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Abstract

Temperature is a significant factor influencing seed
germination and for many species temperature-
mediated germination cues are vital for plant
persistence. Rising temperatures forecast as a result
of anthropogenic climate change may have a
substantial influence on the population and range
dynamics of plant species. Here, we report on the
thermal constraints on seed germination in natural
populations of four congeneric Banksia species
collected from a longitudinal climate gradient in
Western Australia. We investigated whether germi-
nation niche: (1) varied between species; (2) varied
among populations of each species; and (3) varied in a
consistent manner reflecting the climatic gradients of
seed origin. We hypothesized that species would differ
and that populations from warmer sites would have
a broader temperature window for germination than
populations from cooler sites. Species differed in the
breadth of their germination niche, but temperatures
that stimulated the most rapid and complete
germination were similar across all species. A sharp
reduction in germination percentage occurred above
the optimum temperature, which coincided with
significant delays in germination relative to the
optimum. The temperatures causing these declines
varied among populations. Across the species, there
was a significant correlation between optimum
germination temperature and mean annual tempera-
ture at seed source; however, there was no relationship
at the population level for individual species. These
data provide insight into the vulnerability of Banksia
species to climate change, with those populations that
require lower temperatures for germination, or have

narrower optimal ranges for germination, likely to be
most vulnerable to a warming climate.
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Introduction

The environmental conditions under which a seed can
germinate can be described by the germination niche,
which forms a part of the larger regeneration niche
as described by Grubb (1977). Temperature is usually
the main environmental factor governing germination
when water is not limiting (Probert, 2000; Fenner
and Thompson, 2005). The germination niche has
temperature dimensions that can be described in terms
of niche position (optimum temperature for germi-
nation), niche breadth (range of temperatures over
which germination can occur) and niche limits (upper
and lower limits for germination). The optimum
temperature for germination may be defined as the
temperature at which the greatest germination
percentage is achieved in the shortest possible time
(Mayer and Poljakoff-Mayber, 1975). This temperature,
by and large, matches the most favourable conditions
for subsequent seedling establishment and survival
(Bell et al., 1993; Fenner and Thompson, 2005). When
temperatures rise above optimum, there is typically a
delay and decline in germination. The slope of the
change in germination from this ‘threshold’ high
temperature may be considered a measure of the seeds’
sensitivity to temperature: the steeper the slope the
more vulnerable a seedlot is to smaller increases in
temperature above the optimum (Cochrane et al., 2011).
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These characteristics of the germination niche are
useful parameters to use when comparing seed
performance across species, populations and seedlots,
and in the context of climate change.

Rapid climate change has the potential to disrupt
existing environmental cues for germination
(Walck et al., 2011). The degree of disruption will
depend largely on species’ sensitivity to changes in
temperature and the plasticity in response among
populations and individuals (Vickery, 1967). However,
studies that have investigated the projected impacts of
climate change on the germination niche have often
ignored population-level variation in seed traits and
responses (but see Perez-Garcia et al., 2003; Giménez-
Benavides et al., 2005; Orrù et al., 2012), yet these may
vary substantially among different populations of
a species. Among-population variation in seed traits
is predicted to increase with increasing range size
and heterogeneity (Luna and Moreno, 2010) and, like
adaptive plasticity, among-population variation in
seed traits is expected to buffer the effects of climate
on plant performance. Specialist species with small
geographic distributions appear to have narrow
germination niches (Ascough et al., 2007; Ranieri
et al., 2012). Those species already encountering broad
climatic conditions across their range are likely to have
more flexible dimensions for germination (i.e. a
broader germination niche) (Thuiller et al., 2005;
Luna et al., 2012). These generalist species are the
ones that will have a greater chance of persisting in
unpredictable environments.

In seasonal Mediterranean-climate ecosystems like
the South Western Australian Floristic Region
(SWAFR), temperature is currently not considered to
be a limiting factor for recruitment (Lloret et al., 2004).
Here, the cool, wet winter conditions commonly
trigger germination (Mott, 1972; Bellairs and Bell,
1990; Bell et al., 1995; Bell, 1999), maximizing the
period of root development prior to the warm,
summer drought, thereby reducing the risk of seedling
desiccation (Moles and Westoby, 2004). However, the
forecast for the SWAFR (and other Mediterranean-
climate regions of the world), is for an upward shift in
mean annual temperature coupled with a downward
trend in precipitation (http://www.ioci.org.au/).
Already, an increase of 0.158C per decade in annual
mean temperature has occurred over the past 30 years
in the SWAFR, including a significant reduction in
early winter rainfall since the 1970 s (Bates et al., 2008).
Changes are likely to influence the timing and success
of germination, resulting in substantial implications
for individual species survival (Hanson and Weltzin,
2000; Klausmeyer and Shaw, 2009; Walck et al., 2011)
and community composition (Suttle et al., 2007; Suggitt
et al., 2011). In all likelihood, there will be a point in the
future when the climate tolerances of many species
will be exceeded (Yates et al., 2010).

In light of these forecast changes, we examined the
current temperature characteristics of the germination
niche in natural populations of four Banksia
R.Br. (Proteaceae) species that inhabit a longitudinal
climate gradient in the SWAFR. Bio-climatic modelling
has highlighted the vulnerability of Western Australian
Banksia to the effects of predicted climate change
(Fitzpatrick et al., 2008; Yates et al., 2010); however,
there is limited empirical evidence to support these
claims, and little is known of among-population
variation in responses to altered climatic conditions.
Specifically, we aimed to identify the temperatures that
define the germination niche (position, breadth and
limits) for these species, across multiple populations
and in the context of the region’s changing climate. By
collecting seeds from wild populations across a range of
habitats and relating their responses to habitat of origin
we hoped to learn how germination strategies have
maximized establishment probabilities in specific
habitats. We investigated whether the temperature
dimensions of the germination niche: (1) varied between
species; (2) varied among populations of each species;
and; (3) varied in a consistent manner reflecting the
climatic gradients of seed origin. We hypothesized that
the characteristics of the germination niche of the four
species would differ due to their different geographic
distributions, expecting that the species with the
smallest geographic distribution would have the
smallest niche breadth and vice versa. Furthermore,
we predicted that niche characteristics would differ
among populations, but that there would be geographic
patterning in germination response that reflected the
climatic gradients of seed origin. We expected that seeds
from species and populations currently at the warmer,
drier end of the climate gradient would be better
adapted to higher temperatures, potentially more
plastic, and thus have a broader germination niche,
than seeds from the cooler, wetter habitats.

Materials and methods

Species and seed collecting

Four congeneric Banksia species endemic to the
South Western Australian Floristic Region (SWAFR)
were selected for this investigation: Banksia baxteri,
B. coccinea, B. media and B. quercifolia (Table 1, Fig. 1).
All species are fire-killed (obligate seeding), recruiting
in the post-fire environment from woody fruit held
in the plant canopy, with inter-fire establishment only
significant in B. coccinea (Lamont and Connell, 1996).
The species grow in different but partially overlapping
habitats and are locally common where they occur.
Seeds were collected from six geographically distinct
groups of individuals of each species (24 populations
in total, covering a range of approximately 850 km).
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The phylogenetically related B. baxteri and B. coccinea
share a similar range (c. 300 km and 360 km respect-
ively) and occur roughly in the centre of the gradient;
B. media has the largest geographic range of the study
species (c. 600 km) and its distribution is at the eastern,
warmer end of the gradient; B. quercifolia, at the cooler,

western end of the gradient, has the smallest range at c.
200 km. Within species, two populations represent
sites from the core of the species’ range (M1 and M2),
while two other populations represent sites from the
western, high rainfall, cool margin (H1 and H2) and
two from the eastern, low rainfall, warmer margin

Table 1. Geographic distribution, rainfall gradient (H, high rain; M, medium rain; L, low rain) and site details
for populations of four fire-killed Banksia species from the SWAFR. Mean annual precipitation (MAP; mm) and
mean annual temperature (MAT; 8C) were extrapolated from bioclimatic data from WorldClim, a set of global
climate layers with a spatial resolution of approximately 1 km2 (Hijmans et al., 2005)

Species Site Rain Latitude 8S Longitude 8E MAP MAT

Banksia baxteri Waychinicup H1 34.89 118.38 726 15
Cheyne Beach* H2 34.89 118.42 719 15
Stokes M1 33.84 121.03 536 16.4
Basil Rd * M2 34.64 118.64 577 15.3
Stirling Range* L1 34.48 118.01 496 14.7
Fitzgerald River* L2 34.17 118.52 451 16.3

Banksia coccinea Gull Rock H1 34.98 117.99 826 15.2
Cheyne Beach* H2 34.89 118.42 719 15
Pfeiffer Rd M1 34.64 118.21 598 14.7
Basil Rd* M2 34.64 118.64 577 15.3
Stirling Range* L1 34.48 118.01 496 14.7
Fitzgerald River* L2 34.17 118.52 451 16.3

Banksia media Alexander Bay H1 33.87 122.75 574 15.9
Cape Riche H2 34.59 118.74 557 15.4
Corackerup NR M1 34.24 118.69 437 15.4
Kundip NR M2 33.71 120.21 438 16.2
Peak Charles NP L1 32.84 121.18 301 16.2
Pallarup Rocks NR L2 33.24 119.72 315 16.8

Banksia quercifolia Northcliffe H1 34.63 116.30 1139 14.7
Broke Inlet Rd H2 34.89 116.50 1192 15
Torndirrup M1 35.11 117.93 938 14.7
Rudgard M2 34.98 117.43 1000 14.9
Bakers Junction L2 34.92 117.94 800 15.2
White Lake L1 34.77 118.17 683 14.9

* Both B. baxteri and B. coccinea occur at these sites.
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Figure 1. (colour online) Geographic distribution of the four study species (small symbols) and specific seed source sites
(large symbols) in the South Western Australian Floristic Region.

Predicting temperature impacts on germination 197



(L1 and L2). In the region, mean annual temperature
(MAT 8C) along the gradient is positively correlated
with longitude (Pearson’s r ¼ 0.7297; P , 0.001), and
the coefficient of variation for temperature seasonality
confirms greater heterogeneity in temperature towards
the eastern edge of the gradient (Pearson’s r ¼ 0.4987;
P ¼ 0.013) (unpublished data). Across all populations,
similar aged cones (1–2 years old) were sampled from
the canopies of at least 50 adult plants at each site and
pooled. Fruits were stored in a temperature and
humidity controlled drying room at 158C and 15%
relative humidity until ready for processing. Seed
extraction involved the burning of woody cones with
a gas blowtorch for 2–4 s until follicles cracked; then
the soaking of burnt cones in water for 6–8 h to expand
the follicles; followed by drying of cones at 158C and
15% relative humidity until seeds were released. This
wetting and drying process mimics rainfall after an
autumn bushfire in situ and enhances rapid seed
release in many Banksia species. Seeds found to be
damaged or predated by insect larvae were discarded.

Seed germination testing

Germination tests were carried out at 14 constant
temperatures between 5 and 408C on a temperature
gradient plate (TGP) (Model GRD1, Grant Instruments,
Cambridge, UK). We chose constant rather than alternat-
ing temperatures because many species of Banksia from
the South Western Australian Floristic Region appear to
have temperature requirements for germination that are
generally satisfied by constant, rather than alternating,
temperatures (unpublished data) despite probably
experiencing alternating temperatures in situ.

For each of the 14 temperatures, we used three
replicates of either five (B. baxteri and B. media) or ten
(B. coccinea and B. quercifolia) seeds, depending on seed
size. Seeds were sown on the surface of 1% w/v water
agar in 35-mm Petri dishes and received irradiance for
12 h d21. The TGP was capable of incubating dishes
from 12 populations at a time across all temperatures,
therefore, in order to perform germination tests on three
replicates of all 24 populations, six runs of the TGP were
required. The populations were randomized across
each run, with one population of each species sown per
run. Germination, defined as visible radicle emergence
to at least 4 mm, was scored every 2 d and seedlings
were removed and discarded. All runs ran for 56 d,
after which non-germinated seeds were subjected to a
cut-test to estimate potential viability. Empty or infested
seeds were subtracted from the number of seeds sown.

Statistical analysis

Germination percentage was calculated as the percen-
tage of viable seeds that germinated within 56 d.

The mean time to germination (MTG) was calculated
using the formula: MTG ¼ S(ni £ di)/N where ni ¼

the number of seedlings that germinated in each
scoring interval, di ¼ the time in days since seed was
sown to the end of the interval and N ¼ the total
number of seedlings that germinated. MTG is an
indication of the spread of germination of a seed
population and describes the delay in germination
from the start of imbibition to radicle protrusion.

A generalized linear model was fitted for each
replicate for populations of each species to relate the
proportion of seeds germinating to temperature. A
binomial distribution with a logistic link function was
fitted and a quadratic equation for temperature was
used as the linear predictor of response. From the fitted
models we derived the optimum temperatures which
gave maximum germination (Gmax), the temperatures
at which maximum germination occurred (Topt), the
niche breadth for 50% (Tb50) and 90% of maximum
germination (Tb90) as well as the upper and lower
temperature limits for 50% (Tu50, Tl50) and 90% of
maximum germination (Tu90, Tl90), and finally the
temperatures at which germination declined to , 1%
(T1). We fitted the models to derive the slope of the
decline in germination that occurred between 90%
and 50% of maximum germination (S90-50), and fitted
a quadratic equation to the logarithm of the mean
time to germination (MTG) to derive the slope that
described the delay in germination time between 50%
and 90% germination (MTG50-90). We were interested
in the upper niche limits for germination and the
slope of the germination delay and decline due to
the increase in mean annual temperature forecast for
the region (Bates et al., 2012). We analysed the resulting
data in a linear model to investigate whether
parameters were correlated with mean annual tem-
perature (MAT) along the climate gradient.

Analysis of variance of the derived parameters
from the 72 combinations of species, replicates and
populations was used to investigate the variation in
niche parameters between species and populations.
We plotted the relationship between temperature and
final germination percentage (and separately MTG)
above the optimum constant temperature for seeds of
the 24 populations and compared the slopes of reaction
norms (S90-50 and MTG50-90) to identify variation in
population response. All analyses were performed
using GenStat 15th edition (VSN International, 2011)
and data back-transformed before analyses.

Results

Species-level responses

Mean maximum germination (i.e. the mean of six
populations per species) was relatively high across the
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species and ranged from 71% in B. coccinea to 97% in
B. media (Table 2). The optimum constant temperature
for maximum germination was 158C (commonly
within the range of 13–168C), with germination possible
between 5 and 268C. Germination response to increasing
temperature followed a normal, bell-shaped distri-
bution, rising to a plateau before declining past the
optimum temperature for both the fitted values from the
linear predictor and the measured temperatures for
germination (Fig. 2a). Mean time to germination across
the range of temperatures was between 18 and 50 d
(Fig. 2b), and was 28 d or less for all species at optimum
temperatures. Temperatures for germination between 50
and 90% of maximum germination demonstrate the
breadth of the temperature range over which germina-
tion occurred and illustrate the differences between
the species (Fig. 3). When seeds were sown above the
optimum temperatures, germination was delayed
(i.e. MTG was higher), and final germination percentage
was lower than that at optimum temperatures (Fig. 4).

Our hypothesis that the germination niche of the
four species would be characterized by a different
pattern of germination response was supported. The
analysis of variance revealed that species differed
significantly in almost all germination parameters
(Table 2), despite the shape of the response being
consistent across the species (Fig. 2). Of the four
species, B. media exhibited the highest germination
(97%), in the fastest time (MTG 18.4 d) and had the
highest optimum temperature for germination (168C).
The slope of the decline in germination between 90 and
50% of maximum was smallest in this species,

resulting in 308C being the predicted temperature at
which germination would decline to , 1%. However,
B. media had the greatest lag time to germination
between 50 and 90%. This resulted from fast
germination under optimum temperatures but much
slower germination under suboptimal temperatures
relative to the other species. B. media had the broadest
range of temperatures for germination (19.48C for 50%
and 13.88C for 90% germination). The upper tempera-
ture thresholds for 50 and 90% germination were 25.8
and 238C; this species also had the lowest temperatures
for 50 and 90% germination (6.4 and 9.28C respect-
ively), thus reflected in the broad range of tempera-
tures over which germination occurred (Table 2).

In contrast, B. coccinea exhibited the lowest final
germination percentage, lowest optimum temperature
for maximum germination (13.78C) and shared
the steepest slope of decline in germination with
B. quercifolia (23.65 and 23.67, ns) (Table 2).
B. coccinea also exhibited the least delay in
MTG between 50 and 90% germination (shallowest
slope); however, the width of the temperature niche
for germination was smallest (13.9 and 6.68C,
respectively). The upper temperature limits for
germination were smallest (20.78C for 50% and 178C
for 90%), and the temperature at which germination
was predicted to decline to , 1% was 27.38C, the
lowest across all species.

Despite germination declining steeply between
90 and 50%, B. quercifolia had the longest mean time
to maximum germination (28 d to achieve 83.8% at
14.38C). B. baxteri had the highest low threshold

Table 2. Species values (^ standard error) for the germination niche parameters (mean of
six populations per species). Maximum germination (Gmax), the temperatures at which
maximum germination occurred (Topt), mean time to germination (MTG) for maximum
final germination percentage, the slope of the decline between 90% and 50% germination
(S90 – 50), the slope of the delay between 50 and 90% germination (MTG50 – 90), the breadth
of the temperature niche for 50% (Tb50) and 90% germination (Tb90), the upper and lower
temperatures that gave 50% (Tu50, Tl50) and 90% of maximum germination (Tu90, Tl90) and
the maximum temperatures which gave 1% (T1). Species trait values with the same
superscript are not significantly different at P , 0.05

B. baxteri B. coccinea B. media B. quercifolia

Gmax (%) 90.05 ^ 1.77a 70.68 ^ 3.94b 96.97 ^ 1.12c 83.76 ^ 3.00d

Topt (8C) 15.50 ^ 0.20a 13.71 ^ 0.44b 16.08 ^ 0.46c 14.34 ^ 0.22d

MTG (d) 23.52 ^ 0.82a 22.03 ^ 1.40b 18.38 ^ 0.64c 28.24 ^ 0.90d

S90 – 50 23.22 ^ 0.14a 23.65 ^ 0.16b 22.79 ^ 0.19c 23.67 ^ 0.20b

MTG50 – 90 (d) 9.76 ^ 1.36a 5.45 ^ 1.55b 15.30 ^ 1.04c 6.95 ^ 1.55d

Tb50 (8C) 15.32 ^ 0.24a 13.90 ^ 0.76b 19.39 ^ 0.71c 15.67 ^ 0.46a

Tb90 (8C) 8.89 ^ 0.35a 6.60 ^ 0.51b 13.81 ^ 0.91c 8.26 ^ 0.25d

Tu50 (8C) 23.16 ^ 0.25a 20.66 ^ 0.70b 25.78 ^ 0.63c 22.14 ^ 0.25d

Tu90 (8C) 19.95 ^ 0.34a 17.01 ^ 0.61b 22.99 ^ 0.74c 18.47 ^ 0.21d

Tl50 (8C) 7.85 ^ 0.21a 6.76 ^ 0.43a 6.38 ^ 0.53a 6.53 ^ 0.37a

Tl90 (8C) 11.06 ^ 0.16a 10.41 ^ 0.38b 9.18 ^ 0.55c 10.20 ^ 0.29b

T1 (8C) 28.28 ^ 0.24a 27.34 ^ 0.83b 30.18 ^ 0.55c 28.27 ^ 0.66a
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temperature for both 50 and 90% germination (7.8 and
118C, respectively) (Table 2).

Population-level responses and
their relationship to climate

The predicted slope of the decline (or delay) between
maximum and , 1% germination represents the sensi-
tivity of seed to increasing temperatures above the
optimum (for both germination and MTG) and high-
lights the differences between the six populations of
each species (Fig. 4). There were a number of significant
population differences for the niche parameters (Table 3),
confirming our expectations that populations would
diverge in their various responses to temperature. Final
germination percentage, MTG, difference in niche
breadth for 50 and 90% germination, the maximum
temperature at which , 1% germination could occur
and the upper temperature limits for both 50 and 90%
germination all show among-population differences for
at least one of the species (Table 3). B. coccinea was the
only species to exhibit differences among its populations
for both optimum temperature for germination and
MTG. B. baxteri was the only species that did not show
significant population differences for maximum
temperature at which germination declines to , 1%, or
the breadth of the temperature window for 50%
germination. B. baxteri and B. quercifolia, populations
did not differ in optimum temperature for germination.
There were no among-population differences for the
lower temperature limits for germination to 50% or the
delay in MTG between 50 and 90% germination.

The optimum temperatures for maximum germi-
nation and MTG were both correlated with mean
annual temperature at sites along the gradient (i.e.
cross species); mean annual temperature (MAT)

explained 22% of variance in MTG, and 16% of
variance in optimum germination temperature along
the gradient (Fig. 5). However, the data do not support
our expectations of local adaptation as the relation-
ships decoupled within the individual geographical
ranges of each species, such that there was no
significant correlations between MAT and germination
response (as measured by optimum temperature for
germination and MTG) for any species.
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Discussion

In this study, seeds were pushed past the limit of
normally experienced (but kept within ecologically
relevant) temperature ranges to examine the
temperature characteristics of the germination niche
across natural populations of four Banksia species from
the Mediterranean-climate ecosystem of the South

Western Australian Floristic Region (SWAFR). We
demonstrated that the relationship between tempera-
ture and germination parameters varied between the
species, and for some niche parameters this relation-
ship also varied among populations.

Of the four species, B. media demonstrated greatest
thermal tolerance: compared to the other species,
germination was quicker and more complete when
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seeds were exposed to above-optimum germination
temperatures. Germination also occurred at a higher
mean temperature compared to the other species, with
more than 50% germination occurring over tempera-
tures spanning more than 138C. Temperatures are
commonly higher but more variable towards the
eastern end of the gradient where B. media occurs.
The geographical range of this species is also 2–3 times
larger than that of the other species investigated,
potentially contributing to significant variation among
populations in temperature sensitivities and the
breadth of the germination niche (Luna and Moreno,
2010; Luna et al., 2012; Ranieri et al., 2012). The ability of
B. media to germinate over a wide range of tempera-
tures may indicate that the geographical range of this
species will remain stable or contract to a lesser degree
compared to the other species in the future. That said,
the faster decline in mean time to germination above
optimum temperatures may be detrimental for seed-
ling survival, as slow-germinating seeds risk predation
prior to emergence and may be subject to greater
competition for moisture and nutrients than faster-
germinating seeds (Norden et al., 2009). Despite the
relatively high optimum temperature for germination
of B. media and the breadth of its germination niche,
regeneration is only one aspect of a species’ life cycle
and bio-climatic modelling has indicated range decline
for this species under future climate scenarios
(Fitzpatrick et al., 2008; Yates et al., 2010).

In contrast, B. coccinea demonstrated the narrowest
range of temperatures above which greater than 50%
germination was observed. This species co-occurs with
B. baxteri across much of its geographical distribution,
yet the response to temperature diverged for these two
species: B. coccinea demonstrated significant among-
population variation for a number of germination
parameters, whereas B. baxteri did not. Species that

exploit a similar ecological niche generally show
differentiation in traits that permit co-existence (Violle
and Jiang, 2009). In this case, differences in speed of
germination and temperature at which germination is
possible (and optimal), may reduce competition for
resources. B. coccinea can germinate under cooler
conditions, potentially providing an advantage over
B. baxteri, which is faster growing (unpublished data).
The fourth species, B. quercifolia, was able to achieve
50% or greater germination over a similar range of
temperatures to B. baxteri. Populations of this species
showed little differentiation in response to tempera-
ture, potentially reflecting homogeneity in the
environment across its smaller geographical range.

When data were pooled across species, optimum
temperatures for germination were correlated with

Table 3. Results of analysis of variance examining the effect of climate (n ¼ 3) and population (pop.; n ¼ 2 per
climate) on germination niche parameters. Abbreviations as for Table 2

Source of variation

B. baxteri B. coccinea B. media B. quercifolia

climate pop. climate pop. climate pop. climate pop.

Gmax 1.52 1.39 3.74 9.88** 1.72 1.66 6.67* 6.07*
Topt 0.13 1.31 4.7* 0.85 0.1 4.03* 1.12 0.32
MTG 1.53 4.97* 6.57* 2.99 5.35* 4.69* 1.82 0.45
S90 – 50 2.74 1.39 1.97 4.27* 0.56 0.59 5.19* 19.2***
MTG50 – 90 0.46 2.21 6.86* 1.4 1.36 1.29 5.96* 0.07
Tb50 1.32 0.07 6.5* 6.07* 5.49* 14.15*** 3.09* 9.54**
Tb90 1.87 0.95 13.78** 12.3** 2.36 5.26* 5.3* 1.47
Tu50 0.67 1.26 15.57*** 4.6* 0.53 9.37* 0.37 1.97
Tu90 1.09 2.01 9.53* 2.48 0.5 3.94* 0.95 1.01
Tl50 0.44 0.61 1.39 1.09 0.84 3.09 1.71 0.84
Tl90 0.31 0.39 2.27 0.87 2.32 6.25* 1.59 0.15
T1 1.21 0.41 14.34** 6.83* 0.73 4.68* 1.5 6.45*

*P , 0.05; **P , 0.01; ***P , 0.001.
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Figure 5. The relationship between mean annual tempera-
ture (MAT 8C) at the geographical location of seed source and
(a) optimum temperature for maximum germination (Topt)
and (b) mean time to germination at maximum germination
(MTG) (n ¼ 24 populations). Solid black line represents the
fit of the relationship between germination response and
MAT along the gradient. Banksia baxteri (O), B. coccinea (W),
B. media (X) and B. quercifolia (D). Pearson’s correlation r and
significance of the relationship are displayed in each panel.

A. Cochrane et al.202



mean annual temperature at location of seed origin;
however, the variation observed among the popu-
lations was generally not related to the climate from
where seeds were sourced. Our hypothesis that
warmer, eastern populations of each species would
be more tolerant of the effects of temperature (and
have a broader germination niche) was not
supported. Failure to identify geographical patterning
(Hernández-Verdugo et al., 2001) or local adaptation
(Leimu and Fischer, 2008) within species is not rare, and
seed sensitivity to temperature thresholds and climate
from seed source site is not always related (Battaglia,
1997). Our data illustrated occasions when populations
diverged in their response to temperature, but this
difference was not consistently driven by climate at seed
origin. The lack of correlation with climate variables
should not negate the value of the data, and even though
doubts do exist as to the relevance of laboratory
experiments for predicting field response (Thompson
and Ceriani, 2003) or climate change effects (Barnes et al.,
2010), a temperature gradient plate allows tolerance to a
single environmental variable to be identified across
multiple populations. In the context of climate change,
this approach to examining the germination niche is
useful for screening responses over a large range of
temperature conditions, without the need for multiple
germination incubators.

Niche characteristics can be powerful indicators of
species’ sensitivities to climate change. Consequently,
experiments that provide insight into dimensions of the
germination niche are relevant to our understanding of
a species’ ability to cope with physiological stress. In
particular, the upper and lower temperature limits for
performance are significant components of the germi-
nation niche for many species (Larcher, 1995). If the
niche of a species is static, then it is unlikely to shift
easily (Pearman et al., 2008). On the other hand, natural
selection should favour aspects of the niche that show
flexibility, acting more strongly on niche parameters that
show divergence among populations. However, toler-
ance to heat appears to be largely conserved between
and within species, while tolerance to cold is not (Araújo
et al., 2013). In contrast, our four Banksia species were
generally similar in their lower thermal limits for
germination but the species differences in the upper
limits were significant. Among populations of B. coccinea
and B. media the upper thermal limits for germination
were also more flexible than the lower limits, and not
conserved. We therefore conclude that there is the
potential for germination niche shift in these species in a
future, warmer world. However, in the context of
ongoing warming, the sensitivity of B. coccinea to higher
temperatures may still constrain germination and
fitness, particularly if temperature changes are rapid.

Increasing our awareness of the effects of tempera-
ture on the germination niche is vital to our under-
standing of post-disturbance regeneration in fire-prone,

Mediterranean-type ecosystems like the SWAFR,
particularly in a future, warmer world. Species that are
killed by fire and rely on germination from seeds may
be particularly susceptible to decline and extinction if
temperature conditions following a disturbance are
unsuitable for germination or subsequently result in
seedling death. Recognizing the limitations for germina-
tion will help in the selection of appropriate seed sources
for ecological restoration and species reintroduction
under warmer climates. Incorporating locally adapted
genotypes and those expected to be more suited to future
conditions (i.e. more generalist), should enhance climate
resistance in restoration projects, as among-population
variation in adaptive traits can act as a buffer against
warming temperatures (Albert et al., 2010). Investigating
alternating temperature regimes and the interaction of
temperature and moisture on seed response would
further clarify the species’ ability to acclimatize to
forecast climates, and comparable field and glasshouse
studies would help determine whether thresholds
detected in the laboratory are relevant to the field.
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