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in a fire-prone plant species complex

David A. Keith - Peter J. Myerscough

Received: 31 July 2015/ Accepted: 3 February 2016/ Published online: 16 February 2016

© Springer Science+Business Media Dordrecht 2016

Abstract Many plants in fire-prone environments have
limited dispersal ability and thus rely on in situ mech-
anisms such as evolutionary responses to persist through
climate change. The regenerative phases of the plant life
cycle, such as seed dispersal, germination and seedling
establishment, are likely to be critical to defining species’
environmental niches and, in fire-prone environments,
are cued to fire events. Adaptive potential in traits that
regulate these processes is key to in situ persistence, yet
variability in fire adaptive traits at the population level
remains largely unexplored. To investigate adaptive
potential, we quantified population-level variability in the
thermal germination niche of a widespread fire-prone
species complex, the Banksia spinulosa group. In one of
the first studies of rising temperatures on germination in
serotinous plants, we sampled seeds from 12 source
populations spanning seven degrees of latitude and more
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than 1000 m of elevation and tested germinability over a
range of incubation temperatures in common laboratory
conditions. Thermal germination niches varied appre-
ciably among source populations, suggesting local
adaptation or other mechanisms of differentiation. Some
of this variation was explained by current taxonomic
boundaries, but germination responses also varied within
recognised taxa and within populations. A small but
significant portion of the interpopulation variation was
related to thermal conditions at the source populations.
As well, intrapopulation variation was greater within
source populations of taxa from warm climates than
those from cooler climates. The expected effect of
warming is to narrow the window for germination to the
cooler months of the year. The development of fire
management strategies that reduce risks of post-fire
mortality of seeds and seedlings, and exploit adaptive
potential to promote in situ persistence as the climate
changes, should therefore be a priority for climate
adaptation research.
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Introduction
Species may persist through climatic change either by

displaying phenotypically plastic responses that buffer
negative change, migrating to track shifts in
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suitable climates, or by adapting in situ to new
conditions (Hoffmann and Sgro 2011). The latter may
occur through phenotypic plasticity (Nicotra et al.
2010) or selection of variants in local populations,
perhaps aided by migration of genotypes from other
populations across the landscape. Such adaptive
responses require genetic variability in ecologically
relevant traits (Sgro et al. 2010; Nicotra et al. 2010).

Early studies of adaptive diversity suggest interac-
tions between genotype performance and the environ-
ment. In Eucalyptus camaldulensis, for example,
Gibson et al. (1995) found that genotypes from arid
environments allocated more resources to root devel-
opment than those from humid environments, confer-
ring a fitness advantage in dry conditions and, in part,
defining the environmental niche of the species. Often,
these genotype-environment relationships may have
strong spatial expression, suggesting local adaptation
in response to selection pressure and limited gene flow
among populations.

In plants, the most relevant traits to population
persistence are likely to be those influencing dispersal,
germination and establishment because selection
pressures are likely to be highest in these regenerative
phases of the life cycle (Harper 1977). The environ-
mental conditions in which these regenerative pro-
cesses operate define the ‘regeneration niche’ of a
species (Grubb 1977). If prevailing environmental
conditions move beyond those defining the regener-
ation niche, recruitment cannot replace established
individuals that senesce or die of other causes,
resulting in eventual local extinction unless the
population rapidly adapts to recruit under the new
conditions (Hudson et al. 2015).

Many plants have limited dispersal ability com-
pared to other organisms (Kinlan and Gaines 2003)
and may be unlikely to track suitable habitats at the
pace that they are projected to shift as the climate
changes. For some species, the area of climatically
suitable habitat is projected to contract and disappear
in the coming decades (Thomas et al. 2004). Whether a
species is unable to track shifts in habitat or whether
habitat disappears, persistence of populations in situ is
the only means of avoiding extinction. Adaptive
potential is therefore crucial to persistence under
environmental change (Sgro et al. 2010).

In fire-prone environments, the conditions that
define plant regeneration niches are closely associated
with fire events (Keith 1996). Considerable advances
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have been made in understanding the range of
mechanisms and plant traits that influence recruitment
in the post-fire environment (Auld and O’Connell
1991; Thomas et al. 2010; Ooi et al. 2012). However,
few studies have examined the adaptive potential of
these mechanisms and traits by investigating genetic
or phenotypic variability at the population level.
While significant intraspecific variation in germina-
tion response has been documented in a number of
studies, patterns in relation to climatic gradients are
generally inconsistent (Cochrane et al. 2014b). Hud-
son et al. (2015) found contradictory evidence on
intraspecific variability in conditions required to break
physical seed dormancy among the very few studies
that addressed the issue. Intraspecific variability is
even less understood in other aspects of fire-related
plant regeneration niches.

To improve understanding of the adaptive potential
of fire-prone plant species in a changing climate, we
investigated germination responses to ambient tem-
peratures, which are projected to increase in different
parts of the world by up to 6 °C under a range of
greenhouse gas concentration scenarios (IPCC 2013).

As an analytical framework for our study, we
propose a simple bell-shaped model of a thermal
germination niche (Cochrane et al. 2014a) whereby, in
species with non-dormant seeds, germination response
can be measured by the time taken for germination
(radicle emergence) after seed wetting. Thus, germi-
nation is expected to occur most rapidly at the species’
thermal optimum, with germination times increasing
as temperatures increase or decrease until thermal
limits are reached, beyond which germination cannot
occur. We used this model to examine variation in the
thermal germination niche between and within popu-
lations of the Banksia spinulosa group, a species
complex distributed widely across a climatically and
edaphically heterogeneous fire-prone region in south-
eastern Australia.

We undertook laboratory experiments to quantify
(1) levels of variation in thermal germination niches
between source populations and subspecific morpho-
taxa; (2) relationships between interpopulation varia-
tion and environmental conditions at the source
population; (3) relationships between thermal germi-
nation niches and projected temperature changes at the
locations of source populations; and (4) levels of
variation in germination time within populations. We
consider the implications of the results for adaptive



Plant Ecol (2016) 217:781-788

783

responses to climate change in fire-prone plants. We
believe this is one of the first studies of germination
responses to rising temperatures in fire-prone seroti-
nous plants.

Methods

We collected seed from 12 populations (Table 1)
across the distribution of the Banksia spinulosa group
sensu lato in southeastern Australia. Sampling of
populations was  stratified along latitudinal
(29.9-37.5°S) and altitudinal (4-1130 m) gradients.
The taxa currently recognised within this group
include Banksia spinulosa Sm. var. spinulosa (four
populations sampled), Banksia spinulosa Sm. var.
collina R.Br. (A.S. George) (four populations sam-
pled), Banksia cunninghamii Sieber ex Rchb. (three
populations sampled) and Banksia neo-anglica (A.S.
George) Stimpson and J.J. Bruhl (one population
sampled). All four taxa form a distinct clade (Cardillo
and Pratt 2013) and had previously been regarded as
races or forms within B. spinulosa (Jacobs and Pickard
1981).

In southeastern Australia, Banksia seed germina-
tions occur outside the summer months, depending on
the timing of the weakly seasonal rainfall. After warm
season fires, seed release occurs en masse with most
germinations typically delayed until autumn. A small
fraction of seeds can be released spontaneously at

various times of the year and spring fires may result in
germinations during late spring or early summer.

We collected infructescences (fruiting cones)
from three maternal plants per population in
March 1981, selecting the youngest mature cones
available (all <2 years old). In the laboratory, we
exposed the cones to heat in a muffle furnace for
60 s to stimulate the woody follicles to open,
allowing manual extraction of seeds the next day.
Prior testing had shown fully formed, firm seeds
to be 100 % viable and germinable when watered.
Banskias appear to have temperature requirements
that are satisfied by constant, rather than alternat-
ing temperatures, despite diurnal variations in the
field (Cochrane et al. 2014a). We therefore
exposed three replicate samples of 15 fully
formed, firm seeds from each maternal plant
within each population to five constant incubation
temperature treatments: 10; 15; 20; 25 and 30 °C.
We placed seeds in sterile petri dishes on filter
paper, irrigated them with distilled water and
monitored individual seeds each day until emer-
gence of a radicle. The experiment was terminated
after 50 days, when new germinations had slowed
to a trace rate and all 15 seeds had germinated in
the majority of replicates.

To examine germination responses, we calculated
the median germination time (G50): the time taken for
radicle emergence in half of the seeds that germinated
within 50 days for each replicate. We fitted a series of

Table 1 Source populations of Banksia spinulosa sensu lato from which seeds were sampled for the germination experiment

Taxon Population Location Elevation (m) Latitude (°S) Longitude (°E)
Banksia spinulosa var collina HW Halfway Creek 85 29.9081 153.0673
Banksia spinulosa var collina AR Arakoon 24 30.8802 153.0722
Banksia spinulosa var collina LA Laurieton 26 31.6323 152.7551
Banksia spinulosa var collina KA Karuah 38 32.6336 152.0097
Banksia spinulosa var spinulosa MO Mt Ousley 436 34.3899 150.8799
Banksia spinulosa var spinulosa SI Sussex Inlet 44 35.0859 150.5040
Banksia spinulosa var spinulosa EL East Lynne 74 35.5402 150.2993
Banksia spinulosa var spinulosa SM South Merimbula 4 36.9052 149.9013
Banksia neo-anglica TO Torrington 1130 29.2989 151.6870
Banksia cunninghamii KW Kanangra Walls 1084 33.9906 150.1033
Banksia cunninghamii FF Fitzroy Falls 658 34.647 150.4818
Banksia cunninghamii WI Wingan Inlet 140 37.5897 149.4808

Latitude and longitude are given in decimal degrees on the Geodetic Datum of Australia 1994
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generalised linear models with Poisson error distribu-
tions and log link functions to G50 after examination
of residuals indicated reasonable linearity, normality
and homogeneity of variance. The base model was a
quadratic function of incubation temperature, simu-
lating bell-shaped thermal germination niches. We
quantified variation in response between populations
by fitting a generalised linear mixed model that
included the quadratic terms for incubation tempera-
ture and a random population term. We compared the
Akaike Information Content (AIC) of this mixed
model with the base model and calculated R* to
quantify the variation in germination response
accounted for by the incubation treatment and source
population.

To investigate how features of the seed source
population affect germination responses, we fitted
models including the base quadratic terms for incu-
bation temperature and additional terms representing
the taxonomic relationships and bioclimatic charac-
teristics of the source populations. Taxonomic rela-
tionships were represented by a fixed factor with one
level for each of the four recognised taxa. We
investigated whether ambient temperature conditions
at the source populations influence germination
response by fitting mean, maximum and minimum
annual temperature values for the 30-year period
centred on 1990 for each location. Similarly, we tested
the effect of temperature variability at the source
populations by fitting mean diurnal temperature range
and temperature seasonality based on the coefficient of
variation of weekly means relative to the annual mean.
We first tested these predictors individually and then
tested whether combinations of the best predictors
produced a more informative model in terms of AIC
and R? values. All bioclimatic variables were esti-
mated from a spline surface fitted to weather station
data in ANUCLIM 6.1 (http://fennerschool.anu.edu.
au/files/anuclim61.pdf).

Finally, we quantified projected changes in temper-
ature for variables that were identified in the models as
good predictors of germination response. We used
outputs from four global circulation models under the
ATFI greenhouse gas emission scenario (IPCC 2007).
These four models (CSIRO-Mk3; GDFL-CM2;
MPMP-ECHAMS and UKMO-HADCM3) had previ-
ously been shown to produce regionally skilled projec-
tions of temperature for southeastern Australia
(Suppiah et al. 2007).

@ Springer

Results

There was a strong quadratic response of germination
time to incubation temperature, which accounted for
31 % of the variation in the base model with no
covariates (Base GLM, Table 2), supporting the bell-
shaped thermal niche model (Fig. 1). There was
significant variation in this response between popula-
tions, with a random effect term accounting for 34 %
of the remaining variation in the data after variation
accounted for by the base model was excluded
(Population GLMM, Table 2).

Addition of a ‘taxon’ factor to the base model
produced a substantially more informative prediction
of germination response than the base model, account-
ing for a total of 50 % of variation in the data (Taxon
GLM, Table 2). Mean germination times (Fig. 2) did
not differ between the two varieties of B. spinulosa
(t = 1.13, P = 0.26); however, B. neo-anglica had
somewhat shorter germination times (f = 3.11,
P = 0.002) and B. cunninghamii had markedly longer
germination times (f = 8.81, P < 0.0001).

Mean annual temperature (7 e, GLM) and mean
minimum temperature (7,,;, GLM) did not improve
the fit of the base model; however, mean maximum
temperature accounted for 10 % of remaining varia-
tion after the base model (Tmax GLM, Table 2).
Diurnal temperature range at the source population
(Tdiurnal GLM) accounted for 16 % of remaining
variation in the data over the base model, but
temperature seasonality (Tseas GLM) did not improve
the fit of the base model. Germination times were
inversely related both to maximum temperatures and
diurnal temperature range at the source population
(Table 2; Fig. 1).

The most informative model included a taxon factor
and Diurnal temperature at the source population
(Taxon + Tdiurnal GLM, Table 2). This model
accounted for 56 % of total variation in the data and
36 % of remaining variation after fitting the base model.

Intrapopulation variability in germination responses
differed between populations and was positively
related to the mean maximum temperature at the
source population (Fig. 3).

Temperatures are projected to increase at similar
rates across all populations during the twenty-first
century but the projected rates differed between the
four GCMs. We therefore present projections for each
GCM averaged across all populations. The CSIRO-
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Fig. 1 Modelled variation in median germination time with
incubation temperature and diurnal temperature range at source
population. Model is G50 = 4.66-1.49T + 2.917°-0.18DR,
where G50 is the time (days) taken for half the germinable
seed sample to germinate, 7 is the incubation temperature and
DR is the mean diurnal temperature range at the location of the
source population
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Fig. 2 Taxonomic variation in median germination time (G50)
in days

Mk3 model projected an increase in the mean diurnal
temperature range of 0.5-1.1 °C by year 2100,
whereas the other three models projected no appre-
ciable change. Over the same period, projected
increases in mean maximum temperatures varied from
3.7 °C (UKMO-HADCMS) to 5.8 °C (CSIRO-Mk3)
(Fig. 4).

Discussion

Our results suggest substantial variation in thermal
germination niches between populations. Phylogeny

@ Springer
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Fig. 3 Relationship between intrapopulation variation in germi-
nation time and mean maximum temperature (7;,,,) for 12 study
populations of Banksia spinulosa sensu lato. Data are pooled for all
five incubation temperatures (coefficient of variation CV for
n =45 seeds). Linear regression CVgermination time = 0.46-
Tmax — 8.75, R> =032, n=12. See Table 1 for population
codes. Symbols represent different taxa: open circles—B. cunning-
hamii; filled squares—B. neo-anglica filled triangles—B. spinu-
losa var. spinulosa; open diamonds—B. spinulosa var. collina
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Fig. 4 Projected increase in mean maximum temperatures
pooled across twelve Banksia spinulosa sensu lato. Study
populations for A1FI greenhouse gas emission scenario based
on four regionally skilled global circulation models (GCMs)

accounted for much of this variation, with B. cun-
ninghamii, the sister group to the other three taxa
(Cardillo and Pratt 2013), having the most distinct
thermal germination niche. Based on molecular dat-
ing, Cardillo and Pratt (2013) estimate that B.
cunninghamii diverged from the other taxa about 2.5
million years ago. It is also noteworthy that B.
cunninghamii is the only obligate seeder in the group,
and hence entirely dependent on regeneration from
seed after fire. Among the facultative seeders, the
available data suggest that B. neo-anglica and B.
spinulosa var. collina had different thermal
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germination niches and diverged more recently from
each other than they did from B. cunninghamii, but
estimates of both the niche and the phylogeny for B.
neo-anglica were based on small sample sizes and
warrant further resolution.

We detected a weak relationship between thermal
germination niche and thermal conditions at the source
population. Specifically, for a given incubation tem-
perature, seeds from sites with larger diurnal temper-
ature ranges and higher maximum temperatures had
more rapid germination times than seeds from sites
with converse conditions. Although these signals were
weak (accounting for 16 and 10 % of variation in
niches within taxa, respectively), they contrast with
Banksia species from southwestern Australia, in
which intraspecific variation in germination niche
was unrelated to climate (Cochrane et al. 2014a). The
covariables were derived from modelled spline sur-
faces interpolated from weather station data, and are
likely to offer a rather coarse and indirect represen-
tation of temperatures experienced by seed on post-fire
soil surfaces in the field. Future development of finer
resolution temperature data reflecting local topo-
graphic variations in field temperatures (Ashcroft
and Gollan 2013) should enable more definitive
analyses of field conditions experienced by maternal
plants.

Although our data suggest that intrapopulation
variability in germination time may increase with
maximum temperature at source populations across all
taxa, this was almost entirely due to greater variability
within populations of B. spinulosa var. collina relative
to other taxa. Our estimates of intrapopulation vari-
ability were also limited by the fact that the 45
replicate seeds were sampled from only three maternal
plants per population. Further work is needed to
determine whether the climate influences intrapopu-
lation variability in germination niches.

There appears to be considerable capacity for seeds
from all sampled populations to germinate under a
wide range of thermal conditions. At least 50 % of
seeds from all populations germinated within 50 days
at the highest temperature tested (30 °C). Cochrane
et al. (2014a) found similar responses at 30 °C among
southwestern Australian banksias, but germination
responses of those species appear to be diminishing
more rapidly at high temperature than in eastern taxa.
Indeed, optimal germination temperatures (at which
germination is most rapid) were higher and varied

across a wider range among populations of the
Banksia spinulosa group (24-29 °C) compared to
the four more phylogenetically divergent taxa from the
south coast of Western Australia (15-17°), studied by
Cochrane et al. (2014a). Although their estimates were
based on mean germination times, rather than G50, the
magnitude of difference is substantial and possibly
reflects stronger selection for germination to occur in
cooler months in southwestern Australia to coincide
with strongly seasonal winter rains. In comparison,
seasonal patterns of rainfall are relatively weak in the
southeast and selection for germination in winter may
be weaker.

A number of possible mechanisms could explain
the expression of variation in thermal germination
niches under common laboratory conditions. These
include genetic divergence (local adaptation) in ger-
mination traits among populations, genetically based
differences in phenotypic plasticity between popula-
tions, epigenetic processes operating during the
development of ovules or seeds, or differences in
resourcing (e.g. rainfall) during seed development at
the source populations (Nicotra et al. 2010). Resolu-
tion of these mechanisms requires further
experimentation.

On the face of it, the relatively broad niches
observed in this experiment suggest that germination
in these taxa is relatively robust to temperature
changes, at least to the more modest increases
projected across the populations. The shapes of
responses suggest that the upper thermal limit for
most populations is considerably greater than 30 °C.
Mean maximum (air) temperatures at all source
populations are currently below this level. However,
soil surface temperatures experienced by seeds are
substantially greater than air temperatures. Ooi et al.
(2012), for example, found that maximum soil surface
temperatures were, on average, 1.8 times greater than
maximum air temperatures in a semi-arid sand dune
landscape. If a similar relationship applies for post-fire
soil surfaces in our study area, then the mean
maximum soil surface temperature at our warmest
site could exceed 50 °C.

While further investigations are needed to deter-
mine how close ambient post-fire soil surface temper-
atures are to thermal limits of germination for different
populations, the expected effect of warming is a
narrowing of the germination window to the cooler
months of the year. For fires occurring between late
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spring and late summer, this could mean a more
prolonged exposure of seeds to pathogens and preda-
tors until temperatures become suitable for germina-
tion. In situ population persistence will also hinge on
the sensitivity of processes such as inflorescence
production, seed set and seedling establishment to
future climates, particularly future rainfall and its
interaction with changing fire regimes (Enright et al.
2015).
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