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Abstract
Global warming may pose a serious threat to seed germination and establishment in alpine ecosystems, given that tempera-
ture is a primary factor in stimulating seed germination and regulating changes in seed dormancy. However, to date, little 
is known about the relative importance of temperatures experienced by parents versus by the seeds (after dispersal). In this 
study, we tested the effects of warming at different stages on germination success and timing in the Australian alpine herb 
Wahlenbergia ceracea. To decouple the effect of parental warming from that of offspring warming, we raised parental plants 
(in both outcrossed and selfed lines) in both current (benign, cool) and future (warm) temperature conditions, and then sowed 
the seeds they produced back in either current or future conditions. We quantified (1) the effects of parental and/or offspring 
warming on (i) the percentage of germination and (ii) the season of germination (i.e. effects on dormancy); (2) whether the 
season of germination affected seedling growth; and (3) the effects of inbreeding and its interaction with temperature. We 
found that the percentage of germination decreased slightly with parental warming, but increased greatly with offspring 
warming. Parental warming also increased the fraction of dormant seeds, indicating a shift from predominately autumn to 
spring emergence. Spring-emerged seedlings grew slower than autumn-emerged seedlings, but the growth rate of spring-
emerged seedlings were not detrimentally affected by warm offspring temperatures. In this facultatively autogamous species, 
inbreeding magnified the negative effects of both parental and offspring warming. Our results illustrate the value of tests 
of the effects of warming across generations and on multiple life stages for improving our understanding of the ecological 
processes behind plant germination and establishment, and of plant responses to climate warming.
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Introduction

Warming and the associated early snowmelt in alpine 
regions will present unprecedented challenges for plant 
reproduction, given that temperature is the primary factor 
that regulates seed dormancy and stimulates seed germi-
nation (Hovenden et al. 2008; Kendall and Penfield 2012; 
Chen et al. 2014; Penfield 2017; Penfield and MacGregor 
2017). Changes in the success and timing of germination are 
likely to be crucial to the migration, recruitment and persis-
tence of alpine plant species experiencing climate change 
(Hoyle et  al. 2013; Gremer et  al. 2020a, b). For alpine 
species, experimental warming after seed release usually 
increases the percentage of germination (Graae et al. 2008; 
Milbau et al. 2009; Mondoni et al. 2012, 2015; Briceño 
et al. 2015; Xu et al. 2017). Warming can also influence 
germination phenology of alpine plants by shifting seedling 
emergence from spring to preceding autumn (Mondoni et al. 
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2012; Orsenigo et al. 2015). However, most studies on the 
effects of warming on seed germination in alpine species 
involve warming of the offspring, specifically the tempera-
ture encountered after seed dispersal, whereas the effect of 
temperatures to which the parent plant is exposed has not 
yet received much attention in alpine species (Bernareggi 
et al. 2016). The genome of the maternal plant mediates the 
perception of the environmental signals and can lead to the 
modification of fruit and/or seed coat tissue which could 
affect seed germination (Penfield and MacGregor 2017). 
Pre-zygotic environmental signals to which parental plants 
are exposed can also be passed to progeny through the epi-
genome (Bossdorf et al. 2008), while post-zygotic environ-
mental signals can be directly perceived by the developing 
zygote during seed development and maturation (Kochanek 
et al. 2011; Penfield and MacGregor 2017). In a few alpine 
species, seeds produced by parents grown under moderately 
warmed conditions (~ 2 °C) have higher viability and ger-
mination percentage (Klady et al. 2011; Bernareggi et al. 
2016), however, little is known about the relative contri-
butions of parental warming versus offspring warming in 
determining the process of germination.

Dormancy enables the timing of seed germination to 
coincide with favourable environmental and microclimatic 
conditions for subsequent seedling establishment and growth 
(Gremer et al. 2020a, b). Typically, the breaking of dor-
mancy requires seasonal temperature signals, so dormancy 
can restrict the emergence of seedlings to certain seasons 
with appropriate conditions. For example, low temperature 
in winter has been proven necessary precursor to germina-
tion for a wide variety of alpine species (Schwienbacher 
et al. 2011; Hoyle et al. 2015). For such alpine species, non-
dormant seeds can germinate immediately after seed shed-
ding in autumn, while dormant seeds needs winter wet-cold 
conditions to alleviate germination constrains and to emerge 
in the following spring or persist in the soil seed bank if 
they are deeply dormant. Some plants can distribute their 
germination across seasons by producing seeds that vary 
in dormancy state; this is called a ‘staggered’ germination 
strategy, and can occur in alpine plants (Mondoni et al. 2012; 
Hoyle et al. 2015; Orsenigo et al. 2015). In the alpine herb 
Oreomyrrhis eriopoda (alpine caraway), populations from 
sites with high levels of temperature variability are more 
likely to have a staggered germination strategy relative to 
populations from regions with lower temperature variabil-
ity by producing a considerable fraction of dormant seeds 
(Satyanti et al. 2019). Staggered germination strategy may 
in turn confer bet-hedging potential for these populations 
to deal with changeable environmental conditions (Starrfelt 
and Kokko 2012; Gremer and Venable 2014). Environmental 
temperature variation during seed production can generate 
diversity in seed dormancy state (Springthorpe and Penfield 
2015; Penfield 2017). In Arabidopsis Col-0, a significant 

decrease in the fraction of dormant seed was found when 
the mean temperature during seed set increased just 1 °C 
from 14 to 15 °C (Springthorpe and Penfield 2015). Thus, 
we assume that parental warming may result in changes in 
seed dormancy state that alter the timing of germination in 
terms of its distribution among seasons.

Understanding the extent to which climate change will 
alter patterns of establishment from seed also requires exam-
ining the effect on growth during the early seedling stage, 
the highly vulnerable and temperature-sensitive stage that 
follows seed germination (Mondoni et al. 2012; Wang et al. 
2018). Plasticity in seedling growth can arise in response 
to warming of the offspring (within-generation plasticity), 
or warming of the parents (transgenerational plasticity), or 
both (Auge et al. 2017; Wadgymar et al. 2018). Variation 
in the growth of seedlings that emerge in different seasons 
may also affect their capability to tolerate warming. In O. 
eriopoda, autumn-emergent seedlings have higher leaf pro-
duction rates than do spring-emergent, potentially because 
autumn seedlings have evolved rapid early growth to reach 
a sufficient size to survive winter (Satyanti et al. 2019). 
However, little is known about how a shift in the season 
of emergence might affect the seedling response to warmer 
growth conditions. Therefore, exploring the role of within- 
and transgenerational thermal plasticity of seedlings emerg-
ing in different seasons would improve the predictions of the 
fate of populations or species that inhabit vulnerable areas.

The interaction of warming with genetic factors might 
also influence seed germination and early seedling growth. 
It is known that inbreeding depression can be affected by 
environmental conditions in a range of taxa (Cheptou and 
Donohue 2011). Theory predicts that inbreeding depression 
should be more pronounced under stressful environmental 
conditions (e.g. thermal stress) due to an increase in the 
expression of recessive deleterious alleles or lower capacity 
for adaptive responses to stress (Armbruster and Reed 2005; 
Fox and Reed 2011; Cheptou and Donohue 2011). This ther-
mally induced inbreeding depression has been demonstrated 
in the fruit fly Drosophila melanogaster (Schou et al. 2018), 
although not in Bicyclus anynana (a butterfly) (Franke and 
Fischer 2013) or in Lymnaea stagnalis (a freshwater snail) 
(Leicht et al. 2019). To our knowledge, there are no experi-
mental studies to date that document how warming interacts 
with inbreeding depression on plant species.

Here, we studied the effect of parental warming, offspring 
warming, inbreeding, and the interactions thereof on seed 
germination and seedling growth in the waxy bluebell Wahl-
enbergia ceracea, an Australian endemic herb distributed 
across Victoria, New South Wales and Tasmania. Wahl-
enbergia ceracea is described as a short-lived perennial 
(likely biennial) alpine herb with a staggered germination 
strategy such that the timing of germination is split between 
autumn and spring germinated seeds (Hoyle et al. 2015). 
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It exhibits plasticity in response to warming for multiple 
functional traits, and is reported as a self-compatible out-
crosser that is facultatively autogamous in nature (Nicotra 
et al. 2015). In controlled conditions, W. ceracea can be 
reliably manipulated to self-pollinate (hereafter, to self) or 
to outcross and thus provides an ideal system for assessing 
the interactions between the effects of inbreeding and the 
response to warming.

In this experiment, we generated outcrossed and selfed 
seeds in both ‘current’ (benign, cool) and simulated ‘future’ 
(warmer) conditions. We then sowed these seeds in their 
parental and alternate temperature environment to ask: (1) 
how do parental warming and/or offspring warming affect (i) 
the percentage of germination and (ii) the season of germi-
nation? (2) Does parental vs offspring warming differentially 
affect the growth of seedlings that emerge in autumn after 
seed maturation vs those that are dormant and emerge in 
spring? (3) Do outcrossed seeds have higher germination 
and seedling growth rates compared to inbred seeds, and if 
so, does parental or offspring warming increase the negative 
effects of inbreeding? We predict that both parental and off-
spring warming would affect the percentage and the season 
of germination. Compared to spring seedlings, autumn seed-
lings would have quicker growth rates to support their rapid 
establishment before snowfall. Finally, we predict that the 
effects of warmer temperatures on germination and seedling 
growth rate may be more in selfed than outcrossed seeds.

Materials and methods

Study species and seed generation

Seeds of 100 maternal plants distributed throughout the ele-
vational range of Wahlenbergia ceracea Lothian (Campanu-
laceae) were collected from the field between March and 
May in 2015 and 2016, across a range of 1590–2100 m a.s.l 
in Kosciuszko National Park, New South Wales, Australia 
(36.43° S, 148.33° E). Seeds from different maternal plants 
were kept separately as F0 generation seeds and were used 
to generate subsequent generations of seeds in controlled 
greenhouse conditions at The Australia National University, 
Canberra, Australia.

The F1 generation was generated in 2016 by outcrossing 
F0 plants that were not less than 100 m apart in distance, 
and on average differed in elevation by 34 m (though for 
some of the lower elevation plants, distances were as large 
as 120 m because plants were sparser at low elevations). 
For the F2 generation (in 2017), 12 F1 plants were selected 
as pollen donors and each crossed with at least 4 pollen 
receivers (a total of 48 receivers). For these crosses, there 
were no restrictions based on characteristics of the initial F0 
plants; we aimed to maximise the genetic variation across 

the resulting lines. All plants of the F0 and F1 generation 
were germinated and grown under common conditions 
(20/15 °C day/night, natural photoperiod) that mimicked 
average early growing season soil temperatures in  situ 
(Holye et al. 2013), but the night temperature we set was 
about 3 °C higher than that in situ so that the glasshouse 
could reliably maintain night temperatures.

To generate the F3 generation used in our experiments, 
the F2 plants were cultivated in one of two greenhouse 
rooms with either cool or warm temperature regimes. The 
20/15 °C day/night conditions were set as the current ‘cool’ 
temperature. A second growth compartment ‘warm’ was set 
at 30/25 °C day/night. Alpine soil surface and shallow soil 
temperatures can greatly exceed that of air temperatures and 
the temperatures that seeds and seedlings are exposed to will 
track soil temperatures, therefore, the warm treatment is a 
representation of predicted alpine soil temperature increases 
due to climate change beyond 2050 (Hoyle et al. 2013). In 
each temperature regime, 12 F2 lines were designated as pol-
len donors (father) and each was outcrossed with a geneti-
cally unrelated line, designated as pollen receivers (mother). 
‘Genetically-unrelated’ means the two lines outcrossed with 
each other did not share any ancestor under cultivation. This 
restriction was possible to maintain except in one outcross. 
Twelve pollen donors and 11 pollen receivers were involved 
in the generation of 12 outcrossed lines (one mother was 
used twice). These crosses were replicated using full sib-
lings of the same F1 parentage in each temperature regime. 
Each parent plant was also self-pollinated in both cool and 
warm rooms. Thus, we acquired 35 lines (12 outcrossed + 12 
selfed paternal + 11 selfed maternal) in each of the two 
rooms with the same pedigree, but generated either under 
‘cool’ or ‘warm’ temperature conditions (see Fig. S1 in Sup-
plementary Information for pedigree information of the F3 
lines). As the F3 generation seed were sourced from the F2 
generation parents from either a cool or warm environment, 
we refer to this temperature as the parental temperature.

All F3 generation capsules and seeds were removed from 
the parent plants at the time of natural dispersal when cap-
sules were open and dry, and the seeds were brown. Seeds 
were stored at room temperature in a desiccator for at least 
7 weeks before the beginning of germination experiment in 
April 2019.

Germination experiment

The germination experiment included two temperature 
treatments, parental temperature (PT) and offspring tem-
perature (OT), each with two levels, cool 20/15 °C (day/
night) and warm 30/25 °C (day/night). Since the study spe-
cies has a staggered germination strategy, exposure to low 
winter temperatures was essential for the germination of 
dormant (spring germinating) seeds but was not required 
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for the germination of non-dormant (autumn germinat-
ing) seeds. To distinguish autumn from spring germinating 
seeds, we sowed seed of each line on 1% water agar in Petri 
dishes (20 seeds/dish) and moved through the following 
two scenarios for the offspring in a factorial design. For the 
cool temperature offspring treatment, seeds were placed at 
20/15 °C (day/night) for 3 weeks to germinate under natural 
photoperiod in a glasshouse and for the warm temperature 
offspring treatment, seeds were placed at 30/25 °C (day/
night) in otherwise identical conditions. All seeds were then 
moved to an incubator for cold stratification (seeds were 
treated to simulate winter conditions so that germination 
may occur) for 4 weeks in darkness, before being returned 
to their respective offspring temperatures for another 3 
weeks. Seeds that germinated before cold stratification 
were defined as non-dormant (autumn germinated) seeds 
and those that only germinated after cold stratification were 
defined as dormant (spring germinated) seeds. The overall 
experimental design for the germination experiment was 35 
lines (12 outcrossed + 12 selfed paternal + 11 selfed mater-
nal) × 2 parental temperatures × 2 offspring temperatures × 3 
replicates = 420 agar dishes, with 20 seeds per dish. The 
seeds were checked weekly for radicle emergence during the 
3 weeks prior to and the 3 weeks following cold stratification 
(see Figs. S2, S3 for determining the length in germination 
observation and cold stratification, respectively).

At the end of 10 weeks, all intact seeds that remained in 
each agar dish were dissected with a scalpel under a micro-
scope. Seeds with a firm, fresh endosperm and embryo 
were deemed viable. Empty, inviable seeds were deducted 
from the total number of seeds in their agar dish. Germi-
nation percentage was calculated for each dish as the per-
centage of germinated seeds (the number of autumn ger-
minated + spring germinated seeds/total number of viable 
seeds × 100). For the seeds that did germinate, we evalu-
ated the percentage that germinated in spring (the number 
of spring germinated seeds/the total number of germinated 
seeds × 100, where the total includes autumn and spring ger-
minated seeds).

Seedling growth experiment

To test the effect of seedling emergence season (autumn 
vs spring) on seedling growth, we transplanted up to five 
autumn and five spring seedlings per agar dish (depending 
on germination success) into punnets (14 cm × 8 cm × 5 cm) 
filled with seed raising mix (Debco, Victoria, Australia) at 
the end of the 3rd and 10th week of the germination experi-
ment, respectively. Seedlings that emerged from non-dor-
mant seeds were transplanted after 3 weeks of observation 
in the Petri dishes, at which time they were of sufficient 
number and size to survive transplant; these were defined 
as autumn seedlings. Spring seedlings were transplanted 

7 weeks later (4 weeks stratification + 3 weeks germination) 
than the autumn seedlings. The difference in natural day 
length during the growth of autumn and spring seedlings 
was less than 0.2 h, but we still supplemented artificial lights 
in greenhouse for a 13-h day length during the experiment to 
keep consistency between the cohorts. The original experi-
mental design for the seedling growth experiment was 35 
lines × 2 parental temperatures × 2 offspring temperatures × 3 
dishes × 2 seasons × 5 seedlings = 4200 seedlings (in 840 
punnets). Due to low germination in some treatments and 
seedling loss during transplantation, 1314 seedlings survived 
in 490 punnets, with an average of 2.7 seedlings per punnet. 
We did not look at the effects of temperature on seedling 
survival as the death of some seedlings might be caused 
by transplantation rather than the temperature effects. We 
measured all surviving seedlings. Punnet position in each 
glasshouse room was randomised.

To measure seedling growth, the rosette diameter (length 
across an opposing leaf pair at their widest point, D) was 
measured 3 and 6 weeks after transplanting (D3w, when 
the plants had only just developed true leaves and D6w, 
when they had ~ 4–5 true leaves, respectively). The rela-
tive diameter increment rate was calculated as [ln(D6w)—
ln(D3w)]/21 days and used as an indicator of growth rate.

Data analysis

We estimated the effects of temperature and inbreeding in 
the germination and seedling growth experiments by fitting 
linear mixed effect regression models in R 3.5.1 (R Core 
Team 2018), using the lmer function in the R package lme4 
(Bates et al. 2015). We fitted both ‘main-effect-only’ models, 
and ‘full’ models including all pairwise interactions for each 
response variable. We used likelihood-ratio tests to deter-
mine whether simplified models were more parsimonious 
than the full model.

In the analyses of germination data, we considered two 
response variables: (1) the percentage of germination, and 
(2) the percentage of spring germination amongst those that 
did germinate (see above for calculation of each). For both of 
these traits, the distribution of residuals from the models met 
the assumptions of normality without data transformation. 
We included the parental temperature (PT; cool vs warm), 
offspring temperature (OT; cool vs warm) and mating type 
(Mating; outcrossed vs selfed) as fixed effects in all main-
effect-only models, plus all pairwise interactions in the full 
models. Line was included as a random effect in all models 
(for n = 35 lines).

In the analyses of seedling growth data, the relative 
rosette diameter increment was square-root transformed so 
that the distribution of residuals from the models met the 
assumption of normality. We included the same fixed effects 
as above with the addition of seedling emergence season 
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(Season; autumn vs spring) in all main effect models, plus 
all pairwise interactions in the full models. Line and punnet 
were included as random effect in all models.

Results

Germination

A visual assessment reveals that the pattern of seed ger-
mination varied dramatically among the lines in response 
to parental and offspring temperature, as well as between 
mating types (Fig. 1). If we take all four temperature sce-
narios into account, lines vary in the total germination 
percentage and the percentage of spring germinated seeds, 
with both ranging from 0 to 100%. There were 5 lines (2 
outcrossed lines and 3 selfed lines) in which 4 or 5, of the 
12 agar dishes, had no germinated seeds, but there were 
no lines that completely failed to achieve any germination.

Parental warming decreased the percentage of germina-
tion overall (Table 1a(i); Fig. 2a; from an average of 60% 
in cool conditions to 46% in warm conditions). However, 
it increased the percentage of spring germinated seeds 
amongst those that did germinate (Table 1a(ii); Fig. 2b). 
Offspring warming, on the other hand, increased the 

percentage of germination (Table 1a(i), blue vs red lines 
in Fig. 2a; from an average of 32% in cool conditions to 
74% in warm conditions), but had no effect on the seasonal 
timing of germination (Table 1a(ii); Fig. 2b). There was 
no evidence of a main effect of inbreeding on either the 
percentage or season of germination (Table 1a), but delv-
ing into the interactions among factors indicated that the 
effect of parental warming on percentage of germination 
was stronger in selfed than outcrossed lines: selfed lines 
had a larger decrease in germination success in response to 
warm parental temperature than outcrossed lines, regard-
less of the offspring temperature (Table 1b(i); Fig. 2a). 
There was no evidence of any interactive effects on the 
season of germination (Table 1b(ii)).

Seedling growth

The early seedling growth of W. ceracea was very slow: on 
average, the diameter of seedling increased by only 2 mm 
from 4.6 mm at the 3rd week to 6.6 mm at the 6th week 
post-transplantation. Seedlings that emerged in autumn grew 
faster than those that emerged in spring (Table 2a; Fig. 3), 
and the effects of temperature on subsequent growth were 
quite different from that on germination. Even though warm 
offspring temperature uniformly facilitated germination, 

Fig. 1  Cumulative seed 
germination curves illustrate 
the variability in germination 
phenology among lines and in 
response to parental (PT) and 
offspring germination tempera-
tures (OT). The seeds were cold 
stratified at 5 °C from week 4 
to week 7. Thirty-five lines are 
identifiable by their respective 
colours across the four panels 
with outcrossed and selfed lines 
represented by solid and dashed 
lines, respectively
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Table 1  Results of linear mixed effects models testing (a) the effects 
of parental temperature (PT), offspring temperature (OT) and mating 
type (Mating), and (b) all interactions thereof, on (i) the percentage of 

germination (% germinated in each dish) and (ii) season of germina-
tion (% spring germinated among all germinated seeds in each dish)

Parameters show effects of warm relative to cool for parental and offspring temperature, and selfed relative to outcrossed line for mating type
Total sample sizes = 2 PT × 2 OT × 35 lines (12 outcrossed + 23 selfed) × 3 Replication = 420 agar dishes (each agar dish with 20 seeds). For the 
random effects, χ2 is from likelihood-ratio test dropping Line from model. Significant effects (P < 0.05) are in bold

(i) Percentage of germination (% germinated) (ii) Season of germination (% spring germinated)

Estimate SE t-value P Estimate SE t-value P

(a) Main effects model
Fixed effects
Intercept 45.35 5.62 8.06  < 0.001 13.60 5.27 2.58 0.013
PT (warm) − 14.19 2.05 − 6.92  < 0.001 17.29 3.04 5.69  < 0.001
OT (warm) 42.49 2.05 20.73  < 0.001 3.57 3.07 1.16 0.246
Mating (selfed) − 9.61 6.70 − 1.43 0.161 11.03 5.89 1.87 0.071
Random effects
Line 317.3 χ2

(L) = 141.89 P < 0.001 192.3 χ2
(L) = 24.80 P < 0.001

Residual 443.0 851.2
(b) Full model
Fixed effects
Intercept 38.57 6.05 6.37  < 0.001 11.70 6.32 1.85 0.067
PT (warm) − 4.61 4.03 − 1.15 0.253 22.33 6.13 3.64  < 0.001
OT (warm) 50.39 4.03 12.51  < 0.001 1.32 6.01 0.22 0.826
Mating (selfed) − 2.28 7.36 − 0.31 0.758 14.80 7.53 1.97 0.053
PT (warm) × OT (warm) − 7.82 4.06 − 1.92 0.056 2.45 6.12 0.40 0.689
PT (warm) × Mating (selfed) − 8.57 4.29 − 2.00 0.046 − 9.90 6.37 − 1.55 0.121
OT (warm) × Mating (selfed) − 6.11 4.29 − 1.43 0.155 1.75 6.45 0.27 0.787
Random effects
Line 318.2 χ2

(L) = 146.02 P < 0.001 190.4 χ2
(L) = 24.80 P < 0.001

Residual 435.4 852.8

Fig. 2  a The percentage of germination and b season of germination 
(percentage of spring germination amongst those that did germinate) 
under different parental temperature treatments in outcrossed (solid) 

and selfed lines (dash). Offspring germination temperature is shown 
by line colours (blue for cool, red for warm). Error bars represent SEs 
of the means



Alpine Botany 

1 3

Table 2  Results of linear mixed 
effects models testing the effects 
of (a) parental temperature 
(PT), offspring temperature 
(OT), mating type (Mating) 
and seedling emergence season 
(Season), and (b) all interactions 
thereof, on diameter increment 
(cm  m−1  d−1)

Parameters show effects of warm relative to cool for parental and offspring temperature, selfed relative to 
outcrossed line for mating type, and spring relative to autumn for seedling emergence season
Total sample sizes = 1314 seedlings. For the random effects, χ2 is from likelihood-ratio test dropping Line 
or Punnet from model. Significant effects (P < 0.05) are in bold

Estimate SE t-value P

(a) Main effects model
Fixed effects
Intercept 1.501 0.043 34.52  < 0.001
PT (warm) − 0.006 0.038 − 0.16 0.873
OT (warm) − 0.248 0.039 − 6.38  < 0.001
Mating (selfed) − 0.042 0.040 − 1.06 0.298
Season (spring) − 0.217 0.039 − 5.58  < 0.001
Random effects
Line  < 0.001 χ2

(L) < 0.01 P = 1.00
Punnet 0.111 χ2

(P) = 219.15 P < 0.001
Residual 0.140
(b) Full model
Fixed effects
Intercept 1.585 0.062 25.49  < 0.001
PT (warm) − 0.016 0.077 − 0.21 0.833
OT (warm) − 0.348 0.073 − 4.75  < 0.001
Mating (selfed) − 0.038 0.072 − 0.53 0.596
Season (spring) − 0.562 0.089 − 6.35  < 0.001
PT (warm) × OT (warm) − 0.036 0.077 − 0.47 0.637
PT (warm) × Mating (selfed) 0.070 0.075 0.93 0.356
PT (warm) × Season (spring) 0.001 0.076 0.01 0.991
OT (warm) × Mating (selfed) − 0.099 0.077 − 1.30 0.195
OT (warm) × Season (spring) 0.480 0.079 6.08  < 0.001
Mating (selfed) × Season (spring) 0.063 0.078 0.81 0.417
Random effects
Line 0.001 χ2

(L) = 0.05 P = 0.828
Punnet 0.100 χ2

(P) = 191.75 P < 0.001
Residual 0.140

Fig. 3  The rosette relative diameter increment rate of seedlings that 
emerged in a autumn and b spring under different parental tempera-
ture treatments. Offspring temperature is shown by the colours of 

the line (blue for cool, red for warm). Outcrossed lines are solid and 
selfed lines are dash. Error bars represent SEs of the means
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it had complex effects on the subsequent early growth of 
the seedlings. For seeds that emerged in autumn, offspring 
warming suppressed growth (Table 2b, blue vs red lines in 
Fig. 3a). In contrast, the seedlings that emerged in spring had 
inherently lower growth rates, but growth rate was not detri-
mentally affected by warm offspring temperatures (Table 2b; 
Fig. 3b).

There was no evidence of reduced seedling growth 
in selfed seedlings compared to outcrossed seedlings 
(Table 2a), nor of any interaction between inbreeding and the 
effects of either parental or offspring temperature (Table 2b). 
When the effects of temperature on autumn and spring ger-
minated seeds were analysed separately, the selfed autumn 
seedlings showed a significantly greater reduction in growth 
rate than the outcrossed autumn seedlings in response to 
offspring warming (Fig. 3a; Table S1a in Supplementary 
Information). Mating type did not affect growth rates in 
spring germinated seeds (Fig. 3b; Table S1b).

Discussion

To better understand and predict the effects of warming on 
alpine plant population dynamics, it is necessary to link 
future environmental changes to the responses of multiple 
vulnerable life stages, separating parental effects from direct 
environmental effects on progeny. In our study, when decou-
pling parental warming from offspring warming, we found 
distinct and sometimes contrasting effects of warming on 
both seed germination behaviour and early seedling growth 
in the alpine species W. ceracea. These warming effects also 
interacted with mating type (selfing or outcross), with some 
detrimental effects of warming being more pronounced in 
selfed than outcrossed lines.

Distinct parental and offspring warming effect 
on seed germination

Consistent with previous research on the germination 
responses of alpine plants to warming (Graae et al. 2008; 
Mondoni et al. 2015; Xu et al. 2017), our study demon-
strates that seed germination percentage was significantly 
increased by warm temperatures during germination, 
indicating that W. ceracea has a relatively high preferred 
germination temperature. Susanna has a paper in review 
shows that the optimal germination temperature for seeds 
of some alpine shrubs can reach as high as 25 °C or even 
35  °C. Germination is triggered by soil temperatures, 
which, in contrast to air temperatures, are strongly shaped 
by the local topography and intake of solar radiation, thus, 
the surface of bare soil in the mountains can be high dur-
ing the daytime (Ohler et al. 2020). Therefore, it is pos-
sible that our warm temperature treatment fell within the 

optimum germination temperature of W. ceracea, rather 
than imposing heat stress. High thermal optima for ger-
mination usually correlate with relatively late seedling 
emergence, which could be a mechanism to protect young 
seedlings from frost damage during seedling establishment 
in the alpine environment (Fernández-Pascual et al. 2017).

In contrast to the effect of offspring warming on seed 
germination, exposing the parent plants to the same tem-
perature increment led to a small but significant decrease 
(14% on average) in seed germination probability. In pre-
vious studies, a moderate increment in parental growth 
temperature (~ 1.5 °C) generated by open-top chambers 
in the field either had no effect, or resulted in a signifi-
cant increase in germination (Bernareggi et al. 2016). In 
our experiment, we used 30 °C as the predicted future 
mean daytime temperature at soil level during the growing 
season. While this exceeds the predicted mean air tem-
perature, it reflects a realistic temperature to which alpine 
plants are likely to be exposed at soil level, given their 
short stature which decouples them from air temperature 
and increases the influence of soil temperature (Körner 
2003). Therefore, our results show that warming condi-
tions that are more reflective of changes to soil tempera-
tures are large enough to elicit changes in the germination 
probability of progeny.

Parental warming effects are also reflected in warmth-
induced dormancy and thus changes in the season of 
germination. Parental warming decreased the total ger-
mination as well as altering proportion of germination in 
autumn versus spring (Fig. 2). Parental warming resulted 
in an increase in the fraction of dormant seed and therefore 
the plants increase their bet-hedging capacity by produc-
ing similar numbers/proportions of seeds germinating in 
spring as in autumn. However, in addition to these effects, 
there was also an increase in the number of remaining via-
ble seeds that did not germinate corresponding to deeply 
dormant seeds. As seeds of Wahlenbergia ceracea can 
persist in the soil seed bank (Hoyle et al. 2013), parental 
warming may increase the number of preserved seeds in 
soil. In some alpine species, offspring warming has been 
shown to elicit a shift in seasonality of germination (Mon-
doni et al. 2012; Orsenigo et al. 2015), but we found that 
for W. ceracea when both parental and offspring warming 
were involved, only parental temperatures affected germi-
nation timing.

The production of seeds that vary in dormancy state 
can be seen as a bet-hedging strategy to reduce survival 
risks for plants in changeable environments (Starrfelt and 
Kokko 2012; Gremer and Venable 2014). For W. ceracea, 
more balanced seasonal emergence pattern under warming 
conditions could be beneficial to long-term fitness, and 
therefore, might facilitate population persistence (Star-
rfelt and Kokko 2012; Lampei et al. 2017). However, the 
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consequences of changes in germination phenology under 
a future climate will also depend on how seedlings toler-
ate the novel conditions to which they are subsequently 
exposed.

Season and warming have interactive effects 
on seedling growth

We observed that spring-emergent seedlings had just five 
true leaves and were < 1 cm tall even 2 months after emer-
gence. The inherently slow growth rate of spring seedlings 
and short growing seasons in high mountains illustrate the 
challenges of an alpine environment (Schwienbacher et al. 
2011; Hoyle et al. 2013, 2015; Cavieres and Sierra-Almeida 
2018). Although W. ceracea is described as a short-lived 
perennial, we have observed in the field that it is more accu-
rately described as a biennial. Therefore, when the following 
growing season comes, seedlings that survive the winter are 
more likely to complete their life cycle than seedlings that 
emerge in spring, which may persist in a vegetative state as 
small seedlings to flower in their second season.

The fast growth rate of autumn-emergent seedlings, as 
shown in our study, could be a strategy to reach a larger size 
with greater tolerance to survive the winter, reaching matu-
rity quickly in the following growing seasons (Satyanti et al. 
2019). However, the advantages of rapid growth will prob-
ably decrease when temperatures rise due to future climate 
warming as seedlings emerged in autumn were extremely 
vulnerable to warming in their early growth (Fig. 3). For 
the spring-emergent seedlings, somewhat counterintuitively, 
climate warming may actually be more likely to result in 
cold damage instead of heat stress, as warming leads to the 
early snow melt in high mountains, exposing plants to frost 
(Briceño et al. 2014; Wheeler et al. 2014). Thus, warming 
may be harmful for both autumn and spring-emergent seed-
lings. We did not find any carry-over effects of warming on 
early seedling growth either from parental warming or from 
the interaction of parental and offspring warming. It is pos-
sible that some potential plastic responses of the progeny 
later in life were not observed since our study focused on 
the early seedling stage rather than a longer growth period. 
In another study on W. ceracea, the same daytime tempera-
ture treatments as in our study accelerated plant growth and 
flowering, and produced more seed capsules (Nicotra et al. 
2015). Warming typically advances plant phenology, with 
bud burst and flowering occurring earlier and the growing 
season becoming longer in alpine species (Briceño et al. 
2015; Springthorpe and Penfield 2015; Carbognani et al. 
2018), this seems to compromise the loss during germina-
tion and early seedling growth under warming conditions.

Selfing exacerbates the negative effect of warming

We did not find any evidence of a main effect of inbreeding 
depression in this study, which may not be surprising for a 
facultatively selfing plant species. However, the detrimen-
tal warming effects interacted with mating type. Parental 
and offspring warming induced reductions in percentage 
of germination and in the growth rate of autumn-emerged 
seedlings, respectively. Such effects were stronger in selfed 
than in outcrossed lines (Tables 1b(i), S1b(i); Figs. 2a, 3a). 
Under historical conditions, the cost of setting selfed seeds 
when insufficient pollen from other plants is available for 
outcrossing would be minimal and setting both outcrossed 
and selfed seeds may serve as an insurance policy. However, 
our results indicate that under future climate warming, the 
benefit of selfing as an insurance policy for W. ceracea may 
be reduced.

This inbreeding–warming interaction could be of spe-
cial conservation concern in wild species as selfing rates 
are assumed to increase in wild populations under climate 
warming (Hegland et al. 2009; Leimu et al. 2010). Climate 
warming leads to temporal and spatial mismatches among 
mutualistic partners such as the breakup of plant-pollinator 
mutualisms, which could increase the need to self-pollinate 
(Hegland et al. 2009; Leimu et al. 2010). Genetic load due to 
selfing could alter organisms’ responses to climate warming 
and is predicted to reduce adaptive potential under climate 
change (Leimu et al. 2010). Our study provides evidence for 
such a pattern in alpine species.

As a final point, we note that our study is a manipulation 
that considers the effect of warming in isolation, however, 
future increases in temperature will likely also coincide with 
water stress, which we predict would result in even stronger 
responses in seed viability and germination phenology than 
seen from warming stress alone (Kochanek et al. 2011).

Conclusions

Global climate warming is posing a serious threat to alpine 
ecosystems, such that we now urgently need to understand 
the response of alpine plants to climate warming, especially 
at thermo-sensitive life stages. Here we have demonstrated 
that warming of the parental versus the offspring generation 
exerted distinct influences on both the percentage and the 
season of germination. It is possible that the lower percent-
age of germination caused by parental warming could be 
offset by the positive effect of offspring warming on ger-
mination. Offspring warming suppressed the early growth 
of autumn-emergent seedlings. However, parental warming 
could potentially shift the germination season from autumn 
to spring, offsetting that effect. Inbreeding increased the 
negative warming effect on both seed germination and early 
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seedling growth. This finding is relevant for understanding 
the extinction risk of self-compatible alpine species and how 
natural selection will work on their mating system under 
future climate scenarios. Our results illustrate the value of 
tests of the effects of warming across generations and on 
multiple life stages to improve our understanding of the eco-
logical processes behind plant germination and establish-
ment, and to generate more accurate predictions of plant 
responses to climate warming.
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