Received: 15 November 2022 | Revised: 20 March 2023

'.) Check for updates

Accepted: 4 April 2023

DOI: 10.1002/pei3.10108

RESEARCH ARTICLE

PLANT-ENVIRONMENT :
INTERACTIONS @l

Germination temperature sensitivity differs between
co-occurring tree species and climate origins resulting in
contrasting vulnerability to global warming

Jo3o C. Filipel?

Paul D. Rymer®

'Department of Biodiversity,
Conservation and Attractions, Biodiversity
and Conservation Science, Perth, Western
Australia, Australia

2Centre for Terrestrial Ecosystem Science
and Sustainability, Harry Butler Institute,
Murdoch University, Murdoch, Western
Australia, Australia

SHawkesbury Institute for the
Environment, Western Sydney University,
Richmond, New South Wales, Australia

4School of Biotechnology & Biomolecular
Sciences, University of New South Wales,
Sydney, New South Wales, Australia

SResearch Centre for Ecosystem
Resilience, Royal Botanic Gardens and
Domain Trust, Sydney, New South Wales,
Australia

éCesar Australia, Brunswick, Victoria,
Australia

Correspondence

Jodo C. Filipe, Department of Biodiversity,
Conservation and Attractions, Biodiversity
and Conservation Science, Perth, WA,
Australia.

Email: filipe.j.carlos@gmail.com

Funding information

Australian Research Council, Grant/
Award Number: LP150100936; Western
Australian Government Department of
Biodiversity, Conservation and Attractions

1 | INTRODUCTION
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Abstract

Climate change is shifting temperatures from historical patterns, globally impacting
forest composition and resilience. Seed germination is temperature-sensitive, mak-
ing the persistence of populations and colonization of available habitats vulnerable
to warming. This study assessed germination response to temperature in foundation
trees in south-western Australia's Mediterranean-type climate forests (Eucalyptus
marginata (jarrah) and Corymbia calophylla (marri)) to estimate the thermal niche and
vulnerability among populations. Seeds from the species' entire distribution were col-
lected from 12 co-occurring populations. Germination thermal niche was investigated
using a thermal gradient plate (5-40°C). Five constant temperatures between 9 and
33°C were used to test how the germination niche (1) differs between species, (2) var-
ies among populations, and (3) relates to the climate of origin. Germination response
differed among species; jarrah had a lower optimal temperature and thermal limit
than marri (TO 15.3°C, 21.2°C; ED4, 23.4°C, 31°C, respectively). The thermal limit for
germination differed among populations within both species, yet only marri showed
evidence for adaptation to thermal origins. While marri has the capacity for germi-
nation at higher thermal temperatures, jarrah is more vulnerable to global warming
exceeding safety margins. This discrepancy is predicted to alter species distributions

and forest composition in the future.
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and particularly exacerbated if emissions remain unchanged

(IPCC, 2021). The dissociation between population-specific adapta-
tions and future temperature might cause reductions in population
fitness (Kopp & Matuszewski, 2014; Ooi, 2012), shifts in species

composition (Morin et al., 2018), range contractions (Jiménez-Alfaro

Rapid anthropogenic climate change is decoupling organisms from
their natural thermal ranges (Cheaib et al., 2012; Cobb et al., 2017).

Temperatures will continue to change over the next 100years
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et al., 2014), and local extinctions (Wiens, 2016). Trees are particu-
larly vulnerable, as they require hundreds to thousands of years for
evolutionary change to occur (Lenoir et al., 2020; Lind et al., 2018).
However, not all tree species and regions are equally vulnerable
to changing temperatures due to their varying trait characteristics
(Ahrens, Andrew, et al., 2019), contrasting evolutionary histories
and adaptive capacity to climate change (Savolainen et al., 2007).
Adaptive capacity is the combination of genetically determined
species trait variation and the variation determined by environment
(i.e., plasticity) to optimize the traits among variable conditions
(Frankham, 2005). Data on intra- and interspecific variability are
generally lacking, making it challenging to determine adaptive ca-
pacity within ecological communities and quantify vulnerability to
future temperature conditions.

Assessing the vulnerability of organisms to changing tempera-
tures is complex. The Intergovernmental Panel on Climate Change
defines vulnerability as “the propensity or predisposition to be ad-
versely affected by a threat, including sensitivity or susceptibility to
harm and lack of capacity to cope and adapt” (IPCC, 2021), that is,
it refers to the sensitivity of the impacted system to climate change
along with the likelihood of exposure to harmful conditions. Most
climate change impact studies use species distribution and niche
modeling to infer vulnerable species and regions (Oddou-Muratorio
et al., 2020). However, vulnerability to warming depends on charac-
teristics rarely included in these approaches, such as genetic varia-
tion, phenotypic plasticity, and life-history traits (Aitken et al., 2008;
Anderson et al., 2011; Christmas et al., 2016).

Life-history traits that rely on temperature as an environmen-
tal cue are particularly at risk of negative impacts from anthropo-
genic global temperature changes (Saavedra et al., 2003; Walck
et al., 2011). Indeed, temperature warming has been widely shown
to limit the evolutionary potential of plant species, primarily through
range contractions (Araujo et al., 2013; Garcia-Valdés et al., 2013),
with significant downstream effects on community composition and
structure, vegetation pattern, and functions of forest ecosystems
(Alberto et al., 2013; Rong et al., 2019). To date, there is a lack of
research assessing vulnerability to temperature variation that ex-
plicitly quantifies exposure and sensitivity to these shifts, assesses
relative vulnerability of functionally important co-occurring species,
and identifies impacts on community composition and function.

Seed germination is one of the most critical life-history stages
for population persistence and colonization in a changing climate.
Germination is primarily controlled by two environmental factors:
temperature and water availability (Baskin & Baskin, 2014; Ddrr
et al., 2015). Water is generally required for seed germination, which
is regulated by temperature to allow optimal levels within the spe-
cies' thermal niche (Donohue et al., 2010). While extreme tempera-
tures inhibit germination outside a temperature range to which the
species is evolutionarily adapted (Baskin & Baskin, 2014), seeds of
many plant species can generally germinate over a range of tem-
peratures. Predicted increases in temperature will likely have a more
significant effect on germination than later stages in the life history
(Dalgleish et al., 2010; Walck et al., 2011), with even small changes
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in temperature considerably altering germination timing (Fernandez-
Pascual et al., 2015; Mondoni et al., 2012), species richness (Lloret
et al., 2004), and demography (Ooi, 2012).

The thermal niche of germination is described by an optimal tem-
perature below and above which germination might be delayed or
suppressed (Bewley et al., 2013). Indeed, there is a minimum (“base
temperature,” T,) and a maximum temperature (“ceiling temperature,”
T.) between which germination occurs, and an optimal temperature
(T.) at which it occurs at the highest speed for the nondormant seed
fraction under conditions of unlimited water availability, reflecting
germination capability during seasons with available water (Dtrr
et al., 2015). Seed germination rate, a measure of seed vigor (Finch-
Sawage & Bassel, 2016), has an important relationship to tempera-
ture, which can be exploited to define cardinal temperatures for
germination thermal range (Alvarado & Bradford, 2002; Rowse &
Finch-Savage, 2003). Thermal time-to-event modeling using cardinal
temperatures provides a mechanistic comparison to describe ther-
mal germination niche, which was initially developed on crop species
(Covell et al., 1986; Ellis et al., 1986; Garcia-Huidobro et al., 1982)
and subsequently extended to wild species (Bloomberg et al., 2009;
Midmore et al., 2015; Orru et al., 2012). More recently, thermal
time modeling has been applied to a limited number of wild species
to define thermal safety margins and predict germination perfor-
mance under various climate change scenarios (Fernandez-Pascual
et al., 2015; Sampayo-Maldonado et al., 2021; Seal et al., 2017). The
germination thermal safety margin can be estimated as the differ-
ence between environmental temperature experienced by seeds
and the upper and lower thermal limits within which germination can
occur. If environmental temperatures continue to increase rapidly,
the upper safety margins will become narrower and, if exceeded, the
overall fitness, phenology, and timing of germination processes may
be impacted (Cochrane, 2019). Therefore, germination temperature
sensitivity is considered a significant indicator of vulnerability to cli-
mate change for some taxa (Cochrane, 2020; Cochrane et al., 2011).

The main objectives of this study were to explore germination
thermal niche, adaptability and vulnerability to warming in two co-
occurring eucalypt tree species, Eucalyptus marginata Donnex.Sm.
(jarrah) and Corymbia calophylla (R.Br.) K.D. Hill & L.A.S. Johnson
(marri), endemic to the Mediterranean-type climate of south-western
Australia. Broad-scale tree canopy collapses have already been re-
corded in the Western Australia south-west biodiversity hotspot,
because of heatwaves and drought events (Matusick et al., 2013,
2018; Ruthrof et al., 2018) that are predicted to increase in intensity
and frequency under climate change (IPCC, 2021). Understanding
the sensitivity and adaptive capacity to warming temperatures is
crucial to predict the vulnerability of species and populations and
inform effective management plans and conservation strategies
(Aitken & Bemmels, 2016; Keenan et al., 2015). Therefore, we aimed
to define inter- and intraspecific variation in thermal thresholds for
germination of both species by sampling 12 co-occurring popula-
tions across their distribution. We tested the following hypotheses:
(1) germination thermal niche will differ between species (species
sensitivity), and marri will have higher thermal limits than jarrah, as
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jarrah has limited recruitment in the northern (warm) forests (Koch
& Samsa, 2007; Norman & Koch, 2009); (2) germination responses
will vary between populations (population sensitivity), where ger-
mination thermal limits will be positively correlated with maximum
temperatures of origin (following genetic adaptation; Ahrens, Byrne,
et al., 2019; Filipe et al., 2022); and (3) jarrah is more vulnerable to
future temperature changes compared to marri, and northern (warm;
Table 1) populations will be more vulnerable to future temperature
conditions compared to southern (cool; Table 1) populations as a
function of exposure to temperatures above the thermal limit for
seed germination. By assessing the current thermal niche (sensitiv-
ity) and future windows (exposure) for germination, we quantified
vulnerability to climate change at the species and population levels
where the thermal safety margin of germination is exceeded. We
found differences between species in their thermal limits and level
of thermal adaptation. We predict vulnerability to global warming
will lead to contraction of jarrah's range and altered forest composi-
tion with implications for forest conservation and restoration.

2 | MATERIALS AND METHODS

2.1 | Study species

Eucalyptus marginata (jarrah) and Corymbia calophylla Johnson (marri)
are co-occurring foundation tree species in the forests and wood-
lands of south-western Australia (Whitford & Williams, 2002). They
occur in areas with varying temperatures in the warmest month
(Tuax) @and mean annual rainfall (P,,,; Figure 1). Jarrah seeds are
released from mature and dried fruit capsules in the upper canopy
(Christensen, 1971; Cremer, 1965), usually between December-
March (summer to autumn). Jarrah seeds are viable between 4 and
4.5mm (Cargill et al., 2019). Marri has a broad ecological distribu-
tion naturally occurring in a wide range of vegetation types, from tall
forests in cool (southern) areas to open woodlands in warm (north-
ern) regions. Marri fruits develop between March and December

and release between January and February (summer; Johnstone
& Kirkby, 1999). Marri seeds are usually 12-13mm long (Boland
et al., 1980; Johnstone & Kirkby, 1999).

2.2 | Seed collection

Seeds from 120 individual mature trees from 12 natural populations
were collected for each species across their co-occurring geographic
range (Figure 1; Table 1) during autumn-winter of 2019 (from March
to August). Geographic coordinates were recorded for all sampled
individuals using a handheld GPS device (Magellan eXplorist 310).
The sampling, which covered an approximate area of 80,000km?, in-
cluded independent (>50km separation) and replicate (across similar
climate of origin) populations over both temperature and precipita-
tion gradients. Sampled populations were grouped into four climate
origins: Warm and dry, warm and wet, cool and wet, and cool and
dry, according to Ty,,y and Py, of origin (“Warm” if T, of origin
>30°C, “Wet” if P, >850mm; Table 1). Mature capsules from each
population were collected from 10 trees at least 100m apart to re-
duce relatedness between individuals. Capsules were stored in silica
gel until placed at room temperature (20+1°C). Seeds were ex-
tracted by shaking capsules in closed sieves, separating most chaff
from seeds. The number of seeds per capsule ranged from 1 to 7 for
jarrah and from 3 to 4 for marri. Seeds damaged or predated by in-
sect larvae were discarded. Whole plump seeds with no signs of dis-
coloration were assumed to be viable (Cargill et al., 2019; Johnstone
& Kirkby, 1999). After extraction, seeds were stored at 3°C, with
15% relative humidity in darkness until sowing.

2.3 | Delineating minimum and
maximum thermal response

This first experiment explored the minimum and maximum ther-
mal limits of germination for both species using a bi-directional

TABLE 1 Study locations and climate of

Climate of

Population Code Latitude Longitude origin

Hill River HIL -30.164 115.199 Warm and dry
Mogumber MOG -31.098 116.050 Warm and dry
Lupton LUP -32.529 116.500 Warm and dry
Chidlow CHI -31.862 116.226 Warm and wet
Serpentine SER -32.345 116.072 Warm and wet
Peel Inlet PEE -32.692 115.710 Warm and wet
Bramley BRA -33.903 115.087 Cool and wet
Carey CAR -34.425 115.822 Cool and wet
Boorara BOO -34.612 116.206 Cool and wet
Kingston KIN -34.082 116.337 Cool and dry
Cape Riche CAP -34.601 118.742 Cool and dry
Plantagenet PLA -34.653 117.499 Cool and dry

T T P - )
B RIAX o origin of each sampled natural marri and

Q) (0 (mm) . : . .
jarrah population along with three climate

19.6 33.9 558 variables for both the species distribution

187 335 554 area. Mean annual temperature (°C; T,,,),

15.7 301 688 maximum temperature of the warmest
month (°C; TMAX), and mean annual

168 307 883 precipitation (mm; Py,,).

16.3 29.7 1161

18.1 32.0 894

16.6 27.6 1109

15.7 26.1 1164

15.5 26.9 1194

14.5 26.4 724

16.1 25.7 585

14.9 26.5 660
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FIGURE 1 Sampled natural populations
from marri and jarrah in south-western
Australia (black dots). Two climate
gradients that can represent a limiting
factor to species distributions are shown
overlapped with color blending for the
species distribution area. Maximum
temperature of the warmest month (°C;
Tuax in the red display) and mean annual
precipitation (mm; Py, in the blue display).
Insert shows the native distribution of
marri and jarrah in Australia. Refer to
Table 1 for the full populations' names.

30°S

32°s

33°8

35°S

temperature gradient plate (TGP; Model GRD1, Grant Instruments,
Cambridge, UK; temperature range: +5 to 45°C). The germination
responses were examined simultaneously over alternating and con-
stant temperature gradients. The TGP allowed the exploration of
germination responses to a complete thermal spectrum, allowing
the delineation of appropriate temperature steps for the quantita-
tive experiment (described below). For the TGP experiment, two
populations were used, representing contrasting temperature and
rainfall regimes: a cool temperature, high rainfall southern popula-
tion (Boorara; BOO) and a warm, dry northern population (Hill River;
HIL). Seeds were sown under sterile conditions in a laminar flow
cabinet (metal-free HWS; Clyde-Apac) in 35mm plastic Petri dishes
on 0.75% w/v water agar with 10 seeds per dish for jarrah and 5
for marri, because of seed size differences. The moisture level was
constant for all dishes, and dishes were sealed with parafilm to mini-
mize moisture loss by evaporation. Dishes with seeds were placed
into one TGP cell with a specific day/night temperature combination.
Each of the four populations were exposed to all 49 temperature
combinations, between 5 and 40°C, with a 12-h photoperiod, that
is, 5 to 40°C day-time temperatures combined with 5 to 40°C night-
time temperatures with approximately 2.5°C increments among
TGP cells (see Figure S1 for photos of sowed dishes and TGP setup).
Temperature conditions cannot be replicated during an alternating
bi-directional run on the TGP, so each temperature condition was
represented by only one dish. Seed germination was recorded three
times weekly, and germinated seeds (a radicle double the length of
the seed) were removed. At the end of the experiment, seed viabil-
ity was tested by cutting non-germinated seeds. Seeds with a hard,
white endosperm were considered viable, all others were considered

24 34
Tmax (°C)

e Marri and Jarrah provenance

116°E 117°E 119°E

non-viable. The TGP germination test ended when no new germi-

nants were recorded for five consecutive days.

2.4 | Delineating differences between
populations and species

The second experiment was conducted using germination cabinet
incubators (TRI-145-1-SD; Thermoline Australia Pty Ltd.). The 12
sampled populations from each species were tested under five con-
stant temperatures: 9, 15, 21, 27, and 33°C (based on the TGP ex-
periment), with a 12h day/12h night photoperiod (Jackson, 2009).
Individual chambers were used to test each temperature value,
with temperature data loggers placed inside each chamber (top and
bottom) to ensure constant and uniform temperatures across the
chamber space. Seeds were sown in 100 mm plastic Petri dishes on
0.75% w/v water agar. Each dish contained 10 seeds from both spe-
cies, to avoid biased effects in the data analyses. A total of three
independent runs were performed. In each run, populations were
represented by three dishes for each temperature treatment (30
seeds). A total of 9 replicates (dishes) from each species' popula-
tion were tested for each temperature treatment, for a species
total of 1080 seeds. The moisture level was constant and equal for
all sowed dishes. Seed germination was recorded three times per
week, with germinated seeds removed. At the end of the experi-
ment, non-germinated seeds were checked for viability with a cut
test, and non-viable seeds were removed from the original count.
Each run ended when no new germinants were recorded for five

consecutive days.
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2.5 | Data analysis and visualization

Experiment 1 data were visualized through contour plots showing
percentage germination on the bi-directional TGP. Contour plots
were generated in R v4.1.1 (R Core Development Team, 2021) using
the function levelplot from package “lattice” v0.20-45 (Sarkar, 2008).
Individual plots for each species-population combination were
created. Maximum mean germination percentage (G,,,,) and time
to 50% germination (T,,) for each species were calculated from
Experiment 2 data. G, and T, were calculated in R with the
function summaryBy from the “doBy” v 4.6.11 package (Hgjsgaard
etal., 2009).

For Experiment 2, the count data per day were transformed
into time-to-event data (Onofri et al., 2011). A time-to-event model
(TTEM) was applied with the drm function from the “drcSeedGerm”
package (Onofri et al., 2018), setting the arguments “type” to “event”
and “fct” to “TTEM”, which returned the following parameters: the
optimal temperature for germination (T ), along with the upper and
lower temperature for germination (T, T, respectively). To identify
the temperature threshold for germination for each species pop-
ulation, the semi-parametric method of the dose-response model
(DRM) was applied (Ritz et al., 2019), using the function drm of the
“drc” package (Ritz et al., 2015). A three-parameter log-logistic func-
tion (LL.3) was included, which considers the characteristic features
of germination curves: repeated observations of the seeds over
time, observation intervals, and lack of interdependence between
proportions and variance homogeneity (Ritz et al., 2013). The DRM
was fitted with a continuous curve, following the decline in germi-
nation after T, to calculate estimated effective dose (ED) of tem-
perature value to achieve 85%, 50%, and 15% of germinated seeds
(i.e., germination rate) using the ED function (EDg,, ED,(, and ED,,
respectively), along with 95% confidence intervals. The DRM was
applied to all individual populations separately and again with each
of the climate-origin groups within each species (Table 1). The low-
est temperature (9°C) data were removed from the DRM model for
populations that had a significant decline in germination rate from
the maximum germination rate, because we were only interested in
the decline due to high thermal temperatures.

To explore how germination temperature has adapted to climate
of origin, germination metrics for each marri and jarrah population
were related to the climate at the seed source location. Current
climate (1970-2000) temperature and precipitation layers for sam-
pled populations were extracted from WorldClim v2 database (Fick
& Hijmans, 2017) with a spatial resolution of approximately 1km?,
including annual mean temperature (T,,,), the maximum tempera-
ture of the warmest month (T,,,), annual precipitation (P,,,) and
precipitation of warmest quarter (PWQ). Three of these represent
variables (T4, Pua» @and PWQ) which were shown to drive patterns
of genetic adaptation in jarrah (Filipe et al., 2022); similarly, T,
and Py, were also shown to be associated with genomic variation in
marri (Ahrens, Byrne, et al., 2019). A linear model with ED;, as the
response variable was used to test each climate predictor's signifi-
cance (Tya: Tyax: Pmar @and PWQ) separately using the function Im in

R. The standard error (SE) of the estimated ED,, values was included
as a weight argument for each data point in the subsequent linear
regression analysis. The weighting accounts for the uncertainty in
the estimated ED;, value and gives more weight to the data points
with more precise estimates. Significant relationships (p <.05) were
visualized using ggplot2 (Wickham, 2009) in R.

A monthly temperature variable (monthly average maximum
temperature; TMAXAmonth) was also extracted from WorldClim v.2
to define annual germination windows under the current climate.
Future climate data (2070) for Tyyax montn from global climate model
projections of BCC-CSM2-MR (Wu et al., 2019) were modeled to
predict future germination windows. The annual germination win-
dow was defined as the number of months in a year during which the
germination rate achieved 50% for each population per species com-
bination. The thermal safety margin for germination was defined as
ED5o = Tyax.month > O- Ridgeline plots for current and future germina-
tion window shifts were generated with ggplot2 (Wickham, 2009) in
R. Generalized additive models (GAM) were built in R with package
“mgvc” (Wood, 2017) with current and future germination window
(in months) as the response variables, and three current climate vari-
ables as predictors: Ty,,, Tyax @and mean temperature of the wettest
quarter (TMWQ). The GAM results were interpolated with the func-
tion predict to map the current germination window and predicted
germination window decline (2070) across the species distribution.
Predicted current relative germination was calculated as: [jarrah's
current germination window]/[marri's current germination window];
while the predicted germination shift was defined as: [jarrah's ger-
mination window decline] - [marri's germination window decline]. All
maps were generated with QGIS v3.22.5 (QGlIS.org, 2022).

3 | RESULTS
3.1 | Minimum and maximum thermal response

The TGP revealed high levels of seed viability (non-viable seeds:
<0.5% for jarrah, <1% for marri). There was visible germination vari-
ation for temperature and timing across the two species. The con-
tour plots illustrate the species-specific nature of seed responses to
temperature (Figure 2). The time to first germination in marri was
2days, while for jarrah first germination was recorded after 7 days;
marri recorded no new germinants from Day 22 onwards, while jar-
rah germinated until Day 30.

Jarrah showed an overall low and constrained temperature win-
dow for germination. The total mean proportion of germination
was 19%. The maximum proportion of germination was moderate
and similar between populations: cool-wet jarrah-BOO at 66%,
and warm-dry jarrah-HIL reached 53% (Table 1 for population de-
tails). Distinct response patterns were observable between species
and populations across the plate (Figure 2). Jarrah-BOO displayed
an almost symmetrical shape of greater germination (25%-66%) in
the bottom-left corner, where temperatures were lower (closer to
5°C), with very low (<20%) or absent germination across the rest
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FIGURE 2 Bi-directional temperature gradient plate contour plots for seeds from jarrah and marri populations of HIL (Hill River, warm
and dry) and BOO (Boorara, cool and wet). The color gradation from dark purple (100%) to bright yellow (0%) represents the decreasing
germination percentage. Isopleths connect points of equal percentage germination. Constant temperatures are presented on the diagonal
line from the top-right corner (maximum temperature 40°C) to the bottom-left corner of the plots (lowest temperature 5°C). All points above
and below the diagonal line represent alternating temperature regimes, with the greatest amplitude at each graph's top-left and bottom-
right corners. The diagonal line from the bottom-left to top-right corner of each plot also signifies the divide between diurnal cycles that
have light during the warmer day regime (bottom-right section) and dark during the warmer day regime (top-left section).

of the plate; while for jarrah-HIL had higher germination rates in
higher temperatures with several pockets of moderate-low germi-
nation (25%-35%) distributed randomly across the plate. In contrast,
marri displayed several temperature combinations where plate cells
reached 100% germination for both populations (Figure 2). The total
mean germination proportion for marri was 64%. The warm-dry
marri-HIL had high germination throughout except for a few pockets
(>80%). High germination patterns for cool-wet marri-BOO is more
isolated to cooler night temperatures with low germination (<25%)
close to the top edge of the plate.

3.2 | Cabinetincubators

The overall results from the TGP trial indicate that a temperature
range from 9 to 33°C would be sufficient to differentiate between

species and populations. After each of the three runs, cut tests
found a negligible proportion of non-viable seeds (<1% for both spe-
cies). The mean time (averaged from three runs) for first germina-
tion in jarrah was 6.5 days, and for marri was 7 days. Maximum mean
germination percentage (G,,,,) and mean time to 50% germination
in days (T;) calculated for marri and jarrah (9 dishes per treatment
for each species) revealed clear species' differences in the thermal
niche (Figure 3). For the lowest temperature treatment (9°C), jar-
rah showed a high G,,,, (78%), while marri recorded a lower mean
value (60%); when the temperature was increased to 15°C, both
species showed a similarly high response (marri—82%; jarrah—79%).
Although, at 21°C, the species were again separated; germination
in jarrah drastically decreased from 21 to 27°C, shifting from 64%
to 18% Gyax. until a record low was registered at 33°C, with 14%
Guax- Guax in marri was consistently higher than jarrah but with
smaller drops in Gy, between 21 and 33°C (70% to 30%). The T,
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FIGURE 3 Mean maximum germination percentage (Gy,y; left panel) and mean time to 50% germination in days (T, ; right panel), with SE
bars, for marri and jarrah exposed to constant temperatures for 35days: 9, 15, 21, 27, and 33°C.

85% 50%
DRM prediction germination germination
Species Climate of origin EDg; (SE) ED,, (SE)
Marri Warm and dry 31.6(1.7) 33.0(0.3)
Warm and wet 28.3(1.5) 32.1(0.7)
Cool and wet 24.5(0.7) 29.4 (0.5)
Cool and dry 25.4(0.8) 29.4 (0.5)
Jarrah Warm and dry 19.9 (0.7) 24.4 (0.5)
Warm and wet 20.2 (0.6) 23.5(0.4)
Cool and wet 19.9 (0.6) 23.7 (0.3)
Cool and dry 20.5(0.4) 23.4(0.3)

response for jarrah required less time to achieve 50% germination
(T5o=15.5days), while marri only reached 50% germination after
18.5days; similarly, to G, at 15°C both species showed a similar
response for T, at around 11.5days, and from 21°C onwards the
species were separated, with jarrah scoring higher T,. At the high-
est temperature (33°C) marri recorded a higher T

3.3 | Dose-response modeling

Jarrah recorded an overall 48% maximum seed germination, while
marri had 61% seed germination. The optimal temperature (T) for
marri was higher (T ,=21.2°C) than jarrah (T ,=15.3°C). The germi-
nation response curve estimated with a log-logistic dose-response
model (DRM) revealed that all the ED parameters for marri (by the cli-
mate of origin groups and individual populations) scored higher tem-
perature predictions compared to the parameters for jarrah (Table 2;
Table S1). The highest ED,, was recorded for marri warm-dry climate

TABLE 2 Dose-response model EDg,
ED,,, and ED, ; estimates for the climate
of origin population groups within marri

and jarrah.

15%
germination

ED, (SE)
34.4(1.8)
36.0(1.2)
34.3(0.7)
33.4(0.8)
29.9(0.9)
27.3(0.7)
28.4(0.7)
26.8(0.5)

(33°C), followed by the warm-wet (32.1°C), both higher than the es-
timated ED,,, for the cool climates (29.4°C); for jarrah, ED,, shows
less variation between climate groups (<1°C), ranging from 23.4°C
(cool-dry) to 24.4°C (warm-dry). Notably, ED., differed by >8.5°C
between species for the warm climate groups.

Individual DRM curves were plotted to visualize population
temperature responses comparing species (Figure 4). For most
warm populations, jarrah recorded a higher proportion of germi-
nation than marri for the lower tier of temperatures (9 and 15°C).
A swap between species occurred around 21°C, with germination
depressed onwards for both species and marri keeping a higher
germination proportion for the higher temperatures. The excep-
tions for this pattern are HIL (warm-dry) and PEE (warm-wet), for
which marri scored a higher proportion of germination across the
range of temperatures. The same three warm populations for both
species (MOG, SER, and LUP) recorded an extremely low germi-
nation response (<5%) for the highest temperature treatment
(33°C). For the cool climate populations, the variation between

85U8017 SUOWILLIOD aA 111D 3|qel [dde au Aq peueob ae Sapoie YO ‘8sn JO Sa|nJ 10} Aiq18UlUO AB]IM UO (SUORIPUOD-PUR-SWRIAL0O" AB|IMALe.q | |Bu1 [UO//:SdNL) SUORIPUOD pue swiie | 8u 89S *[£202/80/22] Uo Ariqiauliuo A8]IMm ‘AsupAs ulise JO AiseAluN Aq 80TOT €1Rd/200T 0T/10p/LI0o" A8 |IM AseIq Ul |Uo//SdNY WO1) pepeolumoq '€ ‘SZ0Z ‘S929525Z



FILIPE ET AL.

PLANT-ENVIRONMENT H 153

Warm + dry Warm + wet

INTERACTIONS P&l

Cool +wet Cool +dry

Foo0

Proportion of germination

04 A @ - . ' .® \ = . . .. 1 - - Kl < °
A Vari i A Varri i A Vi A Vari ; N
0.0 -| @ Jarrah Lup HER. ;‘ | ® saran  PEE HHK &% | ® Jaran  BOO | | ® jaran  PLA ";\*_
T T T v T T T T t T T T T T T T T T T
10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 10 15 20 25 30 35

0 Twmax (°C) of origin

Cabinet temperature (°C)

FIGURE 4 Germination response curves for marri and jarrah populations exposed to constant temperatures for 35days: 9, 15, 21, 27, and
33°C. The climate of origin is labeled at the top of each column. Each small data point is the proportion of germination from individual dishes
and the bigger data points are the population mean under each temperature dose. Vertical lines denote ED,, (+ SE in dashed lines) for each

marri (gray) and jarrah (black) population. A green diamond marks the mean maximum temperature of the warmest month (T, . °C) of origin
for each population. Empty triangles denote marri populations for which the 9°C treatment was dropped from the model fit. Refer to Table 1

for the full populations' names.

jarrah and marri was smaller or even overlapping (PLA, 9-15°C).
Jarrah cold-climate populations showed a higher germination re-
sponse than marri at lower temperatures (9 and 15°C) for two pop-
ulations (BRA and KIN), while marri cold populations consistently
recorded a higher germination proportion than jarrah for higher
temperatures (>21°C), similar to the patterns found across warm
populations.

The temperature threshold for germination was estimated as
ED,. Jarrah scored lower ED;, than marri in all co-occurring pop-
ulations (Table S1). While the jarrah population with the warmest
climate of origin (HIL, T,,,,=33.9°C) recorded the highest ED,,
for the species (27.7+1.1°C), the two most temperature-sensitive
jarrah populations also belong to the warm climate of origin
(MOG, T},,x=33.5°C, ED.,=21.3+0.3°C; and CHI, Ty,,,,=30.7°C,
ED;,=21.9+£0.5°C). Marri showed a much clearer signature of the
climate of origin with two cool-climate populations (PLA and BRA)
showing the lowest ED., (27.1+0.8°C and 27.8+0.8°C, respec-
tively) and the warmest population HIL recorded the highest ED,
(35.9+1.4°C).

The ED,, thermal threshold of germination was significantly pre-
dicted by the T, ,, of origin for marriand jarrah populations (p=.002,
R?=.61; p=.049, R?=.04, respectively) (Figure 5). Marri showed a

strong positive correlation where ED increased 0.68°C per degree
Celsius in T, . Jarrah populations showed a weak relationship with
a relatively flat slope (0.12) between T,,,, and ED,,. Other climate
metrics (Tyya, Pya and PWQ) were not significant predictors of EDg,
among populations (p>.05).

Tuax for sampled populations ranged from 25.7°C (CAP) to
33.9°C (HIL). Warm-origin marri populations displayed ED,, es-
timates similar to Ty,,,; noticeable exceptions were HIL (ED50 of
35.8°C—Ty,ax of 33.9°C) and CHI (ED, of 33.6°C—T,,x=30.7°C)
with higher (+1.9°C) thermal safety margins. Cool origin marri pop-
ulations showed higher ED than respective T,,,y, with the largest
thermal safety margins found for KIN (+4.5°C) (Figure 4). All jarrah
populations displayed ED., values lower than the respective Ty,,y
such that the thermal safety margins were exceeded. However, the
magnitude difference was greater for warm-origin (>5°C) compared
to cool-origin populations (<4°C) (Figure 4).

3.4 | Current and future germination window

The annual germination window was predicted to decrease in the fu-
ture (2070) for all sampled populations of jarrah and marri (Figure 6).
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As temperatures increase throughout the year the ED,, is exceeded
by Tyax in the warmer months reducing the number of months when
germination is possible. All jarrah populations had a lower safety mar-
gin under current conditions compared to their marri counterparts
resulting in a narrower germination window. The shortest current
window for jarrah was found for population MOG (warm and dry):
4.1 months, which was also the population with the highest predicted
decline for 2070: 2.3months (43% decline), followed by CHI (warm
and wet), with a 32% predicted drop (from 5.7 to 3.8 months); while
the longest current windows for jarrah (>8.5months) were found for
three cool origin provenances (CAR, BOO and CAP). For marri popu-
lations, all current windows are >9 months, with MOG showing the
lowest score (9.8 months), and at least six populations from diverse
climate origins (HIL, CHI, CAR, BOO, KIN, and CAP) presenting a
current window above 11.5months. This indicates that germination
rates of 50% would currently be possible for these marri populations.

Predictions of the GAM analysis (Table S2) provided interpo-
lated maps of the species' thermal germination window over space
and time (current and future; Figure 6). The current annual germi-
nation window for jarrah (min.=0.34, in MOG; max.=0.75, in CAP;
Figure 6a,b) shows strong intraspecific variation within the north-
ern (warmer origin) provenances, particularly from the coastal to
eastern populations, and more uniform among southern (cooler or-
igin) provenances. A similar pattern occurs for marri (min.=0.83, in
MOG; max.=0.99, in CAP; Figure 6d,e), although with a noticeable
area of shorter window as well in the south-eastern (cool and dry)
distribution. Consequently, predicted current relative germination
highlighted the northern inland region (warm and dry) of the species
distribution as the area with the lowest (<0.3) jarrah-marri germi-
nation ratio.

The effects of temperature warming predicted for 2070 were not
uniform across species or populations. Jarrah showed an exception-
ally steep decline in the predicted germination window (close to 45%;
Figure 6c) around the northern inland range (warm and dry), the same
region already with the shortest current window. Other pockets of
intense decline (>40%) were also predicted in central (warm) prove-
nances, both coastal (dry) and inland (wet), and in the south coastal
region (cool and wet). The predicted window decline for marri was
similarly the highest (20%-25%,; Figure 6f) around the northern inland
region, but also widely found for the south-eastern area, following the
matching trend with the already shorter current window. The low-
est predicted current relative germination, which is indicative of the
jarrah/marri germination ratio, displayed the lowest values (around
0.15%) in the northern region of MOG (Figure 6g). Interestingly, high-
est percentages (>35%) for the predicted germination shift (2070)
were found for both northern inland (warm and dry) and south coastal

(cool and wet) regions of the distribution (Figure 6h).

4 | DISCUSSION

Climate change is leading to forest dieback events across the world,
yet there is considerable uncertainty over the vulnerability of natu-
ral forests. Investigating the temperature constraints for germination
can provide insights into the vulnerability of populations and species
to climate warming. This study developed a multi-species compara-
tive framework, testing key hypotheses to explore climate adaptation
in co-occurring trees and inform forest management under climate
change. We found significant inter- and intraspecific variation in the
temperature response of germination for two co-occurring species.
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Refer to Table 1 for the full populations' names.

However, only one species showed a high thermal safety margin and
strong adaptive capacity with temperature of origin. We predict signif-
icant shifts in germination under a future climate scenario with shifts in
forest species composition. Our approach provides a means of evalu-
ating a key factor in vulnerability to future climate, and our findings will

guide current and future management practices under climate change.
4.1 | Temperature constraints for germination
between species

Germination in jarrah was stimulated under cooler temperatures

compared to marri. Confirming our first hypothesis, we found that

jarrah had a lower optimal temperature where germination rates
were relatively high under cool conditions compared to marri,
where germination rates were more consistent across tempera-
tures. Seed germination traits have been found to be significantly
different among Mediterranean oaks (Amimi et al., 2020; Ganatsas
& Tsakaldimi, 2013). However, these studies only sampled part of
the species distributions, while here we sampled the whole distribu-
tion. Cochrane (2017) modeled observed germination data for 26
eucalypt species (including jarrah) to predict optimum germination
responses (mean time to germination, germination timing and suc-
cess) under current and future climate scenarios and found consider-
able interspecific variability among thermal germination thresholds.
In another study, Catelotti et al. (2020) found that six Persoonia
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species had unique temperature sensitivities and optima profiles and
reported that germination success was likely to decrease under pre-
dicted future climates. However, Cochrane (2017) used single popu-
lations, which induces a potential bias, while Catelotti et al. (2020)
relied on TGP data only, which provides limited statistical quantifi-
cation. Importantly, our work is consistent with these other studies
in that germination rates differ among species yet builds on this by
clearly demonstrating that co-occurring species have developed dif-
ferent adaptive strategies to thermal cues.

Temperature is critical to defining the time and place for a seed
to germinate (Baskin & Baskin, 2014; Gresta et al., 2010). Changes in
the mean temperatures and the frequency and intensity of tempera-
ture extremes (e.g., heatwaves) can have a powerful impact on the
achievement of early life-cycle events. The lower temperature ger-
mination cue observed in jarrah is appropriate in the current climate
because optimizing germination during cool temperature conditions
is a key risk-avoidance strategy against environmental stressors (e.g.
drought), as it increases the chance of seedling survival under peri-
ods of favorable moisture conditions (Duncan et al., 2019). However,
this strategy puts jarrah at risk of decline as winter temperatures
increase. On the other hand, marri displayed the opposite trade-off
with better germination success in hotter environments, implying
a strategy of broad germination across a range of temperatures to
maximize recruitment. Ultimately, early germination may improve
plant fitness but does not ensure effective establishment (Verdd &
Traveset, 2005), and long-term monitoring of recruitment in natural
populations across climate gradients would be needed to validate
whether predicted shifts in germination success equates to seedling
recruitment and establishment.

4.2 | Adaptive capacity to climate within
populations

Physiological tolerance due to plasticity is an important attribute for
species to track shifting climates (Jackson et al., 2009). Both study
species germinated over a wide range of temperatures (c. 10-30°C),
indicative of high plasticity. Eucalypts from temperate climates com-
monly germinate over wide temperature ranges, while extensive
seed dormancy is more often observed for species from arid zones.
For example, for species from temperate regions, Corymbia maculata
and Eucalyptus resinifera, optimum temperature niche was reported
as 13-28°C (Grant et al., 1997); while in E. salmonophloia, an endemic
from central arid zones, optimum germination temperature niche is
narrow (20-25°C; Yates et al., 1996). Phenotypic plasticity might
allow plants to overcome adverse effects of temperature warming by
rapidly adjusting traits to adverse conditions (Scheepens et al., 2018).
Thus, flexible germination responses may allow populations to per-
sist during rising temperatures (Clauss & Venable, 2000). Given that
periodic extreme events such as heatwaves are expected to become
more frequent, genotypes with enhanced plasticity in functional
traits may be able to better sustain optimum performance relative
to environmental variability compared to long-term evolution of

constitutive changes in mean traits (Alpert & Simms, 2002; Chevin
& Lande, 2015; Gianoli & Valladares, 2012), particularly in environ-
ments with strong climatic variability (Scheepens et al., 2018). A rise
in germination with increasing temperatures may be expected until
threshold limit temperatures are exceeded.

Marri had a much greater adaptive capacity for high-temperature
germination threshold than jarrah (change in ED50 with Ty,ay o)
which supports our second hypothesis of intraspecific variation in
germination responses. Various tree species show adaptive germi-
nation strategies to cope with climatic oscillations (Cochrane, 2020;
Nicotra et al, 2010), and this adaptability may preserve co-
existence in forest communities under current climates (Turcotte
& Levine, 2016). Another study looking at germination rate among
single populations for 49 alpine species found germination to be
strongly correlated with native habitat temperature (Rosbakh &
Poschlod, 2015). Contrastingly, Cochrane (2020) found that the local
climate of the seed origin did not drive seed responses in temperate
species, nor was it indicative of temperatures for optimal germina-
tion. However, we found that climate-origin significantly drove seed
responses of populations for marri with a positive correlation be-
tween ED., and T, indicative of local adaptation to the thermal
environment and the adaptive capacity to maintain germination suc-
cess under higher thermal conditions. In contrast, jarrah had limited
adaptive potential with little change in ED,, across the species distri-
bution, except in the most extreme warm-dry population (HIL). This
pattern could be from isolation or greater selection pressure. While
partial support for this hypothesis is provided by recent population
genomic analyses (Filipe et al., 2022), further experimental work is
required to determine the limits of adaptive capacity to warming.

Differences in seed size and quantity might explain variation in
germination performance under warming temperatures. Marri seeds
are approximately three times bigger than jarrah seeds (12-13mm
for marri, 4-4.5mm for jarrah) and these co-occurring species are
disproportionally represented in transient seedbanks (5.3 jarrah
seeds/m? and 1.0 marri seeds/m?; Koch et al., 1996). Seeds from
marri and jarrah do not show morphological dormancy (Baskin &
Baskin, 2014); hence, viable seeds will not accumulate in the topsoil
seedbank over inter-seasonal periods (Cargill et al., 2019; Koch &
Samsa, 2007). Previous findings show that seed size can respond
to changes in climatic variables, including temperature (De Frenne
et al.,, 2012; Soper Gorden et al., 2016), geographic gradients
(Fenollosa et al., 2021; Murray et al., 2004), and changes in local fac-
tors such as water availability and soil pH (Fenner, 1992; Tautenhahn
et al., 2008). Indeed, the trade-off between seed size and quantity
has been widely discussed, with larger seeds ensuring greater re-
source competitive ability and environmental tolerance, but lower
dispersal ability and colonization capacity (Chen et al., 2019; Lebrija-
Trejos et al., 2016; Moles & Westoby, 2004). We hypothesize, there-
fore, that the seed size differences may contribute to the contrast in
adaptive capacity among jarrah and marri. In support, some studies
show that larger-seeded species track better track climate change
than small-seeded species (Ash et al., 2017; Knight et al., 2020). We
hypothesize that the larger seed size and (presumed) lower seed
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production observed for marri might be a potential trade-off confer-

ring enhanced thermal tolerance compared to jarrah.

4.3 | Vulnerability to global warming

Exploring life-history strategies to maintain fitness in co-occurring
species simultaneously provides unique opportunities to iden-
tify processes and patterns driving community assembly (Pearson
et al., 2018), and the prospects for ongoing species coexistence
(Gremer & Venable, 2014; Huebner et al., 2018). Previous single-
species studies exploring the thermal response of germination in
trees have found that species distribution might not be affected
by increased temperatures (Sampayo-Maldonado et al., 2021).
However, single-species studies offer limited inferences regarding
forest composition dynamics. Our comparative study shows that
jarrah is more vulnerable to temperature change than marri on a
seed-to-seed basis, due to its lower temperature threshold and less
adaptive capacity to respond to warming across its natural distri-
bution. Thus, the difference in germination rates between species
could have a lasting effect on forest composition through changes
in recruitment. This implies that levels of recruitment might
be directly affected by total germination and germination rate
(Cochrane, 2020). Recruitment constraints may then culminate in
changed communities at local scales (Rosbakh et al., 2020; Tudela-
Isanta et al., 2018). In a study with two pine species, Ordonez-
Salanueva et al. (2021) discuss the likely impact that intraspecific
variation in phenotypic plasticity and fundamental thermal niches
may have on species distributions under a changing climate, show-
ing that population variation at the distribution margin will poten-
tially affect species responses to a warming climate and will be
significant in defining habitat suitability and species distributions
under future climates.

High plasticity in germination traits found here, and in other
functional traits (jarrah: Bleby et al., 2009; O'Brien et al., 2007;
marri: Ahrens, Andrew, et al., 2019; Challis et al., 2022), may facili-
tate species' persistence under future warming. The ability to adjust
physiological traits to changing environments through phenotypic
plasticity has been extensively recorded in tree species (Prober
et al., 2016) and shown to be heritable by subsequent generations
(Matesanz et al., 2010; Nicotra et al., 2010). Indeed, evidence of phe-
notypic plasticity of germination traits in Mediterranean plants from
the Northern Hemisphere suggests potential adaptation to a chang-
ing climate in the short- to medium-term (Mattana et al., 2022). The
application of threshold models to germination traits allows a more
accurate approximation of the thermal effects on population vulner-
ability under future climate scenarios. The thermal requirements for
germination provided in this study may be used to improve the abil-
ity of species distribution models to predict the persistence of these
species under future scenarios because it explicitly measures sen-
sitivity to future climates and consequently, vulnerability. Potential
population decline, leading to altered vegetation community pat-
terns (species composition and abundance), may coalesce into
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greater ecological impacts such as loss of function and increased

biological invasions (Parolo & Rossi, 2008).

4.4 | Applications

Conservation and management actions can be informed by a bet-
ter understanding of species' temperature thresholds and adaptive
capacity to respond to warming. We established the thermal safety
margin and germination window for forest trees, based on a quan-
titative assessment of the temperature threshold of populations
across climate of origin and estimated the vulnerability to future
warming temperatures to show that species and populations will be
differentially impacted. Despite observed declines in germination
under high temperatures across all sampled populations, marri is not
expected to suffer major germination depression due to predicted
future (2070) temperature changes. In contrast, jarrah's current
germination window is predicted to decline significantly in the next
50years. The impact on germination rate will likely be greatest in
jarrah's northern and western populations (warm and dry climate);
however, impacts are also predicted in the central escarpment and
southern populations. While the window of opportunity for ger-
mination may narrow with progressive warming projected for the
region, particularly for jarrah, germination may still occur within a
few months of favorable conditions (wet winters; Figures S2 and S3).
Furthermore, inter-annual climate variability may allow for periodic
germination cooler years. Fluctuating germination rates may provide
a bet-hedging strategy (Venable, 2007) to improve the ability of tree
species to persist in a changing climate (Simons, 2011); however, the
continued pressure from warming combined with heatwaves may
limit recruitment opportunities in the future (Harris et al., 2018).

Conservation efforts to maintain the persistence of warm and
dry climate populations should look to introduce seed from the
northern populations (e.g., HIL) into the more vulnerable, southern
populations. Given that HIL is geographically and genetically isolated
(Filipe et al., 2022) natural dispersal may be limited and active man-
agement strategies such as assisted gene migration may be needed
(Aitken & Bemmels, 2016; Prober et al., 2015), but the potential for
natural regeneration under warmer and drier climatic conditions has
been understudied and requires more experimental investigations.
Furthermore, ex situ conservation should complement in situ con-
servation approaches (Guerrant et al., 2004), including seed banking
to secure genetic diversity for future conservation and restoration
efforts (Walters, 2015). While marri populations may have enhanced
capacity to persist in situ without active conservation management,
thermal adaptation in germination (among other functional and
physiological traits; Ahrens, Andrew, et al., 2019; Ahrens et al., 2021)
provides a valuable genetic resource for restoration and forestry
aiming to establish diversity and resilient forests for the future.
These findings provide an evidence base for design and implemen-
tation of forest management strategies through the application of
assisted gene migration and seed banking for restoration and for-
estry in the future.
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5 | CONCLUSIONS

We identified patterns consistent with divergent evolutionary strat-
egies among co-occurring foundation trees at the early life-history
stage of seed germination, which is critical for maintaining and es-
tablishing populations, with contrasting thermal thresholds and
adaptive capacity to cope with global warming. Forest response to
climatic change is a complex multiscale process, which is challeng-
ing to model and predict because of variability between species
and populations. For seed germination, our study highlights greater
vulnerability to warming in jarrah, notably in warm and dry climate
populations, while marri might have sufficient thermal buffering
capacity for germination to respond to anticipated global warming.
The differential temperature response of germination for these co-
occurring species is predicted to lead to a fundamental change in
the forests' composition over time. Given these trees are foundation
species for the forest ecosystem, the change in composition is likely
to have direct and indirect impacts on other plant and animal species
across trophic levels with implications for maintenance of biodiver-
sity, ecosystem function and resilience to current and future stress-
ors. However, to validate these predictions, field surveys of species'
relative abundance and recruitment across climate gradients are
needed over time. Information on likely changes in ecosystem com-
position is required to guide forest management and restoration ef-
forts worldwide.

ACKNOWLEDGMENTS

The authors acknowledge all Aboriginal people as the traditional
owners of the land throughout Western Australia, where this study
was conducted, and we pay our respects to them, their culture,
and their Elders past and present. Project funding was provided by
the Western Australian Government Department of Biodiversity,
Conservation and Attractions (DBCA), and the Australian Research
Council (LP150100936). We thank Richard Mazanec (DBCA) for as-
sistance in fieldwork (seed collection), Anne Cochrane and Andrew
Crawford (DBCA) for assistance with laboratory work (experimental
design and setup), and Colin Groom (Domus Nursery) for advice on

the species' germination requirements.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data supporting this study's findings will be openly available via

a publicly available data repository upon acceptance.

ORCID
Jodo C. Filipe "= https://orcid.org/0000-0001-5286-4773
REFERENCES

Ahrens, C. W., Andrew, M. E., Mazanec, R. A., Ruthrof, K. X., Challis,
A., Hardy, G., Byrne, M., Tissue, D. T., & Rymer, P. D. (2019). Plant
functional traits differ in adaptability and are predicted to be

differentially affected by climate change. Ecology and Evolution, 10,
232-248. https://doi.org/10.1002/ece3.5890

Ahrens, C. W., Byrne, M., & Rymer, P. D. (2019). Standing genomic
variation within coding and regulatory regions contributes to the
adaptive capacity to climate in a foundation tree species. Molecular
Ecology, 28, 2502-2516. https://doi.org/10.1111/mec.15092

Ahrens, C. W., Rymer, P. D., & Tissue, D. T. (2021). Intra-specific trait
variation remains hidden in the environment. New Phytologist, 229,
1183-1185. https://doi.org/10.1111/nph.16959

Aitken, S. N., & Bemmels, J. B. (2016). Time to get moving: Assisted gene
flow of forest trees. Evolutionary Applications, 9, 271-290. https://
doi.org/10.1111/eva.12293

Aitken, S. N., Yeaman, S., Holliday, J. A., Wang, T., & Curtis-McLane, S.
(2008). Adaptation, migration or extirpation: Climate change out-
comes for tree populations. Evolutionary Applications, 1, 95-111.
https://doi.org/10.1111/j.1752-4571.2007.00013.x

Alberto, F. J., Aitken, S. N., Alia, R., Gonzalez-Martinez, S. C., Hanninen,
H., Kremer, A., Lefévre, F., Lenormand, T., Yeaman, S., Whetten,
R., & Savolainen, O. (2013). Potential for evolutionary responses
to climate change—Evidence from tree populations. Global Change
Biology, 19, 1645-1661. https://doi.org/10.1111/gcb.12181

Alpert, P, & Simms, E. L. (2002). The relative advantages of plas-
ticity and fixity in different environments: When is it good for a
plant to adjust? Evolutionary Ecology, 16, 285-297. https://doi.
org/10.1023/A:1019684612767

Alvarado, V., & Bradford, K. J. (2002). A hydrothermal time
model explains the cardinal temperatures for seed germina-
tion. Plant, Cell & Environment, 25, 1061-1069. https://doi.
org/10.1046/j.1365-3040.2002.00894.x

Amimi, N., Dussert, S., Vaissayre, V., Ghouil, H., Doulbeau, S., Costantini,
C., Ammari, Y., & Joét, T. (2020). Variation in seed traits among
Mediterranean oaks in Tunisia and their ecological significance.
Annals of Botany, 125, 891-904. https://doi.org/10.1093/aob/
mcz211

Anderson, J. T., Willis, J. H., & Mitchell-Olds, T. (2011). Evolutionary ge-
netics of plant adaptation. Trends in Genetics, 27, 258-266. https://
doi.org/10.1016/j.tig.2011.04.001

Araujo, M. B., Ferri-Yanez, F., Bozinovic, F., Marquet, P. A., Valladares, F.,
& Chown, S. L. (2013). Heat freezes niche evolution. Ecology Letters,
16, 1206-1219. https://doi.org/10.1111/ele.12155

Ash, J. D., Givnish, T. J., & Waller, D. M. (2017). Tracking lags in historical
plant species' shifts in relation to regional climate change. Global
Change Biology, 23, 1305-1315. https://doi.org/10.1111/gcb.13429

Baskin, C. C., & Baskin, J. M. (2014). Seeds: Ecology, biogeography, and
evolution of dormancy and germination (2nd ed.). Academic Press.

Bewley, J. D., Bradford, K. J., Hilhorst, H. W. M., & Nonogaki, H. (2013).
Seeds: Physiology of development, germination and dormancy (3rd ed.).
Springer New York. https://doi.org/10.1007/978-1-4614-4693-4

Bleby, T. M., Colquhoun, I. J., & Adams, M. A. (2009). Architectural
plasticity in young Eucalyptus marginata on restored bauxite
mines and adjacent natural forest in South-Western Australia.
Tree Physiology, 29, 1033-1045. https://doi.org/10.1093/treep
hys/tpp044

Bloomberg, M., Sedcole, J. R., Mason, E. G., & Buchan, G. (2009).
Hydrothermal time germination models for radiata pine (Pinus
radiata D. Don). Seed Science Research, 19, 171-182. https://doi.
org/10.1017/50960258509990031

Boland, D. J., Brooker, M. 1., & Turnbull, J. W. (1980). Eucalyptus seed.
CSIRO Division of Forest Research. ISBN: 9780643025868.

Cargill, J., van Etten, E. J. B, & Stock, W. D. (2019). The influence of seed
supply and seedbed on seedling recruitment in shelterwood-treated
jarrah (Eucalyptus marginata) forest. Forest Ecology and Management,
432, 54-63. https://doi.org/10.1016/j.foreco.2018.09.008

Catelotti, K., Bino, G., & Offord, C. A. (2020). Thermal germination niches
of Persoonia species and projected spatiotemporal shifts under a

85U8017 SUOWILLIOD aA 111D 3|qel [dde au Aq peueob ae Sapoie YO ‘8sn JO Sa|nJ 10} Aiq18UlUO AB]IM UO (SUORIPUOD-PUR-SWRIAL0O" AB|IMALe.q | |Bu1 [UO//:SdNL) SUORIPUOD pue swiie | 8u 89S *[£202/80/22] Uo Ariqiauliuo A8]IMm ‘AsupAs ulise JO AiseAluN Aq 80TOT €1Rd/200T 0T/10p/LI0o" A8 |IM AseIq Ul |Uo//SdNY WO1) pepeolumoq '€ ‘SZ0Z ‘S929525Z


https://orcid.org/0000-0001-5286-4773
https://orcid.org/0000-0001-5286-4773
https://doi.org/10.1002/ece3.5890
https://doi.org/10.1111/mec.15092
https://doi.org/10.1111/nph.16959
https://doi.org/10.1111/eva.12293
https://doi.org/10.1111/eva.12293
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/gcb.12181
https://doi.org/10.1023/A:1019684612767
https://doi.org/10.1023/A:1019684612767
https://doi.org/10.1046/j.1365-3040.2002.00894.x
https://doi.org/10.1046/j.1365-3040.2002.00894.x
https://doi.org/10.1093/aob/mcz211
https://doi.org/10.1093/aob/mcz211
https://doi.org/10.1016/j.tig.2011.04.001
https://doi.org/10.1016/j.tig.2011.04.001
https://doi.org/10.1111/ele.12155
https://doi.org/10.1111/gcb.13429
https://doi.org/10.1007/978-1-4614-4693-4
https://doi.org/10.1093/treephys/tpp044
https://doi.org/10.1093/treephys/tpp044
https://doi.org/10.1017/S0960258509990031
https://doi.org/10.1017/S0960258509990031
https://doi.org/10.1016/j.foreco.2018.09.008

FILIPE ET AL.

PLANT-ENVIRONMENT & 159

changing climate. Diversity and Distributions, 26, 589-609. https://
doi.org/10.1111/ddi.13040

Challis, A., Blackman, C. J., Ahrens, C. W., Medlyn, B. E., Rymer, P. D.,
& Tissue, D. T. (2022). Adaptive plasticity in plant traits increases
time to hydraulic failure under drought in a foundation tree. Tree
Physiology, 4, 708-721. https://doi.org/10.1093/treephys/tpab096

Cheaib, A., Badeau, V., Boe, J., Chuine, I., Delire, C., Dufréne, E.,
Francois, C., Gritti, E. S., Legay, M., Pagé, C., Thuiller, W., Viovy,
N., & Leadley, P. (2012). Climate change impacts on tree ranges:
Model intercomparison facilitates understanding and quantifi-
cation of uncertainty. Ecology Letters, 15, 533-544. https://doi.
org/10.1111/j.1461-0248.2012.01764.x

Chen, S. C., Tamme, R., Thomson, F. J., & Moles, A. T. (2019). Seeds tend
to disperse further in the tropics. Ecology Letters, 22, 954-961.
https://doi.org/10.1111/ele.13255

Chevin, L. M., & Lande, R. (2015). Evolution of environmental cues
for phenotypic plasticity. Evolution, 69, 2767-2775. https://doi.
org/10.1111/ev0.12755

Christensen, P.S.(1971). Stimulation of seedfallinkarri. Australian Forestry,
35, 182-190. https://doi.org/10.1080/00049158.1971.10675552

Christmas, M. J., Breed, M. F., & Lowe, A. J. (2016). Constraints to and
conservation implications for climate change adaptation in plants.
Conservation Genetics, 17, 305-320. https://doi.org/10.1007/s1059
2-015-0782-5

Clauss, M. J., & Venable, D. L. (2000). Seed germination in desert annuals:
An empirical test of adaptive bet hedging. The American Naturalist,
155, 168-186. https://doi.org/10.1086/303314

Cobb, R. C., Ruthrof, K. X., Breshears, D. D., Lloret, F., Aakala, T., Adams,
H. D., Anderegg, W. R. L., Ewers, B. E., Galiano, L., Griinzweig, J.
M., Hartmann, H., Huang, C. Y., Klein, T., Kunert, N., Kitzberger, T.,
Landhé&usser, S. M., Levick, S., Preisler, Y., Suarez, M. L., ... Zeppel,
M. J. B. (2017). Ecosystem dynamics and management after for-
est die-off: A global synthesis with conceptual state-and-transition
models. Ecosphere, 8, e02034. https://doi.org/10.1002/ecs2.2034

Cochrane, A. (2017). Modelling seed germination response to tem-
perature in eucalyptus L'Her. (Myrtaceae) species in the context
of global warming. Seed Science Research, 27, 99-109. https://doi.
org/10.1017/50960258517000010

Cochrane, A. (2019). Effects of temperature on germination in eight
Western Australian herbaceous species. Folia Geobotanica, 54, 29-
42, https://doi.org/10.1007/s12224-019-09335-6

Cochrane, J. A. (2020). Thermal requirements underpinning germination
allude to risk of species decline from climate warming. Plants, 9,
796. https://doi.org/10.3390/plants9060796

Cochrane, A., Daws, M. |, & Hay, F. R. (2011). Seed-based approach for
identifying flora at risk from climate. Austral Ecology, 36, 923-935.
https://doi.org/10.1111/j.1442-9993.2010.02211.x

Covell, S., Ellis, R. H., Roberts, E. H., & Summerfield, R. J. (1986). The
influence of temperature on seed germination rate in grain le-
gumes. Journal of Experimental Botany, 37, 705-715. https://doi.
org/10.1093/jxb/37.10.1503

Cremer, K. W. (1965). How eucalypt fruits release their seed. Australian
Journal of Botany, 13, 11-16. https://doi.org/10.1071/BT9650011

Dalgleish, H. J., Koons, D. N., & Adler, P. B. (2010). Can life-history
traits predict the response of forb populations to changes in cli-
mate variability? Journal of Ecology, 98, 209-217. https://doi.
org/10.1111/j.1365-2745.2009.01585.x

De Frenne, P., Graae, B. J., Brunet, J., Shevtsova, A., De Schrijver, A. N.,
Chabrerie, O., Cousins, S. A. O., Decocq, G., Diekmann, M., Hermy,
M., Heinken, T., Kolb, A., Nilsson, C., Stanton, S., & Verheyen, K.
(2012). The response of forest plant regeneration to temperature
variation along a latitudinal gradient. Annals of Botany, 109, 1037-
1046. https://doi.org/10.1093/aob/mcs015

Donohue, K., Rubio de Casas, R., Burghardt, L., Kovach, K., & Willis,
C. (2010). Germination, postgermination adaptation, and spe-
cies ecological ranges. Annual Review of Ecology and Systematics,

INTERACTIONS @l

41, 293-319. https://doi.org/10.1146/annurev-ecolsys-10220
9-144715

Duncan, C., Schultz, N. L., Good, M. K., Lewandrowski, W., & Cook, S.
(2019). The risk-takers and avoiders: Germination sensitivity to
water stress in an arid zone with unpredictable rainfall. AoB Plants,
11, plz066. https://doi.org/10.1093/acbpla/plz066

Durr, C., Dickie, J. B, Yang, X. Y., & Pritchard, H. W. (2015). Ranges of
critical temperature and water potential values for the germina-
tion of species worldwide: Contribution to a seed trait database.
Agricultural and Forest Meteorology, 200, 222-232. https://doi.
org/10.1016/j.agrformet.2014.09.024

Ellis, R. H., Covell, S., Roberts, E. H., & Summerfield, R. J. (1986). The in-
fluence of temperature on seed germination rate in grain legumes.
Il. Intraspecific variation in chickpea (Cicer arietinum L.) at con-
stant temperatures. Journal of Experimental Botany, 37, 1503-1515.
https://www.jstor.org/stable/23690109

Fenner, M. (1992). Environmental influences on seed size and composi-
tion. In J. Janick (Ed.), Horticultural reviews (Vol. 13, pp. 183-213).
https://doi.org/10.1002/9780470650509.ch5

Fenollosa, E., Jené, L., & Munné-Bosch, S. (2021). Geographic patterns of
seed trait variation in an invasive species: How much can close pop-
ulations differ? Oecologia, 196, 747-761. https://doi.org/10.1007/
s00442-021-04971-2

Fernandez-Pascual, E., Seal, C. E., & Pritchard, H. W. (2015). Simulating
the germination response to diurnally alternating temperatures
under climate change scenarios: Comparative studies on Carex dian-
dra seeds. Annals of Botany, 115, 201-209. https://doi.org/10.1093/
aob/mcu234

Fick, S. E., & Hijmans, R. J. (2017). Worldclim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal
of Climatology, 37, 4302-4315. https://doi.org/10.1002/joc.5086

Filipe, J. C., Rymer, P., Byrne, M., Hardy, G., Mazanec, R., & Ahrens, C.
(2022). Signatures of natural selection in a foundation tree along
Mediterranean climatic gradients. Molecular Ecology, 31, 1735-
1752. https://doi.org/10.1111/mec.16351

Finch-Sawage, W. E., & Bassel, G. W. (2016). Seed vigour and crop es-
tablishment extending performance beyond adaptation. Journal
of Experimental Botany, 67, 567-591. https://doi.org/10.1093/jxb/
erv490

Frankham, R. (2005). Genetics and extinction. Biological Conservation,
126, 131-140. https://doi.org/10.1016/j.biocon.2005.05.002

Ganatsas, P., & Tsakaldimi, M. (2013). A comparative study of desicca-
tion responses of seeds of three drought-resistant Mediterranean
oaks. Forest Ecology and Management, 305, 189-194. https://doi.
org/10.1016/j.foreco.2013.05.042

Garcia-Huidobro, J., Monteith, J. L., & Squire, G. R. (1982). Time, tem-
perature and germination of pearl millet (Pennisetum typhoides S.
and H.). Journal of Experimental Botany, 33, 288-296.

Garcia-Valdés, R., Zavala, M. A, Aradjo, M. B., & Purves, D. W. (2013).
Chasing a moving target: Projecting climate change-induced shifts
in non-equilibrial tree species distributions. Journal of Ecology, 101,
441-453. https://doi.org/10.1111/1365-2745.12049

Gianoli, E., & Valladares, F. (2012). Studying phenotypic plasticity:
The advantages of a broad approach. Biological Journal of the
Linnean Society, 105, 1-7. https://doi.org/10.1111/j.1095-8312.
2011.01793.x

Grant, C. D., Koch, J. M., Bell, D. T., & Loneragan, W. A. (1997). Tree spe-
cies response to prescribed burns in rehabilitated bauxite mines
in Western Australia. Australian Forestry, 60, 84-89. https://doi.
org/10.1080/00049158.1997.10674702

Gremer, J. R., & Venable, D. L. (2014). Bet hedging in desert winter
annual plants: Optimal germination strategies in a variable envi-
ronment. Ecology Letters, 17, 380-387. https://doi.org/10.1111/
ele.12241

Gresta, F., Cristaudo, A., Onofri, A., Restuccia, A., & Avola, G. (2010).
Germination response of four pasture species to temperature, light,

85U8017 SUOWILLIOD aA 111D 3|qel [dde au Aq peueob ae Sapoie YO ‘8sn JO Sa|nJ 10} Aiq18UlUO AB]IM UO (SUORIPUOD-PUR-SWRIAL0O" AB|IMALe.q | |Bu1 [UO//:SdNL) SUORIPUOD pue swiie | 8u 89S *[£202/80/22] Uo Ariqiauliuo A8]IMm ‘AsupAs ulise JO AiseAluN Aq 80TOT €1Rd/200T 0T/10p/LI0o" A8 |IM AseIq Ul |Uo//SdNY WO1) pepeolumoq '€ ‘SZ0Z ‘S929525Z


https://doi.org/10.1111/ddi.13040
https://doi.org/10.1111/ddi.13040
https://doi.org/10.1093/treephys/tpab096
https://doi.org/10.1111/j.1461-0248.2012.01764.x
https://doi.org/10.1111/j.1461-0248.2012.01764.x
https://doi.org/10.1111/ele.13255
https://doi.org/10.1111/evo.12755
https://doi.org/10.1111/evo.12755
https://doi.org/10.1080/00049158.1971.10675552
https://doi.org/10.1007/s10592-015-0782-5
https://doi.org/10.1007/s10592-015-0782-5
https://doi.org/10.1086/303314
https://doi.org/10.1002/ecs2.2034
https://doi.org/10.1017/S0960258517000010
https://doi.org/10.1017/S0960258517000010
https://doi.org/10.1007/s12224-019-09335-6
https://doi.org/10.3390/plants9060796
https://doi.org/10.1111/j.1442-9993.2010.02211.x
https://doi.org/10.1093/jxb/37.10.1503
https://doi.org/10.1093/jxb/37.10.1503
https://doi.org/10.1071/BT9650011
https://doi.org/10.1111/j.1365-2745.2009.01585.x
https://doi.org/10.1111/j.1365-2745.2009.01585.x
https://doi.org/10.1093/aob/mcs015
https://doi.org/10.1146/annurev-ecolsys-102209-144715
https://doi.org/10.1146/annurev-ecolsys-102209-144715
https://doi.org/10.1093/aobpla/plz066
https://doi.org/10.1016/j.agrformet.2014.09.024
https://doi.org/10.1016/j.agrformet.2014.09.024
https://www.jstor.org/stable/23690109
https://doi.org/10.1002/9780470650509.ch5
https://doi.org/10.1007/s00442-021-04971-2
https://doi.org/10.1007/s00442-021-04971-2
https://doi.org/10.1093/aob/mcu234
https://doi.org/10.1093/aob/mcu234
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/mec.16351
https://doi.org/10.1093/jxb/erv490
https://doi.org/10.1093/jxb/erv490
https://doi.org/10.1016/j.biocon.2005.05.002
https://doi.org/10.1016/j.foreco.2013.05.042
https://doi.org/10.1016/j.foreco.2013.05.042
https://doi.org/10.1111/1365-2745.12049
https://doi.org/10.1111/j.1095-8312.2011.01793.x
https://doi.org/10.1111/j.1095-8312.2011.01793.x
https://doi.org/10.1080/00049158.1997.10674702
https://doi.org/10.1080/00049158.1997.10674702
https://doi.org/10.1111/ele.12241
https://doi.org/10.1111/ele.12241

JCUN I PLANT-ENVIRONMENT X

FILIPE ET AL.

INTERACTIONS _ P€

and post-harvest period. Plant Biosystems, 144, 849-856. https://
doi.org/10.1080/11263504.2010.523549

Guerrant, E. O,, Fiedler, P. L., Havens, K., & Maunder, M. (2004). Revised
genetic sampling guidelines for conservation collections of rare and
endangered plants. In E. O. Guerrant, K. Havens, & M. Maunder
(Eds.), Ex situ plant conservation (pp. 419-438). Island Press.

Harris, R. M. B., Beaumont, L. J., Vance, T. R., Tozer, C. R,, Remenyi, T. A.,
Perkins-Kirkpatrick, S. E., Mitchell, P. J., Nicotra, A. B., McGregor, S.,
Andrew, N. R., Letnic, M., Kearney, M. R., Wernberg, T., Hutley, L.
B.,Chambers, L. E., Fletcher, M.-S., Keatley, M. R., Woodward, C. A.,
Williamson, G., ... Bowman, D. M. J. S. (2018). Biological responses
to the press and pulse of climate trends and extreme events.
Nature Climate Change, 8, 579-587. https://doi.org/10.1038/s4155
8-018-0187-9

Hgjsgaard, S., Wright, K., & Leidi, A. A. (2009). doBy: Groupwise computa-
tions of summary statistics, general linear contrasts and other utilities.
R package, version 4.0.5. http://cran.Rproject.org/package=doBy

Huebner, C. D., Regula, A. E., & McGill, D. W. (2018). Germination, sur-
vival, and early growth of three invasive plants in response to five
forest management regimes common to US northeastern decidu-
ous forests. Forest Ecology and Management, 425, 100-118. https://
doi.org/10.1016/j.foreco.2018.05.037

IPCC. (2021). Climate change 2021: The physical science basis. In V.
Masson-Delmotte, A. Zhai, S. L. Pirani, C. Connors, S. Péan, N.
Berger, Y. Caud, L. Chen, M. |. Goldfarb, M. Gomis, K. Huang, E.
Leitzell, J. B. R. Lonnoy, T. K. Matthews, T. Maycock, O. Waterfield,
R. Yelekci, & Y. B. Zhou (Eds.), Contribution of Working Group | to
the sixth assessment report of the Intergovernmental Panel on Climate
Change. Cambridge University Press. In press.

Jackson, S. D. (2009). Plant responses to photoperiod. New Phytologist,
181, 517-531. https://doi.org/10.1111/j.1469-8137.2008.02681.x

Jackson, S. T., Betancourt, J. L., Booth, R. K., & Gray, S. T. (2009). Ecology
and the ratchet of events: Climate variability, niche dimensions,
and species distributions. Proceedings of the National Academy of
Sciences of the United States of America, 106, 19685-19692. https://
doi.org/10.1073/pnas.090164410

Jiménez-Alfaro, B., Gavilan, R. G., Escudero, A., Iriondo, J. M., &
Fernandez-Gonzalez, F. (2014). Decline of dry grassland specialists
in Mediterranean high-mountain communities influenced by recent
climate warming. Journal of Vegetation Science, 25, 1394-1404.

Johnstone, R. E., & Kirkby, T. (1999). Food of the forest red-tailed black
cockatoo Calyptorhynchus baksii naso in south-West Western
Australia. Western Australian Naturalist, 22, 167-177.

Keenan, R. J., Reams, G. A., Achard, F., de Freitas, J. V., Grainger, A.,
& Lindquist, E. (2015). Dynamics of global forest area: Results
from the FAO global Forest resources assessment 2015. Forest
Ecology and Management, 352, 9-20. https://doi.org/10.1016/j.
foreco.2015.06.014

Knight, C. A., Blois, J. L., Blonder, B., Macias-Fauria, M., Ordonez,
A., & Svenning, J. C. (2020). Community assembly and climate
mismatch in late quaternary eastern north American pollen as-
semblages. The American Naturalist, 195, 166-180. https://doi.
org/10.1086/706340

Koch, J. M., & Samsa, G. P. (2007). Restoring jarrah forest trees after
bauxite mining in Western Australia. Restoration Ecology, 15, 17-25.
https://doi.org/10.1111/j.1526-100X.2007.00289.x

Koch, J. M., Ward, S. C., Grant, C. D., & Ainsworth, G. L. (1996). Effects
of bauxite mine restoration operations on topsoil reserves in the
jarrah Forest of Western Australia. Restoration Ecology, 4, 368-376.
https://doi.org/10.1111/j.1526-100X.1996.tb00189.x

Kopp, M., & Matuszewski, S. (2014). Rapid evolution of quantitative
traits: Theoretical perspectives. Evolutionary Applications, 7, 169-
191. https://doi.org/10.1111/eva.12127

Lebrija-Trejos, E., Reich, P. B., Hernandez, A., & Wright, S. J. (2016).
Species with greater seed mass are more tolerant of conspecific
neighbours: A key driver of early survival and future abundances

in a tropical forest. Ecology Letters, 19, 1071-1080. https://doi.
org/10.1111/ele. 12643

Lenoir, J., Bertrand, R., Comte, L., Bourgeaud, L., Hattab, T., Murienne,
J., & Grenouillet, G. (2020). Species better track climate warming
in the oceans than on land. Nature Ecology and Evolution, 4, 1044~
1059. https://doi.org/10.1038/s41559-020-1198-2

Lind, B. M., Menon, M., Bolte, C. E., Faske, T. M., & Eckert, A. J. (2018).
The genomics of local adaptation in trees: Are we out of the woods
yet? TreeGenet Genomes, 14, 29. https://doi.org/10.1007/s1129
5-017-1224-y

Lloret, F., Pefuelas, J., & Estiarte, M. (2004). Experimental evidence
of reduced diversity of seedlings due to climate modification in a
Mediterranean-type community. Global Change Biology, 10, 248-
258. https://doi.org/10.1111/j.1365-2486.2004.00725.x

Matesanz, S., Gianoli, E.,, & Valladares, F. (2010). Global change
and the evolution of phenotypic plasticity in plants. Annals of
the New York Academy of Sciences, 1206, 35-55. https://doi.
org/10.1111/j.1749-6632.2010.05704.x

Mattana, E., Carta, A., Fernandez-Pascual, E., Keeley, J. E., & Pritchard,
H. W. (2022). Chapter 8—Climate change and plant regeneration
from seeds in Mediterranean regions of the northern hemisphere.
In Plant regeneration from seeds (pp. 101-114). Academic Press ISBN
9780128237311, https://doi.org/10.1016/B978-0-12-823731-
1.00015-9

Matusick, G., Ruthrof, K., Brouwers, N., Dell, B., & Hardy, G. (2013).
Sudden forest canopy collapse corresponding with extreme
drought and heat in a Mediterranean-type eucalypt forest in south-
western Australia. European Journal of Forest Research, 132, 497-
510. https://doi.org/10.1007/s10342-013-0690-5

Matusick, G., Ruthrof, K. X., Kala, J., Brouwers, N. C., Breshears, D. D.,
& Hardy, G. E. S. J. (2018). Chronic historical drought legacy exac-
erbates tree mortality and crown dieback during acute heatwave
compounded drought. Environmental Research Letters, 13, 095002.
https://doi.org/10.1088/1748-9326/aad8cb

Midmore, E. K., McCartan, S. A., Jinks, R. L., & Cahalan, C. M. (2015).
Using thermal time models to predict germination of five prove-
nances of silver birch (Betula pendula Roth) in southern England.
Silva Fennica, 49, 1266. https://doi.org/10.14214/sf.1266

Moles, A. T., & Westoby, M. (2004). Seedling survival and seed size: A
synthesis of the literature. Journal of Ecology, 92, 372-383. https://
doi.org/10.1111/j.0022-0477.2004.00884.x

Mondoni, A., Rossi, G., Orsenigo, S., & Probert, R. J. (2012). Climate
warming could shift the timing of seed germination in alpine plants.
Annals of Botany, 110, 155-164. https://doi.org/10.1093/aob/
mcs097

Morin, X., Fahse, L., Jactel, H., Scherer-Lorenzen, M., Garcia-Valdés, R.,
& Bugmann, H. (2018). Long-term response of forest productivity
to climate change is mostly driven by change in tree species com-
position. Scientific Reports, 8, 1-12. https://doi.org/10.1038/s4159
8-018-23763-y

Murray, B. R., Brown, A. H. D., Dickman, C. R., & Crowther, M. S.
(2004). Geographical gradients in seed mass in relation to
climate. Journal of Biogeography, 31, 379-388. https://doi.
org/10.1046/j.0305-0270.2003.00993.x

Nicotra, A. B., Atkin, O. K., Bonser, S. P.,, Davidson, A. M., Finnegan,
E. J., Mathesius, U., Poot, P., Purugganan, M. D., Richards, C. L.,
Valladares, F., & van Kleunen, M. (2010). Plant phenotypic plasticity
in a changing climate. Trends in Plant Science, 15, 684-692. https://
doi.org/10.1016/j.tplants.2010.09.008

Norman, M. A., & Koch, J. M. (2009). Variability in jarrah (Eucalyptus
marginata) density on rehabilitated bauxite mines relates to factors
affecting emergence rather than survival. Environmental Research
Note No. 30 (Unpublished report). Alcoa of Australia.

O'Brien, E. K., Mazanec, R. A., & Krauss, S. L. (2007). Provenance vari-
ation of ecologically important traits of jarrah (Eucalyptus margin-
ata: Myrtaceae) from South-Western Australia: Implications for

85U8017 SUOWILLIOD aA 111D 3|qel [dde au Aq peueob ae Sapoie YO ‘8sn JO Sa|nJ 10} Aiq18UlUO AB]IM UO (SUORIPUOD-PUR-SWRIAL0O" AB|IMALe.q | |Bu1 [UO//:SdNL) SUORIPUOD pue swiie | 8u 89S *[£202/80/22] Uo Ariqiauliuo A8]IMm ‘AsupAs ulise JO AiseAluN Aq 80TOT €1Rd/200T 0T/10p/LI0o" A8 |IM AseIq Ul |Uo//SdNY WO1) pepeolumoq '€ ‘SZ0Z ‘S929525Z


https://doi.org/10.1080/11263504.2010.523549
https://doi.org/10.1080/11263504.2010.523549
https://doi.org/10.1038/s41558-018-0187-9
https://doi.org/10.1038/s41558-018-0187-9
http://cran.rproject.org/package=doBy
https://doi.org/10.1016/j.foreco.2018.05.037
https://doi.org/10.1016/j.foreco.2018.05.037
https://doi.org/10.1111/j.1469-8137.2008.02681.x
https://doi.org/10.1073/pnas.090164410
https://doi.org/10.1073/pnas.090164410
https://doi.org/10.1016/j.foreco.2015.06.014
https://doi.org/10.1016/j.foreco.2015.06.014
https://doi.org/10.1086/706340
https://doi.org/10.1086/706340
https://doi.org/10.1111/j.1526-100X.2007.00289.x
https://doi.org/10.1111/j.1526-100X.1996.tb00189.x
https://doi.org/10.1111/eva.12127
https://doi.org/10.1111/ele.12643
https://doi.org/10.1111/ele.12643
https://doi.org/10.1038/s41559-020-1198-2
https://doi.org/10.1007/s11295-017-1224-y
https://doi.org/10.1007/s11295-017-1224-y
https://doi.org/10.1111/j.1365-2486.2004.00725.x
https://doi.org/10.1111/j.1749-6632.2010.05704.x
https://doi.org/10.1111/j.1749-6632.2010.05704.x
https://doi.org/10.1016/B978-0-12-823731-1.00015-9
https://doi.org/10.1016/B978-0-12-823731-1.00015-9
https://doi.org/10.1007/s10342-013-0690-5
https://doi.org/10.1088/1748-9326/aad8cb
https://doi.org/10.14214/sf.1266
https://doi.org/10.1111/j.0022-0477.2004.00884.x
https://doi.org/10.1111/j.0022-0477.2004.00884.x
https://doi.org/10.1093/aob/mcs097
https://doi.org/10.1093/aob/mcs097
https://doi.org/10.1038/s41598-018-23763-y
https://doi.org/10.1038/s41598-018-23763-y
https://doi.org/10.1046/j.0305-0270.2003.00993.x
https://doi.org/10.1046/j.0305-0270.2003.00993.x
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1016/j.tplants.2010.09.008

FILIPE ET AL.

PLANT-ENVIRONMENT & 161

restoration. Journal of Applied Ecology, 44, 583-593. https://doi.
org/10.1111/j.1365-2664.2007.01313.x

Oddou-Muratorio, S., Hendrik, D., & Lefévre, F. (2020). Integrating evo-
lutionary, demographic and ecophysiological processes to predict
the adaptive dynamics of forest tree populations under global
change. Tree Genetics & Genomes, 16, 67. https://doi.org/10.1007/
$11295-020-01451-1

Onofri, A., Benincasa, P, Mesgaran, M. B., & Ritz, C. (2018).
Hydrothermal-time-to-event models for seed germination.
European Journal of Agronomy, 101, 129-139. https://doi.
org/10.1016/j.eja.2018.08.011

Onofri,A.,Mesgaran,M.B., Tei,F.,&Cousens,R.D.(2011). The cure model:
An improved way to describe seed germination? Weed Research, 51,
516-524. https://doi.org/10.1111/j.1365-3180.2011.00870.x

Ooi, M. K. J. (2012). Seed bank persistence and climate change. Seed
Science Research, 22, 53-60. https://doi.org/10.1017/S096025851
1000407

Ordofez-Salanueva, C. A., Orozco-Segovia, A., Mattana, E., Castillo-
Lorenzo, E., Davila-Aranda, P., Pritchard, H. W., Ulian, T., &
Flores-Ortiz, C. M. (2021). Thermal niche for germination
and early seedling establishment at the leading edge of two
pine species, under a changing climate. Environmental and
Experimental Botany, 181, 104288. https://doi.org/10.1016/j.
envexpbot.2020.104288

Orru, M., Mattana, E., Pritchard, H. W., & Bacchetta, G. (2012). Thermal
thresholds as predictors of seed dormancy release and germina-
tion timing: Altitude-related risks from climate warming for the wild
grapevine Vitis vinifera subsp. sylvestris. Annals of Botany, 110, 1651~
1660. https://doi.org/10.1093/aob/mcs218

Parolo, G., & Rossi, G. (2008). Upward migration of vascular plants
following a climate warming trend in the Alps. Basic and Applied
Ecology, 9, 100-107. https://doi.org/10.1016/j.baae.2007.
01.005

Pearson, D. E., Ortega, Y. K., Eren, O., & Hierro, J. L. (2018). Community
assembly theory as a framework for biological invasions. Trends
in Ecology & Evolution, 33, 313-325. https://doi.org/10.1016/j.
tree.2018.03.002

Prober, S. M., Byrne, M., McLean, E. H., Steane, D. A., Potts, B. M.,
Vaillancourt, R. E., & Stock, W. D. (2015). Climate-adjusted prov-
enancing: A strategy for climate-resilient ecological restoration.
Frontiers in Ecology and Evolution, 3, 1-5. https://doi.org/10.3389/
fevo.2015.00065

Prober, S. M., Potts, B. M., Bailey, T., Byrne, M., Dillon, S., Harrison,
P. A., Hoffmann, A. A., Jordan, R., Mclean, E. H., & Steane, D. A.
(2016). Climate adaptation and ecological restoration in eucalypts.
Proceedings of the Royal Society of Victoria, 128, 40-53. https://doi.
org/10.1071/RS16004

QGIS.org. (2022). QGIS geographic information system. QGIS Association.
http://www.qgis.org

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Ritz, C., Baty, F., Streibig, J. C., & Gerhard, D. (2015). Dose-Response
Analysis Using R. PLoS ONE, 10(12), e0146021. https://doi.
org/10.1371/journal.pone.0146021

Ritz, C., Jensen, S. M., Gerhard, D., & Streibig, J. C. (2019). Dose-response
analysis using R. PLoS ONE, 10, e0146021. https://doi.org/10.1371/
journal.pone.0146021

Ritz, C., Pipper, C. B., & Streibig, J. C. (2013). Analysis of germination data
from agricultural experiments. European Journal of Agronomy, 45, 1-
6. https://doi.org/10.1016/j.€ja.2012.10.003

Rong, Z., Zhao, C,, Liu, J,, Gao, Y., Zang, F., Guo, Z., Mao, Y., & Wang,
L. (2019). Modeling the effect of climate change on the potential
distribution of Qinghai spruce (Picea crassifolia Kom.) in Qilian
Mountains. Forests, 10, 62. https://doi.org/10.3390/f10010062

INTERACTIONS @l

Rosbakh, S., Phartyal, S. S., & Poschlod, P. (2020). Seed germination traits
shape community assembly along a hydroperiod gradient. Annals of
Botany, 125, 67-78. https://doi.org/10.1093/aob/mcz139

Rosbakh, S., & Poschlod, P. (2015). Initial temperature of seed
germination as related to species occurrence along a tem-
perature gradient. Functional Ecology, 29, 5-14. https://doi.
org/10.1111/1365-2435.12304

Rowse, H. R., & Finch-Savage, W. E. (2003). Hydrothermal threshold
models can describe the germination response of carrot (Daucus
carota) and onion (Allium cepa) seed populations across both sub-
and supra-optimal temperatures. New Phytologist, 158, 101-108.
https://doi.org/10.1046/j.1469-8137.2003.00707.x

Ruthrof, K. X., Breshears, D. D., Fontaine, J. B., Froend, R. H., Matusick,
G., Kala, J., Miller, B. P., Mitchell, P. J., Wilson, S. K., van Keulen, M.,
Enright, N. J., Law, D. J., Wernberg, T., & Hardy, G. E. S. J. (2018).
Subcontinental heat wave triggers terrestrial and marine, multi-taxa
responses. Scientific Reports, 8, 13094. https://doi.org/10.1038/
s41598-018-31236-5

Saavedra, F., Inouye, D.W., Price, M. V., & Harte, J.(2003). Changesin flow-
ering and abundance of Delphinium nuttallianum (Ranunculaceae)
in response to a subalpine climate warming experiment. Global
Change Biology, 9, 885-894. https://doi.org/10.1046/j.1365-2486.
2003.00635.x

Sampayo-Maldonado, S., Ordofez-Salanueva, C. A., Mattana, E., Way,
M., Castillo-Lorenzo, E., Davila-Aranda, P. D., Lira-Saade, R., Téllez-
Valdés, O., Rodriguez-Arevalo, N. 1., Ulian, T., & Flores-Ortiz, C. M.
(2021). Thermal niche for seed germination and species distribution
modelling of Swietenia macrophylla king (mahogany) under climate
change scenarios. Plants, 10, 2377. https://doi.org/10.3390/plant
s10112377

Sarkar, D. (2008). Lattice: Multivariate data visualization with R. Springer.
ISBN 978 0-387-75968-5. http://Imdvr.r-forge.r-project.org

Savolainen, O., Pyhdjarvi, T., & Knurr, T. (2007). Gene flow and local
adaptation in trees. Annual Review of Ecology, Evolution, and
Systematics, 38, 595-619. https://doi.org/10.1146/annurev.ecols
ys.38.091206.095646

Scheepens, J. F., Deng, Y., & Bossdorf, O. (2018). Phenotypic plas-
ticity in response to temperature fluctuations is genetically vari-
able, and relates to climatic variability of origin, in Arabidopsis
thaliana. AoB Plants, 10, ply043. https://doi.org/10.1093/aobpl
a/ply043

Seal, C. E., Daws, M. I, Flores, J., Ortega-Baes, P., Galindez, G., Ledn-
Lobos, P., Sandoval, A., Ceroni Stuva, A., Ramirez Bullén, N.,
Davila-Aranda, P., Ordofiez-Salanueva, C. A., Yaihez-Espinosa, L.,
Ulian, T., Amosso, C., Zubani, L., Torres Bilbao, A., & Pritchard, H.
W. (2017). Thermal buffering capacity of the germination phe-
notype across the environmental envelope of the Cactaceae.
Global Change Biology, 23, 5309-5317. https://doi.org/10.1111/
gch.13796

Simons, A. M. (2011). Modes of response to environmental change and
the elusive empirical evidence for bet hedging. Proceedings of the
Royal Society B: Biological Sciences, 278, 1601-1609. https://doi.
org/10.1098/rspb.2011.0176

Soper Gorden, N. L., Winkler, K. J., Jahnke, M. R., Marshall, E., Horky, J., &
Huddelson, C. (2016). Geographic patterns of seed mass are asso-
ciated with climate factors, but relationships vary between species.
American Journal of Botany, 103, 60-72. https://doi.org/10.3732/
ajb.1500295

Tautenhahn, S., Heilmeier, H., Gétzenberger, L., Klotz, S., Wirth, C., &
Kuhn, I. (2008). On the biogeography of seed mass in Germany—
Distribution patterns and environmental correlates. Ecography, 31,
457-468.

Tudela-Isanta, M., Ladouceur, E., Wijayasinghe, M., Pritchard, H. W.,
& Mondoni, A. (2018). The seed germination niche limits the dis-
tribution of some plant species in calcareous or siliceous alpine

85U8017 SUOWILLIOD aA 111D 3|qel [dde au Aq peueob ae Sapoie YO ‘8sn JO Sa|nJ 10} Aiq18UlUO AB]IM UO (SUORIPUOD-PUR-SWRIAL0O" AB|IMALe.q | |Bu1 [UO//:SdNL) SUORIPUOD pue swiie | 8u 89S *[£202/80/22] Uo Ariqiauliuo A8]IMm ‘AsupAs ulise JO AiseAluN Aq 80TOT €1Rd/200T 0T/10p/LI0o" A8 |IM AseIq Ul |Uo//SdNY WO1) pepeolumoq '€ ‘SZ0Z ‘S929525Z


https://doi.org/10.1111/j.1365-2664.2007.01313.x
https://doi.org/10.1111/j.1365-2664.2007.01313.x
https://doi.org/10.1007/s11295-020-01451-1
https://doi.org/10.1007/s11295-020-01451-1
https://doi.org/10.1016/j.eja.2018.08.011
https://doi.org/10.1016/j.eja.2018.08.011
https://doi.org/10.1111/j.1365-3180.2011.00870.x
https://doi.org/10.1017/S0960258511000407
https://doi.org/10.1017/S0960258511000407
https://doi.org/10.1016/j.envexpbot.2020.104288
https://doi.org/10.1016/j.envexpbot.2020.104288
https://doi.org/10.1093/aob/mcs218
https://doi.org/10.1016/j.baae.2007.01.005
https://doi.org/10.1016/j.baae.2007.01.005
https://doi.org/10.1016/j.tree.2018.03.002
https://doi.org/10.1016/j.tree.2018.03.002
https://doi.org/10.3389/fevo.2015.00065
https://doi.org/10.3389/fevo.2015.00065
https://doi.org/10.1071/RS16004
https://doi.org/10.1071/RS16004
http://www.qgis.org
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1016/j.eja.2012.10.003
https://doi.org/10.3390/f10010062
https://doi.org/10.1093/aob/mcz139
https://doi.org/10.1111/1365-2435.12304
https://doi.org/10.1111/1365-2435.12304
https://doi.org/10.1046/j.1469-8137.2003.00707.x
https://doi.org/10.1038/s41598-018-31236-5
https://doi.org/10.1038/s41598-018-31236-5
https://doi.org/10.1046/j.1365-2486.2003.00635.x
https://doi.org/10.1046/j.1365-2486.2003.00635.x
https://doi.org/10.3390/plants10112377
https://doi.org/10.3390/plants10112377
http://lmdvr.r-forge.r-project.org
https://doi.org/10.1146/annurev.ecolsys.38.091206.095646
https://doi.org/10.1146/annurev.ecolsys.38.091206.095646
https://doi.org/10.1093/aobpla/ply043
https://doi.org/10.1093/aobpla/ply043
https://doi.org/10.1111/gcb.13796
https://doi.org/10.1111/gcb.13796
https://doi.org/10.1098/rspb.2011.0176
https://doi.org/10.1098/rspb.2011.0176
https://doi.org/10.3732/ajb.1500295
https://doi.org/10.3732/ajb.1500295

JCY NI PLANT-ENVIRONMENT X

FILIPE ET AL.

INTERACTIONS _ P€

bedrocks. Alpine Botany, 128, 83-95. https://doi.org/10.1007/
s00035-018-0199-0

Turcotte, M. M., & Levine, J. M. (2016). Phenotypic plasticity and species
coexistence. Trends in Ecology & Evolution, 31, 803-813. https://doi.
org/10.1016/j.tree.2016.07.013

Venable, D. (2007). Bet hedging in a guild of desert annuals. Ecology, 88,
1086-1090. https://doi.org/10.1890/06-1495

Verdu, M., & Traveset, A. (2005). Early emergence enhances plant fit-
ness: A phylogenetically controlled meta-analysis. Ecology, 86,
1385-1394. https://doi.org/10.1890/04-1647

Walck, J. L., Hidayati, S. N., Dixon, K. W., Thompson, K. E. N., &
Poschlod, P. (2011). Climate change and plant regeneration
from seed. Global Change Biology, 17, 2145-2161. https://doi.
org/10.1111/j.1365-2486.2010.02368.x

Walters, C. (2015). Genebanking seeds from natural populations. Natural
Areas Journal, 35, 98-105. https://doi.org/10.3375/043.035.0114

Whitford, K. R., & Williams, M. R. (2002). Hollows in jarrah and marri
trees, Il: Selecting trees to retain for hollow dependent fauna.
Forest Ecology and Management, 160, 2151-2232. https://doi.
org/10.1016/50378-1127(01)00447-9

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis. Springer
Verlag.

Wiens, J. J. (2016). Climate-related local extinctions are already wide-
spread among plant and animal species. PLoS Biology, 14,e2001104.
https://doi.org/10.1371/journal.pbio.2001104

Wood, S. N. (2017). Generalized additive models: An introduction with R
(2nd ed.). CRC Press.

Wu, T, Lu, Y, Fang, Y., Xin, X., Li, L., Li, W., Jie, W., Zhang, J., Liu, Y.,
Zhang, L., Zhang, F., Zhang, Y., Wu, F., Li, J., Chu, M., Wang, Z., Shi,
X., Liu, X., Wei, M., ... Liu, X. (2019). The Beijing climate center cli-
mate system model (BCC-CSM): The main progress from CMIP5 to
CMIP6. Geoscientific Model Development, 12, 1573-1600. https://
doi.org/10.5194/gmd-12-1573-2019

Yates, C. J., Hobbs, R. J., & Bell, R. W. (1996). Factors limiting the re-
cruitment of Eucalyptus salmonophloia in remnant woodlands. Ill.
Conditions necessary for seed germination. Australian Journal of
Botany, 44, 283-296. https://doi.org/10.1071/BT9960283

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Filipe, J. C., Ahrens, C. C., Byrne, M.,
Hardy, G., & Rymer, P. D. (2023). Germination temperature
sensitivity differs between co-occurring tree species and
climate origins resulting in contrasting vulnerability to global
warming. Plant-Environment Interactions, 4, 146-162.
https://doi.org/10.1002/pei3.10108

85U8017 SUOWILLIOD aA 111D 3|qel [dde au Aq peueob ae Sapoie YO ‘8sn JO Sa|nJ 10} Aiq18UlUO AB]IM UO (SUORIPUOD-PUR-SWRIAL0O" AB|IMALe.q | |Bu1 [UO//:SdNL) SUORIPUOD pue swiie | 8u 89S *[£202/80/22] Uo Ariqiauliuo A8]IMm ‘AsupAs ulise JO AiseAluN Aq 80TOT €1Rd/200T 0T/10p/LI0o" A8 |IM AseIq Ul |Uo//SdNY WO1) pepeolumoq '€ ‘SZ0Z ‘S929525Z


https://doi.org/10.1007/s00035-018-0199-0
https://doi.org/10.1007/s00035-018-0199-0
https://doi.org/10.1016/j.tree.2016.07.013
https://doi.org/10.1016/j.tree.2016.07.013
https://doi.org/10.1890/06-1495
https://doi.org/10.1890/04-1647
https://doi.org/10.1111/j.1365-2486.2010.02368.x
https://doi.org/10.1111/j.1365-2486.2010.02368.x
https://doi.org/10.3375/043.035.0114
https://doi.org/10.1016/S0378-1127(01)00447-9
https://doi.org/10.1016/S0378-1127(01)00447-9
https://doi.org/10.1371/journal.pbio.2001104
https://doi.org/10.5194/gmd-12-1573-2019
https://doi.org/10.5194/gmd-12-1573-2019
https://doi.org/10.1071/BT9960283
https://doi.org/10.1002/pei3.10108

	Germination temperature sensitivity differs between co-­occurring tree species and climate origins resulting in contrasting vulnerability to global warming
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study species
	2.2|Seed collection
	2.3|Delineating minimum and maximum thermal response
	2.4|Delineating differences between populations and species
	2.5|Data analysis and visualization

	3|RESULTS
	3.1|Minimum and maximum thermal response
	3.2|Cabinet incubators
	3.3|Dose–­response modeling
	3.4|Current and future germination window

	4|DISCUSSION
	4.1|Temperature constraints for germination between species
	4.2|Adaptive capacity to climate within populations
	4.3|Vulnerability to global warming
	4.4|Applications

	5|CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


