge under field conditions (33%)
after 2 years of prior ex situ storage, though higher emer-
gence success (46%) was demonstrated for 1-year-old seed
(Norman and Mullins, 2005). To the best of our knowledge,
traits indicating non-orthodox seed storage behavior have
never previously been either described or suggested for M.
fraseri or the sympatric M. riedlei, and we are aware of at
least four different resource companies collecting significant
quantities of wild seeds from both species for use in post-
mining restoration (Koch, 2007; Turner et al., 2022).

Macrozamia fraseri is considered a priority species for
the reestablishment of coastal plain woodlands and heath-
lands following mining as it is an important food source
for vertebrates such as grey kangaroos (Macropus fuligi-
nosus) and emus (Dromaius novaehollandiae) (Burbidge and
Whelan, 1982; Groom and Lamont, 2015; Turner et al.,
2022). For example, Hanson Australia (Heidelberg Cement
group) currently store >100 kg of M. fraseri seeds in their
restoration seed bank, with some accessions now >8 years old
(Turner et al., 2022). Prior to storage, seeds are processed to

remove the fleshy outer layer (sarcotesta) then stored at 5◦C
and 20% relative humidity (RH) until removed for use in
direct seeding programs (Turner et al., 2022). Nevertheless,
germination results to date have been poor, with only a small
percentage of M. fraseri seeds converting into plants. Baird,
(1939) provided a detailed account of the reproductive biol-
ogy of the closely related M. reidlei, which is likely to be sim-
ilar to M. fraseri given that both species possess similar plant
traits and overlap in parts of their ranges (Marchant et al.,
1987; Atlas of Living Australia, 2023). The embryo of M.
reidlei is reported to be initially tiny when the seed is recently
shed in late summer/early autumn (February/March) with
germination (i.e. coleorhiza extension) not commencing until
∼5 months later in autumn (April/May) the following year
(Baird, 1939). As well, Baird, (1939) observed that the embryo
slowly grows and matures within the seed for >12 months
under field conditions, with much of this development occur-
ring during the warmer drier summer months when rainfall is
largely absent and the risk of desiccation assumed to be high
(Groom and Lamont, 2015).

The current work aimed to inform and improve the man-
agement practices of a restoration seed bank when working
with M. fraseri seeds through a detailed audit of seed acces-
sions stored for different lengths of time. Consequently, we set
out to determine whether seeds stored for up to 66 months
under standard seed banking conditions were viable using
a range of different techniques including X-ray assessment,
floatation, cut test and tetrazolium test. Seed moisture con-
tent (MC) was determined for seeds with different storage
histories and attributes to ascertain whether M. fraseri seeds
display traits that might indicate non-orthodox seed stor-
age behaviour. Based on these preliminary results, future
research priorities are recommended as well as storage and
propagation approaches that should be adopted to increase
success when using M. fraseri (and related species) for both
conservation and restoration activities.

Materials and Methods
Seed collection, processing and storage
Seed was collected from shedding cones within 3 km of the
Hanson Gaskell Sand Plant (31◦45′06” S & 115◦56′59′′ E)
between February 2015 and February 2020 by commercial
seed contractors (Tranen Revegetation Systems—www.tranen.
com.au) on behalf of Hanson Australia for use in Banksia
woodland restoration following sand mining. Macrozamia
fraseri seeds are large (∼18 g per seed) and consist of a three-
layered integument—a brightly coloured (red) outer fleshy
layer (sarcotesta), an underlying hard layer (sclerotesta) and
an inner thin membranous layer (endotesta) that surrounds
the megagametophyte, the inner tissue that contains the main
nutritive reserves in seeds of gymnosperms (Linkies et al.,
2010) (Figure 1A & B). To remove the outer pulpy layer
(sarcotesta), a cement mixer, along with water and aggregate
(10- to 30-mm crushed rock) was used. The mechanical
action of the mixer, combined with the abrasiveness of the
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aggregate, separates the pulp from the sclerotesta (Figure 1A).
The cement mixer was run for ∼30 min and contained a
slurry consisting of the freshly collected seeds, aggregate and
water. Once the pulpy layer was removed, the slurry mix was
placed into a large coarse sieve and washed thoroughly with
clean water to wash through all the smaller debris, aggregate
particles and pulp residue. After rinsing, the cleaned seeds
were spread out in trays and placed in the sun for 7 days.
The sclerotesta, endotesta and megagametophyte (hereafter
collectively referred to as the ‘seed’—Figure 1B) were then
placed into large porous woven polypropylene or calico bags
and stored on large open trays in a temperature (∼5◦C)
and RH (∼20%) controlled environment room within the
Tranen Restoration Seedbank (Turner et al., 2022). Seeds were
removed in September 2020 for use in this study.

Six different age classes (6, 18, 30, 42, 54 and 66 months)
were assessed during this investigation, which were all con-
sidered single accessions per harvest year, with the oldest
accession by this time having been in cold dry storage for
∼66 months (collected in February 2015), while the youngest
had been in storage for ∼6 months (collected in February
2020). Approximately 500 g of seeds (26–34 seeds per acces-
sion) were provided by Tranen for research purposes from
each of the six different age classes studied.

X-ray assessment of seed fill
Determination of seed fill was performed by subjecting all
seeds to X-ray imaging (VersaVision Digital Specimen Radio-
graphy System, Faxitron, AZ, USA). The resulting images
were then analysed to determine the precise number of seeds
that were either filled or structurally compromised (i.e. empty
or internally cracked/shattered).

Floatation and seed mass assessment
Previous research indicated that floatation can be an effective
way to separate viable seeds (sinkers) from non-viable seeds
(floaters) in some species of Cycad including Cycas revo-
luta and Cycas taiwaniana (Dehgan and Schutzman, 1989;
Calonje et al., 2011). To test this technique, seeds from each
accession were placed into a 2000-ml beaker containing water
for 5 min (Figure 1C & D) to determine the proportion that
either floated or sank for each age class. Seeds were then
removed from the water and individually weighed to quantify
the average seed mass per age class, grouping together those
seeds that sank and those that remained buoyant.

Extraction and visual assessment
Megagametophytes (Figure 1B) were carefully removed from
all the seeds used in the floatation test by gently fracturing
the hard sclerotesta (Figure 1A) using a bench vice to apply
even pressure along the seed’s longitudinal axis until it vis-
ibly cracked releasing the enclosed megagametophyte. Seeds
that had shattered megagametophytes (Figure 1F & G) were
recorded and excluded from further analysis. Megagameto-

Figure 1: A) Intact sclerotesta of M. fraseri following manual removal
of the outer pulpy sarcotesta using a rotating cement mixer with
crushed rock aggregate and water; B) Longitudinally dissected
sclerotesta showing the location and structure of the underlying thin
membranous endotesta and the inner white megagametophyte; C)
30-month-old seeds stored under standard seed bank conditions
(∼20% RH and 5◦C) subjected to a floatation test for 5 min; D)
54-month-old seeds stored under standard seed bank conditions
subjected to a floatation test for 5 min; E) X-ray image of seeds stored
for 6 months showing fully formed megagametophyte tissue within
each seed with minimal signs of shrinkage or damage; F) X-ray image
of seeds stored for 66 months showing fragmentation and significant
megagametophyte shrinkage and G) Shattered megagametophyte
following extraction from the sclerotesta as observed in Figure 1F.
Line = 40 mm.

phytes that were intact (i.e. not cracked or shattered) were
firstly imaged, then destructively assessed to determine their
MC gravimetrically (see below).

Seed moisture content
Initial megagametophyte mass (MM) and oven dry mass
(ODM) were determined to calculate the average megaga-
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metophyte moisture content (MMC) for intact megagameto-
phytes from each age class, grouping together those that sank
and those that remained buoyant. To determine MMC, intact
megagametophytes were initially weighed when removed
from seeds, dried for 17 h at 103◦C (International Seed
Testing Association, 1999), then re-weighed within 10 min of
removal from the drying oven with the difference in weight
used to calculate MMC. Average MMC was determined
for sinkers and floaters in each age class using 1–12 intact
megagametophytes and is expressed on a fresh weight basis
(International Seed Testing Association, 1999) to the nearest
0.1%.

Embryo length and viability assessment
Average embryo length (in millimetres), megagametophyte
length (in millimetres), embryo to megagametophyte (E:M)
ratio and viability were determined on five seeds from each of
four age classes (6–42 months) using only those seeds that had
sunk (Figure 1C) and appearing to have fully formed white
and unblemished megagametophyte tissue upon extraction
and visual assessment (Figure 1B). Viability was estimated
using both a cut test (Turner et al., 2005) and 0.5% (w/v)
2,3,5-triphenyltetrazolium chloride (TZ) (Lakon, 1949). For
the cut test, seeds were firstly dissected longitudinally, then
visually inspected under a binocular microscope to ascertain
whether there was any visible internal damage to either the
embryo or surrounding megagametophyte tissue. Megagame-
tophytes with signs of damage were scored as non-viable.
Dissected megagametophytes were then placed cut-side down
onto germination papers irrigated with 0.5% (w/v) TZ and
incubated in darkness at 30◦C for 24 h (Merritt et al., 2021b).

Statistical analysis
All statistical analyses were conducted using R software (ver-
sion 4.0.3). To investigate the association between storage
duration and the proportion of seeds that were shattered ver-
sus intact, or that floated versus sank, a binomial GLM with
a logit link function was fitted to each of the two datasets. To
determine whether the E:M ratio changed significantly with
increasing storage duration, a Gaussian GLM with an identity
link function was fitted to the data. The significance of each
predictor variable was evaluated using the ‘Anova’ function
in the ‘car’ package, with a significance level of α = 0.05. For
comparisons between MMCs, a Wilcoxon rank-sum test was
used to compare the MCs of seeds that floated (n = 47) to
seeds that sank (n = 20).

Results
X-ray assessment
Based on X-ray assessment, seed quality varied significantly
across the different age classes though all seeds were found to
have megagametophyte tissue present (Table 1). For the three

most recent age classes (6, 18 and 30 months old), <15%
of seeds were observed to have shattered megagametophyte
tissue and generally appeared to be structurally uniform with
minimal megagametophyte shrinkage or other damage noted
(Figure 1E). Older age classes (42, 54 and 66 months old)
had a progressively higher proportion of megagametophyte
tissue that were shattered (35–66%) with evidence of signifi-
cant megagametophyte shrinkage clearly visible (Figure 1F).
Storage duration had a significant negative effect on the
number of intact seeds (χ 2 = 41.38, P ≤ 0.0001). Extraction
and visual assessment of shattered megagametophyte tissue
confirmed that these were significantly damaged and clearly
no longer viable (Figure 1G) when compared with white and
unblemished megagametophytes (Figure 1B).

Floatation and seed mass assessment
Seeds from the different age classes varied significantly in their
capacity to either float or sink when immersed in water, with
the older age classes (42–66 months old) having a significantly
higher proportion (>70%) of seeds that remained buoyant
compared with the younger age classes (<50%) (χ 2 = 66.01,
P ≤ 0.0001) (Table 2). Interestingly, all the seeds that X-ray
assessment had identified as possessing shattered megagame-
tophyte tissues floated (Figure 1D). The average seed weight
of all the seeds that were buoyant regardless of age class
was >3 g less (15.4 ± 2.3 g, n = 107) than those that sank
(18.8 ± 2.5 g, n = 67).

Extraction, visual assessment and seed
moisture content
Megagametophytes extracted from buoyant seeds were
observed to show various signs of tissue damage and
degradation such as blackening and browning, with the
older age classes (42–66 months) showing considerably
more damage than the younger age classes (Figure 2). In
comparison, megagametophytes derived from seeds that had
sunk appeared white and healthy and were generally free
from discolouration and obvious signs of tissue damage and
degradation (Figure 2).

MMC varied considerably, with the highest MC (45.8 ± 5.4%)
derived from seeds from the youngest age class (6 months)
that had sunk (Figure 3), with all of these appearing to be
white and healthy (Figure 2—top row left). The lowest MMC
(10–20%) recorded, were derived from megasporophytes
from the three oldest age classes (42–66 months) that had
floated (Figure 3), all of which showed significant signs of
tissue degradation and browning (Figure 2—bottom three
rows right). When pooled, the average MMC of all (n = 20)
the sinkers was >2-fold higher (40.2 ± 1.1%) than all (n = 47)
the floaters (18.9 ± 1.0%) (Figure 3) (P ≤ 0.0001).

Embryo length and viability assessment
Megagametophytes derived from seeds that had sunk
were observed to be 39–47 mm in length and possess
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Table 1: Proportion (%) of M. fraseri seeds stored for 6–66 months (+ the date of collection) in a restoration seed bank that were filled (Figure 1E)
or showed internal shattering (Figure 1F) of the megagametophyte

Storage duration & collection date Filled & intact (%) Filled & internally shattered (%)

6 months (Feb. 2020) 86.2 (n = 25) 13.8 (n = 4)

18 months (Feb. 2019) 100.0 (n = 29) 0.0 (n = 0)

30 months (Feb. 2018) 100.0 (n = 26) 0.0 (n = 0)

42 months (Feb. 2017) 64.7 (n = 22) 35.3 (n = 12)

54 months (Feb. 2016) 62.5 (n = 20) 37.5 (n = 12)

66 months (Feb. 2015) 33.3 (n = 10) 66.7 (n = 20)

Table 2: Proportion (%) of M. fraseri seeds stored for 6–66 months in a restoration seed bank that either sank (Figure 1C) or floated (Figure 1D)
when immersed in water for 5 min

Immersion response (%)

Storage duration Sinkers Floaters

6 months 58.6 (n = 17) 41.4 (n = 12)

18 months 72.4 (n = 21) 27.6 (n = 8)

30 months 96.2 (n = 25) 3.8 (n = 1)

42 months 29.4 (n = 10) 70.6 (n = 24)

54 months 0.0 (n = 0) 100.0 (n = 32)

66 months 0.0 (n = 0) 100.0 (n = 30)

Table 3: Average megagametophyte length (in millimetres), embryo length (in millimetres), E:M ratio and viability (%) based on a cut test and
0.5% (w/v) TZ assessment of M. fraseri seeds stored for 6–42 months in a restoration seed bank

Storage duration (approx.) Megagametophyte
length (mm ± SE)

Embryo length
(mm ± SE)

E:M ratio (± SE) Viability (%) (TZ/cut test)

∼6-months-old 40.8 ± 3.1 (n = 2) 6.6 ± 2.3 (n = 2) 0.16 ± 0.05 (n = 2) 40 (n = 2)

∼18-months-old 39.6 ± 2.5 (n = 5) 7.0 ± 1.6 (n = 5) 0.18 ± 0.03 (n = 5) 100 (n = 5)

∼30-months-old 43.6 ± 2.1 (n = 5) 6.8 ± 0.8 (n = 5) 0.16 ± 0.01 (n = 5) 100 (n = 5)

∼42-months-old 47.4 ± 1.9 (n = 5) 5.8 ± 1.6 (n = 5) 0.12 ± 0.03 (n = 5) 100 (n = 5)

underdeveloped embryos 5–7 mm long (Table 3). The E:M
ratio was calculated to be 0.12–0.16 across all four storage
durations assessed (χ 2 = 3.3942, P = 0.06; Table 3).

Cut test and TZ assessment found that megagametophytes
from the 18-, 30- and 42-month storage classes that had
sunk were deemed to be 100% viable with no signs of
internal damage when dissected, with both the embryo and
megagametophyte uniformly staining red in the presence of
TZ (Figure 4A). However, viability for the 6-month storage
class was calculated to be only ∼40% as seed dissection and
careful observation of embryos found that two had internally
rotted (i.e. were brown/grey in appearance rather than white),
while the surrounding megagametophyte tissue still appeared
to be healthy, which was also confirmed with the lack of
TZ staining immediately around the embryo region (Table 3;
Figure 4B).

Discussion
The seeds of zamia (M. fraseri and M. riedlei) are clearly
unusual when compared with the seeds of other sympatric
species found in the Mediterranean-type climate region
of the southwest Western Australian biodiversity hotspot
(Merritt et al., 2007; Dalziell et al., 2022). For example,
of the 8600 species in this floristic region, zamia possess
the largest seeds by far for any species (TSW (thousand
seed weight) = 18 000 g), and globally are one of the
largest seeds recorded, falling into the top 1% of species
in terms of seed mass (Moles et al., 2005). Further,
germination is exceptionally slow, taking >12 months to
occur, which is attributable to an underdeveloped embryo
(E:M ratio = ∼0.15—Table 3) that requires considerable time
to grow and mature within the seed prior to coleorhiza
emergence (Baird, 1939; Norman and Mullins, 2005). Finally,
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Figure 2: Extracted megagametophytes from M. fraseri seeds stored
for 6–66 months at 5◦C and 20% RH showing a range of attributes
and damage such as discolouration and browning. For each age class,
seeds were initially subjected to a floatation test to separate sinkers
from floaters, then megasporophytes manually extracted, visually
assessed, weighed and placed into an oven to determine MMC. It was
noted that most seeds that sank were white and intact (healthy) with
minor browning appearing in the 42-month age class, while those
that floated were all found to have various levels of damage with
none determined to be viable, i.e. uniformly white and unblemished.

germination has been demonstrated to occur in the absence
of water with air-dried laboratory-stored seeds commencing
germination many months after collection (Baird, 1939;
Norman and Mullins, 2005). Taken together, these unusual
seed attributes have considerable management implications
for the use of M. fraseri seeds in restoration as the usual
seed-handling approaches recommended for orthodox-seeded
species are clearly inadequate and require modification to
improve the likelihood of success when working with this
species (Norman and Mullins, 2005; Turner et al., 2022).

Current recommendations for storing orthodox seeds to
maintain a high level of viability for up to 10 years involve
placement in a cool (5–20◦C), dry (10–25% RH) environment
to facilitate initial seed drying, which consequently impedes
seed deterioration (FAO, 2014; Merritt et al., 2021a). In low-

RH environments, freshly mature desiccation-tolerant seeds
with a relatively high MC (<20%) gradually lose moisture,
eventually reaching equilibrium ∼3–7% seed MC usually
within 1–4 weeks (De Vitis et al., 2020). By comparison,
many of the M. fraseri seeds assessed in this study, (even after
42 months of storage), were found to possess considerably
higher moisture levels (>35%), suggesting that their physiol-
ogy is noticeably different from most other species, although
the specific reasons for this distinction remain unclear.

The floatation test proved to be a surprisingly simple and
effective way to separate viable M. fraseri seeds (sinkers)
from non-viable seeds (floaters) (Table 2). Floatation has
previously been found to be an effective way to separate
viable from non-viable seeds across a broad range of species,
including species of cycad (Dehgan, 1983). However, for
Cycas rumphii, Cycas seemanii, Encephalartos arenarius
and Encephalartos nubimontanus (Calonje et al., 2011)
the floatation test has proven ineffective, indicating that
calibration with another method (such as X-ray or a cut
test) is required when using seed floatation for the first
time. Regardless of storage duration (6–66 months), every M.
fraseri seed that floated here in this study was observed to be
clearly non-viable when assessed (Figure 2). In comparison,
all seeds that sank appeared healthy, possessing both fully
formed white megagametophyte tissue and a high (>35%)
MC (Figure 2). Indeed, seed MC among different age classes
was much higher than expected, with 6-month-old seeds
possessing an MC of 45.8 ± 5.4% (fresh weight basis)
(Table 2). It must be noted that by the time of assessment,
these seeds had been in cool dry storage for ∼6 months,
and it is possible that the MC was higher at seed dispersal.
Seed MC was also found to be lower (10–20%—fresh weight
basis) for accessions both older than 42 months and observed
to float when placed in water. It was also determined that
all seeds in this group were also non-viable (Table 1; Figs. 1
& 2). Unsurprisingly, buoyant seeds were also lighter overall
(15.4 ± 2.3 g) than those that sank (18.8 ± 2.5 g), which
we attribute to the loss of moisture during storage and the
resultant megagametophyte shrinkage observed in the X-ray
assessment of buoyant seeds (Figure 1F).

There was a strong relationship between storage duration
and the proportion of seeds that showed evidence of either
megagametophyte shrinkage or internal shattering (Table 2),
with seeds stored for ≥42 months showing significant signs
of deterioration, and in most cases, no longer appeared to
be viable (Tables 1 & 2; Figure 2). Nevertheless, there was
still substantial variability in seed quality between the three
most recent age classes where most viable seeds were observed
(i.e. 6-, 18- and 30-month storage durations) with the 6-
month-old seeds showing reduced seed quality when com-
pared with the two next oldest age classes (Tables 1 to 3).
X-ray assessment failed to identify some of these non-viable
seeds as their poor quality was only determined during TZ
testing of internal megagametophyte tissues after dissection
(Table 3; Figure 4B). It must be acknowledged that the TZ test
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Figure 3: Box and whisker plots of M. fraseri MMC showing the minimum, maximum, median, mean (x) and 25–75% quartile range calculated
on a fresh weight basis. Data were derived from assessment of intact seeds that either floated or sank for each of the six storage periods (left
graph) or when all storage durations were pooled into two classes, i.e. those that floated or those that sank (right graph).

Figure 4: A) Longitudinally dissected megagametophyte of M. fraseri
stored for 6 months showing the results of TZ assessment—both the
cut test and TZ assessment indicated that this megagametophyte +
embryo were viable; B) Longitudinally dissected megagametophyte
stored for 6 months showing the results of TZ assessment—both the
cut test and TZ assessment indicate that this megagametophyte +
embryo were not viable due to the internal browning within the
embryo region and lack of TZ staining in this area.

can show a false-positive result on occasion for a range of rea-
sons so without calibration (i.e. correlation with germination
data), this result should be viewed with some level of caution
(Merritt et al., 2021b). The embryo region in these seeds
appear to have degraded for unknown reasons but may have
happened either during seed development and maturation or
possibly as a result of the initial cleaning treatment to remove
the pulpy sarcotesta.

Of relevance to this study, it has been noted for both
M. riedlei (Baird, 1939; Norman and Mullins, 2005) and
M. fraseri (Turner unpublished results) that germination (i.e.
coleorhiza extension) commences in the absence of moisture.
This attribute is strikingly different from most seeds which
require exposure to water to initiate the germination process
and indicate that the seed biology of M. fraseri is fundamen-
tally different from most other seed-bearing plants (Berjak
and Pammenter, 2008). The moisture content (45.8 ± 5.4%)
values of viable 6-month-old M. fraseri seeds neatly fall

within the interquartile range (43–58%) of a broad range
of desiccation-sensitive rainforest species (Sommerville et al.,
2021—Fig. 7A). Given the high level of congruence, these
data suggest that seeds of M. fraseri may be non-orthodox,
which if confirmed would be a highly unusual trait for seeds to
possess in a Mediterranean climate (Wyse and Dickie, 2017).
Mediterranean ecosystems are regularly subjected to warm
to hot summer temperatures, drought and extended periods
of low humidity; conditions not typically aligned with the
presence of non-orthodox seeded species and the formidable
challenges of surviving these conditions (Rundel et al., 2016).

While more work is needed to thoroughly understand the
underlying seed physiology of M. fraseri, we are confident
based on the results in this pilot study that 1) mature seeds of
zamia are likely shed with a high (>40%) moisture content
and 2) preliminary evidence suggests that zamia seeds quickly
lose viability while maintained under standard seed storage
conditions (∼5◦C and <20% RH), which may be linked to
a reduction in MC while in storage. Nevertheless, additional
information is needed to comprehend how these seeds persist
and function in a Mediterranean environment that is regu-
larly subjected to months of warm to hot, dry conditions.
It is clear from these results, that new approaches for M.
fraseri are needed to improve seed storage outcomes and later
propagation success. Consequently, while additional research
is completed into establishing critical seed storage thresholds,
we recommend that 1) Floatation be used to separate viable
(sinkers) seeds from non-viable (floaters) seeds; 2) Macroza-
mia fraseri seeds be used for the production of greenstock
for later field planting rather than stored for future use; 3)
Seeds should be surface-sown under nursery conditions as
soon as possible and exposed to natural temperatures and
rainfall patterns rather than intense irrigation as seeds may
rot, particularly when exposed to summer temperatures and;
4) Avoid storing M. fraseri seeds under standard seed banking
conditions (low temperature and RH) due to the possibility
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of desiccation damage that will inevitability compromise seed
viability and as a consequence germination capacity.
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