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Abstract. In the present studywe assessed the sensitivity of stored seeds of the common grassNeurachne alopecuroidea
R.Br. from south-westernAustralian sources to varying temperature andmoisture conditions as a tool to anticipate potential
adaptability of seeds to climatechange.Weexaminedamong-populationgermination responses, focusingongerminationof
excised seeds to overcome possible dormancy imparted by the lemma and palea. We hypothesised that temperature above
and below the optimum and lowmoisture potentials would adversely affect germination, and that conditions for successful
germination would be associated with the local climate at each seed source site. Experiment 1 used a bi-directional
temperature gradient plate tomeasure responses to constant and alternating temperatures (5–40�C).Experiment 2 examined
responses to moisture availability using polyethylene glycol (PEG 8000) solutions at different temperatures. Temperature
optimavaried amongpopulationswith significant reductions in germination occurringonly below15�C.Germination speed
and success declined with decreasing moisture availability, with greater impact at higher temperatures. Significant
population variation was observed. Tolerance to temperature and moisture availability was higher than expected and
some of this variation suggests adaptation to local climates across the species Western Australian distribution. We discuss
these results in the context of seed use in restoration and global warming.
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Introduction

Seed germination is a vulnerable stage in the life cycle of a
flowering plant (Silvertown 2009; Walck et al. 2011), with
temperature and moisture availability key variables that drive
germination, emergence and establishment success (Fenner
2000). Species tend to germinate over a range of temperatures,
but also have an optimum temperature (or temperature range) that
elicits the most complete and rapid germination (Probert 2000).
Decreases in final germination percentage and increases in time to
germination generally occurwhen temperatures are either aboveor
belowspeciesoptima (e.g.Cochrane2016) and rising temperatures
can lead to shifts in germination timing (Mondoni et al. 2012;
Fernández-Pascual et al. 2015). Declining soil water potential
affects a seed’s ability to take up water (Hegarty 1978), and like
sub-andsupra-optimal temperatures,cancausedelaysanddeclines
in germination (Hagon andChan 1977; Cochrane et al. 2014). The

close relationship between germination and the prevailing
environment thus indicates that some seed traits have the
potential to be influenced by changing climatic conditions
(Walck et al. 2011). Changes to seed traits and their functions
can impact on species distributions and abundances, ecosystem
functioning and community dynamics (Walck et al. 2011). For
these reasons, it is critical we understand the effects of
environmental factors on this early stage of the plant life cycle.

Grasses are vitally important as food sources for the world’s
population and their abundance and role in water catchments,
biodiversity reserves and as carbon sinks have been major areas
of research (Tilman 1997; Boval and Dixon 2012). Studies have
demonstrated that sub- and supra-optimal temperatures can be
detrimental to grass seed germination (McGinnies 1960; Hagon
and Chan 1977; van den Berg and Zeng 2006). Temperature
tolerance can also vary significantly between species and
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populations (McGinnies 1960; Lodge and Whalley 1981; Yang
et al. 2014). Additionally, interactions between moisture
availability and temperature during germination occur and can
influence germination success (Tadmor et al. 1969; Sharma
1976). Although heat stress can be alleviated by moisture,
moisture stress is exacerbated by high temperatures through
the process of evapotranspiration.

Although the germination ecology of several important
grasses has been well investigated, few studies have examined
species restricted to Mediterranean-climate zones. The
genus Neurachne R.Br. or ‘mulga grass’ has an Australasian
distribution and is represented by 14 perennial species
(Australian Plant Name Index, https://biodiversity.org.au/nsl/
services/APNI, accessed 20 February 2018), with five species
found in Western Australia. The common and widespread
species Neurachne alopecuroidea R.Br. (foxtail mulga grass)
occurs over a large climatic gradient in the winter wet, summer
dry regions of the South West Australian Floristic Region
(SWAFR), and in south-eastern South Australia and western
Victoria (Prendergast and Hattersley 1985). It is a tufted
perennial grass growing to 40 cm tall and the only species of
Neurachne to grow in this Mediterranean region of Western
Australia (https://florabase.dpaw.wa.gov.au/, accessed 6 March
2019). Plants are assumed to have a C3 photosynthetic pathway
(Hattersley and Roksandic 1983), and by definition, germination
and growth should be tied to the autumn–winter period when
temperatures are cool and water availability is high (Hattersley
1983). Plants also have a highly flexible regeneration strategy
and can resprout after disturbance (Harris et al. 2010).

The SWAFR has a long history of a relatively stable and
bufferedMediterraneanclimate thathasresulted in thenativeflora
being adapted for survival under local conditions (Hopper and
Gioia 2004), including regeneration during thewinter wet season
when conditions are cool andmoist (Bell et al. 1993; Bolger et al.
1999). If species are adapted to current local conditions thenmany
species may now be at risk as the climate changes (Anderson
2016; CSIRO 2016). Temperatures in the region have already
increased by~1.1�C since 1910 (Hope et al. 2015) and rainfall has
declined by around 20% since the mid-1970s (Bates et al. 2012).
By 2070 mean temperatures are expected to further increase by
1–6�Cwith a 5–60% decrease in mean annual rainfall, relative to
1960–1990 averages (IOCI 2011). These warmer, drier
conditions are likely to impact on the health and functioning of
many species and ecosystems in the SWAFR (Anderson 2016;
CSIRO 2016), and potentially on the grass N. alopecuroidea.

The objective of our study was to examine the sensitivity of
seedsofN.alopecuroidea to temperatureandmoistureavailability
under laboratory conditions, and across multiple populations
sourced from a latitudinal gradient in the SWAFR. We used
seeds that had been stored cool and dry, and examined
germination rather than dormancy. We hypothesised that
(i) seeds have low temperature and high moisture requirements
to coincide germination with the cool wet season; and (ii) that
germination responses vary among seed populations and reflect
the local climate conditions experienced at the different seed
source locations. We expected that seed responses would
follow a geographic cline with seeds from the warmer northern
population beingmore successful than seeds from cooler climates
when exposed to high temperatures. Similarly, seeds from the

inland population, where average annual rainfall is low, were
expected to perform better than seeds from wetter climates when
exposed to lowmoisture potentials. Performancewasmeasured in
terms of speed and success of germination.

Methodology

Seed sources and preparation
Mature seeds of Neurachne alopecuroidea R.Br. were sourced
from a latitudinal gradient in the SWAFR spanning ~600 km
(Fig. 1;Table 1).Collectionsweremadeover several years by the
Western Australian Department of Biodiversity, Conservation
and Attractions’ Threatened Flora Seed Centre (TFSC) and
stored dry at 15�C and 15% RH post-harvest, with the
exception of the Perth and Inland collections, which had been
dried and frozen at –20�C until a few weeks before the first
experiment commenced. Seeds were removed from the fruiting
spikelets before use asmany grasses as considered to be dormant
at seed shed as a result of the constrictions of the palea and lemma
(Simpson 1990; Baskin andBaskin 2014; Bellairs et al. 2015). In
this way we tried to separate out the processes of dormancy and
germination, focusing solely on the latter.Whole seeds that were
plump with no discolouration were assumed to be viable and
were used in the germination experiments.

Experiment 1: effect of temperature on seed germination
We examined germination responses simultaneously over a
gradient of constant and alternating temperatures between 5
and 40�C using a bi-directional temperature gradient plate
(Model GRD1, Grant Instruments, Cambridge, UK). Seeds
from four of the five populations (North, Perth, Inland and
South-east) were plated onto 5 mL of 7.5 gm L–1 water agar in
35mm diameter Petri dishes, with each dish containing 10 seeds.
Each populationwas represented by 49 dishes and each cell of the
gradient plate experienced a unique diurnal temperature
combination. All cells were exposed to light for 12 h each day.

Germination, which was defined as radicle emergence to at
least 3mm,was scored daily for three weeks. All germinants and
soft/mouldy seeds were removed each day. After 3 weeks, the
remaining ungerminated seeds were transferred from the
gradient plate to a constant 25�C incubator with a 12 h day/12 h
night photoperiod and germination was scored for a further
3 weeks. This temperature was chosen as seeds demonstrated
most rapid and complete germination under these conditions
and we wished to determine whether seeds could ‘recover’ and
continue to germinate after three weeks incubation under sub- and
supra-optimal temperatures.

Experiment 2: effect ofwater availability on seed germination
Using all five populations (North, Perth, Inland, South-east and
South-west), we examined the response of seeds to a range of
moisture potentials (–0.25, –0.5, –0.75, –1.0, –1.25 or –1.5 MPa
plus a control of 0 MPa) at three different constant temperatures
(20, 25 and 30�C). Seeds access to moisture was constrained
using aqueous solutions of polyethylene glycol (PEG 8000).
PEG is a non-ionic water polymer that is widely used to create
solutions of specific water potential values and therefore induce
water stress (Michel andKaufmann1973;Ourry et al. 1992). The
water potential of aqueous solutions of PEG is curvilinearly
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Fig. 1. Location of Neurachne alopecuroidea seed source populations used in experiments.

Table 1. Seed source sites and climate conditions for populations of Neurachne alopecuroidea derived from
BIOCLIM (current conditions 1970–2000)

Abbreviations: MAP, mean annual precipitation (in millimetres); MAT, mean annual temperature (8C); Tmax, mean
annual daily maximum temperature; Tmin, mean annual daily minimum temperature; AI, calculated aridity index.
Note: AI was calculated using the precipitation/potential evaporation ratio method outlined in Barrow (1992) with data

from DPIRD (2017)

Location Collection year Latitude Longitude MAP MAT Tmax Tmin AI

North 2007 �30.14 115.47 569 18.6 25.1 12 0.21
Perth 2005 �32.03 115.97 820 18.4 24.1 12.8 0.39
Inland 2013 �32.89 117.47 383 15.8 22.3 9.4 0.23
South-east 2007 �33.64 119.84 419 16 22.1 9.9 0.25
South-westA 2013 �35.01 118.19 720 14.6 19.5 12.4 0.54

ASouth-west collection used only in Experiment 2 due to insufficient seed.
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related to concentration and, at a given concentration, increases
linearly with temperature (Michel and Kaufmann 1973).
Solutions were made up to the appropriate strength with
distilled (DI) water, according to an empirical equation that
accounted for temperature differences (Michel and Kaufmann
1973;HardegreeandWilliam1990).Thehigher theconcentration
of solutes, themore negative the osmotic potential and the greater
the moisture stress. The water potential of each solution was
verified using a DecagonWP4 Dewpoint Potential Meter
(Decagon Devices, Pullman, WA, USA). Five replicates of
10 seed from each of the five populations were plated onto
60 mm Petri dishes on Whatman (Maidstone, UK) filter paper
over sponge. Each dishwas irrigatedwith 7mLof the appropriate
solution and sealed in plastic zip lock bags to prevent desiccation.
Following three weeks of daily germination scoring, seeds were
transferred to new plates and irrigated only with DI water for a
further threeweeks. The viability of any remaining ungerminated
seedwas determined by examining seeds for emerging radicles or
healthy internal embryos under a microscope.

Data analyses
The data obtained from daily germination scoring of each cell on
the temperature gradient plate and treatment in the incubators
was used to calculate final percent germination and time to 20 or
50 percent germination (T20 andT50 respectively). A generalised
linear model (GLM) with binomial error was used to determine
the significance of the effects ofmean temperature, magnitude of
diurnal temperature fluctuations and population and their
interaction on percentage germination on the temperature
gradient plate. The most important attributes of fluctuating
temperatures are the mean and magnitude (Roberts 1988).
Over-dispersion was accounted for in this model with use of
the quasibinomial function. A second model was used to
determine the effects of mean temperatures, the magnitude of
the diurnal temperature fluctuations and population on T50. The
effects of diurnal temperature variability on germination rate are
non-linear and best described by a polynomial curve.Aquadratic
model was therefore created to explain time to germination
with T50 as the dependent variable and the temperature
parameters and the square of the magnitude of the diurnal
temperature fluctuations and population used as the
explanatory variables.

A second GLM (binomial error) was used to relate percent
germination (dependent variable) to moisture availability,
temperature and population for Experiment 2. A linear model
without quadratic functions was used to analyse the influence of
moisture availability, temperature and population on T20

(dependent variable).
For both sets of data four GLMs, each with a different link

(logit, cauchit, probit or cloglog), were originally created. The
models with the lowest Akaike information criterions (cauchit
model for thefirst dataset andprobit for the second)were used for
any further analysis. Heteroscedasticity was detected in both
linear models and thus accounted for with the use of the vcovHC
function. All four models included two-way interaction effects
andwere used to generate analysis of variance (ANOVA) tables.
Pairwise t-tests with Holm adjustments were used to determine
which populations had significantly different percent

germination and T50 values (Experiment 1) or differences in
percent germination and T20 between populations and moisture
and temperature treatments (Experiment 2). Statistical analysis
was conducted in R (ver. 3.3.2; R Core Team 2016).

Predictions for current and 2070 climate conditions
Temperature and precipitation values for current (1970–2000
averages) and future (2061–2080) conditions at the seed source
sites were sourced from BIOCLIM (www.worldclim.com).
Future values used the high greenhouse gas emission scenario
for an increase in radiative forcing of 8.5 W m–2 by 2070,
compared with pre-industrial values (RCP8.5). Current and
future mean monthly minimum and maximum temperature
values were used in the germination temperature response
models to predict changes to germination percentage and
speed. The differences between current and future temperature
and rainfall values were determined to allow for calculation of
percentage change. Predictions of percent germination and T50

under current and 2070 mean monthly temperatures were
generated using the predict function in R. The predictions were
madewith temperature response GLM and Linear models similar
to those described above but without temperature change
magnitude as a variable. As there was no temperature response
data for the South-west population predictions were generated
from a simple GLM (binomial error, cauchit link) where average
temperature was the only predictor variable and percent
germination or T50 was the dependent variable. The range of
predicted germination values generated by themodels for the four
populations testedon the temperaturegradient platewasapplied to
the SW population as this population was not included in
Experiment 1.

Results

Experiment 1: effect of temperature on seed germination

Germination ranged from 0 to 100%with only 8% of Petri dishes
scoring less than 50% after 3 weeks. Time to initiate germination
depended on the temperature regime in the cell and commenced
at day 2 under optimal temperature conditions. It took 3–21 days
for seeds to reach 50% germination (T50) and this was dependent
on the temperature regime. The most rapid and complete
germination (i.e. 100%) occurred between a mean temperature
of 24 (Inland population) or 27�C (North population). The range
of diurnal temperatures and times to 50%germination overwhich
germination occurred are illustrated by contour plots (Fig. 2).

Themean of the diurnal temperature fluctuations, but not their
magnitude, had a highly significant effect on germination levels
(Table 2). Population alone was only marginally significant
(P = 0.079), but the interaction between population and mean
temperaturewashighlysignificant,withpercentagegerminationof
seeds of the South-east population significantly different to seeds
fromthePerthandInlandpopulations(P=0.025).Thegermination
proportion increased with rising mean temperatures and this
response did not begin to decline until temperatures exceeded
30�C. For North and South-east populations, percent germination
was 80%orgreater acrossmost temperature combinations, except
wheremean temperaturewas below15�C(Fig. 2).Germination of
seeds from the Perth and Inland populations declined at 25�C but
was 80% or higher in most cells of the temperature gradient
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Fig. 2. Contour plots, with points of equal percentage germination connected by germination isopleths for seeds of four populations of the native Australian
grass Neurachne alopecuroidea. The shading calibration on the right hand side of the top right figure is for percentage germination: dark filling isopleths
represent high germination, light filling low or no germination. Constant temperatures are presented on the diagonal from the bottom-left corner of the diagrams
(lowest temperature approximately � 5�C) to the top-right corner (maximum temperature approximately � 40�C). All points above and below the diagonal
represent alternating temperature regimes,with greatest amplitude at the top-left andbottom-right corners of each graph. Labelled contour lines represent time to
50% germination (T50) in days. (a) Inland, (b) Perth, (c) South-east, and (d) North.

Table 2. Analysis of variance results for Experiment 1 (temperature gradient plate data): GLM (logistic) for the
effect of temperature (mean and magnitude of diurnal fluctuations) and population on the number of seeds that
germinated, and general linear model (GLM) for the effect of temperature (mean and magnitude of diurnal

fluctuations) and population on time to 50% germination (T50)
Abbreviation: d.f., degrees of freedom. Statistical significance is highlighted: *P < 0.05; ***P < 0.001

Variable d.f. Deviance P-values

GLM for the effect of temperature and population on the number of germinated seeds
Mean temperature 1 231.762 <2.2e-16***
Population 3 21.055 0.07940
Temperature magnitude 1 1.203 0.53375
Mean temperature � population 3 100.167 4.67e-07***
Temperature magnitude � population 3 8.263 0.44724
Mean temperature � population � magnitude 3 24.511 0.04839 *

GLM for the effect of temperature and population on time to 50% germination
Mean temperature 1 173.0759 <2.2e-16***
Population 3 20.5763 2.144e-11***
Temperature magnitude 1 0.3340 0.56407
Mean temperature � population 3 3.0774 0.02912*
Temperature magnitude � population 3 0.8756 0.45500
Residuals 167

110 Australian Journal of Botany F. Gray et al.



plateexceptwhere themean temperaturewasbelow15�Corabove
30�C.

Bothmean temperature and population had highly significant
effects on T50 and there was a significant interaction between
these variables (Table 2). Only the Inland and South-east

populations differed from each other (P = 0.0042). Seeds of
the North, South-east and Perth populations took 6 or fewer days
to reach T50 when the mean temperature exceeded 20�C, except
where the magnitude of diurnal fluctuations exceeded 15�C. The
number of days to reach T50 was generally higher for the Inland
population but this population was similarly affected by low
temperatures and high magnitude temperature fluctuations.
When temperatures exceeded 30�C, the speed of germination
(as measured by T50) declined more rapidly for seeds of the
Inland population than for the other populations (Fig. 2). At
the conclusion of the experiment, 15% of seeds remained
ungerminated. Less than 6% of these seeds did not germinate
after an additional three weeks in a 25�C incubator, indicating
thatmost of seeds used in the experimentwere viable and capable
of recovering from sub- and supra-optimal temperature
conditions.

Experiment 2: effect ofwater availability on seed germination

Reductions in water potential caused a significant decline in
percent germination and the effect of moisture availability was

Table 3. Analysis of variance results for Experiment 2 for the effect of
temperature, moisture and population on the number of seeds that

germinated
Abbreviation: d.f., degrees of freedom.Statistical significance is highlighted:

***P < 0.001

d.f. Deviance P-values

Moisture 1 2088.77 <2.2e-16 ***
Temperature 2 97.84 <2.2e-16 ***
Population 4 725.88 <2.2e-16 ***
Moisture � temperature 2 44.69 1.975e-10 ***
Moisture � population 4 63.58 5.119e-13 ***
Temperature � population 8 64.32 6.581e-11 ***
Moisture � temperature � population 8 30.71 0.0001584 ***
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stronglydependent onpopulation (Table3): theNorth andSouth-
east populations were least impacted by lowmoisture potentials,
the Perth population was moderately affected and the Inland
and South-west populations were strongly affected (Fig. 3).
There was a significant interaction between temperature and
moisture availability with declining moisture having a greater
impact on germination at higher temperatures: germination was
significantly lower at 25 and 30�C than at 20�C.For theNorth and
South-east populations, the negative effect of decreasing water
potential only became slightly more detrimental with increasing
temperature,whereas this negative effectwas strong for the Perth
and South-west populations and very strong for the Inland
population.

Time to 20% germination (T20) occurred between 3 and
21 days and was dependent on moisture potential, with the
number of days to T20 increasing as water potential declined
(Fig. 3). More than 30% of Petri dishes however, did not attain
20% germination. Population had a significant effect on T20:
North and South-east seed populations generally had the lowest
T20 values and the Inland and South-west seed had the highest.
The effect of moisture availability also depended on population
(interaction effectP< 0.001). The T20 ofNorth, Perth and South-
east populations tended tobe less affectedby lowwater potentials
than the other populations (Fig. 3). Temperature was not a
significant factor affecting T20 and the effect of moisture
availability was not dependent on temperature. All seeds that
remained ungerminated after the completion of Experiment 2
were confirmed to be viable and most had an emerging radicle,
althoughnot large enough to be considered ‘germinated’ (i.e. less
than 3 mm).

Predictions for current and 2070 climate conditions

Meanmonthlyminimumandmaximumtemperaturesareexpected
to increase significantly across the SWAFR in the next 50 years.
The largest predicted changes are in mean annual temperature for
the Inland population and in mean annual precipitation for the
South-west population (Table 4). The models indicate that
increases in temperature by 2070 may lead to marked changes
in both percent germination and T50 (Fig. 4a, b), with the largest
changes predicted for May–September. During this late
autumn–winter-early spring period germination will increase
and T50 will decline compared with current conditions.

Discussion

This study examined the germination of seeds of the common
Australian grass, Neurachne alopecuroidea, under differing
environmental conditions as a means to anticipate the potential
adaptability of populations to changing temperature andmoisture
conditions. A major finding of this study was that
N. alopecuroidea seeds have significant resilience to high
temperatures and some resistance to reduced water availability,
higher than previously reported for other Australian C3 grasses
(Hagon 1976; Hagon and Chan 1977; Lodge andWhalley 1981).
Our assumption that seeds of N. alopecuroidea would be
negatively impacted by high temperatures based on this
classification as a C3 plant, due to its distribution in a winter
wet, summer dryMediterranean-climate zone and the assumption
of winter germination, was unfounded. Seeds showed an

exceptional capacity to recover from sub- and supra-optimal
temperature conditions, demonstrating that seeds are highly
resilient to adverse conditions. Although seeds were negatively
impacted by low water potential, we consider it likely that most
seeds will germinate outside the currently assumed winter
temperature conditions, provided sufficient moisture is
available in the soil.

There is a clear indication that warmer temperatures are
required for most rapid and complete germination of
N. alopecuroidea with the optimal timing for germination
occurring during the summer months (December–March). It

Table 4. Predicted changes in mean annual precipitation (MAP) and
mean annual temperature (MAT) for the five seed source sites and the
predictions for changes to time to 50% germination (T50) and final
germinationof seedsafter3weeks incubationby2070 (RCP8.5)basedon

experimental data
All changes represent a percentage increase (+) or decrease (–) relative to
current temperature conditions. Climatic data sourced from BIOCLIM

(www.worldclim.com)

Location MAP MAT % final germination T50

North –25.7 +15.3 +1.8 –26.9
Perth –30.3 +16.3 +6.2 –24.2
Inland –28.2 +19.1 +7.0 –20.3
South-east –25.0 +18.6 +2.6 –26.6
South-west –42.0 +12.7 +1.9–5.0A –16.9–18.9A

AEstimates basedonmodels for the other four populations as therewas no
temperature response data for the South-west population from
Experiment 1.
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could be assumed that this would only occur if sufficientmoisture
were available. Declining rainfall may therefore have a greater
impact on N. alopecuroidea germination at locations where
average temperatures are higher as final germination at warmer
sites was more dependent on water availability. This finding
corresponds well with results from previous studies that
investigated other native and agricultural grass species however
not our study species (Tadmor et al. 1969; Sharma 1976). North,
Perth and South-east seed populations exhibited higher
temperature and moisture tolerance that may be related to
adaptation to the warmer drier local climates of these source
populations. In contrast, the Inland population was not well
adapted to dry conditions despite the lower rainfall experienced
at its source site, and seeds originating from the highest rainfall
zone (i.e. the South-west population) also exhibited limited
adaptation to dry conditions possibly related to the high mean
annual and mean monthly precipitation experienced at the seed
source site.

Based on our modelling, the forecast changes to temperature
and rainfall may have significant positive impacts on germination
of some populations of N. alopecuroidea in the future. It is
likely that germination overall will be more rapid and reach
higher levels under rising temperatures. Cold temperatures
during May–September (when moisture availability is greatest)
and low precipitation during summer months will likely limit
germinationwith germinationmore likely tooccur duringautumn
and spring when water availability is adequate but temperatures
arewarmer, or indeed even occur following rains during summer.
Oneexplanation for thediscrepancybetweenour results and those
from other studies on Australian C3 grasses is the fact that we
removed the surrounding structures from the seeds before
incubation, thereby addressing some of the potential seed
dormancy issues. Dormancy can prevent grass seeds from
germinating under unsuitable conditions but can be alleviated
artificially in several ways (for example, by removing the lemma
and palea). In many studies seed dormancy was not addressed
before experimentation and dormancy was overcome (or not)
through the various temperature and moisture treatments
provided to the seeds (e.g. Groves et al. 1982). Subsequent
studies may need to conduct similar experiments on fresh
seeds with their covering structures intact for comparative
purposes and to isolate dormancy breaking treatments as
compared with germination requirements for temperature and
moisture.

We have demonstrated that populations of N. alopecuroidea
varied in their responses to the applied treatments, but that the
responses were not necessarily clinal. Species that occur across
latitudinal, altitudinal or climatic gradients have a tendency to
exhibit intra-specificvariation in seed traits, thoughnot always as
a result of local adaptation to the prevailing conditions (Cochrane
et al. 2015). There are some obvious differences between
populations but most populations appear to have germination
favoured by forecast conditions for 2070, given sufficient water
availability. However, as mean annual rainfall is predicted to
decline we may expect to see marked reductions in soil moisture
availability which may well have negative impacts on
germination. Our modelling suggests that the North, Perth and
South-east populations will have greatest tolerance to climate
conditions forecast for 2070 while the South-west population

will be least resilient. This latter population has the greatest
forecast rainfall decline and its seeds exhibit the least tolerance to
reductions in water availability. However, we recognise the
discrepancy between environmental data obtained from
models such as BioClim and soil temperature and soil water
potential sensed by the seed in the soil. We also acknowledge
the inherent difficulties in inferring climate-germination
relationships along an environmental gradient when only one
population per point on the gradient is used. Nevertheless,
it seems unlikely that seeds of N. alopecuroidea will be
significantly affected by increasing temperatures during
germination per se. In itself, ability to thrive under high
temperatures is promising, but seeds were less resilient to
declining water availability, and reductions in total rainfall are
expected across the region. How our laboratory moisture stress
treatments and themodelled changes in rainfall relate tofield soil
moisture availability is uncertain, and how likely seedswould be
subjected to such conditions remains unknown. Changes to
temperature and rainfall conditions may lead to a seasonal
shift in germination timing. This can have far-reaching
consequences for seedling establishment, and hence for
population size and structure and community composition in
species that rely on seed germination for population persistence
and colonisation. However, when dormancy is removed (as in
this studywhenwe removed the lemmaandpalea), it is difficult to
predict germination timing or the seasonal changes in dormancy
and germination and their interaction with the environment that
occurs in the field. This is particularly pertinent under climate
change scenarios as dormancy is a main driver of germination
timing innature.Wealsodidnot focuson fresh seeds’ response to
environmental variables and the subsequent ecological
interpretations gained for natural populations.

Nevertheless, understanding how widely distributed plant
species, including those that may be crucial to ecosystem
functioning, will respond to changing environmental conditions
across theirpopulationscanprovide information todirect the focus
of conservation and restorationobjectives.Althoughwegainedno
insight into the germination or dormancy mechanisms at play in
fresh seeds, we learnt that seeds are capable of germinating well
after being stored for up to12years under cool dry conditions.This
confirms that ex-situ seed banking is an important and effective
means to conserve genetic diversity for future use, and thus
contributes to planning for restoration projects. However, our
understanding of the impacts of higher temperatures on seedling
growth and survival is still poorly understood and requires further
investigation, including obtaining data on changes in surface soil
moisture availability as rainfall declines.

We have demonstrated that seed sensitivity to temperature
and moisture availability in N. alopecuroidea varies among
populations, and that some of this variation appears linked to
differences in environmental conditions experienced at the seed
source locations, but not all. Adaptation to warm, dry conditions
should increase the survival of those populations but where there
is preference for cooler, moist conditions vulnerability may be
increased. The considerable variation in germination response
across the species Western Australian distribution suggests that
some sites may be better seed sources for future restoration than
others. Restoration initiatives should take into account the
resilience of certain seed populations to altered climatic
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conditions. In the past, local seed has been widely advocated for
such projects (O’Brien et al. 2007), but the use of ecotypes that
are better adapted to predicted climates may increase the
resilience of restoration plantings (Bischoff et al. 2006;
Broadhurst et al. 2008). This climate-adjusted seed sourcing
is likely to increase the chance of species survival (Prober et al.
2015). Mixing populations may increase the genetic diversity of
plantings, which can improve adaptability and decrease the risk
of inbreeding depression (Broadhurst et al. 2008). Such an
approach could aid in conserving plant diversity across a
range of other common species.
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