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Abstract. Climate can influence plant demographic processes and life stages in different ways, but such

details are often ignored in analyses that focus on adult life stages and annual climate averages. In particular, the effects of climate on seeds may be hugely important under climate change. Climate is known
to influence seed survival and germination, which in turn can strongly affect population persistence and
community dynamics. We investigated climate and other environmental effects on seed viability and germination probabilities of six winter annual plant species persisting in small, isolated habitat fragments in
the Mediterranean-climate region of southwestern Australia. Seeds were collected from southern (cool)
and northern (warm) bushland remnants and factorially placed into each location to assess the effects of
natural dormancy alleviation via after-ripening. Seeds were then exposed to cool and warm germination
treatments (representing average germination conditions in the two remnants). For five of the six species,
seeds from warm maternal populations had higher germination probabilities (or germinated more seeds
sooner). Regardless of maternal population, germination probabilities were higher (or germination was
more rapid) for seeds that were after-ripened in the warm remnant for almost all species. For all species, germination was higher (or more rapid) under the warmer germination temperatures. We also found
strong microsite effects on seed viability for some species. In the absence of adaptation in dormancy regulation and germination physiology, our results indicate that most of the winter annual species studied
will germinate higher fractions of seeds under future climate conditions due to the cumulative effects of
warmer maternal, after-ripening, and germination environments. The fate of isolated populations under
climate change may therefore depend strongly on postgermination survival and reproduction to prevent
seed bank depletion.
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Introduction

threat due to a combination of global change
drivers. First, climates in some MCEs have
been steadily drying and warming over recent
decades, a trend that is predicted to continue
(Klausmeyer and Shaw 2009, Hope et al. 2015).
In addition, most MCEs have experienced massive habitat loss and fragmentation (Hoekstra

Outside of the tropics, Mediterranean-climate
ecosystems (MCEs) support the highest levels
of vascular plant diversity and endemism in the
world (Cowling et al. 1996, Kreft and Jetz 2007).
Unfortunately, biodiversity in MCEs is under
v www.esajournals.org
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et al. 2005), mainly associated with urban and
agricultural development (Underwood et al.
2009). In these highly fragmented landscapes,
the capacity of species to disperse and track preferred climates has been reduced (or eliminated),
placing greater importance on local adaptation
as a means to prevent local or total extinction
(Sala et al. 2000, Jump and Penuelas 2005, Loarie
et al. 2009). However, predicting species’ abilities
to tolerate or adapt to changing climates is difficult because climate influences different demographic processes and life stages in diverse ways
(Keith et al. 2008, Donohue et al. 2010, Walck
et al. 2011, Cochrane et al. 2015b).
Winter annual plant species contribute substantially to plant diversity in many MCEs
(Cowling et al. 1996, Yates and Hobbs 1997)
and offer excellent opportunities to examine the
influence of climate on different life stages given
their relatively simple life histories and short
generation times. Two major climatic constraints
must be overcome by winter annual species.
First, even though precipitation falls mainly in
winter in Mediterranean regions, the amount
and timing of precipitation can vary considerably from year to year, particularly in more xeric
regions (Cowling et al. 2005). Second, winter
annual species release seeds at the onset of hot,
dry summers when the probability of seedling
survival is low. One strategy employed by many
winter annuals to overcome these climate constraints is physiological seed dormancy (PD;
Baskin and Baskin 2014). PD effectively prevents summer germination, and is theorized to
spread germination risk through time so that at
least some seeds germinate when conditions are
favorable (Cohen 1966) and the chances of seedling survival are high (Baskin and Baskin 2014).
However, dormancy comes at a cost because
seeds in soil seed banks are exposed to mortality risk from seed predators (e.g., Mittelbach
and Gross 1984) and a wide range of pathogens
(Burdon 1987).
Climate and other abiotic factors drive variation in the depth of physiological dormancy,
not only among populations, but also among
individuals within populations, and even
among flowers on maternal plants (Wang et al.
2010). For example, the dormancy of freshly
dispersed seeds (primary dormancy) is usually
lower if mother plants are exposed to warmer
v www.esajournals.org

conditions during seed set (Gutterman 2000).
Once dispersed, prolonged exposure to hot, dry
conditions can also lower primary dormancy
via the process of after-ripening (AR, Baskin
and Baskin 1976). Regional climate variation is
therefore likely to influence the efficacy of AR,
but microsite variation in temperature can also
have substantial effects (Rice 1985). However,
even after effective AR over the summer period,
the germination of nondormant seeds may only
be cued within specific temperature ranges
(Donohue et al. 2010). In winter annuals, germination is thought to be cued mainly by cool
temperatures coinciding with rainfall (Went
1949, Baskin and Baskin 2014), but such “cold
cuing” is not always evident (Mayfield et al.
2014).
Climate-driven plasticity in dormancy (and
germination) can be viewed as a form of temporal habitat selection by annual plant species (Donohue 2003) because the timing of
germination largely determines the conditions
experienced during later life stages. However,
such habitat selection may become maladaptive for populations under climate change if
the conditions that alleviate dormancy and cue
germination are decoupled from favorable postgermination conditions (Ooi et al. 2009, Walck
et al. 2011).
The Mediterranean climate of the Southwest
Australian Floristic Region (SWAFR) has been
steadily warming and drying since the 1970s
(Fig. 1c, d). In addition, widespread and intensive agricultural development has reduced the
amount of natural vegetation in the region by
more than 95%, with only isolated fragments
of most ecosystem types remaining (Yates et al.
2000). One such ecosystem, York gum–jam woodlands (YGJW), includes a diverse herbaceous
ground layer of winter annuals that germinate
in late autumn–early winter (May–June) and set
seed in spring (October–November). We selected
remnants of YGJW at either end of a regional
temperature gradient to experimentally test the
influence of maternal seed origins, AR environments, and germination temperatures on germination probabilities. In each remnant, we also
examined shaded and sun-exposed microsites
for AR. Focusing on six winter annual species
from YGJW, we assess support for the following
hypotheses:
2
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Fig. 1. (a) Map of a defined area of southwestern Western Australia showing the locations of the two nature
reserves used in this study. Gray shading indicates the mean annual minimum temperature (°C) across the
region (Hijmans et al. 2005); (b) photograph of a woodland in bloom; trends in (c) wet season rainfall anomaly
(mm) and (d) wet season mean minimum temperature anomaly (°C) for southwestern Australia (1950–2014).
Values are expressed as departures from 1961 to 1990 means. Adapted from BOM (2014).
H1. Seeds originating from warm maternal populations are
less dormant and have higher germination probabilities than
seeds originating from cool maternal populations.

Justification for H2: Warmer summer conditions result in more effective AR (Commander
et al. 2009).

Justification for H1: Warmer temperatures
during seed set commonly reduce primary
dormancy in winter annual species (Gutterman
2000).

H3. Regardless of maternal population and AR environment, cooler germination temperatures result in higher germination probabilities.

Justification for H3: Cold temperatures coinciding with sufficient rainfall cue germination in
many winter annuals from other Mediterranean-
climate systems (Baskin and Baskin 2014).

H2. Regardless of maternal population, seeds after-ripened
in the warm region have higher germination probabilities
than those after-ripened in the cool region.

v www.esajournals.org
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Bendering Nature Reserve in the south (−32.38,
118.38) and West Perenjori Nature Reserve in the
The study was conducted in a subregion of the north (−29.48, 116.20; Fig. 1a). The two reserves
SWAFR known as the wheatbelt. The wheatbelt have similar soils, woody vegetation structure
occupies around 14 M ha of the Yilgarn Craton, and composition, land-use histories, and mean
an accumulation of Archaean crusts that accreted growing season precipitation, but average maxiaround 2.5 billion years ago (Myers 1995). This mum temperatures in Perenjori are 3.5°C warmer
ancient, flat landscape is characterized by granite in winter and 5°C warmer in summer (Table 1).
and gneiss bedrocks that have been weathered These temperature differences contribute to
and eroded to create a complex mosaic of low- higher potential evapotranspiration and hence
nutrient soil types (from yellow sands to heavy greater aridity in the north. The latitudinal temloams), each supporting distinct vegetation types perature gradient also creates regional phenolog(Beard 1983). Temperatures in the wheatbelt ical differences such that communities germinate,
increase from south to north (Fig. 1a) and precip- flower, and set seed around a month earlier in
itation declines with distance from the coast, par- the north. As such, seeds were collected from the
ticularly abruptly in the north. Since the 1970s, northern remnant on 11 October 2013 and from
temperatures throughout the wheatbelt (and the the southern remnant on 19 November 2013.
broader SWAFR) have increased across all sea- Weather during the collection year was much
sons, whereas precipitation has mainly declined wetter than average at Bendering and just below
in autumn and early winter (May, June, and average at West Perenjori (Table 1). Bulk seed
July), and climate models predict continued was transported to a laboratory at The University
declines throughout the region (Hope et al. 2015). of Queensland, Brisbane, and temporarily kept
Our study system, YGJW, is characterized by in dry storage at 25°C and 50% relative humidity.
a sparse canopy of York gum (Eucalyptus loxo- Seeds were cleaned of chaff and foreign debris,
phleba Benth.) and jam (Acacia acuminata Benth.) placed into multiple batches of approximately
and occurs mainly on shallow, red loams. From 100 seeds, and transferred to nylon mesh bags for
the winter annual understorey communities, we deployment to the field. Remaining seeds from
selected five native and one nonnative species that each population was sent to the science laboratopersist within intact YGJW fragments through- ries at Kings Park Botanic Garden, in Perth, to
out the wheatbelt: Goodenia berardiana (Gaudich.) assess background viability via X-ray examinaCarolin (Goodeniaceae), Pentameris airoides Nees tion of seed fill (Faxitron MX-20 digital X-ray
(Poaceae, ubiquitous nonnative), Podolepis lessonii cabinet, Tucson, Arizona, USA). This was not
(Cass.) Benth. (Asteraceae), Trachymene cyanopetala possible for the northern population of G. berard(F. Muell.) Benth. (Araliaceae), T. ornata (Endl.) iana and the southern population of P. airoides, as
Druce (Araliaceae), and Waitzia acuminata Steetz insufficient numbers of seeds were leftover for
(Asteraceae; Appendix S1: Fig. S1). These spe- this purpose.
It is important to note that our maternal popcies differ considerably in seed mass and other
functional characteristics (Appendix S1: Table ulations do not equate to “maternal environS1). Furthermore, at the genus level, seeds of ments” per se. While the northern maternal
Trachymene species are known to exhibit morph- populations experienced warmer temperatures
ophysiological dormancy (MPD; PD combined during the vegetative and reproductive phases
with underdeveloped embryos, the “MD” compo- (Table 1), they almost certainly differ genetically
nent; Erickson et al. 2016), while seeds of all other from the southern populations, so any differgenera have been shown to exhibit PD (Hoyle ences between the maternal populations include
et al. 2008b, Baskin and Baskin 2014), or assumed genetic and environmental contributions.
to exhibit PD, in the case of P. airoides seeds for
which no published dormancy data are available. AR environments
Seeds from each maternal population were
Maternal populations
deployed factorially to Bendering Nature Reserve
Seeds were collected from populations of each and West Perenjori Nature Reserve for AR (i.e.,
study species in two woodland fragments: each maternal population was represented in

Methods
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Temperature data loggers (HOBO UA-
001-08; Onset Computer Corporation, Bourne,
Massachusetts, USA) were placed in nylon mesh
bags (identical to the seed bags) and installed
with the seeds in each AR microenvironment. At
the time of deployment, seed bags were pegged
to the ground end to end. The installed bags
were then covered lightly with litter and topsoil
(to replicate conditions experienced by recently
released seeds), and their location was recorded
with a hand-held GPS. Seeds were deployed in
Bendering Nature Reserve on 6 December 2013
and in West Perenjori Nature Reserve the following day. Seeds were retrieved from both locations
over a two-day period from 8 to 9 April 2014 and
delivered to the science laboratory at Kings Park
Botanic Garden, in Perth, on 9 April 2014. Seeds
were cleaned of soil and debris, transferred to
seed envelopes, and temporarily stored in a controlled environment facility maintained at constant 15°C and 15% relative humidity. Weather
during the AR period was slightly drier and
warmer than average at both locations (Table 1).
A small number of bags were lost or partly torn
during the AR period, due presumably to interference by native birds. However, sufficient seed
from each treatment combination was retrieved
to enable viability and germination testing.

Table 1. Summary of long-term annual climate data
(from 1960) as well as precipitation and mean temperatures experienced during the maternal growing
season and after-ripening period at Bendering and
West Perenjori (Jeffrey et al. 2001).

Variable
Long-term annual climate
Mean AP (mm)
Variance of AP
CV of AP
Mean Tmin (°C)
Mean Tmax (°C)
Mean APET (mm)
Maternal growing season
(July–October 2013)
Precip. (mm)
Mean Tmax (°C)
Mean Tmin (°C)
After-ripening period
(December 2013–March 2014)
Precip. (mm)
Mean Tmax (°C)
Mean Tmin (°C)
Average temperatures
during germination period
Mean June Tmax (°C)
Mean June Tmin (°C)
Mean July Tmax (°C)
Mean July Tmin (°C)
Other abiotic variables
Mean woody canopy
cover (%)
Mean soil pH
Mean available P (Colwell
method, mg/g)

Bendering
(south)

West
Perenjori
(north)

326
5421
0.23
9.6
24.0
1421.2

305
7826
0.29
12.4
26.8
1662.1

238 (136.2)
19.5 (19.1)
6.6 (6.1)

120 (123.1)
22.6 (21.5)
8.1 (8.0)

25.2 (66.2)
32.8 (31.2)
15.9 (14.9)

23.3 (56.7)
36.4 (34.8)
19.4 (18.2)

16.8
5.9
15.7
4.8

19.3
7.9
17.8
6.6

48.24

46.33

5.78
5.93

5.87
3.79

Germination treatments

Germination probabilities were examined in
growth cabinets set to two temperature treatments: 20/10°C to represent average germination
Notes: Values in parentheses are long-term averages for the
temperatures in the northern maternal location
same periods. Also included are mean values of woody
(West Perenjori Nature Reserve) and 15/5°C to
canopy cover, soil pH, and plant-available phosphorus (P) for
each location (Dwyer et al. 2014). Abbreviations are as
represent average germination conditions in the
follows: AP, annual precipitation; Tmin, minimum daily temsouth (Bendering Nature Reserve; Table 1). For
perature; Tmax, maximum daily temperature; APET, annual
potential evapotranspiration.
both treatments, a 12-h/12-h photoperiod was
used. Light was delivered via cool white fluoreseach AR region). To assess finer scale microsite cent tubes (30 W) with a photon flux density of
effects, seeds were deployed to both shaded and 30 μmol·m−2·s−1, 400–700 nm. Approximately
sun-exposed microsites within each nature res half of the seeds from each deployed seed bag
erve. We established two shaded and two sun- were assigned to each germination treatment
exposed “sites” in each location (eight sites in to ensure equal representation of the eight AR
total) to spread risk during the AR period. sites. Within each germination temperature
Shaded sites were all under canopies of A. acum- treatment, half of the seeds per bag were alloinata trees, and tended to have more leaf litter cated to 90-mm plastic Petri dishes on a 0.7% w/v
than sun-exposed sites that were locally devoid water agar. Germination was recorded weekly
of trees. One seed bag (approximately 100 seeds for 4 weeks. For seeds that failed to germinate,
each) from each maternal population was dep viability was assessed by dissecting the seeds
loyed in each of these sites.
under a microscope and examining the condition
v www.esajournals.org
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of the endosperm and embryo. A seed was
deemed viable if the endosperm and embryo
were firm, white, and moist. Nonviable seeds
were clearly discolored and decayed.
Germination temperature treatments were not
replicated across multiple growth cabinets. To
minimize potential “cabinet effects,” the growth
cabinets were continually tested and calibrated
with data loggers (wireless HOBO Temperature
Data Node linked to a live online alarm system;
Onset Computer Corporation). No deviations
from the experimental temperature regimes were
detected during the germination trial.

We modeled germination probabilities separately for day 7 and day 28. This was necessary
because some species had failed to commence
germination by day 7, whereas others had germinated all, or almost all, of their seeds by day 28.
Only viable seeds (determined from germination
and cut tests at the end of the germination experiment) were considered in models of germination
probabilities. Similar to the viability models, the
responses were binary (1 = germinated, 0 = nongerminated, but still viable). Maternal region,
AR region, microsite, and germination temperature (cool versus warm) were included as fixed
effects, along with their two-way interactions.
Statistical analyses
AR region, AR site, bag ID, and Petri dish ID
X-ray examination of seed fill indicated back- were included as nested random effects to reflect
ground viability proportions of at least 0.92 for the division of seeds (from each maternal popuall maternal populations, except for T. ornata col- lation) into the different spatial levels used in the
lected from Bendering Nature Reserve. This pop- experiment.
ulation had a much lower background viability
In all models of viability and germination probproportion of 0.45. It was therefore necessary to ability, the same simplification approach was
account for background viability when assessing used. Each “full” model (including all treatments
changes in viability due to AR environments. To and their two-way interactions) was simplified
do this, we used the background viability pro- by first removing nonsignificant interactions
portions of each maternal population to revise (α = 0.05) and then assessing the significance of
down the number of initially viable seeds in each main terms (not included in retained interacdeployed seed bag. The number of viable seeds tions) using Wald z-statistics (Bolker et al. 2009).
at the end of the experiment was calculated as All statistical analyses were conducted in R (R
the sum of those that germinated in the germina- Development Core Team 2015). Specifically, the
tion trial plus the number of seeds that failed to glmer function in the lme4 package (Bates et al.
germinate, but were deemed viable using cut- 2014) was used to fit generalized linear mixed-
test methods.
effects models.
Maternal, AR, and microsite effects on viability probability were assessed for each species Results
separately using generalized linear mixed-effects
models (binomial errors and logit link function).
The deployed data loggers recorded temperaThe response variable was binary, with each via- tures >75°C at the soil surface in sun-exposed
ble seed coded as 1 and nonviable seeds coded as microsites in the northern reserve (Appendix S1:
0. Maternal region (cool versus warm), AR region Fig. S2). Even in shaded microsites in the cooler
(cool versus warm), and microsite (shade versus southern nature reserve, temperatures exceeded
sun) were included as fixed effects, along with >60°C on occasions. These values are substantheir two-way interactions. AR region, AR site, tially higher than average ambient maximum
and seed bag ID were included as nested random temperatures for the same period (Table 1). In
effects to reflect the structure of the experimental addition, gridded climate data (Jeffrey et al. 2001)
design. Seed bag was included as a random effect indicate that each location experienced five rainbecause it was necessary to group seed-level fall events over 1 mm, and one event each of
observations within their corresponding bags.
around 10 mm (Appendix S1: Fig. S2).
Generalized linear mixed-effects models (binomial errors and logit link function) were also Viability
After accounting for background viability proused to assess germination responses to the various temperature and environmental treatments. portions, maternal population had a significant
v www.esajournals.org
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effect on the viability of all five species for which
seed was collected from both maternal populations (i.e., all except for W. acuminata; Fig. 2;
Appendix S1: Table S2). Viability of northern
maternal populations was generally higher,
except for P. airoides and P. lessonii, which had
marginally higher viability in southern maternal
populations. AR environment and microsite had
no significant effects on the viability of G. berardiana and P. airoides. For the remaining species, the
effects of microsite on viability tended to depend
on the AR environment and/or maternal population. For example, regardless of the maternal
population, P. lessonii had substantially lower
viability in sun-exposed sites in the south, but
such microenvironment effects were far less evident in the northern AR sites.

species. For the native species, seeds from warm
maternal populations germinated higher fractions (or more seeds sooner), consistent with H1,
but the opposite was found for the nonnative
feather grass P. airoides. Regardless of maternal
population, germination fractions were higher
(or germination was more rapid) for seeds that
were after-ripened in the north (in line with H2)
for all species except for P. lessonii, for which the
AR effect was more variable. The most consistent
and substantial effect on germination fractions
was germination temperature. Counter to H3,
germination was higher (or more rapid) under
the warmer germination temperatures for all six
species. Environmental effects on seed viability
varied by species. Loss of viability for the
Trachymene species was greatest in shaded microsites, but only in the south. In contrast, both
Asteraceae species experienced significant and
substantial viability losses in sun-exposed microsites in the south.

Germination

All, or nearly all, seed of G. berardiana, P. lessonii, and W. acuminata germinated by day 28.
However, there was evidence that warmer germination temperatures accelerated germination
for these species, based on results for day 7 germination. Maternal and AR also contributed to
differences in day 7 germination probabilities,
but these effects were somewhat idiosyncratic
(Fig. 3).
Very few seeds of the two Trachymene species
had germinated by day 7, and these germination probabilities remained much lower than
the other species even after 28 days (Appendix
S1: Table S3). Northern maternal populations of
both Trachymene species had higher germination
probabilities, and warmer germination temperatures further increased germination, particularly
for T. cyanopetala. Germination was also higher
in northern AR environments for T. cyanopetala
(Fig. 3; Appendix S1: Table S3).
Germination probabilities were higher in
southern maternal populations of the exotic grass
P. airoides. However, warmer northern AR conditions increased germination regardless of maternal population. Sun-exposed microsites and
warmer germination temperatures also increased
germination probabilities for this species.

Maternal and after-ripening environments

Recent experimental work on two Australian
PD species, Actinobole uliginosum (Asteraceae,
common in YGJW) and Goodenia fascicularis
(Goodeniaceae), revealed that warmer maternal
environments accelerate the reproductive period
and reduce the levels of primary dormancy in
freshly dispersed seeds (Hoyle et al. 2008a, c).
These results were relatively insensitive to water
reduction treatments for both species, indicating
that temperature, rather than moisture stress, is
the most influential component of the maternal
environment on primary dormancy (Hoyle et al.
2008a, c). Our results for the five native species
were consistent with this maternal tempera
ture effect, although we were unable to account
for genetic differences between the maternal
populations of each species. It remains unclear
whether the observed temperature effects are
adaptive or simply reflect seed developmental
constraints. To be adaptive, the cue eliciting the
maternal effect (temperature during seed production in this case) must increase the relative
fitness of the parental genotype in the offspring
environment (Donohue and Schmitt 1998). Given
that warmer maternal temperatures have been
found to reduce primary dormancy in many species from different families and environments
(Gutterman 2000), it seems unlikely that such a

Discussion
Our experiment revealed support for some of
our hypotheses, but not consistently across all
v www.esajournals.org
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Fig. 2. Average probabilities of being viable (adjusted for background viability) in each treatment
combination. Points are mean probabilities and bars are associated standard errors (both back-transformed from
the logit to probability scale). Grey and black points and bars indicate values for the southern (cool) and northern
(warm) maternal populations, respectively. The total numbers of seeds included in each treatment combination
in the viability models are included along the top of each plot.
v www.esajournals.org

8

October 2016 v Volume 7(10) v Article e01497



Dwyer and Erickson

Fig. 3. Average germination probabilities in each treatment combination. Points are mean probabilities and
bars are associated standard errors (both back-transformed from the logit to probability scale). Lines join points
from the same maternal, after-ripening, and microenvironments to highlight the effects of germination
temperatures on germination probabilities. Grey and black points and bars indicate values for the (cool) southern
and (warm) northern maternal populations, respectively. The total numbers of viable seeds included in each
treatment combination in the germination models are included along the top of each plot. Note that plots for
Goodenia berardiana, Podolepis lessonii, and Waitzia acuminata show germination at day 7 (germination was too
high to model at day 28), while plots for the remaining species show day 28.

v www.esajournals.org
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common response would be adaptive in all cases.
More likely, accelerated reproduction curtails
the production of germination-inhibiting absci
sic acid in developing seeds and consequently
reduces primary dormancy (Finch-Savage and
Leubner-Metzger 2006).
Previous studies on AR requirements in
Australian winter annual and winter-growing
species, including species from YGJW, are in
general agreement with our findings, that is,
that AR is required to alleviate dormancy, and
that warmer AR environments are more effective at reducing primary dormancy than cooler
temperatures (Mott 1972, Schutz et al. 2002,
Commander et al. 2009). Combined, the observed
maternal and AR effects are likely to be maladaptive in the face of ongoing warming and drying.

temperatures appears to be common among winter annuals in our study system, recent research
on four perennial Banksia species from SWAFR
found that warmer soil temperatures delay germination and/or reduce seedling emergence
(Cochrane et al. 2015a). These findings highlight
the difficulty in generalizing responses to climate
across species, particularly species with different
life histories.
In this study, we examined germination under
well-lit experimental conditions, but variation
in light is known to strongly affect germination
fractions of some annual species. Small-seeded
species generally require more light to germinate, presumably because they have insufficient maternal resources to emerge when buried
too deeply (Grime et al. 1981, Bell 1999). Work
to date on Australian winter annuals supports
this. For example, almost 80% of winter annuals
examined by Scott and Morgan (2012) germinated significantly higher fractions under lit conditions (including six species common in YGJW),
although species differed considerably in the
magnitude of their light responses. For larger
seeded exotic species (also common in YGJW),
light had no effect (Erodium botrys (Cav.) Bertol.)
or actually inhibited germination (Arctotheca
calendula (L.) Levyns; Scott and Morgan 2012).
Interspecific differences in light requirements for
germination may therefore strongly influence the
diversity and composition of emerging seedlings
across local-scale gradients of shade and tree litter depth and may also influence local-scale invasion patterns. Shade and litter may also mediate
diurnal fluctuations in temperature which can
further influence germination of some species
(Rice 1985, Kos and Poschlod 2007).

Germination temperatures

It has been widely reported that cold temperatures, coinciding with complete imbibition after
sufficient rainfall, cue germination of winter
annuals (Went 1949, Baskin and Baskin 2014). We
therefore hypothesized that germination fractions would be highest in the cooler germination
treatment (15/5°C), regardless of maternal origin or AR environment. In some ways, this
hypothesis is extreme because it ignores the
likely importance of local adaptation in germination phenology. A more conservative hypothesis
might expect highest germination fractions under
temperatures that best approximate germination
conditions in each seed’s maternal environment,
because selection on region-specific germination
cues is likely to be strong (Davila and Wardle
2002, Donohue 2003). However, even this more
conservative hypothesis was poorly supported,
as germination fractions were consistently higher
under the warm germination treatment (20/10°C,
approximating germination conditions in the
north, Table 1). Available data for other winter
annual species from our study system also indicate increased germination under warmer germination temperatures, or high germination within
a broad range of temperatures (Mott 1972,
Plummer and Bell 1995). In fact, these and
other studies (e.g., Jurado and Westoby 1992)
indicate that temperatures in excess of 25°C are
required to inhibit germination of nondormant
seeds in many Australian winter annual species.
While enhanced germination under warmer
v www.esajournals.org

Expectations under an ongoing warming and
drying climate

Our results show positive, cumulative effects
of warmer maternal, AR, and germination temperatures on germination probabilities, at least
for the native species studied. We might therefore expect most species to germinate higher
fractions of seeds as autumn and winter temperatures continue to increase in the SWAFR. In
addition to altering germination conditions, the
delayed onset of winter rainfall will likely truncate growing seasons. Shorter, drier growing seasons may result in smaller, less fecund plants
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(Hoyle et al. 2008a, Sheridan and Bickford 2011),
although fecundity need not decline with plant
size under such stressful conditions (Hoyle et al.
2008c). Should germination fractions increase
and population-level fecundity decrease, seed
banks will eventually deplete resulting in local
extinctions (Ooi et al. 2009). The capacity of
YGJW winter annuals to adapt and persist in situ
remains to be seen.
Winter annual plant species in southwest
Western Australia presumably endured massive
climate fluctuations during the Pleistocene and
Holocene, from warm, wet conditions during
interglacials to cool, dry conditions during glacial
periods (Kershaw et al. 2003). Available evidence
suggests that plant species responded to these
past fluctuations by expanding and contracting
their distributions. For example, phylogeographic
studies of three common tree species from YGJW
(E. loxophleba, A. acuminata, and Santalum spicatum
(R.Br.) A.DC.) indicate numerous cycles of contraction and expansion since the mid-Pleistocene,
with evidence that range expansions originated
from multiple refugia (Byrne 2007). This suggests
that some level of persistence in contracted populations is possible during periods of aridity, at
least for long-lived perennial species. However,
populations would have contracted gradually to
suitable refugia and would have benefitted from
unrestricted seed dispersal and pollen exchange.
Also, selection for dry-adapted genotypes during
drying phases, including genotypes with preadapted dormancy and germination strategies,
would have presumably acted on large, genetically diverse populations.
Compared with the rates of population contraction during glacial periods in the recent
evolutionary past, the transformation of the
wheatbelt from extensive, continuous native
vegetation to isolated, small fragments has been
rapid. For example, 55% of the region’s natural
vegetation was cleared after World War II (Hobbs
et al. 1995). This direct removal of vegetation has
dramatically reduced population sizes and has
likely reduced the genetic capacity of populations to adapt in situ. While semiarid populations of each study species exist to the north and
east of the region (Appendix S1: Fig. S1), gene
flow via seed dispersal among now-isolated
populations is probably only possible for certain
wind-dispersed species, and even these dispersal
v www.esajournals.org

events would be rare over distances of kilometers
(Hobbs and Yates 2003, Standish et al. 2007). Even
if dispersal were possible from semiarid populations, these populations may not necessarily possess traits that preadapt them to future climates
(Cochrane et al. 2015a). Furthermore, autonomous self-pollination may be a common pollination strategy for many of the annuals in our
study system (Loy et al. 2015), so occasional pollen exchange among fragments may be crucial to
prevent excessive inbreeding (Hobbs and Yates
2003), regardless of future climate conditions.
In the short to medium term, the responses
of winter annual plant populations to ongoing
climate change will depend strongly on the timing of germination-inducing rainfall. Ongoing
reductions in autumn and early winter rainfall
in SWAFR (Hope et al. 2015) could potentially
delay germination until later in winter when
temperatures are actually cooler (Walck et al.
2011). Indeed, decades of delayed winter rainfall
in the Sonoran Desert has lead to a pronounced
increase in cold-adapted species in winter annual
plant assemblages, counter to predictions based
on annual climate averages (Kimball et al. 2010).
Species-specific dormancy mechanisms may
also be important for climate change adaptation.
Seeds of the two Trachymene species in this study
are morphophysiologically dormant (MPD);
the seeds are PD, but also have underdeveloped
embryos (referred to as morphological dormancy,
MD) when they are released from the mother
plant. For MPD seeds, PD must first be broken by
means such as AR before the embryo can complete
its development. In winter annual species with
MPD seeds, embryo development usually requires
moist, well-lit conditions during autumn to allow
winter germination (Baskin and Baskin 1990). As
such, the conditions required to break PD (see
Maternal and after-ripening environments) differ
from those required for embryo development,
so species that have MPD seeds may respond to
climate change differently than species with PD
seeds. The more complex or “dual” requirements
for breakage of PD prior to MD may limit the
adaptive capacity of these species. Alternatively,
if species with MPD seeds maintain submaximal
germination, as we found here and others have
reported elsewhere in the SWAFR (Hidayati et al.
2012), they may be better equipped to spread risk
across years than species with PD seeds, potentially
11
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demonstrating an alternative dormancy-mediated
buffering mechanism to changing environmental
conditions (Willis et al. 2014).
The experimental results presented here indicate that common YGJW winter annual species
(across a number of families) will germinate
higher fractions of seeds under future climate
conditions. In the absence of adaptation in germination, the fate of small, isolated populations
will depend strongly on survival, growth, and
reproduction during shorter growing seasons.
Understanding how germination strategies relate
to postgermination traits, and how selection acts
on these traits, will greatly enhance our ability
to predict species’ responses to climate change
(Donohue et al. 2010, Walck et al. 2011, Cochrane
et al. 2015b). Based on our findings, and given the
magnitude and rapidity of population declines
in the Western Australian wheatbelt, local extinctions of common winter annual species appear
inevitable under ongoing climate change.

Beard, J. S. 1983. Ecological control of the vegetation of
Southwestern Australia: moisture versus nutrients.
Pages 66–73 in F. J. Kruger, D. T. Mitchell, and
J. U. M. Jarvis, editors. Mediterranean-type ecosystems: the role of nutrients. Springer, Berlin,
Germany.
Bell, D. T. 1999. Turner Review No. 1 – the process of
germination in Australian species. Australian Journal of Botany 47:475–517.
Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange,
J. R. Poulsen, M. H. H. Stevens, and J. S. S. White.
2009. Generalized linear mixed models: a practical
guide for ecology and evolution. Trends in Ecology
and Evolution 24:127–135.
BOM (Australian Bureau of Meteorology). 2014.
Australian climate variability & change – time
series graphs, Canberra. http://www.bom.gov.au/
cgi-bin/climate/change/
Burdon, J. 1987. Diseases and plant population biology. Cambridge University Press, Cambridge, UK.
Byrne, M. 2007. Phylogeography provides an evolutionary context for the conservation of a diverse
and ancient flora. Australian Journal of Botany
55:316–325.
Cochrane, J. A., G. L. Hoyle, C. J. Yates, J. Wood, and
A. B. Nicotra. 2015a. Climate warming delays and
decreases seedling emergence in a Mediterranean
ecosystem. Oikos 124:150–160.
Cochrane, A., C. J. Yates, G. L. Hoyle, and A. B. Nicotra.
2015b. Will among-population variation in seed
traits improve the chance of species persistence
under climate change? Global Ecology and Biogeography 24:12–24.
Cohen, D. 1966. Optimizing reproduction in a randomly varying environment. Journal of Theoretical
Biology 12:119–129.
Commander, L. E., D. J. Merritt, D. P. Rokich, and K. W.
Dixon. 2009. The role of after-ripening in promoting germination of arid zone seeds: a study on six
Australian species. Botanical Journal of the Linnean Society 161:411–421.
Cowling, R. M., F. Ojeda, B. B. Lamont, P. W. Rundel,
and R. Lechmere-Oertel. 2005. Rainfall reliab
ility, a neglected factor in explaining convergence and divergence of plant traits in fire-prone
Mediterranean-climate ecosystems. Global Eco
logy and Biogeography 14:509–519.
Cowling, R. M., P. W. Rundel, B. B. Lamont, M. K.
Arroyo, and M. Arianoutsou. 1996. Plant diversity
in Mediterranean-climate regions. Trends in Eco
logy and Evolution 11:362–366.
Davila, Y. C., and G. M. Wardle. 2002. Reproductive
ecology of the Australian herb Trachymene incisa
subsp incisa (Apiaceae). Australian Journal of
Botany 50:619–626.

Acknowledgments
We are very grateful to Carol Palmer for generously
sewing the seed bags. Thanks also to Hongyuan Ma
for assistance with seed viability testing, Claire Wain
wright for collecting seeds, the WA Government for
permitting access to public reserves and Shane Turner,
Rocio Ponce-Reyes, and Sam Nicol for constructive
comments on the experimental design and earlier versions of the manuscript. Finally, thanks to Tim Staples
for providing helpful R graphics code.

Literature Cited
Baskin, J. M., and C. C. Baskin. 1976. High-temperature
requirement for after-ripening in seeds of winter
annuals. New Phytologist 77:619–624.
Baskin, J. M., and C. C. Baskin. 1990. Germination
ecophysiology of seeds of the winter annual
Chaerophyllum tainturieri – a new type of morpho
physiological dormancy. Journal of Ecology
78:993–1004.
Baskin, J. M., and C. C. Baskin. 2014. Seeds: ecology,
biogeography and evolution of dormancy and germination. Academic Press, San Diego, California,
USA.
Bates, D., M. Maechler, B. M. Bolker, S. Walker, R. H.
B. Christensen, H. Singmann, and B. Dai. 2014. R
package: lme4, Linear mixed-effects models using
Eigen and S4. https://cran.r-project.org/web/pack
ages/lme4/index.html

v www.esajournals.org

12

October 2016 v Volume 7(10) v Article e01497



Dwyer and Erickson
 opulations: generalising the idiosyncratic. Ausp
tralian Journal of Botany 51:471–488.
Hoekstra, J. M., T. M. Boucher, T. H. Ricketts, and
C. Roberts. 2005. Confronting a biome crisis: global
disparities of habitat loss and protection. Ecology
Letters 8:23–29.
Hope, P., et al. 2015. Southern and south-western flatlands cluster report in M. Ekström, P. Whetton,
C. Gerbing, M. Grose, L. Webb, and J. Risbey,
editors. Climate change in Australia projections for
Australia’s natural resource management regions.
CSIRO and Bureau of Meteorology, Canberra,
ACT, Australia.
Hoyle, G. L., M. I. Daws, K. J. Steadman, and S. W.
Adkins. 2008a. Pre- and post-harvest influences
on physiological dormancy alleviation of an
Australian Asteraceae species: Actinobole uliginosum (A. Gray) H. Eichler. Seed Science Research
18:191–199.
Hoyle, G. L., K. J. Steadman, M. I. Daws, and S. W. Adkins. 2008b. Physiological dormancy in forbs native
to south-west Queensland: diagnosis and classification. South African Journal of Botany 74:208–213.
Hoyle, G. L., K. J. Steadman, M. I. Daws, and S. W.
Adkins. 2008c. Pre-and post-harvest influences on
seed dormancy status of an Australian Goodeniaceae species, Goodenia fascicularis. Annals of Botany
102:93–101.
Jeffrey, S. J., J. O. Carter, K. P. Moodie, and A. R.
Beswick. 2001. Using spatial interpolation to construct a comprehensive archive of Australian
climate data. Environmental Modelling and Software 16:309–330.
Jump, A. S., and J. Penuelas. 2005. Running to stand
still: adaptation and the response of plants to rapid
climate change. Ecology Letters 8:1010–1020.
Jurado, E., and M. Westoby. 1992. Germination biology of selected central Australian plants. Austral
Ecology 17:341–348.
Keith, D. A., H. R. Akcakaya, W. Thuiller, G. F. Midgley,
R. G. Pearson, S. J. Phillips, H. M. Regan, M. B.
Araujo, and T. G. Rebelo. 2008. Predicting extinction risks under climate change: coupling stocha
stic population models with dynamic bioclimatic
habitat models. Biology Letters 4:560–563.
Kershaw, P., P. Moss, and S. Van der Kaars. 2003.
Causes and consequences of long-term climatic
variability on the Australian continent. Freshwater
Biology 48:1274–1283.
Kimball, S., A. L. Angert, T. E. Huxman, and D. L.
Venable. 2010. Contemporary climate change in
the Sonoran Desert favors cold-adapted species.
Global Change Biology 16:1555–1565.
Klausmeyer, K. R., and M. R. Shaw. 2009. Climate
change, habitat loss, protected areas and the climate

Donohue, K. 2003. Setting the stage: phenotypic plasticity as habitat selection. International Journal of
Plant Sciences 164:S79–S92.
Donohue, K., R. R. de Casas, L. Burghardt, K. Kovach,
and C. G. Willis. 2010. Germination, postgermination adaptation, and species ecological ranges.
Annual Review of Ecology, Evolution, and Systematics 41:293–319.
Donohue, K., and J. Schmitt. 1998. Maternal environmental effects in plants: Adaptive plasticity? Pages
137–158 in T. Mousseau and C. Fox, editors. Maternal effects as adaptations. Oxford University Press,
New York, New York, USA.
Dwyer, J. M., R. J. Hobbs, and M. M. Mayfield. 2014.
Specific leaf area responses to environmental gradients through space and time. Ecology 95:399–410.
Erickson, T. E., R. L. Barrett, D. R. Symons, S. R. Turner,
and D. J. Merritt. 2016. An atlas to the plants and
seeds of the Pilbara region. Pages 43–256 in T. E.
Erickson, R. L. Barrett, D. J. Merritt, and K. W.
Dixon, editors. Pilbara seed atlas and field guide:
plant restoration in Australia’s arid northwest.
CSIRO Publishing, Canberra, ACT, Australia.
Finch-Savage, W. E., and G. Leubner-Metzger. 2006.
Seed dormancy and the control of germination.
New Phytologist 171:501–523.
Grime, J. P., G. Mason, A. V. Curtis, J. Rodman, and
S. R. Band. 1981. A comparative study of germination characteristics in a local flora. Journal of Ecology 69:1017–1059.
Gutterman, Y. 2000. Maternal effects on seeds during
development. Pages 59–84 in M. Fenner, editor.
The ecology of regeneration in plant communities.
CAB International, Wallingford, UK.
Hidayati, S. N., J. L. Walck, D. J. Merritt, S. R. Turner,
D. W. Turner, and K. W. Dixon. 2012. Symp
atric species of Hibbertia (Dilleniaceae) vary in
dormancy break and germination requirements:
implications for classifying morphophysiological
dormancy in Mediterranean biomes. Annals of
Botany 109:1111–1123.
Hijmans, R. J., S. E. Cameron, J. L. Parra, P. G. Jones,
and A. Jarvis. 2005. Very high resolution inter
polated climate surfaces for global land areas.
International Journal of Climatology 25:1965–1978.
Hobbs, R. J., R. H. Groves, S. D. Hopper, R. J. Lambeck,
B. B. Lamont, S. Lavorel, A. R. Main, J. D. Majer,
and D. A. Saunders. 1995. Function of biodiversity
in the Mediterranean-type ecosystems of southwestern Australia. Pages 233–284 in G. W. Davis
and D. M. Richardson, editors. Mediterranean-type
ecosystems: the function of biodiversity. Springer,
Berlin, Germany.
Hobbs, R. J., and C. J. Yates. 2003. Turner Review No.
7. Impacts of ecosystem fragmentation on plant

v www.esajournals.org

13

October 2016 v Volume 7(10) v Article e01497



Dwyer and Erickson
Schutz, W., P. Milbert, and B. B. Lamont. 2002. Seed
dormancy, after-ripening and light requirements of
four annual Asteraceae in south-western Australia.
Annals of Botany 90:707–714.
Scott, A. J., and J. W. Morgan. 2012. Germination strategies of annual forbs from south-eastern Australian
semiarid grasslands. Australian Journal of Botany
60:340–346.
Sheridan, J. A., and D. Bickford. 2011. Shrinking body
size as an ecological response to climate change.
Nature Climate Change 1:401–406.
Standish, R. J., V. A. Cramer, S. L. Wild, and R. J. Hobbs.
2007. Seed dispersal and recruitment limitation
are barriers to native recolonization of old-fields
in Western Australia. Journal of Applied Ecology
44:435–445.
Underwood, E. C., J. H. Viers, K. R. Klausmeyer, R. L.
Cox, and M. R. Shaw. 2009. Threats and biodiver
sity in the mediterranean biome. Diversity and Distributions 15:188–197.
Walck, J. L., S. N. Hidayati, K. W. Dixon, K. Thompson,
and P. Poschlod. 2011. Climate change and plant
regeneration from seed. Global Change Biology
17:2145–2161.
Wang, A. B., D. Y. Tan, C. C. Baskin, and J. M. Baskin.
2010. Effect of seed position in spikelet on life
history of Eremopyrum distans (Poaceae) from the
cold desert of north-west China. Annals of Botany
106:95–105.
Went, F. W. 1949. Ecology of desert plants. II. The
effect of rain and temperature on germination and
growth. Ecology 30:1–13.
Willis, C. G., C. C. Baskin, J. M. Baskin, J. R. Auld, D. L.
Venable, J. Cavender-Bares, K. Donohue, R. R. de
Casas, and The NESCent Germination Working
Group. 2014. The evolution of seed dormancy:
environmental cues, evolutionary hubs, and div
ersification of the seed plants. New Phytologist
203:300–309.
Yates, C. J., and R. J. Hobbs. 1997. Temperate eucalypt woodlands: a review of their status, processes
threatening their persistence and techniques
for restoration. Australian Journal of Botany 45:
949–973.
Yates, C. J., R. J. Hobbs, and D. T. True. 2000. The distribution and status of eucalypt woodlands in Western Australia. Pages 86–106 in R. J. Hobbs and C. J.
Yates, editors. Temperate Eucalypt Woodlands in
Australia, Surrey Beatty & Sons, Chipping Norton,
New South Wales, Australia.

adaptation potential of species in Mediterranean
ecosystems worldwide. PLoS ONE 4:e6392.
Kos, M., and P. Poschlod. 2007. Seeds use temperature cues to ensure germination under nurse-plant
shade in xeric Kalahari savannah. Annals of Botany
99:667–675.
Kreft, H., and W. Jetz. 2007. Global patterns and
determinants of vascular plant diversity. Proceedings of the National Academy of Sciences USA 104:
5925–5930.
Loarie, S. R., P. B. Duffy, H. Hamilton, G. P. Asner, C. B.
Field, and D. D. Ackerly. 2009. The velocity of climate change. Nature 462:1052–1055.
Loy, X., C. E. Wainwright, and M. M. Mayfield. 2015.
Asteraceae invaders have limited impacts on the
pollination of common native annual species in
SW Western Australia’s open woodland wildflower
communities. Plant Ecology 216:1103–1115.
Mayfield, M. M., J. M. Dwyer, A. Main, and J. M. Levine.
2014. The germination strategies of widespread
annual plants are unrelated to regional climate.
Global Ecology and Biogeography 23:1430–1439.
Mittelbach, G. G., and K. L. Gross. 1984. Experimental
studies of seed predation in old-fields. Oecologia
65:7–13.
Mott, J. J. 1972. Germination studies on some annual
species from an arid region of Western Australia.
Journal of Ecology 60:293–304.
Myers, J. S. 1995. The generation and assembly of
an Archaean supercontinent: evidence from the
Yilgarn craton, Western Australia. Geological Society, London, Special Publications 95:143–154.
Ooi, M. K. J., T. D. Auld, and A. J. Denham. 2009.
Climate change and bet-hedging: interactions
between increased soil temperatures and seed bank
persistence. Global Change Biology 15:2375–2386.
Plummer, J. A., and D. T. Bell. 1995. The effect of
temperature, light and gibberellic-acid (GA3) on
the germination of Australian everlasting daisies
(Asteraceae, Tribe Inuleae). Australian Journal of
Botany 43:93–102.
R Development Core Team. 2015. R: a language and
environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
https://cran.r-project.org
Rice, K. J. 1985. Responses of Erodium to varying
microsites: the role of germination cueing. Ecology
66:1651–1657.
Sala, O. E., et al. 2000. Biodiversity – global biodiversity
scenarios for the year 2100. Science 287:1770–1774.

Supporting Information
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/
ecs2.1497/supinfo

v www.esajournals.org

14

October 2016 v Volume 7(10) v Article e01497

