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Linking ex situ germination to in situ direct seeding
for landscape scale restoration efforts in the semiarid
Mallee region of Victoria, Australia
Joseph Stapleton1,2 , Shane R. Turner3 , David Warne4, Singarayer Florentine1,5

Direct seeding has high potential for arid revegetation, but success is limited by decreased germination and seedling emergence.
Direct seeding success may be improved through developing an understanding of the germination biology and requirements of
species used for these projects. This study looked into the germination temperature andmoisture requirements of four semiarid
species from Victoria’s Mallee ecosystems to understand how their germination biology may advise strategies for future
plantings. Temperature’s effect on germination was analyzed by incubating the seeds under three different regimes: 30/20,
25/15, and 17/7�C. Moisture requirements were determined by germinating seeds along a water potential gradient created
using polyethylene glycol 8000 solutions. Results showed three different strategies employed by the study species: (1) Acacia
ligulata has a generalist approach, germinating well in all temperatures with a reasonable tolerance to water stress;
(2) Eucalyptus calycongona and Melaleuca lanceolata germinate rapidly under higher germination temperatures and have
generally higher water stress tolerance; while (3) Callitris gracilis germinates poorly in hot or dry conditions restricting
germination to cooler and wetter conditions. Based on our results, A. ligulata would be the most widely applicable species for
direct seeding work based on generalist germination habits.Callitris gracilis appears to do well if planted in cool, wet conditions
where the species prefers to germinate but would be intolerant to warm-weather planting. The ideal planting time for a mixed
species planting based on germination requirements would be mid-autumn, as that is when temperature and moisture levels
would be optimal for germination.
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Implications for Practice

• Mid-autumn was identified as the optimal time for
planting the selected species in the north-west Victorian
Mallee region, based on germination temperature and
water potential effects.

• Smaller seeded species, such as Eucalyptus and
Melaleuca, may have more of a preference for warmer
planting seasons than the larger-seeded species, such as
Acacia and Callitris.

• Acacia ligulata was identified as the best candidate
for large-scale restoration work due to its generalist
germination habits, which included its ability to germi-
nate over a wide range of temperatures.

Introduction

Arid and semiarid environments are Australia’s largest habitat
type, covering roughly 75% of the continent (Bowler 1976)
and encompassing a wide range of vegetation types and endemic
species (Byrne et al. 2008; Morton et al. 2011). In recent times,
these environments have become increasingly degraded through

human activities such as widespread land clearance (Allison
et al. 1990), increased salinity brought on by removing native
vegetation (George et al. 1997), introduction of exotic weeds
(Clarke et al. 2005), and overgrazing by livestock and feral
herbivores (Munro et al. 2009; Finlayson et al. 2021). In response
to the problems caused by this degraded state, revegetation

Author contributions: JS conceived and developed the first draft; all authors made equal
contributions to the material covered and the discussion of all topics in subsequent
drafts.

1The Future Regions Research Centre, School of Science, Psychology and Sport,
Federation University Australia, Mount Helen, Victoria 3350, Australia
2Address correspondence to J. Stapleton, email joseph.stapleton@federation.edu.au
3School of Molecular and Life Sciences, Curtin University, Bentley, Western Australia
6102, Australia
4Greening Australia, Level 3, 349 Collins Street, Melbourne, Victoria 3000, Australia
5Applied Chemistry and Environmental Science School of Science, STEM College,
RMIT University, 124 La Trobe Street, Melbourne, Victoria 3000, Australia

© 2024 The Author(s). Restoration Ecology published by Wiley Periodicals LLC on
behalf of Society for Ecological Restoration.
This is an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
doi: 10.1111/rec.14220
Supporting information at:
http://onlinelibrary.wiley.com/doi/10.1111/rec.14220/suppinfo

February 2025 Restoration Ecology Vol. 33, No. 2, e14220 1 of 12

https://orcid.org/0000-0003-1334-2045
https://orcid.org/0000-0002-9146-2977
mailto:joseph.stapleton@federation.edu.au
http://creativecommons.org/licenses/by/4.0/


programs have been set up that aim to restore native vegetation
to the landscape to improve ecosystem resilience (Mallee Catchment
Management Authority 2008; Xu et al. 2023). One of the
methods used to achieve this restoration outcome is direct
seeding, in which seeds are mechanically sown into the soil
and are left to germinate and grow without further treatment.
This method is significantly cheaper and easier to apply over
large areas than the transplanting of previously germinated
seedlings (Pérez et al. 2019), which is an important consider-
ation in arid areas due to the vast scales that often need to be
revegetated (Kildisheva et al. 2016). However, this method
suffers from the drawback of low and erratic emergence rates,
higher mortality frequencies, and the subsequent economic loss
of seeds and labor as a result of these failures (Azam et al. 2012;
Pérez et al. 2019). In addition, direct seeding works are also more
strongly dependent on rainfall during the project period
(Figueiredo et al. 2021), making it necessary to estimate the
right season for planting, having an optimum seeding window
for favorable soil moisture and temperature conditions to
promote germination. Thus, one way to improve restoration
outcomes and get optimum benefit is to more clearly understand
the germination biology of the species being used, which will
allow the matching of their traits to the environmental conditions
of the chosen planting season (Dalziell et al. 2022).

In this investigation, “germination biology” refers to a study
of the attributes that govern the time and conditions for seeds
to germinate, and despite this being an obviously important
factor for understanding plant revegetation, it is an area often
understudied in the field of restoration ecology (Jiménez-Alfaro
et al. 2016). Arid and semiarid zone plants, in particular, have
evolved a number of adaptations for germinating in water-
stressed environments. For example, arid zone plants will often
germinate during rare periods of rainfall, during which their
desired germination environment will be closely related to the
current climate conditions (Bell 1999). In order to wait for these
rain events, many plants possess physical seed dormancy, which
is a common strategy for species establishing in many arid
ecosystems as it allows plants to survive harsh conditions and
germinate when the environment is more favorable (Poschlod
et al. 2013). Dormancy is often used in bet-hedging strategies,
where seeds reduce the risk of mass germination failure in a
single season by delaying germination in stages across multiple
seasons (Tielbörger et al. 2012). Increased seed longevity is also
commonly associated with these tactics, as it allows the seeds
greater time to wait for germination conditions to improve, which
may take months, if not years, to occur (Duncan et al. 2019).

Alternatively, among many of Australia’s dominant woody
taxa, seed dormancy is often replaced by rapid germination
and high seed production. Instead of waiting out dry periods,
some of these plants can produce high numbers of seeds at a
relatively consistent rate, ensuring that there are always seeds
in the soil that are ready to germinate once sufficient rainfall
arrives (Commander et al. 2017; Duncan et al. 2019). These
seeds are typically small and have a shorter viability duration in the
soil when compared to larger-seeded species (Moles et al. 2003).
They also often have wider temperature and water-stress tolerances
than dormant species, allowing them to germinate in a wider

range of conditionswhenmoisture becomes temporarily available
(Merino-Martín et al. 2017; Duncan et al. 2019a). While this
strategy means that many of the seedlings die off after germinat-
ing, the high seed production offsets this impact and provides
dominance for these species in Australia’s woody arid areas.
Indeed, this strategy may be the most preferred option in areas
with unpredictable rainfall (Duncan et al. 2019, 2019).

This study investigated the seed germination biology of four
different semiarid zone taxa and considered how these results
may be applied to guiding future direct seeding work in the field.
Given the high mortality rate of direct seeding, selecting the
right conditions and species for direct seeding is of high priority
(Araujo & Pérez 2023), and this study was designed to help
determine these selection details. In particular, we examined how
seeds respond to changes in temperature and water stress and
how this could be related to planting times, noting whether any
other assistance may be required to enhance seedling emergence
and survival success. Seed response to light conditions was also
used to determine whether tilling would be beneficial for these spe-
cies. We hypothesized that the species’ reaction to temperature and
water stress would be determined by their morphology, with small-
seeded species being quicker to germinate and more resistant to
water stress than larger-seeded species or specieswith physical seed
dormancy (Norden et al. 2009; Duncan et al. 2019).

Methods

Seed Selection

Seeds were provided by Greening Australia from their wide
stock of arid zone species. All species selected for experimenta-
tion are native to the Mallee communities of north-west
Victoria, which roughly correspond to the Lowan Mallee,
Murray Mallee, and Wimmera regions. This area is character-
ized by a semiarid climate with hot summers and mild winters
(Fig. 1), with rainfall conditions varying across the region from
less than 250 to 450 mm per year (White 2006). Rainfall is
generally highest during winter and spring (Fig. 1), though
rainfall can be highly variable throughout the year.

The landforms in this region mostly comprise gently undulat-
ing sand plains, together with dune fields with relict streamlines.
Soils are typically sandy loams to clay loams, which are nutrient
poor. The Mallee vegetation canopy is usually dominated
by low-growing, multi-stemmed Eucalypt species, although
other tree or shrub species, including Callitris and Melaleuca
species, may often dominate. Common canopy species include
Eucalyptus socialis, E. incrassata, E. dumosa, and Callitris
gracilis. The understory is typically composed of Heathy shrubs
(e.g. Leptospermum spp.), Hummock or Tussock grasses
(e.g. Triodia spp.), Chenopods (Atriplex spp.) or Broombush
shrubs (e.g. Melaleuca spp.) (White 2006).

Species were selected for testing in this investigation based
on the following criteria:

• If a relevant species (i.e. recorded from the north-west Mallee
country) had low or no germination data recorded in the
scientific literature, it was considered a high priority so that
knowledge gaps on seed biology could be addressed.
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• If a species formed a dominant part of the vegetation struc-
ture, it was ranked higher as it was considered more desirable
for revegetation.

• If a species was widely distributed, it was ranked higher as it
could be used in a greater number of revegetation projects.

• Species that were difficult to establish in the field were also
ranked higher, as information on the seed biology of these
species would be useful for future revegetation work.

• Chosen species were taxonomically diverse (representing
different genera), in order to provide a broader taxonomic
pool.

Based on a full consideration of the above criteria, four
species were selected for this study, which were Eucalyptus
calycogona Turcz., Melaleuca lanceolata Otto, Acacia
ligulata Benth. and Callitris gracilis R.Baker.

Seed Quality Check

Prior to testing, the quality of each seed batch was assessed
using the methods outlined by Frischie et al. (2020). Firstly, a
purity test was performed by separating the seeds from other
inert material and determining the amount of seed as a percent-
age weight for each batch of seeds. Next, a viability assessment
was undertaken, using a cut test to open up the seed with a scal-
pel in order to examine the endosperm/embryo under a binocular
microscope. If the seed’s endosperm and embryo were white,
turgid, and solid, then the seed was considered intact and poten-
tially viable. Due to C. gracilis batches being smaller than the
other species, multiple C. gracilis batches were required over
the course of the investigation, with each batch independently
tested for seed quality.

Germination Response under Different Temperature Regimes

Prior to being plated, seeds were cleaned in a diluted hypochlo-
rite solution for 3 minutes, then drained through a fine sieve and
washed with distilled water. A 1% (v/v) hypochlorite solution
was used for small seeds (E. calycogona and M. lanceolata),
and a 4% solution was used for larger seeds (A. ligulata and
C. gracilis). Acacia ligulata was the only species with seed dor-
mancy and hence had their dormancy broken prior to plating by
placing them in recently boiled (>90�C) water for 1 minute
(Erickson et al. 2016).

Optimum germination temperature methodology was based
on that used by Duncan et al. (2019), with four replicates of
25 seeds per temperature regime used for each species. An
exception to this wasC. gracilis, due to it having a lower number
of seeds in the batch compared to the other species. In this latter
case, only 15 seeds were used for each replicate. Seeds were
placed in a 90 � 15.8 mmWestlab Petri dish on Whatman filter
paper moistened with sterilized distilled water. A dark trial was
also set up by following the same methodology but having the
Petri dishes covered with aluminum foil to exclude all light.
Dishes were placed in incubation cabinets with a 12/12-hour
light/dark cycle, with the cabinets being set to temperature
regimes of 30/20, 25/15, and 17/7�C. Seeds were checked every
Monday, Wednesday, and Friday of each week for germination,
and germination was recorded as the first emergence (>2 mm) of
the seed radicle. Filter paper was also rehydrated at each check if
necessary. Seeds which were growing mold were removed at
each check, and the remaining seeds were replated onto a fresh
Petri dish if necessary. Petri dishes that were part of the dark
treatment were checked under a green light in line with the mon-
itoring regime for the light-exposed seeds. Seeds were moni-
tored for 30 days, and if they were still germinating within a
week of the 30-day cut-off mark, they were monitored for a

Figure 1. Mean monthly maximum and minimum temperatures from 1938 to 2022 and mean monthly rainfall from 1913 to 2022 for the Ouyen area. This area
was chosen as representative of the seed collection locations. Climate data were obtained from the Ouyen (Post Office) Bureau of Meteorology (BOM) station
number: 076047, Lat: �35.07�S and Lon: 142.31�E (Bureau of Meteorology 2023.
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further 15 days or until germination had ceased for a week. Once
monitoring had concluded, a 1% (w/v) tetrazolium test was per-
formed on ungerminated seeds to determine if any of them were
still viable but had not germinated (Lakon 1949).

Germination Response Under Different Water Potentials

To test for the effect of water stress on germination, polyethylene
glycol (PEG) 8000 solutions were constructed along a water
potential gradient designated as 0, �0.2, �0.4, �0.6, �0.8, �1.0,
and �1.5 MPa. The solutions were made by mixing different
amounts of PEG (g/mL) with 100 mL of distilled water (Table 1),
with theweights beingusedbasedon the calculationsmadebyMichel
(1983). The 0 MPa treatment consisted of pure distilled water.

Seeds were placed in a Petri dish on sterilized filter paper that
had been moistened with 2.5 mL of the relevant PEG solution
and then tightly sealed with cling film to reduce evaporation.
Seeds were then placed in Thermoline Scientific model
TRISLH-495-1-SD incubation cabinets using a light/dark
regime. Eucalyptus calycogona and M. lanceolata seeds were
placed in a 30/20�C cabinet, andA. ligulata andC. gracilis seeds
were placed in a 25/15�C cabinet based on results from the first
temperature experiment. As with the temperature regime exper-
iment, seeds were checked every Monday, Wednesday, and
Friday for germination. To avoid mold growth, each week the
seeds were transferred onto a freshly sterilized Petri dish and
sterilized filter paper soaked with the appropriate PEG solution.
Seeds were monitored for 45 days. After this monitoring period,
ungerminated seeds were placed on filter paper moistened with
distilled water and monitored for a further 30 days, or until ger-
mination had stopped for a week, to determine which seeds were
still viable. After the monitoring period, a 1% (w/v) Tetrazolium
test (as previously described) was performed on any remaining
seeds as a final viability check to check what proportion of the
remaining seeds were viable.

Data Analysis

Response to Germination Temperature. All data analysis
was conducted using R, version 4.2.3 (R Core Team 2023).
For optimum germination analysis, the GerminaR package con-
structed by Lozano-Isla et al. (2019) was used to calculate the
level of germinability (GRP) and the mean germination time
(MGT) for each species across different temperatures and light

regimes. In this investigation, the term GRP refers to the per-
centage of viable seeds that completed germination and was cal-
culated using:
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MGT refers to the number of seeds germinated at the time of
evaluation, and was calculated using:

MGT¼
Pk

i¼1
niti

Pk

i¼1
n1

where ni is the number of seeds germinated at the i-th time, k is
the last day of evaluation, N is the total number of seeds in each
replicate, and ti is the time from the beginning of the experiment
until the i-th observation (Lozano-Isla et al. 2019).

Once GRP and MGT are calculated, a Kruskal–Wallis test is
used to assess significant differences between alternative light
and temperature regimes. TheKruskal–Wallis test was chosen over
a one-way analysis of variance due to its property of being able to
handle non-normal data, since many of the GRP and MGT scores
were non-normally distributed. The light regime was tested for sig-
nificance, followed by the temperature regime. A Dunn test was
then used to make pairwise comparisons between the different
regimes. A cumulative analysis of germination was also performed
by modeling the percentage of seeds germinated by day for each of
the temperature regimes (Lozano-Isla et al. 2019).

Response to Water Potential. For water potential analysis,
the R packages drcte and drcSeedGerm, developed by Onofri
et al. (2022), were used. Hydro-time-to-event models were created
to model the germination proportion of seeds at different water
potentials. Multiple hydro-time-to-event models were created using
different cumulative distribution functions. The distribution func-
tions used were log-logistic (Onofri et al. 2018), Gaussian
(Bradford 2002), logistic, Gumbel, and Weibull (Mesgaran
et al. 2013). Full equations can be found in Supplement S1.

After each model was constructed, Akaike’s information
criterion was used to determine which model provided the best
fit. The best fitting model was applied to the data, and results
were inspected via graphical display and through the base water
potential, which refers to the predicted lowest water potential at
which a seed can germinate.

Results

Seed Quality

Eucalyptus calycogona,Melaleuca lanceolata, and Acacia ligu-
lata showed high levels of viability of about 90% within their

Table 1. Weights of polyethylene glycol used to form the water potential
gradient.

17/7�C 25/15�C 30/20�C

MPa g PEG/100 mL g PEG/100 mL g PEG/100 mL

�0.2 11.17 11.60 11.89
�0.4 16.39 17.05 17.50
�0.6 20.40 21.24 21.81
�0.8 23.79 24.77 25.46
�1.0 26.78 27.89 28.66

�1.5 33.14 34.53 35.50
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batches (Table 2). Callitris gracilis viability was much lower
than that of the other species, and this observation, combined
with the smaller size of the batches in which C. gracilis were
delivered, forced multiple batches to be used throughout the
experiment. Batches 1 and 2, with an average of 32.5% viability,
were used for the germination temperature experiment, while
batches 3 and 4, with an average of 33.3% viability, were used
for the water potential experiment. Overall, the batches of
C. gracilis averaged 32.9% viability.

GRP Response to Light and Temperature Regime

There was no significant effect of the light regime on the GRP
among any of the species tested (Table S1; Fig. 2), and there
was also no significant effect observed for the incubation tem-
perature on the GRP for E. calycogona and A. ligulata. How-
ever, there were significant effects for M. lanceolata and
C. gracilis (Table S2). There was no germination of C. gracilis
seeds exposed to the 30/20�C regime, and among the remaining
regimes, there was no significant difference between the 25/15
and 17/7�C regime, although 25/15�C did, overall, produce a
higher proportion of germinating seeds. Melaleuca lanceolata
seeds showed a significant difference in GRP between 30/20
and 17/7�C, with the latter producing a lower number of germi-
nating seeds. There was no significant difference between 25/15
and 17/7�C or between 30/20 and 25/15�C, although there was a
trend for 30/20�C to have a higher overall GRP and for 17/7�C
to have a lower GRP. While there was no significant difference
between regimes for E. calycogona and A. ligulata, there was a
trend for the seeds under the 17/7�C regime to have lower germi-
nation for E. calycogona and for A. ligulata seeds in the 25/15�C
regime to have a slightly higher GRP than the other two regimes.
The 30/20�C range had the most variable GRP values.

The median for most species was lower than the original seed
viability value, with the exception of E. calycogona and the light
and 25/15�C treatments of C. gracilis. Melaleuca lanceolata
was also notable for often having a median value that was much
lower than the original viability of 89% (Table 2), this being
most pronounced in the 17/7�C treatment (Fig. 2H), where the
median is around 50%.

MGT Response to Light and Temperature Regime

There was no significant effect of light regime on the MGT of
E. calycogona, M. lanceolata, and A. ligulata, although there

was a near significant effect (p = 0.0735) on the M. lanceolata
seeds, with seeds being slightly faster germinating in the light
regime. There was another near-significant effect (p = 0.0848)
in A. ligulata, with dark being slightly faster (Table S3; Fig. 3).
The effect of the light regimewasmost notable inC. gracilis, with
seeds being significantly faster at germinating under light
conditions.

Among the different temperature regimes, there was no
significant effect on MGT for A. ligulata and C. gracilis other
than a lack of C. gracilis seeds germinating in the 30/20�C
regime (Table S4; Fig. 3). There was a near significant effect
(p = 0.0518) for A. ligulata between 30/20 and 25/15�C, with
30/20�C being the slowest germinating regime. The effect of
temperature was more pronounced in E. calycogona, with the
MGT being different between all the temperature regimes.
Germination was quickest in the 30/20�C regime and the slow-
est in the 17/7�C regime. Melaleuca lanceolata seeds in the
17/7�C range were significantly slower germinators than in the
other two regimes, although there was no significant difference
in MGT between 30/20 and 25/15�C.

Germination Response to Different Water Potentials

Results showed a significant effect of water potential on germi-
nation for all species (Tables 3 & S5–S8) All species declined in
germination percentage and rate as the water potential lowered,
although all species other than C. gracilis had a few seedlings in
the lowest (1.5 MPa) water potential (Fig. S1). Overall, germina-
tion percentage decreased in line with lowering water potential.

Although all species showed a trend toward decreasing ger-
mination with decreasing water potential, the species showed a
difference in individual levels of resistance. Melaleuca lanceo-
lata showed the highest base water potential values (Table 3)
with around 15% germination still being recorded in some Petri
dishes under�1.5 MPa. This indicated that the species, overall,
may be most resistant to germination under moisture limited
conditions. Callitris gracilis showed the lowest base water
potential value, with no germination recorded at �1 and
�1.5 MPa. Eucalyptus calycogona and M. lanceolata had
overall higher germination percentage and rates compared to
A. ligulata and C. gracilis.

Discussion

The study found variable effects of the different germination
conditions on the plant species studied, though some general
trends were found. Light regime was found to have no effect
on the germination percentage and rate of most species; similar
results were also reported by Beveridge et al. (2024), who found
that light conditions had no effect on the germination of
sub-tropical Australian plant species. An exception to this was
the germination speed of Callitris gracilis, which germinated
more rapidly under light conditions. This may indicate that the
species prefers not to be buried when germinating, though
follow-up seed burial studies (J. Stapleton unpublished results)
indicate that seeds exposed to the topsoil germinate poorly com-
pared to seeds placed within the soil, likely due to being more

Table 2. Viability assessment of seed batches using a cut test followed by a
tetrazolium test.

Species/batch Proportion of viable seeds (%)

Acacia ligulata 93.0
Callitris gracilis (batch 1) 33.3
C. gracilis (batch 2) 31.7
C. gracilis (batch 3) 26.7
C. gracilis (batch 4) 40.0
Eucalyptus calycogona 92.0

Melaleuca lanceolata 89.0
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exposed to temperature change and desiccation (Turner
et al. 2006). The reasons for these conflicting results may be
due to Petri dishes having tightly controlled environmental con-
ditions, while work involving soil introduces other factors that
influence germination, such as interactions with soil microbes
(El-Keblawy et al. 2018).

While the effect of temperature on germination varied
between species, overall, it was found that the 25/15�C regime

produced the best results for germination percentage and rate
across all the species. In general, it was found that the smaller
seeded species responded better to the warmer temperature
regimes. Likewise, the smaller seeds also seemed to respond
most negatively to the lowest temperature regime, particularly
with regard to rate of germination.

Overall, Melaleuca lanceolata was the most resilient to dry
conditions in the study, while C. gracilis was the least tolerant.

Figure 2. Seed GRP (mean � SE) for Acacia ligulata, Callitris gracilis, Eucalyptus calycongona, and Melaleuca lanceolata across different light (A–D) and
temperature (E–H) regimes with original seed viability % shown (red triangle represents that there was no germination under the 30/20�C regime, so this was not
included in the analysis).
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Figure 3. Seed MGT (mean � SE) for Acacia ligulata, Callitris gracilis, Eucalyptus calycogona, and Melaleuca lanceolata across different light (A–D) and
temperature (E–H) regimes (red triangle represents that there was no germination under the 30/20�C regime, so this was not included in the analysis).

Table 3. Mean or median base water potential values for each species depending on the distribution selected either the mean or median value was used for deter-
mining water potentials.

Species (mean or median) Base water potential value SE t value Pr(>t)

Acacia ligulata (mean) �0.70 0.0038 �182.54 <2e�16
Callitris gracilis (median) �0.64 0.0460 �13.97 <2e�16
Eucalyptus calycogona (median) �0.88 0.0240 �36.76 <2.2e�16

Melaleuca lanceolata (median) �1.19 0.0079 �151.07 <2e�16
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Nonetheless, the fact that all species, other thanC. gracilis, were
able to germinate even at �1.5 MPa suggests that these species
have a surprisingly high tolerance to dry conditions. As with
temperature, the smaller seeded species (Eucalyptus calycogona
and M. lanceolata) appeared to be overall more resistant to dry
conditions than the larger seeds, which coincides with a similar
result found by (Beveridge et al. 2024), who found that smaller
seeded species were more tolerant to water stress. A study by
Merino-Martín et al. (2017), which also tested species from a
semiarid climate, found somewhat similar results between seed
sizes under water stress, both in terms of overall germination
percentage and germination rate, with the smaller seeds germi-
nating faster. However, an exception to this was with the
Melaleuca species M. nematophylla, which was found to
perform poorly under water stress. It is unknown why the two
species, M. nematophylla and M. lanceolata, differ in water
tolerance since M. nematophylla occupies a similar climate
and habit toM. lanceolatawith both occurring in semiarid sandy
habitats, suggesting environmental effects can be ruled out. It is
possible that these two species have different levels of natural
tolerance to water stress.

Variation of Seed Germination Strategies Across Species

The results of this study highlight the different germination
strategies that semiarid species may employ. Among the four
species tested, three germination strategies can be identified.
These are: (1) quick germination under high temperature and
high rainfall conditions for the small-seeded Myrtaceae species
(E. calycogona and M. lanceolata); (2) the ability to tolerate
and germinate in a wide array of conditions (Acacia ligulata);
and (3) delaying of germination until wetter and cooler conditions
arise (C. gracilis).

Acacia ligulata seeds are notable for being the only seeds in
the study to have seed dormancy. The dormancy-breaking
conditions for A. ligulata are varied, and include ingestion by
birds and scarification by fire, which allows the plants to bet-
hedge their germination across different conditions (Letnic
et al. 2000). Being able to germinate under a wide variety of
temperature and moisture levels once dormancy is broken is
likely to assist the plants in this generalist approach by allowing
them to take advantage of dormancy-breaking events as they
occur under variable environmental conditions. Other features
of A. ligulata ecology, such as being dispersed over long
distances by animals (Letnic et al. 2000;Whitney 2002), its abil-
ity to colonize recently disturbed environments (Onans &
Parsons 1980), its persistent seedbank allowing it to germinate
at any time of year over several years after dispersal
(Auld 1995b), and its wide distribution across Australia’s arid
areas, may also be facilitated by its ability to establish under a
range of variable temperatures.

The two small-seeded Myrtaceae species, E. calycogona and
M. lanceolata, showed a preference for germinating quickly
under high temperatures. In M. lanceolata, this was also
combined with a higher germination percentage at warmer
temperatures. This suggests that these plants may prefer to
germinate during the warmer months after rainfall events,

during which they can quickly become established. Rapid
germination is most likely a response to sporadic rainfall
conditions, which is a feature of much of Australia’s arid areas,
allowing the plants to take advantage of these transient events
when they occur (Duncan et al. 2019). The ability to still germi-
nate under low water potentials may also help with this tactic, as
evaporation rates would be higher at these times of the year,
making the soil dry out much quicker than in cooler months
(Dalziell et al. 2022). Notably, the E. calycogona germination
rate, although slower at lower temperatures, had a similar germi-
nation percentage across all temperature regimes, indicating it
may possess more of a generalist germination ecology, similar
to A. ligulata. These germination strategies can be risky, as high
temperatures and low moisture, which are more prevalent in
warmer months, are common causes of plant death in arid areas
(Houston 2006; Huang et al. 2019). However, this can be partly
offset by producing higher quantities of seed than with larger-
seeded species. Related Eucalyptus andMelaleuca species have
been found to produce large numbers of small seeds, which are
usually released steadily at low levels throughout the year, with
marked periods of mass release after events such as fires
(Rayachhetry et al. 1998; Booth 2017); it is assumed that the
study species show similar seed-production strategies. These
small-seeded species put significantly less energy into produc-
ing each seed, and hence there is less investment loss from ger-
mination failure, which makes allowance for involving risky
strategies (Moles et al. 2003; Duncan et al. 2019). It is noted,
however, that not all small-seeded species will be tolerant of
dry conditions, even within the same genera, with other Mela-
leuca species being found to be less tolerant to water stress
(Merino-Martín et al. 2017). It is, therefore, important to con-
sider each species’ water stress tolerance on a case-by-case
basis. Another point of note was thatM. lanceolata seeds tended
to germinate at much lower percentages than their original seed
viability test. It was observed that these seeds had a greater ten-
dency to lose viability through rot or mold during the experi-
ment, with the effect being most obvious at the lower
temperatures. This may suggest that M. lanceolata seeds are
more vulnerable to disease and other environmental factors than
other species. Previous studies have found that otherMelaleuca
species are only viable in the environment for a short amount of
time and, overall, experience poor viability (Rayachhetry
et al. 1998; Robinson et al. 2006). As previously suggested, this
may be offset again by their high seed production rates.

Compared to the other species, C. gracilis had a narrower
temperature range for germination, with no seeds germinating
in the hottest temperature regime. In addition, this species also
seemed less tolerant of low water potentials. Callitris gracilis
is also slower germinating than the other species with at least
10 days passing before germination commenced. These features
are indicative of a risk-adverse or bet-hedging strategy, with this
species likely delaying germination until desired periods of cool,
wet weather, which are more beneficial for early seedling sur-
vival (Duncan et al. 2019). The preference for low temperatures
has also been found by Carr et al. (2007), which found that the
species did best when sown in autumn or winter. Another report
by Adams (1999) on two closely related Callitris species also
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found similar results in that the seeds were intolerant of low
water potentials and germinated best at cool temperatures of
16–20�C with germination inhibited above 20�C. The author
also suggests an autumn planting time for these species.

Application to Revegetation Works

Acacia ligulata showed no strong preference for germination
temperature and was relatively resistant to high water stress.
The species can therefore be planted during most times of the
year and, as long as conditions are not extremely dry and
the seeds have been pre-treated to break dormancy, the seeds
will be able to germinate at an acceptable rate once sufficient soil
moisture is present. This high tolerance to different environmen-
tal conditions and its natural tendency to grow in disturbed envi-
ronments (Onans & Parsons 1980), makes A. ligulata ideal for
early revegetation efforts in cleared areas where temperature
and moisture are not moderated by surrounding vegetation.
Eucalyptus calycogona similarly shows no strong preference
for temperature in regard to overall germination proportion,
although it is significantly slower at germinating at lower tem-
peratures. Avoiding winter plantings with this species may be
preferable, as eucalypt seed viability can decline quickly in soil
(Florentine & Fox 2002), and it is therefore best to choose con-
ditions where these seeds will germinate rapidly, such as imme-
diately prior to the wet season.Melaleuca lanceolata also shows
an intolerance to low temperatures, with both germination pro-
portion and speed declining with a lower temperature. As with
eucalypts, the seeds of the Melaleuca species are only viable
in the environment for a short period of time (Robinson
et al. 2006), making the choice of sowing times where germina-
tion will likely be rapid, a priority. It is recommended that winter
sowing avoids the use of M. lanceolata seeds, with this species
instead being seeded during warmer periods and preferably dur-
ing periods of high soil moisture. Callitris gracilis, on the other
hand, is completely intolerant of high temperatures and more
sensitive to lowmoisture levels than the other species. It is there-
fore highly recommended that this species not be sown during
the later months when temperatures are increasing, as the heat
would suppress seed germination. The species is naturally slow
germinating so periods where moisture is likely to stay higher in
the soil for an extended time would be preferable, as the seeds
may sit in the soil for a period before emerging. Unlike
E. calycogona and M. lanceolata, C. gracilis seeds are large
and covered in a protective seed coat, thus mortality in the soil
bank is likely to be initially lower (Moles et al. 2003).

Given C. gracilis’ apparent sensitivity to water stress, pro-
jects using this species may want to involve water-retaining
methods to increase moisture levels and germination. One of
the simplest methods is ensuring that direct-seeding projects
position the seeds within the furrows where the microclimate
is cooler and moister (Hern�andez & Pérez 2023). Other possible
methods include the use of materials that may improve soil
water retention, such as hydrogels (Wei et al. 2016) or
soil microbial inoculants (Azizi et al. 2022). These materials
should be able to be added using the same direct seeding
machinery used to place seeds. It is likely that the practicality

of this approach will depend on project budgets, and future stud-
ies will be needed to see whether the materials are beneficial to
direct seeding work. While irrigation is another possibility to
supply water directly to seedlings, the high cost of installing irri-
gation and the significant distances from water sources of many
planting sites may rule this out as a possibility in most projects,
except for niche situations such as small sites near existing infra-
structure or when working with threatened plant species (Josa
et al. 2012).

Based on this analysis, temperatures of around 25–15�C
would produce the best overall results for all species used in
the study. These temperatures roughly correspond to mid-
autumn (April) and late spring (October to November) in the
study area. Late spring, in particular, also coincides with
the highest average rainfall for the region. However, given that
evaporation rates will likely be higher at this time of year and
that the following summer period has the lowest average rainfall
and highest temperatures, it would be preferable to plant during
mid-autumn, since late autumn and winter are wetter than sum-
mer. Given that all species showed preference for germinating at
higher water potentials, choosing the wetter times of year for
planting is essential. It should also be noted that some woody
Mallee species, such as Acacia and Eucalyptus, have seed
release and/or germination triggered by fires (Wellington &
Noble 1985; Letnic et al. 2000), which commonly occur during
the warm dry summer months. This may mean that germination
in natural settings is more constrained to the summer and
autumn months following summer fires. Since many of the
plants differ in their optimum germination conditions, it might
be worth planting different species at different times to maxi-
mize success rates. In this respect, E. calycogona and
M. lanceolata prefer to be planted during warmer times, such
as March or November, where they can germinate rapidly, while
C. gracilis would do better in cooler and wetter times, such as
May or August to October, where they can germinate slowly
while the soil remains cool and relatively moist. Although this
is the ideal situation, it is recognized that this may not be possi-
ble given the budget constraints to which many revegetation
projects are subject (Ewing et al. 2013; Copeland et al. 2018).
Another possible option is to delay the germination of seeds
through the application of synthetic seed coats so that
seeds begin germination during the desired temperature regime
(Madsen et al. 2016). This approach would add further costs to
planting; thus, the technique requires further study before its
suitability can be unequivocally determined (Pedrini
et al. 2020).

Overall, A. ligulata appears to be the preferred choice of spe-
cies to be used in direct seeding projects due to its wide temper-
ature and water stress tolerance, meaning that, as long as seed
dormancy is broken before planting, this species should be able
to germinate in a variety of situations at a relatively high rate.
Eucalyptus calycogona is also highly recommended for similar
reasons but should be planted around warmer times of the year
to allow for quicker seed germination. Melaleuca lanceolata
may also be a good choice for warm season plantings, but its
low seed viability and high seed vulnerability may impact
its performance negatively. This species may bemore successful
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if initially germinated in a plant nursery for the production of
greenstock, then subsequently transplanted into the field.
Callitris gracilis has the potential to establish itself in field
settings so long as it is seeded during cooler times of the year
and, preferably, during years forecasted to have higher rainfall.
Outside of these times, the species may be better off being first
grown in a nursery as greenstock before being transplanted into
the field or alternatively sown in situ with some water-retaining
techniques.

Limitations of Research

The results of these studies are clearly limited to the species ana-
lyzed, and thus caution should be used when applying these
findings directly to other species. There will likely be some
similar germination habits among closely related species, it
was noted that the results did confirm some trends found among
species of the same genus and seeds of similar morphology.
Therefore, it may be possible to extract information from the
biology of the studied species and apply them to similar species,
such as the preference of Callitris gracilis for cooler tempera-
tures (Carr et al. 2007). However, it is recommended that infor-
mation on individual species should be determined before
extensive planting.

While this study solely looked into the effects of temperature
and soil moisture on germination, in the field there will be a
number of other factors at play that will also influence whether
seedlings are able to germinate. Examples include soil type
(Hallett et al. 2014), competition from other plants, particularly
weeds (Clarke et al. 2005), and the individual microclimates of
the soil in which seeds are planted (Lozano et al. 2017), which
can also have a large influence on germination and emergence.
It is also worth noting that Australia tends to have highly erratic
rainfall patterns over much of the continent (Morton et al. 2011),
so planting in a particular season, based on annual averages, still
may not produce the desired soil moisture as rainfall conditions
can change greatly from year to year and from season to season.

The experiments performed were exclusively laboratory-
based, using Petri dishes and seed incubators under highly con-
trolled conditions. Although these studies can be useful as an
indicator of what may happen in the field, it is not an infallible
comparison, as the range of aforementioned unexpected condi-
tions in the field may interact with seed biology to produce a
range of different results (Ronnenberg et al. 2008). Further field
testing will be required to determine whether the results found in
this study translate into performance in the field.

Although germination is an important factor in revegetation
efforts, it should be kept in mind that once a seed germinates,
it will not necessarily survive. Emergence of a seed post-
germination and survival of an emerged seedling are also impor-
tant bottlenecks in arid revegetation (James et al. 2011; Hallett
et al. 2014) and other strategies may be needed to overcome
these separate issues. Emergence from the soil post-
germination, for example, can be restricted by factors such as
high temperatures and a lack of adequate soil moisture
(Muñoz-Rojas et al. 2016; Lewandrowski et al. 2021). Once
they emerge, factors such as follow-up rainfall and grazing

pressure will have a significant impact on seedling survival.
For example, previous studies have found A. ligulata to be par-
ticularly sensitive to grazing pressure and desiccation
(Auld 1995a; Denham&Auld 2004), which may impact its per-
formance in the field post-emergence.
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