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ABSTRACT
Pollen, a pivotal stage in the plant reproductive cycle, is highly sensitive to temperature fluctuations, impacting seed quality and

quantity. While the importance of understanding pollen temperature limits (Tmin, Topt, Tmax – collectively PTLs) is recog-

nized, a comprehensive synthesis of underlying drivers is lacking. Here, we examined PTLs, correlating them with vegetative

tissue thermotolerance and assessing variability at the intra‐ and interspecific levels across 191 species with contrasting

phylogeny, cultivation history, growth form and ecology. At the species level, the PTLs range from 9.0 to 42.4°C, with

considerable differences among individual species. Vegetative tissue showed greater tolerance to both low and high tempera-

tures than pollen. A significant, though weak, correlation was observed between PTLs and leaf temperature tolerance. Pollen

heat tolerance was independent of that in leaves and stems. The greatest intraspecific variability was observed in pollen cold

tolerance (Tmin), followed by Topt and Tmax. Phylogenetic analysis revealed family‐level conservation in all three pollen

temperature tolerance measures. Climate emerged as a significant PTL driver of pollen cold tolerance, with species from colder

and stable climates exhibiting enhanced cold tolerance. Cultivated and wild species did not differ in their pollen temperature

tolerances. Herbaceous plants showed higher tolerance to high temperatures compared to shrubs and trees, potentially

reflecting divergent thermal conditions during anthesis. This study provides the first formal analysis of complex relationships

between pollen temperature limits, plant characteristics and environmental factors, providing crucial insights into climate

change impacts on plant reproduction.

1 | Introduction

Globally, there is a growing concern in the scientific community
about the adverse impacts of climate change on the reproduc-
tion processes of plants (Hedhly, Hormaza, and Herrero 2009;
Fahad et al. 2017; Piao et al. 2019). Climate change‐driven ex-
tremes in temperature, such as cold spells and heatwaves oc-
curring during critical plant developmental stages related to
seed production, consistently lead to diminished seed quality

and quantity (Neuner et al. 2013; Hatfield and Prueger 2015;
Raza et al. 2019; Yadav et al. 2022). Consequently, the altered
rates of viable seed production are anticipated to exert profound
ecological impacts on plant population dynamics, with potential
implications for species demography and long‐term survival.
For instance, in cases where population growth hinges on seed
availability, persistently low seed production may lead to a
decline in species abundance and even the eventual extinction
of certain plant species (Turnbull, Crawley, and Rees 2000;
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Willis et al. 2008). Moreover, fluctuations in fruit and seed
production in wild plants can ripple through ecosystems,
impacting various trophic levels and resulting in intricate in-
teractions with numerous animal species. Reduced plant
reproduction can affect birds and insects that rely on seeds and
fruits as food sources, with downstream consequences for
mammals and the prevalence of human pathogens (Lewis
et al. 2014; Bogdziewicz, Zwolak, and Crone 2016). Lastly,
climate‐induced alterations in the reproductive performance of
cultivated plants may have detrimental implications for food
security, potentially resulting in significant reductions in crop
yields in the coming years (Ray et al. 2019; Caparas et al. 2021).

While temperature exerts control over all aspects of seed pro-
duction (Slafer et al. 2015), pollen, the male gametophyte,
emerges as the most temperature‐sensitive within the plant
reproductive cycle when compared to other tissues and devel-
opmental stages (Sharkey and Schrader 2006; Hedhly 2011;
Prasad, Bheemanahalli, and Jagadish 2017). Its susceptibility
varies across its growth stages, with early phases of division
being the most sensitive and mature pollen the most resilient
(Zinn, Tunc‐Ozdemir, and Harper 2010; Chaturvedi et al. 2021).
The heightened pollen sensitivity, as opposed to ovules, is at-
tributed to several factors, including its comparatively small
size, haploid set of chromosomes, lack of protective tissue and
direct exposure to the environment (Bedinger 1992; Pacini and
Dolferus 2016). Consequently, an array of experimental studies
has demonstrated that even mild temperature stress applied at
various stages of pollen development (anther wall development,
microsporogenesis, microgametogenesis, pollen germination
[PG] and pollen tube growth [PTG]) results in a substantial
decline in pollen performance, often yielding irreversible effects
(Kakani et al. 2002; Sato, Peet, and Thomas 2002; Raja
et al. 2019; Tushabe et al. 2023). These findings collectively
underscore that pollen sensitivity to both low and high tem-
peratures (‘cold and heat tolerance’) is a pivotal limiting factor
in seed productivity and is particularly susceptible to the effects
of global climate change (Hedhly, Hormaza, and Herrero 2009;
Hassan et al. 2021; Jagadish, Way, and Sharkey 2021).

Understanding pollen temperature tolerance is a subject of con-
siderable interest among plant scientists spanning various disci-
plines (Kakani et al. 2005; Mesihovic et al. 2016; Rosbakh
et al. 2018; Djanaguiraman et al. 2019). This interest is particularly
pronounced in the context of ongoing climate change, as it holds
the potential to shape the future of both wild plant conservation
and agricultural productivity. However, despite the pivotal role of
this trait in plant reproductive processes, our knowledge regarding
the critical temperature thresholds of pollen remains relatively
limited. Equally elusive is our understanding of the extent of
variability in these thresholds and the underlying factors con-
tributing to such variability. The existing body of literature on
pollen thermal limits predominantly concentrates on either a
select few cultivars of a single crop species (e.g., Kakani et al. 2002;
Coast et al. 2016; Paupière et al. 2017) or a limited assortment of
wild species confined to specific environments (e.g., Rosbakh and
Poschlod 2016; Wagner et al. 2016). This focused approach,
although valuable in its own regard, presents challenges for re-
searchers seeking to draw any general conclusions on the adapt-
ability and susceptibility of pollen temperature tolerances to
changing environmental conditions, both in space and time.

Here we bridge this knowledge gap by examining patterns and
drivers of pollen cold and heat tolerance across multiple pop-
ulations and species of wild and cultivated plants occurring
worldwide. To achieve this, we harness a data set encompassing
crucial temperature parameters for PG and PGT – including
minimum, optimal and maximum temperatures (cardinal
temperatures) – for 191 species measured in 636 populations
and/or cultivars, along with > 500 000 georeferenced species
occurrences across main world's biomes. Our first objective is to
investigate the temperature limits governing pollen perform-
ance and explore their potential correlations with the thermo-
tolerance observed in vegetative tissues (Aim 1). While it has
been often suggested that all stages of plant sexual regeneration
function within a narrower range compared to leaves, stems
and roots (e.g., Luo 2011; Nievola et al. 2017), this assumption
has been poorly empirically examined, with only a few ex-
amples like Neuner and Buchner (2012).

Next, we explore the presence and extent of intraspecific vari-
ability in pollen temperature tolerance (Aim 2). Previous
research has shown that plants tend to adapt their pollen per-
formance to the local growing conditions, with example of
populations from colder regions exhibiting better pollen cold
tolerance as opposed to their counterparts from warmer habi-
tats (Morrison et al. 2016; Ranasinghe, Kumarathunge, and
Kiriwandeniya 2018; Zebro, Kang, and Heo 2023). However,
these investigations have typically centred on individual species
or focused solely on specific temperature thresholds, such as
minimum or maximum temperatures. Consequently, we are
still lacking a comprehensive understanding of the adaptability
and plasticity of pollen performance in response to changing
thermal conditions, both temporally and spatially.

In the next part of the analysis, we tackled drivers of pollen
thermal limits at the species (interspecific) level. First, we tested
for the presence of a phylogenetic signal in the pollen temper-
ature tolerance data (Aim 3). The rationale for this analysis
stems from the well‐established understanding that closely
related taxa often retain ecological traits and environmental
preferences of their ancestors (Crisp et al. 2009; Burns and
Strauss 2011; Kamilar and Cooper 2013; Liu et al. 2015).
Accordingly, we anticipated that pollen thermal limits would
exhibit a certain degree of phylogenetic conservation. Subse-
quently, we assessed whether interspecific variation in pollen
tolerance to both low and high temperatures could be attributed
to specific temperature extremes encountered in the locations
where these plants grow (Aim 4). Building upon insights from
prior research (Rosbakh and Poschlod 2016; Zhu et al. 2018;
Lancaster and Humphreys 2020; Sentinella et al. 2020), we
posited that pollen, inhabiting climates characterized by gen-
erally low temperatures and/or substantial temperature fluctu-
ations might have evolved enhanced temperature tolerance
mechanisms. These adaptations would enable them to cope
with short‐ and long‐term temperature shifts, including frost
events, heatwaves and seasonal temperature variations. We
further considered differences in pollen thermal limits for wild
and cultivated plants, as the adaptability to local climate con-
ditions can differ due to natural selection pressures for wild
plants and selective breeding in cultivated varieties (Lippmann
et al. 2019). Also, we tested for differences in pollen thermo-
tolerance in plants with different growth forms, as relatively
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short herbs tend to experience warmer thermal environments
compared to tall trees. This difference arises from the ground‐
level radiative heating experienced by herbs in the near‐surface
air, in contrast to tall trees, which have a thermal coupling with
the ambient atmosphere (Geiger, Aron, and Todhunter 2009;
Treml, Hejda, and Kašpar 2019).

2 | Materials and Methods

2.1 | Data Collection

In this study, we define pollen tolerance to low and high temper-
atures as temperatures falling below or exceeding, respectively, that
cause stress, affecting pollen morphological, physiological, bio-
chemical and molecular properties, and ultimately its performance
(Wahid et al. 2007; Bewley and Black 2013; Hasanuzzaman
et al. 2013; Liu et al. 2023). Moreover, we investigate the optimal
temperature range, wherein pollen exhibits its peak performance.
This ideal range corresponds to the conditions fostering the highest
proportion of germinated pollen grains and the fastest PTG. Pollen
temperature tolerances are frequently assessed through three key
temperatures, which are Tmin (the minimum), Topt (the optimum)
and Tmax (the maximum). These parameters are essential for
understanding PG and PTG, as highlighted in studies such as
Kakani et al. (2005) and Rosbakh and Poschlod (2016). Tmin and
Tmax represent the temperature extremes at which neither pollen
grains can germinate, nor pollen tubes can grow. In contrast, Topt is
the temperature range wherein a species' pollen grains exhibit their
highest germination rates, and PTG is maximized in terms of length
(Figure 1).

To compile the data set on pollen thermotolerance, we first
extracted available information on cardinal temperatures for PG
and PTG by reviewing all studies published from 1933 to 2020
via search in the Web of Science database with the keywords

‘pollen’, ‘germination’ and ‘temperature’. The search resulted in
a total of 1268 studies, out of which 91 contained information
on the PG and PTG cardinal temperatures that were subse-
quently extracted. From each selected publication, we extracted
data on study species and their cultivars (if applicable), the
cardinal temperatures for PG and/or PTG, whether pollen cul-
tivation was conducted in vivo (on the stigma of flowers within
living plants) or in vitro (on a germination medium in the
laboratory), the range of test temperatures (e.g., 0–40 or
20–35°C), and the statistical modelling technique employed to
derive temperature threshold estimates (e.g., bilinear, beta or
quadratic models). In cases where the temperatures were given
as a range, the average values of these ranges were used.
Importantly, differences in study methods, including pollen
cultivation (in vivo vs. in vitro), temperature range tested, and
statistical models used, can affect temperature threshold esti-
mates. In vivo cultivation on living plants captures natural
stress responses, while in vitro cultivation in controlled en-
vironments may not fully reflect natural conditions, leading to
different threshold estimates. Additionally, studies with broader
temperature ranges might capture more extreme responses,
affecting thresholds compared to those with narrower ranges.
Different statistical models can fit the data differently, further
influencing threshold estimates.

To enhance the data set, we integrated additional experimental
data concerning the cardinal temperatures for PTG from a set of
91 Central European plant species collected at the University of
Regensburg, Germany, in 2014–2020 (S. Rosbakh, unpublished);
the detailed information on pollen cultivation is given in Rosbakh
and Poschlod (2016). Briefly, pollen samples were hydrated using a
saturated KCl solution to prevent bursting, then mixed with ger-
mination media varying in sucrose concentrations (Tushabe and
Rosbakh 2021). In vitro PG experiments were conducted at nine
different temperatures (5–34°C) using a thermogradient table.
After 18 h, germination was terminated, and the percentage of PG

FIGURE 1 | Potential pollen responses to cultivation temperature gradient in three species, shown by different coloured curves (purple, red,

green). Tmin, Topt and Tmax denote the species‐specific temperatures (‘cardinal temperatures’), at which pollen germination and pollen tube growth

is initiated (Tmin), terminated (Tmax) and has its highest proportion and growth rate (Topt), respectively. [Color figure can be viewed at

wileyonlinelibrary.com]
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and PTG was determined by examining pollen grains per four
replicates. Germination was defined as a pollen tube length at least
double the grain diameter. A generalized plant growth model was
then fitted to the data to determine the minimum (Tmin), opti-
mum (Topt) and maximum (Tmax) temperatures for PTG.

The species taxonomy was harmonized against the Plant List
(The Plant List 2013) with the R package taxonstand (Cayuela
et al. 2021). In total, the consolidated data set encompasses 636
entries for 191 species from 128 genera and 57 distinct families.
Due to the strong and statistically significant correlations
observed between the cardinal temperatures for PG and PTG
at both the intra‐ and interspecific levels (Appendix S1:
Figure A1), we used the respective cardinal temperatures of
both PG and PTG – Tmin, Topt and Tmax – to represent overall
pollen performance. To test for phylogenetic signal (Aim 3), we
used arithmetic mean values aggregated at the species level.

Each species was then characterized in terms of the thermal
conditions that plants, and therefore pollen, experience in their
habitats, cultivation status (wild or cultivated) and growth form
(herbaceous vs. woody). To characterize climatic requirements
for each species, we used the geographic coordinates from the
Global Biodiversity Information Facility (GBIF) using the
package rgbif (Chamberlain et al. 2023) in R software v.4.3.0 (R
Core Team 2023). Only species with georeferenced locations
obtained from known herbarium vouchers were considered in
the analysis. For each coordinate, we extracted data on mean
annual temperature (MAT; ‘BIO1’) and temperature annual
range (TAR; ‘BIO7’) from the WorldClim database (Fick and
Hijmans 2017). MAT represents overall thermal conditions,
with lower values indicating colder habitats at higher latitudes
and elevations, while TAR reflects climate seasonality, with
higher values indicating more continental climates with pro-
nounced cold seasons. Although direct temperature measure-
ments during the flowering period would most accurately
capture the environmental conditions affecting pollen thermo-
tolerance, such data were unavailable for most observed loca-
tions due to the variability in flowering phenology across large
biogeographic gradients. Thus, MAT and TAR served as prox-
ies, allowing us to analyze a broad range of habitats and
maintain a wide geographic scope in our study. Species mac-
roclimate temperature preferences were then expressed as an
average MAT and TAR and as a median overall species occur-
rence in our data set (i.e., climatic envelopes).

To accomplish our first objective of comparing temperature
tolerance between pollen grains and vegetative organs, we
conducted an additional search to identify studies reporting the
lethal Tmin and Tmax thermal limits for leaves, stems and
whole plants of species for which we had available pollen
temperature tolerance data. Optimal temperatures (Topt) for
vegetative tissues have been rarely studied and thus were
omitted from the analysis. This targeted search was executed in
the Web of Science database, utilizing keywords ‘vegetative’,
‘thermotolerance’ and the corresponding species name. This
search yielded a data set consisting of 13 species with Tmin
thermal limits and 30 species with Tmax thermal limits for
vegetative organs (almost exclusively leaves), which were con-
currently represented in our pollen temperature tolerance
data set.

2.2 | Data Analysis

All statistical analyses were performed using R software version
4.3.0 (R Core Team 2023).

2.3 | Relationship Between the Pollen and
Vegetative Organs' Temperature Tolerance (Aim 1)

First, we tested whether temperature tolerance to low and high
temperatures is different in pollen and vegetative organs with
the help of a linear mixed‐effect model with family included as
a random effect to account for potential phylogenetic auto-
correlation (i.e., Temperature ~ Organ + (1|Family)). After that,
we examined the relationship between temperature tolerance in
pollen and vegetative organs, by fitting a linear mixed‐effect
model with family included as a random effect.

2.4 | Intraspecific Pollen Temperature Tolerance
Variability (Aim 2)

To explore intraspecific variability in pollen temperature tolerance,
we focused on 11 species from our data set that had data available
for more than 20 populations. Importantly, all these species were
cultivated (Appendix S2: Table A1; most of the wild species in the
data set were represented by only a single study population), and
these populations effectively correspond to cultivars. To visualize
the pollen thermal limits variability within the selected species, we
used boxplots integrated into the violin plot. Additionally, to esti-
mate the degree of intraspecific variation in pollen Tmin, Topt and
Tmax, we calculated coefficient of variation (CV) for each temper-
ature for each of the species. A linear model in combination with
post hoc Tukey test was used to test for the differences in CVs
among the pollen temperature tolerance. The CVs values were log‐
transformed, to improve the normality of residuals; all model
requirements were met.

2.5 | Phylogenetic Signal in Pollen Temperature
Tolerance (Aim 3)

Pollen temperature tolerance data were then plotted on the
species' phylogeny using the package phytools (Revell 2012).
The phylogenetic tree for the study species was compiled using
the package V.PhyloMaker (Jin and Qian 2019).

To test whether the pollen thermal limits were phylogenetically
constrained, we first calculated Blomberg's K‐statistics, Brownian
motion‐based metric of the strength of the phylogenetic signal
(Blomberg, Garland, and Ives 2003), using the phylosignal func-
tion in the picante library (Kembel et al. 2010). K= 1 indicates that
closely related species have trait values that are similar to those
expected given Brownian motion; K<1 indicates that closely
related species have trait values that are less similar than expected
given a Brownian model of evolution. Additionally, we run Mor-
an's I test for Tmin, Topt and Tmax, an alternative estimate of a
phylogenetic signal indicating how phylogenetic signature changes
across the phylogeny (Gittleman and Kot 1990). The resulting
values of this analysis do not offer any quantitative interpretation
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of the phylogenetic signal, because the expected value of the sta-
tistic under the assumed model is unknown a priori. However,
stronger deviations from zero indicate stronger relationships
between trait values and the phylogeny (Münkemüller et al. 2012).
The phylogenetic autocorrelation in the data was estimated at
three taxonomic levels: family, class and order.

2.6 | Interspecific Trait Variation (Aim 4)

To estimate the variability in pollen temperature tolerance vari-
ability at the species level, we fitted three linear mixed effects
models with one of the temperatures (Tmin, Topt or Tmax) being
the response variable in the corresponding models. The model
predictors (i.e., fixed effects) were MAT and TAR, cultivation
status and growth form. To account for the phylogenetic signal
(see above), the family was included in all models as a random
factor. Species and source of pollen cardinal temperatures (i.e.,
study) were included as random factors, to account for both
among and within study variance. That is, the model syntax was
Pollen thermotolerance ~MAT+TAR+Cultivation status +
Woodiness + (1|Family) + (1|Species) + (1|Study). The models
were fitted using the packages lme4 (Bates et al. 2015), lmertest
(Kuznetsova, Brockhoff, and Christensen 2017) and mumin
(Bartoń 2023). Differences in pollen temperature tolerances
among plant groups with different characteristics (e.g., cultiva-
tion status and growth form) were estimated with the help of the
post hoc Tukey test (p< 0.05), implemented in the packages
emmeans and multcomp (Hothorn, Bretz, and Westfall 2008;
Lenth 2023). All numeric variables were centred and scaled
to unit variance so their effects could be compared.

3 | Results

3.1 | Temperature Limits of Pollen Temperature
Tolerance

Of the 636 entries in the data set, representing 191 species from
128 genera and 57 families, the most common family was Fa-
baceae (22%) and Glycine max (L.) Merr. the most studied
species (14%). In general, studies on cultivated species (78%)
were more frequent than those on wild species (22%).

The pollen cold tolerance (Tmin) ranged from −5°C in early‐
flowering dwarf shrub Polygala chamaebuxus occurring on cal-
careous soils in temperate climate to 21°C in Juglans nigra, a tree
grown and cultivated in temperature climate of North America,
with an average of 9.0°C. The 5th and 95th percentiles of the Tmin
values distribution ranged from 0 to 15.8°C (Figure 2).

On average, the optimal temperature of pollen performance
(Topt) was 26.5°C, ranging from 5.0°C in Prunus armeniaca
(apricot; a fruit tree cultivated in continental climates) to 39.9°C
in G. max (soybean) grown in various climates. The 5th and
95th percentiles of the Topt values distribution ranged from 16.1
to 34.8°C (Figure 2).

The limit of pollen heat tolerance ranged from 30.0°C in Betula
pendula, a wild tree common in temperate and boreal climates

with early flowering phenology, to 66.9°C in Saintpaulia io-
nantha (African violet), an ornamental plant native to eastern
tropical Africa. The 5th and 95th percentiles of the Tmax values
distribution ranged from 33.5 to 49.6°C (Figure 2). Averaged
over all species, the Tmax value was 42.4°C.

3.2 | Relationship Between the Pollen and
Vegetative Organs' Temperature Tolerance (Aim 1)

The linear models revealed that pollen and vegetative organ
tolerance to low temperatures and high temperatures differed
significantly (Figure 3). On average, pollen Tmin values were
11.6 ± 2.3°C, whereas those of vegetative organs were
5.5 ± 2.4°C (Figure 3A). Vegetative organs were also found to
better tolerate high temperatures as compared to pollen (Tmax
values of 46.1 ± 1.2°C and 38.9 ± 1.2°C, respectively; Figure 3B).

We also found that pollen and vegetative organ tolerance to low
temperatures were significantly, positively but weakly corre-
lated with each other (Figure 4A, r2 = 0.14, p= 0.023, n= 13).
Contrastingly, we did not detect any statistically significant
differences in high‐temperature tolerances between vegetative
organs and pollen (Figure 4B, r2 = 0.02, p= 0.45, n= 30).

3.3 | Intraspecific Variability in Pollen
Temperature Tolerance (Aim 2)

Eleven species with data for more than 20 cultivars were tested for
intraspecific variability in pollen thermal limits (Figure 5;
Appendix S2: Table A1). Averaged over all species and tempera-
tures, CV ranged from 1.73 (Tmax in Capsicum annuum) to 72.8

FIGURE 2 | Average pollen thermal limits for 191 species in the

data set. Tmin, Topt and Tmax are minimal, optimal and maximal

temperatures of pollen performance. Violin plots show data distribu-

tion, while box plots focus on summary statistics and outliers. [Color

figure can be viewed at wileyonlinelibrary.com]
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(Tmin in S. ionantha). The linear model revealed that the degree of
intraspecific variability, as deduced from the CVs, was significantly
different (p<0.01) among all three thermotolerance limits, being
the largest in Tmin (3.1) followed by Topt (2.2) and Tmax (1.5).

3.4 | Phylogenetic Signal in Pollen Temperature
Tolerance (Aim 3)

The distribution of pollen thermal limits across the phylogenetic
tree is shown in Appendix S1: Figure A2. Blomberg's K indicated a
weak but significant phylogenetic signal in all three temperatures

(Tmin: K=0.13, p=0.001, n=147; Topt: K=0.11, p=0.036,
n=175; Tmax: K=0.14, p=0.005, n=139). The Moran's I test
revealed that the plants from the same family tended to share
similar pollen thermotolerance (Tmin: Moran's I=0.3, p<0.001;
Topt: I=0.30, p<0.001; Tmax: I=0.19, p=0.006), whereas these
values were randomly distributed across orders and classes.

3.5 | Interspecific Trait Variability (Aim 4)

The linear mixed‐effects models revealed that habitat temper-
ature conditions expressed as MAT and TAR had statistically

A B

FIGURE 3 | Comparison of pollen and vegetative organ tolerance to (A) minimal (Tmin, n= 13) and (B) maximal temperatures (Tmax= 30).

Violin plots show data distribution, while box plots focus on summary statistics and outliers. Asterisks indicate statistically significant differences as

inferred from linear mixed‐effect models. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 | Correlation between (A) minimal (Tmin, n= 13) and (B) maximal (Tmax, n= 30) pollen and vegetative organ temperature toler-

ance. Shaded areas denote 95% confidence intervals. [Color figure can be viewed at wileyonlinelibrary.com]
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significant effects only on minimal (Tmin) temperatures of
pollen performance (Table 1; Figure 6). Specifically, plants oc-
curring in colder and stable climates tended to have smaller
Tmin values as compared to their counterparts from warmer
and more seasonal climates. Species with different cultivation
statuses did not differ in their cardinal temperatures. Herba-
ceous species were found to have significantly larger Tmax
values as compared to trees and shrubs (39.4 and 37.3°C,
respectively).

4 | Discussion

Traditionally, research on the temperature limits of plant per-
formance has mainly focused on vegetative and/or experimen-
tally accessible organs, such as leaves (Neuner and
Buchner 2012; Geange et al. 2021), stems (Sakai and
Larcher 2012) or seeds (Sentinella et al. 2020) rather than on
gametophytes (Rosbakh et al. 2018). While there is a substantial
body of experimental work addressing pollen response to tem-
perature stress (e.g., Raja et al. 2019; Chaturvedi et al. 2021;
Tushabe et al. 2023; Zebro, Kang, and Heo 2023), these findings
have seldom been consolidated and systematically analyzed
across various scales. Our study bridges this gap by presenting
the first comprehensive assessment of thermal limits of pollen

performance and their drivers across multiple populations and
species of wild and cultivated plants occurring worldwide.

4.1 | Temperature Limits of Pollen Performance

Our analysis reveals that, generally, pollen performance is
limited to temperatures ranging from 9.0°C (Tmin) to 42.4°C
(Tmax), with 26.5°C being the optimal temperature for PG and
PTG (Topt). Also, several plant species in our data set have
seemingly evolved pollen that can tolerate relatively low (the
lowest Tmin value of −5°C) and high (the highest Tmax value
of 66.9°C) temperatures. These data, combined with our formal
comparison of pollen and vegetative tissue tolerances in a
smaller data set (Figure 3), suggest that, on average, pollen has
a narrower temperature tolerance range, as leaves were found
to tolerate better both lower and higher temperatures. In gen-
eral, plants can maintain their growth and development over a
wide range of temperatures, approximately between −10 and
+45°C (Larcher 2003; Luo 2011; Nievola et al. 2017; Lancaster
and Humphreys 2020), while tissues of species growing in the
most extreme biomes can survival temperatures between −60°C
and +60°C for short durations (Larcher 2003; Nievola
et al. 2017; Geange et al. 2021). We attribute the narrower
pollen temperature tolerance to the lack of protective tissue in

FIGURE 5 | Intraspecific variation in pollen tolerance to low and high temperatures in 11 cultivated plant species. Violin plots show data

distribution, while box plots focus on summary statistics and outliers. [Color figure can be viewed at wileyonlinelibrary.com]
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pollen grains, their comparatively small size and short lifespan,
haploid set of chromosomes, and general sensitivity of cells to
high‐temperature stress (Bedinger 1992; Dafni and
Firmage 2000; Araújo et al. 2013; Lohani et al. 2021). Conse-
quently, these features explain why most of the Tmin values are
above 0°C (germinated pollen grain and growing pollen tubes
have limited opportunities to repair frost damage; Wagner
et al. 2016) and below 40°C (adaptive changes in lipid compo-
sition of membranes and production of heat shock proteins are
impaired at temperatures around and above 45°C; Araújo
et al. 2013). Thus, to circumvent the detrimental impacts of cold
and heat stress on pollen germination and growth, plants
coordinate the timing of anthesis with ambient temperature
conditions (e.g., Riihimäki and Savolainen 2004), both seasonal
and diurnal, which are optimal for pollen performance. In es-
sence, pollen adaptation to extreme temperatures is
unnecessary since anthesis does not occur during freezing
winters or scorching summers.

4.2 | Pollen and Leaves Do Not Share Similar
Tolerance to Low and High Temperatures

Analyzing the potential correlation between temperature tol-
erance in vegetative tissues and pollen in the subset of species
(n= 13 for Tmin and n= 30 for Tmax; Figure 4), we see that
plants with leaves adapted to extremely low temperatures also
tend to produce pollen grains with comparable temperature
tolerance. Despite their distinct roles in the life cycle of plants,
leaves and pollen share several characteristics at the molecular
level that could contribute to their respective adaptive responses
to low temperatures. Such key molecular similarities reflect
their common evolutionary heritage and shared biological
processes that include antioxidant defence systems to regulate
the levels of reactive oxygen species (Gill and Tuteja 2010; Das
and Roychoudhury 2014), synthesis of protective proteins (e.g.,
antifreeze proteins; Lee and Lee 2003) and adjustments in cell
membrane lipid composition (Narayanan, Prasad, and
Welti 2018). However, the relatively weak correlation between
pollen and leaf tolerance to low temperatures (R² = 0.14) sug-
gests that these molecular mechanisms differ in their extent and
efficiency due to the divergent roles of pollen, which is spe-
cialized for reproduction with a short lifespan, and leaves,
which support long‐term plant growth.

The lack of a significant relationship between the leaf and pollen
heat tolerance suggests that these two tissues might employ dif-
ferent mechanisms to reduce the negative effects of high‐
temperature exposure. Particularly, vegetative organs as complex,
multicellular and interconnected formations have many more
opportunities to respond to heat stress by modifying their anatomy
(e.g., presence of trichomes reducing heat absorption), morphol-
ogy (e.g., reduced leaf size and altered leaf orientation) and
physiology (e.g., stomatal regulation and more efficient transport
of water and metabolites among the organs) as compared to
simply organized single‐celled pollen grains. Additionally, leaves
potentially possess a greater capacity for rapid acclimation due to
enduring repeated diurnal cycles throughout their lifespan, in
contrast to pollen grains, which germinate and develop over a
shorter period, necessitating less acclimation. As a result, pollenT
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may exhibit less variability in thermal tolerance compared to
leaves, potentially making correlations between them difficult,
especially if the pollen and leaves have not experienced similar
temperature histories. Thus, it remains unclear whether plant
vegetative heat‐tolerance can reliably predict pollen thermo-
tolerance, a key trait in, for example, biogeography (Rosbakh and
Poschlod 2016; Rosbakh et al. 2018) or plant breeding (Kakani
et al. 2002, 2005).

4.3 | Intraspecific Variability in Pollen
Temperature Tolerance

The assessment of intraspecific variability in pollen cardinal
temperatures within the subset of 11 cultivated species revealed a
notable degree of plasticity in pollen temperature tolerance.
Although we were not able to ascertain the specific climate con-
ditions under which these cultivars were grown, we speculate that
this variability primarily stems from adaptations to local growing
conditions, facilitated by an active breeding process towards better
tolerance to temperature extremes (e.g., Kakani et al. 2002, 2005).
It is plausible that cultivars developed for and cultivated in colder
and warmer regions are more likely to display enhanced tolerance
to low and high temperatures, respectively (Gajanayake et al. 2011;
Morrison et al. 2016; Ranasinghe, Kumarathunge, and
Kiriwandeniya 2018). The question of whether the observed
intraspecific variability in pollen temperature tolerance is pri-
marily driven by genetic differences, phenotypic plasticity, or a
combination of both, remains unanswered due to the lack of
corresponding research. Future investigations, such as plant cul-
tivation in controlled environments or common gardens, com-
bined with population genetic studies, are needed to shed light on
this complex issue.

One of the most interesting findings of the study was the signifi-
cantly larger variation in pollen cold tolerances across different
species populations, while Topt and Tmax values were more sta-
ble. This observation aligns with previous research on intraspecific
pollen performance of individual species (Kakani et al. 2005;
Salem et al. 2007; Singh et al. 2008) and broader studies on whole‐
plant temperature tolerance spanning multiple species (Araújo
et al. 2013; Lancaster and Humphreys 2020; Bennett et al. 2021;
Geange et al. 2021). Specifically, the consistency of Tmax values
across the study populations supports the theory that plant heat
tolerance is constrained by the destabilizing impact of tempera-
tures surpassing 45°C on cell membranes and proteins, whereas
plants demonstrate greater flexibility in their adaptive response to
low temperatures (Araújo et al. 2013; Bennett et al. 2021). Addi-
tionally, the asymmetry in pollen tolerance to low and high tem-
peratures may be augmented by different selective pressures on
thermal limits; maximum habitat temperatures tend to exhibit less
variation across contemporary biomes compared to minimum
temperatures (Bennett et al. 2021). Finally, the spread of agricul-
ture from warmer to colder climates has exerted additional
selection pressure on pollen cold tolerance. The increased varia-
bility of pollen cold tolerance might reflect the crop breeding ef-
forts at high latitudes and elevations aimed at adapting the studied
species to novel, colder climates (Kakani et al. 2002, 2005). Irre-
spective of the underlying cause (plasticity or innate genetic var-
iation among genotypes), the relatively lower variation of pollen
heat tolerance raises concerns about the limited adaptive potential
of plant sexual regeneration, particularly the male gametophyte
performance, to the increasing high‐temperature stress resulting
from recent climate warming. In the long term, the impaired fruit
and seed production could have adverse effects on plant popula-
tion dynamics (Turnbull, Crawley, and Rees 2000), plant–
granivore interactions (Lewis et al. 2014; Bogdziewicz, Zwolak,

A B

FIGURE 6 | Variation of pollen cold tolerance (Tmin) along gradients mean annual temperature (A) and temperature annual range (B) as

deduced from linear mixed‐effects models. Shaded areas denote 95% confidence interval. [Color figure can be viewed at wileyonlinelibrary.com]
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and Crone 2016), and ultimately, the food security for human
populations (Seppelt et al. 2022).

4.4 | Phylogenetic Patterns in Pollen Thermal
Limits

Gaining insights into whether and to what extent pollen thermal
limits are conserved across broad taxonomic groups can enhance
our ability to predict how plant sexual regeneration might be
impacted by current and future climates. Often, species preserve
the ecological traits and environmental distributions inherited
from their ancestors, with the tendency for closely related species
to share similar values for a given trait than distantly related
species (Crisp et al. 2009; Burns and Strauss 2011; Liu et al. 2015).
Analyzing the distribution of pollen cardinal temperatures across
the phylogenetic tree, we revealed that all three cardinal temper-
atures – Tmin, Topt and Tmax – showed some degree of phylo-
genetic conservation at the family level. The trend in pollen low‐
temperature tolerance supports the ‘deep‐time climate legacies’
hypothesis, which suggests that species whose ancestors originated
in colder paleoclimates tend to exhibit better tolerance to colder
temperatures compared to species with warm thermal ancestry
(Bennett et al. 2021). However, the phylogenetic conservatism of
Tmax values contradicts another tenet of the ‘deep‐time climate
legacies’ hypothesis, suggesting that physiological constraints (e.g.,
cell membrane protein functioning at temperatures above 45°C;
see above) restrict the evolution of heat tolerance in living orga-
nisms (Hamilton 1973). In this context, the most plausible ex-
planation for the presence of phylogenetic signals in the estimates
of pollen temperature tolerance is the large‐scale biogeographic
patterns. Specifically, closely related lineages often occur in spa-
tially proximate regions, potentially leading them to inhabit more
similar environments by chance, compared to more distantly
related species (Lancaster and Humphreys 2020).

Yet, it is important to treat these findings with caution, as our
data set includes a relatively small number of species (< 200
species out of 300K of total angiosperm diversity) and is
strongly biased towards a few plant families, primarily repre-
senting species from temperate climates (e.g., Caryophyllaceae,
Rosaceae). Thus, more research on PG and PTG is needed to
assess pollen performance under different temperatures glob-
ally, particularly in wild plants occurring at lower latitudes
(Rosbakh et al. 2018). This expanded research effort will shed
more light on the evolution of pollen temperature tolerance.

4.5 | Drivers of Interspecific Pollen Thermal
Limits

The analysis of among‐species variation in pollen cardinal tem-
peratures only partially supported our hypothesis that climate is
the major driver of pollen thermal limits. Specifically, we found
that pollen from species growing in colder climates, such as high
elevations and latitudes, tended to exhibit greater cold tolerance
compared to species inhabiting lower elevations and latitudes.
Climates with low MATs (a proxy used in our analysis) are
characterized by generally cool growing conditions and occasional
nocturnal freezing (Geiger, Aron, and Todhunter 2009; Körner

2021). Consequently, plants in these environments likely evolved
enhanced pollen cold tolerance to ensure successful fertilization
(e.g., Rosbakh and Poschlod 2016; Wagner et al. 2016). The lack of
variability in Tmax values along gradients of temperature favor-
ability and variability further supports the theory that plant heat
tolerance is physiologically constrained by high temperatures, as
discussed above.

Contrary to our expectations and the ‘climate variability hypothesis’
(Cuesta et al. 2020; Lancaster and Humphreys 2020), we found that
plants in more continental climates do not produce pollen with
greater tolerance to both low and high temperatures, despite the
large temperature ranges pollen may encounter at anthesis. One
possible explanation is that plants in highly seasonal climates may
time their reproductive phases to avoid periods of extreme tem-
peratures, thereby reducing the selective pressure for broader pollen
temperature tolerance. Additionally, the observed patterns in pollen
temperature tolerance may reflect a geographic bias in our data set,
as a substantial portion of the pollen cardinal temperature and
distribution data originated from European regions strongly influ-
enced by oceanic climates. This regional overrepresentation may
skew the results by emphasizing species adapted to stable, cool
environments while underrepresenting species from more variable
or extreme climates. To gain a more comprehensive understanding
of global patterns, future studies should incorporate data from a
wider range of geographic regions and climatic conditions, ensuring
representation from both stable and highly seasonal environments.
In analyzing the influence of cultivation status and growth on
pollen thermal limits, we only detected significant differences in
pollen heat tolerance between herbaceous and woody species.
Specifically, the pollen of herbaceous plants demonstrated en-
hanced performance at significantly higher temperatures, with
Tmax values of 39.4°C, as opposed to 37.3°C in woody species. We
attribute this pattern to the distinct thermal conditions experienced
by woody and herbaceous flowers during anthesis, owing to their
contrasting position on the stem at varying heights above the
ground. The relatively slow air movement close to the ground,
coupled with the efficient heat accumulation capacity of vegetation
(Geiger, Aron, and Todhunter 2009; Körner 2021), often results
in situations where pollen during presentation, dispersal and ger-
mination, experience temperatures considerably higher than
ambient conditions (Dietrich and Körner 2014). This environmental
selection pressure likely contributes to the observed superior heat
tolerance in pollen of herbaceous plants. Differences in the lifespans
of herbaceous and woody plants may also explain this pattern.
Annual plants, which are typically herbaceous, have short and rapid
life cycles, leading them to prioritize heat tolerance to ensure
growth, flowering, and seed setting before adverse conditions arise.

5 | Conclusions and Perspectives

In conclusion, our study of pollen temperature tolerance has
revealed several crucial insights into the thermal limitations of
pollen performance. First, we revealed that pollen performance
is predominantly constrained to average temperatures ranging
from 9.0°C to 42.4°C, with an optimal temperature for germi-
nation and PTG (Topt) at 26.5°C, with a few examples that can
tolerate temperatures as low as −5°C and as high as 66.9°C. The
correlation between low‐temperature tolerance in leaves and
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pollen suggests shared molecular adaptations, but the lack of a
relationship for heat tolerance implies different mechanisms
may be at play in these two tissues.

Second, the analysis of pollen thermal limits in 11 cultivated
species revealed notable plasticity in intraspecific pollen tem-
perature tolerance (particularly at the ‘cold’ end), most likely
influenced by local growing conditions and/or breeding process.
The lower variation in pollen heat tolerance across the study
cultivars (populations) therefore raises serious concerns about
the adaptability of plant sexual regeneration in the face of
increasing high‐temperature stress from climate warming,
although these findings alone cannot fully assess the adaptive
potential of pollen thermal tolerance, as broader genetic as-
sessments or selection experiments would be necessary.

Third, climate emerged as a significant driver of pollen thermal
limits, with pollen of species in colder, stable climates dis-
playing better cold tolerance. Further, we revealed considerable
differences in temperature tolerance between woody and her-
baceous plants that we attribute to unique thermal conditions
during anthesis that pollen of the corresponding plants ex-
perience. Finally, phylogenetic analysis indicates conservation
in pollen thermal limits at the family level, suggesting their
shared evolutionary history.

These findings have two profound ecological implications. First, as
pollen represents the most temperature‐sensitive stage in the plant
reproductive cycle, the relatively low heat adaptability observed in
this study raises concerns about the resilience of plant sexual
reproduction to the temperature extremes associated with global
climate change. In particular, the low heat tolerance in cultivated
species underscores the potential challenges that modern agri-
culture may face as anthropogenic warming alters local climates.
This highlights the need for screening pollen heat tolerance as an
integral part of plant breeding programmes, with the goal of
developing genotypes capable of withstanding high temperatures
(Kakani et al. 2002, 2005).

Second, the close link between the pollen thermal limits and cli-
mate suggests that pollen temperature tolerance could serve as an
alternative mechanism explaining species distribution patterns
(Rosbakh and Poschlod 2016; Rosbakh et al. 2018). Specifically,
the restriction of PG and PTG by temperature exceeding its
physiological limits should ultimately result in poor seed produc-
tion. Consequently, the reduction in reproductive output will, in
turn, affect species' distribution, limiting their capacity to expand
their geographical range or to maintain existing populations
(Grubb 1977; Pigott and Huntley 1981; Turnbull, Crawley, and
Rees 2000). Therefore, integrating knowledge of pollen thermal
limits into future studies, a key precursor to seed production, will
advance our understanding of species' distribution along climatic
gradients and enhance our ability to predict the effects of
anthropogenic climate change on plant geographic ranges.

While our study sheds new light on critical aspects of pollen
temperature tolerance, it is imperative to acknowledge its limited
scope. The most surprising finding of the study is that, despite its
critical importance for plant science, the data on pollen thermal
limits were available for only ca. 200 species only (i.e., 0.06% of the
global vascular plant diversity). Hence, more work is necessary to

study pollen thermal limits across the world's flora, especially in
the non‐temperate regions. Additionally, future research should
consider the precise temperature conditions pollen experiences
during anthesis. The MAT and TAR used in this study as proxies
for local temperature conditions are coarse and mask local‐scale
variation in temperatures. Further studies are also needed to
consider the thermotolerance of other pollen stages, such as dis-
persal and development in the anther, which might differ in their
tolerance to low and high temperatures compared to germinating
pollen and growing pollen tubes (Pacini and Dolferus 2019).
Finally, to comprehensively understand pollen thermal limits,
other potential drivers, such as flower morphology, flowering
phenology and pollination type, should be considered in subse-
quent studies. Flower morphology, including the shape, size and
structure of the flower, can influence how efficiently pollen is
transferred and how it responds to temperature fluctuations. For
instance, flowers with specialized structures like long corolla tubes
may exhibit different thermal limits compared to more open,
shallow flowers (Dietrich and Körner 2014). Furthermore, flow-
ering phenology, or the timing of flower blooming, closely inter-
acts with temperature dynamics (Wagner et al. 2016). Flowers
blooming during colder months, like between March and May in
temperate climates, would necessitate pollen adaptation to lower
temperatures as compared to their counterparts blooming in
warmer months (Rosbakh and Poschlod 2016). Therefore, late‐
flowering species might exhibit higher heat tolerance, while early‐
flowering species may display higher cold tolerance. In regard to
pollination type, whether wind, insects or other vectors are
involved, it also affects pollen thermal limits, reflecting diverse
ecological strategies. For example, anthers of insect‐pollinated
plants are often located deep inside the flower, exposing them to a
warmer thermal environment than those of wind‐pollinated
plants, which typically have anthers outside the flower and are
thus exposed to lower temperatures (Whitehead 1983; Welsford,
Midgley, and Johnson 2014). Consequently, it is expected that the
cardinal temperatures of PG in insect‐pollinated species would be
higher than those in wind‐pollinated species.
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distribution) and R code used in the analysis are available at Zenodo:
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References

Araújo, M. B., F. Ferri‐Yáñez, F. Bozinovic, P. A. Marquet,
F. Valladares, and S. L. Chown. 2013. “Heat Freezes Niche Evolution.”
Ecology Letters 16: 1206–1219. https://doi.org/10.1111/ele.12155.

Bartoń, K. 2023. MuMIn: Multi‐Model Inference. R package version 1.47.5.

Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. “Fitting Linear
Mixed‐Effects Models Using lme4.” Journal of Statistical Software 67:
1–48. https://doi.org/10.18637/jss.v067.i01.

Bedinger, P. 1992. “The Remarkable Biology of Pollen.” Plant Cell 4:
879–887. https://doi.org/10.1105/tpc.4.8.879.

Bennett, J. M., J. Sunday, P. Calosi, et al. 2021. “The Evolution of
Critical Thermal Limits of Life on Earth.” Nature Communications 12:
1198. https://doi.org/10.1038/s41467-021-21263-8.

Bewley, J. D., and M. Black. 2013. Seeds: Physiology of Development and
Germination. New York: Springer US.

Blomberg, S. P., T. Garland, and A. R. Ives. 2003. “Testing for Phylo-
genetic Signal in Comparative Data: Behavioral Traits Are More
Labile.” Evolution 57: 717–745. https://doi.org/10.1111/j.0014-3820.
2003.tb00285.x.

Bogdziewicz, M., R. Zwolak, and E. E. Crone. 2016. “How Do Verte-
brates Respond to Mast Seeding?” Oikos 125: 300–307. https://doi.org/
10.1111/oik.03012.

Burns, J. H., and S. Y. Strauss. 2011. “More Closely Related Species Are
More Ecologically Similar in an Experimental Test.” Proceedings of the
National Academy of Sciences 108: 5302–5307. https://doi.org/10.1073/
pnas.1013003108.

Caparas, M., Z. Zobel, A. D. A. Castanho, and C. R. Schwalm. 2021.
“Increasing Risks of Crop Failure and Water Scarcity in Global Bread-
baskets by 2030.” Environmental Research Letters 16: 104013. https://
doi.org/10.1088/1748-9326/ac22c1.

Cayuela, L., I. Macarro, A. Stein, and J. Oksanen. 2021. Taxonstand:
Taxonomic Standardization of Plant Species Names. https://CRAN.R-
project.org/package=Taxonstand.

Chamberlain, S., V. Barve, D. Mcglinn, et al. 2023. rgbif: Interface to the
Global Biodiversity Information Facility API. R Package Version 3.7.8.
https://CRAN.R-project.org/package=rgbif.

Chaturvedi, P., A. J. Wiese, A. Ghatak, L. Záveská Drábková,
W. Weckwerth, and D. Honys. 2021. “Heat Stress Response Mecha-
nisms in Pollen Development.” New Phytologist 231: 571–585. https://
doi.org/10.1111/nph.17380.

Coast, O., A. J. Murdoch, R. H. Ellis, F. R. Hay, and K. S. V. Jagadish.
2016. “Resilience of Rice (Oryza spp.) Pollen Germination and Tube
Growth to Temperature Stress.” Plant, Cell & Environment 39: 26–37.
https://doi.org/10.1111/pce.12475.

Crisp, M. D., M. T. K. Arroyo, L. G. Cook, et al. 2009. “Phylogenetic
Biome Conservatism on a Global Scale.” Nature 458: 754–756. https://
doi.org/10.1038/nature07764.

Cuesta, F., C. Tovar, L. D. Llambí, et al. 2020. “Thermal Niche Traits of
High Alpine Plant Species and Communities Across the Tropical Andes
and Their Vulnerability to Global Warming.” Journal of Biogeography
47: 408–420. https://doi.org/10.1111/jbi.13759.

Dafni, A., and D. Firmage. 2000. “Pollen Viability and Longevity:
Practical, Ecological and Evolutionary Implications.” In Pollen and
Pollination, edited by A. Dafni, M. Hesse, and E. Pacini, 113–132.
Vienna: Springer. https://doi.org/10.1007/978-3-7091-6306-1_6.

Das, K., and A. Roychoudhury. 2014. “Reactive Oxygen Species (ROS)
and Response of Antioxidants as ROS‐Scavengers During

Environmental Stress in Plants.” Frontiers in Environmental Science 2:
53. https://doi.org/10.3389/fenvs.2014.00053.

Dietrich, L., and C. Körner. 2014. “Thermal Imaging Reveals Massive Heat
Accumulation in Flowers Across a Broad Spectrum of Alpine Taxa.”
Alpine Botany 124: 27–35. https://doi.org/10.1007/s00035-014-0123-1.

Djanaguiraman, M., W. Schapaugh, F. Fritschi, H. Nguyen, and
P. V. V. Prasad. 2019. “Reproductive Success of Soybean (Glycine max L.
Merril) Cultivars and Exotic Lines Under High Daytime Temperature.”
Plant, Cell & Environment 42: 321–336. https://doi.org/10.1111/pce.13421.

Fahad, S., A. A. Bajwa, U. Nazir, et al. 2017. “Crop Production Under
Drought and Heat Stress: Plant Responses and Management Options.”
Frontiers in Plant Science 8: 1147. https://doi.org/10.3389/fpls.2017.
01147.

Fick, S. E., and R. J. Hijmans. 2017. “WorldClim 2: New 1‐km Spatial
Resolution Climate Surfaces for Global Land Areas.” International
Journal of Climatology 37: 4302–4315.

Gajanayake, B., B. W. Trader, K. R. Reddy, and R. L. Harkess. 2011.
“Screening Ornamental Pepper Cultivars for Temperature Tolerance
Using Pollen and Physiological Parameters.” HortScience 46: 878–884.
https://doi.org/10.21273/Hortsci.46.6.878.

Geange, S. R., P. A. Arnold, A. A. Catling, et al. 2021. “The Thermal
Tolerance of Photosynthetic Tissues: A Global Systematic Review and
Agenda for Future Research.” New Phytologist 229: 2497–2513. https://
doi.org/10.1111/nph.17052.

Geiger, R., R. H. Aron, and P. Todhunter. 2009. The Climate Near the
Ground. New York: Rowman & Littlefield.

Gill, S. S., and N. Tuteja. 2010. “Reactive Oxygen Species and Anti-
oxidant Machinery in Abiotic Stress Tolerance in Crop Plants.” Plant
Physiology and Biochemistry 48: 909–930. https://doi.org/10.1016/j.
plaphy.2010.08.016.

Gittleman, J. L., and M. Kot. 1990. “Adaptation: Statistics and a Null
Model for Estimating Phylogenetic Effects.” Systematic Zoology 39: 227.
https://doi.org/10.2307/2992183.

Grubb, P. J. 1977. “The Maintenance of Species‐Richness in Plant
Communities: The Importance of the Regeneration Niche.” Biological
Reviews 52: 107–145. https://doi.org/10.1111/j.1469-185X.1977.
tb01347.x.

Hamilton, W. J. 1973. Life's Color Code. New York: McGraw‐Hill.

Hasanuzzaman, M., K. Nahar, M. Alam, R. Roychowdhury, and
M. Fujita. 2013. “Physiological, Biochemical, and Molecular Mecha-
nisms of Heat Stress Tolerance in Plants.” International Journal of
Molecular Sciences 14: 9643–9684. https://doi.org/10.3390/
ijms14059643.

Hassan, M. A., C. Xiang, M. Farooq, et al. 2021. “Cold Stress in Wheat:
Plant Acclimation Responses and Management Strategies.” Frontiers in
Plant Science 12: 676884. https://doi.org/10.3389/fpls.2021.676884.

Hatfield, J. L., and J. H. Prueger. 2015. “Temperature Extremes: Effect
on Plant Growth and Development.” Weather and Climate Extremes 10:
4–10. https://doi.org/10.1016/j.wace.2015.08.001.

Hedhly, A. 2011. “Sensitivity of Flowering Plant Gametophytes to
Temperature Fluctuations.” Environmental and Experimental Botany
74: 9–16. https://doi.org/10.1016/j.envexpbot.2011.03.016.

Hedhly, A., J. I. Hormaza, and M. Herrero. 2009. “Global Warming and
Sexual Plant Reproduction.” Trends in Plant Science 14: 30–36. https://
doi.org/10.1016/j.tplants.2008.11.001.

Hothorn, T., F. Bretz, and P. Westfall. 2008. “Simultaneous Inference in
General Parametric Models.” Biometrical Journal 50: 346–363. https://
CRAN.R-project.org/package=MuMIn.

Jagadish, S. V. K., D. A. Way, and T. D. Sharkey. 2021. “Scaling Plant
Responses to High Temperature From Cell to Ecosystem.” Plant, Cell &
Environment 44: 1987–1991. https://doi.org/10.1111/pce.14082.

12 of 14 Plant, Cell & Environment, 2024

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15207 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [28/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://zenodo.org/records/13843132
https://doi.org/10.1111/ele.12155
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1105/tpc.4.8.879
https://doi.org/10.1038/s41467-021-21263-8
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/oik.03012
https://doi.org/10.1111/oik.03012
https://doi.org/10.1073/pnas.1013003108
https://doi.org/10.1073/pnas.1013003108
https://doi.org/10.1088/1748-9326/ac22c1
https://doi.org/10.1088/1748-9326/ac22c1
https://CRAN.R-project.org/package=Taxonstand
https://CRAN.R-project.org/package=Taxonstand
https://CRAN.R-project.org/package=rgbif
https://doi.org/10.1111/nph.17380
https://doi.org/10.1111/nph.17380
https://doi.org/10.1111/pce.12475
https://doi.org/10.1038/nature07764
https://doi.org/10.1038/nature07764
https://doi.org/10.1111/jbi.13759
https://doi.org/10.1007/978-3-7091-6306-1_6
https://doi.org/10.3389/fenvs.2014.00053
https://doi.org/10.1007/s00035-014-0123-1
https://doi.org/10.1111/pce.13421
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.21273/Hortsci.46.6.878
https://doi.org/10.1111/nph.17052
https://doi.org/10.1111/nph.17052
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.2307/2992183
https://doi.org/10.1111/j.1469-185X.1977.tb01347.x
https://doi.org/10.1111/j.1469-185X.1977.tb01347.x
https://doi.org/10.3390/ijms14059643
https://doi.org/10.3390/ijms14059643
https://doi.org/10.3389/fpls.2021.676884
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.envexpbot.2011.03.016
https://doi.org/10.1016/j.tplants.2008.11.001
https://doi.org/10.1016/j.tplants.2008.11.001
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1111/pce.14082
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fpce.15207&mode=


Jin, Y., and H. Qian. 2019. “V. PhyloMaker: An R Package That Can Gen-
erate Very Large Phylogenies for Vascular Plants.” Ecography 42: 1353–1359.

Kakani, V. G., P. V. V. Prasad, P. Q. Craufurd, and T. R. Wheeler. 2002.
“Response of In Vitro Pollen Germination and Pollen Tube Growth of
Groundnut (Arachis hypogaea L.) Genotypes to Temperature.” Plant,
Cell & Environment 25: 1651–1661. https://doi.org/10.1046/j.1365-3040.
2002.00943.x.

Kakani, V. G., K. R. Reddy, S. Koti, et al. 2005. “Differences in In Vitro
Pollen Germination and Pollen Tube Growth of Cotton Cultivars in
Response to High Temperature.” Annals of Botany 96: 59–67. https://
doi.org/10.1093/aob/mci149.

Kamilar, J. M., and N. Cooper. 2013. “Phylogenetic Signal in Primate
Behaviour, Ecology and Life History.” Philosophical Transactions of the
Royal Society B: Biological Sciences 368: rstb.2012.0341. https://doi.org/
10.1098/rstb.2012.0341.

Kembel, S. W., P. D. Cowan, M. R. Helmus, et al. 2010. “Picante: R
Tools for Integrating Phylogenies and Ecology.” Bioinformatics 26:
1463–1464. https://doi.org/10.1093/bioinformatics/btq166.

Körner, C. 2021. Alpine Plant Life. Cham: Springer International Pub-
lishing. https://doi.org/10.1007/978-3-030-59538-8.

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen. 2017.
“lmerTest Package: Tests in Linear Mixed Effects Models.” Journal of
Statistical Software 82: 1–26. https://doi.org/10.18637/jss.v082.i13.

Lancaster, L. T., and A. M. Humphreys. 2020. “Global Variation in the
Thermal Tolerances of Plants.” Proceedings of the National Academy of
Sciences 117: 13580–13587. https://doi.org/10.1073/pnas.1918162117.

Larcher, W. 2003. Physiological Plant Ecology: Ecophysiology and Stress
Physiology of Functional Groups. Springer Science & Business Media.

Lee, J.‐Y., and D.‐H. Lee. 2003. “Use of Serial Analysis of Gene Ex-
pression Technology to Reveal Changes in Gene Expression in Arabi-
dopsis Pollen Undergoing Cold Stress.” Plant Physiology 132: 517–529.
https://doi.org/10.1104/pp.103.020511.

Lenth, R. 2023. Emmeans: Estimated Marginal Means, Aka Least‐
Squares Means. R Package Version 1.8.5. https://CRAN.Rproject.org/
package=emmeans.

Lewis, D. L., S. W. Breck, K. R. Wilson, and C. T. Webb. 2014.
“Modeling Black Bear Population Dynamics in a Human‐Dominated
Stochastic Environment.” Ecological Modelling 294: 51–58. https://doi.
org/10.1016/j.ecolmodel.2014.08.021.

Lippmann, R., S. Babben, A. Menger, C. Delker, and M. Quint. 2019.
“Development of Wild and Cultivated Plants Under Global Warming
Conditions.” Current Biology 29: R1326–R1338. https://doi.org/10.
1016/j.cub.2019.10.016.

Liu, H., Q. Xu, P. He, L. S. Santiago, K. Yang, and Q. Ye. 2015. “Strong
Phylogenetic Signals and Phylogenetic Niche Conservatism in Eco-
physiological Traits Across Divergent Lineages of Magnoliaceae.”
Scientific Reports 5: 12246. https://doi.org/10.1038/srep12246.

Liu, X., Y. Xiao, J. Zi, et al. 2023. “Differential Effects of Low and High
Temperature Stress on Pollen Germination and Tube Length of Mango
(Mangifera indica L.) Genotypes.” Scientific Reports 13: 611. https://doi.
org/10.1038/s41598-023-27917-5.

Lohani, N., M. B. Singh, and P. L. Bhalla. 2021. “RNA‐Seq Highlights
Molecular Events Associated With Impaired Pollen‐Pistil Interactions
Following Short‐Term Heat Stress in Brassica napus.” Frontiers in Plant
Science 11: 622748. https://doi.org/10.3389/fpls.2020.622748.

Luo, Q. 2011. “Temperature Thresholds and Crop Production: A
Review.” Climatic Change 109: 583–598. https://doi.org/10.1007/s10584-
011-0028-6.

Mesihovic, A., R. Iannacone, N. Firon, and S. Fragkostefanakis. 2016.
“Heat Stress Regimes for the Investigation of Pollen Thermotolerance in

Crop Plants.” Plant Reproduction 29: 93–105. https://doi.org/10.1007/
s00497-016-0281-y.

Morrison, M. J., A. Gutknecht, J. Chan, and S. S. Miller. 2016. “Char-
acterising Canola Pollen Germination Across a Temperature Gradient.”
Crop and Pasture Science 67: 317. https://doi.org/10.1071/CP15230.

Münkemüller, T., S. Lavergne, B. Bzeznik, et al. 2012. “How to Measure
and Test Phylogenetic Signal.” Methods in Ecology and Evolution 3:
743–756. https://doi.org/10.1111/j.2041-210X.2012.00196.x.

Narayanan, S., P. V. V. Prasad, and R. Welti. 2018. “Alterations in
Wheat Pollen Lipidome During High Day and Night Temperature
Stress.” Plant, Cell & Environment 41: 1749–1761. https://doi.org/10.
1111/pce.13156.

Neuner, G., and O. Buchner. 2012. “Dynamics of Tissue Heat Tolerance
and Thermotolerance of PS II in Alpine Plants.” In Plants in Alpine
Regions, edited by C. Lütz, 61–74. Vienna: Springer Vienna.

Neuner, G., A. Erler, U. Ladinig, J. Hacker, and J. Wagner. 2013. “Frost
Resistance of Reproductive Tissues During Various Stages of Develop-
ment in High Mountain Plants.” Physiologia Plantarum 147: 88–100.
https://doi.org/10.1111/j.1399-3054.2012.01616.x.

Nievola, C. C., C. P. Carvalho, V. Carvalho, and E. Rodrigues. 2017.
“Rapid Responses of Plants to Temperature Changes.” Temperature 4:
371–405. https://doi.org/10.1080/23328940.2017.1377812.

Pacini, E., and R. Dolferus. 2019. “Pollen Developmental Arrest: Main-
taining Pollen Fertility in a World With a Changing Climate.” Frontiers in
Plant Science 10: 679. https://doi.org/10.3389/fpls.2019.00679.

Pacini, E., and R. Dolferus. 2016. “The Trials and Tribulations of the
Plant Male Gametophyte — Understanding Reproductive Stage Stress
Tolerance.” In Abiotic and Biotic Stress in Plants ‐ Recent Advances and
Future Perspectives, edited by A. K. Shanker and C. Shanker, 703–754.
Rijeka, Croatia: InTech. https://doi.org/10.5772/61671.

Paupière, M. J., P. van Haperen, I. Rieu, R. G. F. Visser, Y. M. Tikunov,
and A. G. Bovy. 2017. “Screening for Pollen Tolerance to High Tem-
peratures in Tomato.” Euphytica 213: 130. https://doi.org/10.1007/
s10681-017-1927-z.

Piao, S., Q. Liu, A. Chen, et al. 2019. “Plant Phenology and Global
Climate Change: Current Progresses and Challenges.” Global Change
Biology 25: 1922–1940. https://doi.org/10.1111/gcb.14619.

Pigott, C. D., and J. P. Huntley. 1981. “Factors Controlling the Distri-
bution of Tilia cordata at the Northern Limits of Its Geographical Range
III. Nature and Causes of Seed Sterility.” New Phytologist 87: 817–839.
https://doi.org/10.1111/j.1469-8137.1981.tb01716.x.

Prasad, P. V. V., R. Bheemanahalli, and S. V. K. Jagadish. 2017. “Field
Crops and the Fear of Heat Stress—Opportunities, Challenges and
Future Directions.” Field Crops Research 200: 114–121. https://doi.org/
10.1016/j.fcr.2016.09.024.

R Core Team. 2023. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Core Team. https://www.R-project.org/.

Raja, M. M., G. Vijayalakshmi, M. L. Naik, et al. 2019. “Pollen Development
and Function Under Heat Stress: From Effects to Responses.” Acta
Physiologiae Plantarum 41: 47. https://doi.org/10.1007/s11738-019-2835-8.

Ranasinghe, C. S., M. D. P. Kumarathunge, and K. G. S. Kiriwandeniya.
2018. “Genotypic Differences in Cardinal Temperatures for In Vitro Pollen
Germination and Pollen Tube Growth of Coconut Hybrids.” Experimental
Agriculture 54: 731–743. https://doi.org/10.1017/S0014479717000357.

Ray, D. K., P. C. West, M. Clark, J. S. Gerber, A. V. Prishchepov, and
S. Chatterjee. 2019. “Climate Change Has Likely Already Affected
Global Food Production.” PLoS One 14: e0217148. https://doi.org/10.
1371/journal.pone.0217148.

Raza, A., A. Razzaq, S. S. Mehmood, et al. 2019. “Impact of Climate
Change on Crops Adaptation and Strategies to Tackle Its Outcome: A
Review.” Plants 8: 34. https://doi.org/10.3390/plants8020034.

13 of 14

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15207 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [28/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1046/j.1365-3040.2002.00943.x
https://doi.org/10.1046/j.1365-3040.2002.00943.x
https://doi.org/10.1093/aob/mci149
https://doi.org/10.1093/aob/mci149
https://doi.org/10.1098/rstb.2012.0341
https://doi.org/10.1098/rstb.2012.0341
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1007/978-3-030-59538-8
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1073/pnas.1918162117
https://doi.org/10.1104/pp.103.020511
https://CRAN.Rproject.org/package=emmeans
https://CRAN.Rproject.org/package=emmeans
https://doi.org/10.1016/j.ecolmodel.2014.08.021
https://doi.org/10.1016/j.ecolmodel.2014.08.021
https://doi.org/10.1016/j.cub.2019.10.016
https://doi.org/10.1016/j.cub.2019.10.016
https://doi.org/10.1038/srep12246
https://doi.org/10.1038/s41598-023-27917-5
https://doi.org/10.1038/s41598-023-27917-5
https://doi.org/10.3389/fpls.2020.622748
https://doi.org/10.1007/s10584-011-0028-6
https://doi.org/10.1007/s10584-011-0028-6
https://doi.org/10.1007/s00497-016-0281-y
https://doi.org/10.1007/s00497-016-0281-y
https://doi.org/10.1071/CP15230
https://doi.org/10.1111/j.2041-210X.2012.00196.x
https://doi.org/10.1111/pce.13156
https://doi.org/10.1111/pce.13156
https://doi.org/10.1111/j.1399-3054.2012.01616.x
https://doi.org/10.1080/23328940.2017.1377812
https://doi.org/10.3389/fpls.2019.00679
https://doi.org/10.5772/61671
https://doi.org/10.1007/s10681-017-1927-z
https://doi.org/10.1007/s10681-017-1927-z
https://doi.org/10.1111/gcb.14619
https://doi.org/10.1111/j.1469-8137.1981.tb01716.x
https://doi.org/10.1016/j.fcr.2016.09.024
https://doi.org/10.1016/j.fcr.2016.09.024
https://www.R-project.org/
https://doi.org/10.1007/s11738-019-2835-8
https://doi.org/10.1017/S0014479717000357
https://doi.org/10.1371/journal.pone.0217148
https://doi.org/10.1371/journal.pone.0217148
https://doi.org/10.3390/plants8020034
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fpce.15207&mode=


Revell, L. J. 2012. “Phytools: An R Package for Phylogenetic Compar-
ative Biology (And Other Things).” Methods in Ecology and Evolution 3:
217–223.

Riihimäki, M., and O. Savolainen. 2004. “Environmental and Genetic
Effects on Flowering Differences Between Northern and Southern
Populations of Arabidopsis lyrata (Brassicaceae).” American Journal of
Botany 91: 1036–1045. https://doi.org/10.3732/ajb.91.7.1036.

Rosbakh, S., E. Pacini, M. Nepi, and P. Poschlod. 2018. “An Unexplored
Side of Regeneration Niche: Seed Quantity and Quality Are Determined
by the Effect of Temperature on Pollen Performance.” Frontiers in Plant
Science 9: 1036. https://doi.org/10.3389/fpls.2018.01036.

Rosbakh, S., and P. Poschlod. 2016. “Minimal Temperature of Pollen
Germination Controls Species Distribution Along a Temperature Gra-
dient.” Annals of Botany 117: 1111–1120. https://doi.org/10.1093/aob/
mcw041.

Sakai, A., and W. Larcher. 2012. Frost Survival of Plants: Responses and
Adaptation to Freezing Stress. Berlin, London: Springer.

Salem, M. A., V. G. Kakani, S. Koti, and K. R. Reddy. 2007. “Pollen‐
Based Screening of Soybean Genotypes for High Temperatures.” Crop
Science 47: 219–231. https://doi.org/10.2135/cropsci2006.07.0443.

Sato, S., M. M. Peet, and J. F. Thomas. 2002. “Determining Critical Pre‐
and Post‐Anthesis Periods and Physiological Processes in Lycopersicon
esculentum Mill. Exposed to Moderately Elevated Temperatures.”
Journal of Experimental Botany 53: 1187–1195. https://doi.org/10.1093/
jexbot/53.371.1187.

Sentinella, A. T., D. I. Warton, W. B. Sherwin, C. A. Offord, and
A. T. Moles. 2020. “Tropical Plants Do Not Have Narrower Temperature
Tolerances, but Are More at Risk From Warming Because They Are
Close to Their Upper Thermal Limits.” Global Ecology and Biogeography
29: 1387–1398. https://doi.org/10.1111/geb.13117.

Seppelt, R., S. Klotz, E. Peiter, and M. Volk. 2022. “Agriculture and
Food Security Under a Changing Climate: An Underestimated Chal-
lenge.” iScience 25: 105551. https://doi.org/10.1016/j.isci.2022.105551.

Sharkey, T. D., and S. M. Schrader. 2006. “High Temperature Stress.” In
Physiology and Molecular Biology of Stress Tolerance in Plants, edited by
K. V. Madhava Rao, A. S. Raghavendra, and K. Janardhan Reddy,
101–129. Dordrecht: Kluwer Academic Publishers.

Singh, S. K., V. G. Kakani, D. Brand, B. Baldwin, and K. R. Reddy. 2008.
“Assessment of Cold and Heat Tolerance of Winter‐Grown Canola
(Brassica napus L.) Cultivars by Pollen‐Based Parameters.” Journal of
Agronomy and Crop Science 194: 225–236. https://doi.org/10.1111/j.
1439-037X.2008.00309.x.

Slafer, G. A., A. G. Kantolic, M. L. Appendino, G. Tranquilli,
D. J. Miralles, and R. Savin. 2015. “Genetic and Environmental Effects
on Crop Development Determining Adaptation and Yield.” In Crop
Physiology, edited by V. O. Sadras and Da. F. Calderini, 285–319. Salt
Lake City, USA: Academic Press.

The Plant List. 2013. The Plant List. Version 1.1 (Published on the
Internet). http://www.theplantlist.org/.

Treml, V., T. Hejda, and J. Kašpar. 2019. “Differences in Growth
Between Shrubs and Trees: How Does the Stature of Woody Plants
Influence Their Ability to Thrive in Cold Regions?” Agricultural and
Forest Meteorology 271: 54–63. https://doi.org/10.1016/j.agrformet.2019.
02.036.

Turnbull, L. A., M. J. Crawley, and M. Rees. 2000. “Are Plant Popula-
tions Seed‐Limited? A Review of Seed Sowing Experiments.” Oikos 88:
225–238. https://doi.org/10.1034/j.1600-0706.2000.880201.x.

Tushabe, D., F. Altmann, E. Koehler, S. Woods, and S. Rosbakh. 2023.
“Negative Effects of High‐Temperature Stress on Gametophyte Per-
formance and Their Consequences for Seed Reproduction in Wild
Plants.” Environmental and Experimental Botany 216: 105532. https://
doi.org/10.1016/j.envexpbot.2023.105532.

Tushabe, D., and S. Rosbakh. 2021. “A Compendium of In Vitro Ger-
mination Media for Pollen Research.” Frontiers in Plant Science 12:
709945. https://doi.org/10.3389/fpls.2021.709945.

Wagner, J., E. Gastl, M. Kogler, and M. Scheiber. 2016. “Cold Tolerance
of the Male Gametophyte During Germination and Tube Growth
Depends on the Flowering Time.” Plants 6: 2. https://doi.org/10.3390/
plants6010002.

Wahid, A., S. Gelani, M. Ashraf, and M. Foolad. 2007. “Heat Tolerance
in Plants: An Overview.” Environmental and Experimental Botany 61:
199–223. https://doi.org/10.1016/j.envexpbot.2007.05.011.

Welsford, M. R., J. J. Midgley, and S. D. Johnson. 2014. “Experimental
Evaluation of Insect Pollination Versus Wind Pollination in Leuca-
dendron (Proteaceae).” International Journal of Plant Sciences 175,
no. 3: 296–306. https://doi.org/10.1086/674449.

Whitehead, D. R. 1983. “Wind Pollination: Some Ecological and Evo-
lutionary Perspectives.” Pollination Biology 97, no. 8.

Willis, C. G., B. Ruhfel, R. B. Primack, A. J. Miller‐Rushing, and
C. C. Davis. 2008. “Phylogenetic Patterns of Species Loss in Thoreau's
Woods Are Driven by Climate Change.” Proceedings of the National
Academy of Sciences 105: 17029–17033. https://doi.org/10.1073/pnas.
0806446105.

Yadav, M. R., M. Choudhary, J. Singh, et al. 2022. “Impacts, Tolerance,
Adaptation, and Mitigation of Heat Stress on Wheat Under Changing
Climates.” International Journal of Molecular Sciences 23: 2838. https://
doi.org/10.3390/ijms23052838.

Zebro, M., J. Kang, and J. Y. Heo. 2023. “Effects of Temperatures on
Pollen Germination and Pollen Tube Growth in Apple.” Bragantia 82:
e20220242. https://doi.org/10.1590/1678-4499.20220242.

Zhu, L., K. J. Bloomfield, C. H. Hocart, et al. 2018. “Plasticity of Pho-
tosynthetic Heat Tolerance in Plants Adapted to Thermally Contrasting
Biomes.” Plant, Cell & Environment 41: 1251–1262. https://doi.org/10.
1111/pce.13133.

Zinn, K. E., M. Tunc‐Ozdemir, and J. F. Harper. 2010. “Temperature
Stress and Plant Sexual Reproduction: Uncovering the Weakest Links.”
Journal of Experimental Botany 61: 1959–1968. https://doi.org/10.1093/
jxb/erq053.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

14 of 14 Plant, Cell & Environment, 2024

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15207 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [28/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3732/ajb.91.7.1036
https://doi.org/10.3389/fpls.2018.01036
https://doi.org/10.1093/aob/mcw041
https://doi.org/10.1093/aob/mcw041
https://doi.org/10.2135/cropsci2006.07.0443
https://doi.org/10.1093/jexbot/53.371.1187
https://doi.org/10.1093/jexbot/53.371.1187
https://doi.org/10.1111/geb.13117
https://doi.org/10.1016/j.isci.2022.105551
https://doi.org/10.1111/j.1439-037X.2008.00309.x
https://doi.org/10.1111/j.1439-037X.2008.00309.x
http://www.theplantlist.org/
https://doi.org/10.1016/j.agrformet.2019.02.036
https://doi.org/10.1016/j.agrformet.2019.02.036
https://doi.org/10.1034/j.1600-0706.2000.880201.x
https://doi.org/10.1016/j.envexpbot.2023.105532
https://doi.org/10.1016/j.envexpbot.2023.105532
https://doi.org/10.3389/fpls.2021.709945
https://doi.org/10.3390/plants6010002
https://doi.org/10.3390/plants6010002
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1086/674449
https://doi.org/10.1073/pnas.0806446105
https://doi.org/10.1073/pnas.0806446105
https://doi.org/10.3390/ijms23052838
https://doi.org/10.3390/ijms23052838
https://doi.org/10.1590/1678-4499.20220242
https://doi.org/10.1111/pce.13133
https://doi.org/10.1111/pce.13133
https://doi.org/10.1093/jxb/erq053
https://doi.org/10.1093/jxb/erq053
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fpce.15207&mode=

	Patterns and Drivers of Pollen Temperature Tolerance
	1 Introduction
	2 Materials and Methods
	2.1 Data Collection
	2.2 Data Analysis
	2.3 Relationship Between the Pollen and Vegetative Organs' Temperature Tolerance (Aim 1)
	2.4 Intraspecific Pollen Temperature Tolerance Variability (Aim 2)
	2.5 Phylogenetic Signal in Pollen Temperature Tolerance (Aim 3)
	2.6 Interspecific Trait Variation (Aim 4)

	3 Results
	3.1 Temperature Limits of Pollen Temperature Tolerance
	3.2 Relationship Between the Pollen and Vegetative Organs' Temperature Tolerance (Aim 1)
	3.3 Intraspecific Variability in Pollen Temperature Tolerance (Aim 2)
	3.4 Phylogenetic Signal in Pollen Temperature Tolerance (Aim 3)
	3.5 Interspecific Trait Variability (Aim 4)

	4 Discussion
	4.1 Temperature Limits of Pollen Performance
	4.2 Pollen and Leaves Do Not Share Similar Tolerance to Low and High Temperatures
	4.3 Intraspecific Variability in Pollen Temperature Tolerance
	4.4 Phylogenetic Patterns in Pollen Thermal Limits
	4.5 Drivers of Interspecific Pollen Thermal Limits

	5 Conclusions and Perspectives
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




