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Do floral traits and the selfing capacity of Mimulus guttatus plastically
respond to experimental temperature changes?

Mialy Razanajatovo'® - Liliana Fischer' - Mark van Kleunen'-2

Abstract

Climate change can negatively impact plant—pollinator interactions, and reduce outcross pollination. For reproductive assur-
ance, an increased capacity for autonomous selfing should benefit the persistence of plants under new temperature conditions.
Plastic responses of the autonomous selfing capacity to climate change may occur indirectly due to changes in floral traits
associated with this capacity. We tested whether the mixed mating plant Mimulus guttatus is capable of plastic changes in
floral traits favoring autonomous selfing in response to temperature changes. In seven growth chambers, we grew M. guttatus
originating from a large range of latitudes (from 37.89° N to 49.95° N) and thus home temperatures in North America, and
experimentally assessed the (autonomous) selfing and outcrossing capacities of the plants. With an increase in the differ-
ence between the overall mean daytime and nighttime experimental test temperature and home temperature, flower length
and width decreased. The plastic response in flower size suggests that plants may be more successful at autonomous selfing.
However, we did not find direct evidence that M. guttatus responded to increased temperature by an increased autonomous
selfing capacity. With an increase in temperature difference, the odds of seed production, number of seeds, and individual
seed mass decreased. Our results indicate that global warming and the associated increase in extreme temperature events
may be detrimental to the reproduction and thus persistence of some plants.
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Introduction by advancing the timing of their seasonal activities (Cohen

et al. 2018; Parmesan 2006; Parmesan and Yohe 2003;

Due to a rapidly changing climate, many organisms experi-
ence novel environmental conditions (IPCC 2014). Recent
climate change scenarios predict widespread warming over
the world’s land surfaces and an increased frequency of
extreme high temperature events (IPCC 2013). Most nota-
bly, plants and animals have responded to climate change
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Razanajatovo et al. 2018). Particularly, plants have shown
complex patterns of responses to climate change in phenol-
ogy, ecophysiology, reproduction, species interactions and
distributions (Parmesan and Hanley 2015). Because of pos-
sible asynchronies between flowering and pollinator activity,
phenological shifts may negatively affect plant—pollinator
interactions (Memmott et al. 2007). Furthermore, insects
can respond to climate change with shrinking body sizes,
which can also negatively affect plant—pollinator interactions
(Sheridan and Bickford 2011). Disruption of plant—pollina-
tor interactions may have detrimental effects on the repro-
duction of animal-pollinated plants, and thus on the per-
sistence of populations under climate change (Burkle et al.
2013).

Rapid plastic responses, as opposed to a relatively long
period of genetic adjustment (i.e., response to selection) after
multigenerational selection, have been suggested to facilitate
the initial survival of populations under the new conditions
(Chevin and Hoffmann 2017; Ghalambor et al. 2007; Nicotra
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et al. 2010). If plant—pollinator interactions are disrupted
due to climate change or if pollinators and thus pollinator
shifts become scarce, plastic changes in autonomous selfing
capacity might become important to assure reproduction.
Indeed, plasticity in the capacity for autonomous selfing,
including a weakened self-incompatibility and an increased
capacity for selfing, has been documented in various spe-
cies from many plant families including Poaceae, Liliaceae,
Convolvulaceae, Brassicaceae, Solanaceae and Asteraceae
(Levin 2010) in response to a decrease in pollinator activity
(Brys et al. 2013; Bodbyl Roels and Kelly 2011; Travers
et al. 2004; Vogler et al. 1998).

An increased capacity for selfing is expected to be advan-
tageous for the persistence of plants in harsh conditions for
various reasons. According to the time-limitation hypoth-
esis, if harsh conditions increase mortality risk in mother
plants and severely restrict fecundity to a short period, an
increased selfing should allow for a shorter time between
flower maturation and ovule fertilization, because plants
do not have to spend time waiting for pollinators (Aarssen
2000; Spigler and Kalisz 2013). According to the reproduc-
tive assurance hypothesis, autonomous selfing (i.e., ovules
fertilized by pollen from the same flower without requiring
a pollinator) should guarantee seed production when oppor-
tunities for cross-pollination are scarce because of a lack of
mates or pollinators (Eckert et al. 2010; Herlihy and Eckert
2002; Kalisz et al. 2004; Levin 2010). Moreover, extreme
temperatures and drought have been associated with an
increased selfing in general (Evans et al. 2011). Therefore,
increased autonomous selfing should be advantageous for
the persistence of plants under the new temperature condi-
tions that characterize climate change.

The capacity for autonomous selfing may be affected by
different environmental stressors. Under climate change, the
average surface temperature of the entire globe is projected
to increase, whereas changes in precipitation will not be uni-
form, with some areas exposed to increased precipitation
and others to drier conditions (IPCC 2014). In particular,
even when precipitation is not affected, high temperatures
might increase evapotranspiration and thereby cause drought
stress. Drought has been shown to increase the capacity for
autonomous selfing in some species (Ivey and Carr 2011;
Kay and Picklum 2013; Spigler and Kalisz 2013). The
capacity for autonomous selfing can also increase when
plants are exposed to high temperatures within the range that
they may experience in nature (Ascher and Peloquin 1966;
Levin 2010). Nevertheless, few studies have tested whether
increases in average temperature by 3—4 °C, or even more
extreme heat events, as forecasted by climate change sce-
narios for 2100 (IPCC 2013), will result in a higher capacity
for autonomous selfing in plants (Jones et al. 2013).

Plastic responses of the capacity for autonomous self-
ing to climate change may occur indirectly due to changes

in floral traits associated with this capacity (Levin 2010).
Because the female and male parts of the flowers are more
likely to be in contact within small flowers, a reduced flower
size has been associated with high selfing rates (Sicard and
Lenhard 2011). A short distance separating the anther and
the stigma can increase the number of ovules fertilized by
pollen from the same flower by autonomous selfing (Lloyd
and Schoen 1992). Therefore, a reduced anther—stigma
separation has also been associated with increased auton-
omous selfing (Eckert et al. 2009; Elle and Hare 2002;
Herlihy and Eckert 2002; Vallejo-Marin and Barrett 2009;
van Kleunen and Ritland 2004). Both small flowers and a
reduced anther—stigma separation have been associated with
the capacity for autonomous selfing in M. guttatus (Lekberg
et al. 2012). A reduced anther—stigma separation can also be
a common response to abiotic environmental stress (e.g., van
Kleunen 2007). Further, the temporal separation of male and
female sexual functions (dichogamy) can have a pronounced
variation among populations (Leibman et al. 2018), and a
reduction in dichogamy may be associated with an increased
autonomous selfing due to a maximized overlap in sexual
phases (Koski et al. 2018). So, because an increase in tem-
perature can induce plastic changes in floral traits, we may
expect climate change to have an effect on a plant’s capacity
for autonomous selfing (Van Etten and Brunet 2013). How-
ever, few studies have looked at the effect of climate change,
especially that of temperature changes, on floral traits associ-
ated with autonomous selfing.

Here, we tested whether M. guttatus is capable of rapid
plastic responses in floral traits favoring autonomous selfing
under experimental temperature changes. Mimulus guttatus
has a broad geographic range as it is native to western North
America, and naturalized in several regions, including east-
ern North America, Europe and New Zealand (van Kleunen
et al. 2019). Moreover, it has a mixed mating system, i.e., it
can reproduce predominantly by outcrossing when pollina-
tors are abundant, but can also largely reproduce by selfing
when the opportunities for outcrossing are scarce (Fenster
and Ritland 1994; Leclerc-Potvin and Ritland 1994). To cap-
ture the variability in floral traits and capacity for autono-
mous selfing among different populations and to increase
the generality of the results (van Kleunen et al. 2014), we
used multiple populations of M. guttatus originating from a
large range of latitudes (from 37.89° N to 49.95° N) and thus
home temperatures in its native range in North America.
As climate change is predicted to affect different parts of
the species range differently, sampling populations across
the range allows controlling for variations due to population
origin. Specifically, we asked:

1. Do flower size (length and width) and anther—stigma
separation in M. guttatus decrease when temperature
increases?



2. Does the capacity for autonomous selfing in M. guttatus
increase when temperature increases?

Methods
Study species and plant materials
Study species

The yellow monkey flower Mimulus guttatus Fisch. ex DC.
(Phrymaceae) is an annual or perennial herb native to west-
ern North America, and has been introduced as a garden
plant and become naturalized in several regions, includ-
ing eastern North America, Europe and New Zealand (van
Kleunen et al. 2019). The species usually grows in moist
habitats such as streams, ditches, wet grasslands and on wet
bluffs along the sea (van Kleunen 2007). The hermaphroditic
tubular flowers are zygomorphic, i.e., have a bilateral sym-
metry, and include two pairs of anthers of different lengths
and a pistil which ends in a two-lobed stigma. In the North-
ern Hemisphere, M. guttatus usually flowers from May to
September. The flowers are pollinated by bumblebees and
other bees, and produce almost no nectar (Robertson et al.
1999). Mimulus guttatus has a mixed mating system, and
autonomous selfing can take place when the lower lobe of
the stigma curls into the anthers and touches the pollen, or
when the corolla and the attached stamen abscise and brush
the stigma (Dole 1992). The fruit capsule can contain up to
1000 small seeds. The species can also reproduce vegeta-
tively by producing stolons that can root at the nodes.

Plant materials

To test the plasticity of the capacity for autonomous self-
ing in M. guttatus under temperature change, we used seeds
representing seven populations in western North America
(Table S1). Seeds had been collected in these populations
in 2002 and 2003. To get rid of differences due to maternal
carryover effects, we first grew one generation of plants of
these populations in a greenhouse, and made hand-crosses
between plants of the same populations in 2012 to create
the seeds from which we grew the plants used in the study
described here (for details, see van Kleunen et al. 2015). Our
plant materials covered a large range of climatic conditions
of population origin, from a population in the US state of
California (37.89°N) to a population in the Canadian prov-
ince of British Columbia (49.95°N). On 05-Apr-2016, we
sowed seeds of seven seed families from each of the seven
study populations in a climate chamber at the University
of Konstanz, Germany. We germinated the seeds at a day
temperature of 22 °C, a night temperature of 18 °C and a
light period of 11 h. On 18-Apr-2016, we transplanted seven
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seedlings from each of four to five seed families from each
population (a total of 231 seedlings) into 0.2 L pots filled
with commercial potting soil (Einheitserde Sinntal-Alten-
gronau, Germany). We placed one seedling of each seed
family in each of seven growth chambers (33 seedlings per
chamber). This way, we had the same genetic material in
each of the seven growth chambers. We let the plants grow
at 22 °C and a light period of 14 h until 27-Apr-2016, when
we started the temperature treatments.

Experimental setup and measurements
Temperature treatments

To test whether M. guttatus is capable of rapid plastic
responses in floral traits associated with autonomous selfing
under increased temperature, we manipulated the air temper-
ature under which the plants were grown using seven polli-
nator-free growth chambers. We used those seven chambers
to create a temperature gradient according to the average
home temperatures for May and June of the different popula-
tions from which the seeds originated (Table S2). To obtain
constant intervals of temperature increase for daytime and
nighttime temperatures, we set the mean daytime tempera-
ture of each population location to increase with 3 °C, and
night time temperature with 1 °C (Table S3). We started the
treatment temperatures on 27-Apr-2016, i.e., approximately
2 weeks before the onset of flowering. To record the realized
treatment temperature throughout the experiment, we placed
one iButton data logger in each growth chamber, which we
programmed to record the air temperature every hour. To
minimize effects on plant growth due to variation in grow-
ing conditions within each growth chamber, we randomized
the position of the pots once a week. To keep the soil of the
plants continuously moist, we watered the plants as needed.

Floral trait measurements

To assess plastic responses of floral traits associated with
autonomous selfing in M. guttatus, we measured flower size
(Iength and width) and anther—stigma separation. We meas-
ured flower length as the distance between the base of the
calyx and the upper end of the lower lip of the flower, i.e.,
the longest distance to the calyx (Fig. la). We measured
flower width as the widest distance on the lower lip of the
flower (Fig. 1b). We measured anther—stigma separation as
the distance between the tip of the stigma and the tip of the
anthers on the longest pair of stamens (Fig. 1c). For each
plant, each measurement was done on one flower in full
bloom that did not show any signs of senescence, and that
was located above the third stem node carrying flowers. As
not all plants flowered or had sufficient numbers of flowers,
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Fig.1 Images of Mimulus guttatus showing how traits included in
the models were measured and results of three linear mixed models
testing how these traits depend on the temperature difference between
the experimental test temperature and the home temperature of source
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floral trait measurements could be done on only 140 of the
231 plants.

Breeding-system treatments

To assess the capacity for autonomous selfing, selfing and
outcrossing of the M. guttatus plants in the different tem-
perature treatments, we did three breeding-system treatments
(Kearns and Inouye 1993). Out of the 231 plants grown in
the seven growth chambers, 173 plants flowered (flowering
was related to population origin and temperature treatment;
Figs. S1, S2) and were treated with one or more breeding-
system treatments. First, to assess the capacity for autono-
mous selfing, we marked a flower on each plant and left it
untouched (i.e., not hand-pollinated; hereafter, the “early”
autonomous selfing). In addition, to assess whether the
capacity for autonomous selfing changes with the develop-
mental stage of the plants, we marked additional flowers
which developed 16 weeks after the plants had been trans-
planted, i.e., later than the flowers used for the autonomous
selfing treatment (hereafter, the “late” autonomous selfing).
Second, to assess the degree of self-compatibility of the
plants, we marked and hand-pollinated a flower with pollen
from the same plant. Third, to assess maximal seed pro-
duction after outcrossing, we marked and hand-pollinated
a flower with outcross pollen from the same population and
grown in the same growth chamber. As we did not emas-
culate the flowers before the treatment, there might also
be autonomous selfing of these flowers, and the outcross-
ing treatment is therefore equivalent to supplemental hand
pollination. In total, we treated 465 flowers, including 172
flowers in the early autonomous selfing treatment, 23 flow-
ers in the late autonomous selfing treatment, 146 flowers
in the selfing treatment and 124 flowers in the outcrossing
treatment.

We collected the fruit capsules when their peduncles
looked desiccated, and the capsules were stored in paper
bags at room temperature. To assess seed production in
each breeding-system treatment, we weighed the total seeds
produced in a capsule and a subset of 20 seeds. We used
these data to calculate the number of seeds and the average
individual seed mass. If a capsule contained fewer than 20
seeds, we counted them directly, but still weighed them to
determine the average individual seed mass.

Statistical analysis

The effect of temperature change on floral traits associated
with autonomous selfing

To quantify for each population the change in temperature
achieved by the temperature treatments in our study, we
calculated the temperature difference between the mean
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temperature in each experimental temperature treatment
(Table S3) and the mean May—June home temperature of
the population (Table S2). To test whether flower size and
anther—stigma separation decreased under warmer experi-
mental conditions, we fitted three linear mixed models using
the Imer function of the Ime4 package (Bates et al. 2015)
in R (R Core Team 2012). As response variables, we used
flower length, flower width and anther—stigma separation.
Because each temperature treatment corresponded to one
growth chamber, we did not have replicates for each tem-
perature regime. To avoid that the results would be subject
to pseudoreplication (Colegrave and Ruxton 2017), we did
not include growth chamber as a factor with seven levels as
an explanatory variable. Instead, we included the tempera-
ture difference between the experiment temperature and the
home temperature as a continuous covariable. In addition, to
account for non-independence of observations within each
growth chamber, we included growth chamber as a random
factor. To account for non-independence of observations
from the same seed family and from the same population,
we also included population and seed family nested within
population as random factors. We checked model assump-
tions with residual plots.

The effect of temperature change on the capacity
for autonomous selfing

To test whether autonomous selfing increased in warmer
experimental conditions, we fitted a logistic regression and
two linear mixed models using the glmer and Imer func-
tions of the Ime4 package in R. To compare the reproduc-
tive output after the three breeding-system treatments, our
response variables were seed production yes or no (binomial
distribution), the number of seeds produced per capsule,
and the individual seed mass in milligram. The number of
seeds produced and the individual seed mass were square
root transformed to ensure a Gaussian distribution of the
residuals. As explanatory variables, we included the tem-
perature difference between the experiment temperature
and the home temperature (i.e., a continuous covariable),
breeding-system treatment, and the interaction between tem-
perature difference and breeding-system treatment. Because
the likelihood of seed production was not significantly dif-
ferent between the “early”” and the “late” autonomous selfing
treatments (n =195, p=0.063, Table S4), we merged both
autonomous selfing treatments, and considered them as one
breeding-system treatment in the analysis: the autonomous
selfing treatment. We also included growth chamber, plant
individual nested within seed family, seed family nested
within population and population as random factors in these
models. In the models with the number of seed produced per
capsule and the individual seed mass, we analyzed the subset
of observations in which seeds were produced (n=257). We
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tested for significance of the fixed terms using log-likelihood
ratio tests (Zuur et al. 2009). We checked model assumptions
for the linear mixed models with residual plots.

To additionally quantify the degree of autonomous selfing
of plants under the different experimental temperatures, we
calculated an index of autonomous selfing (ASI) for indi-
vidual plants (Eckert et al. 2010) as

ASI = number of seeds from autonomous selfing treatment

number of seeds from outcross treatment

In the calculation of ASI, we used the number of seeds
from the “early”” autonomous selfing treatment (2 =99), and
only used data from the “late” autonomous selfing treatment
when the latter was lacking (n=1). To be able to use statis-
tical methods that accommodate values in the interval zero
and one, we set ASI values larger than one to one (values set
to one were 5% of observations). To test whether the degree
of autonomous selfing increased under warmer experimental
conditions, we fitted a zero-and-one-inflated beta regression
model (Liu and Eugenio 2018) using the zoib package (Liu
and Kong 2015) in R, with ASI as a response variable. As
an explanatory variable, we included the temperature dif-
ference between the experiment temperature and the home
temperature. The explanatory variable was also included in
the zero- and one-inflation parts of the model. As a random
factor, we also included growth chamber in the model.

To test whether the degree of autonomous selfing is
related to floral traits, we also fitted three zero-and-one-
inflated beta regression models, with ASI as a response vari-
able. As explanatory variables, we included flower length,
flower width and anther—stigma separation, respectively. The
explanatory variables were also included in the zero-and-
one-inflation parts of the models. As a random factor, we
included growth chamber in the models.

Results

The effect of temperature change on floral traits
associated with autonomous selfing

The temperature difference between experimental test tem-
perature and home temperature ranged from —9.0 °C to
+14.0 °C, with a median of + 1.5 °C (i.e., some plants expe-
rienced cooling in comparison to their home temperature,
n=065). When the temperature difference increased, flower
length and width significantly decreased (Fig. 1; Table 1).
For every increase of 1 °C in the temperature difference
between experimental test temperature and home tempera-
ture, flower length (mean =30.70 mm, Table S5) and width
(mean=27.47 mm, Table S5) decreased by 0.57 mm and
0.92 mm, respectively (Fig. 1). When the temperature differ-
ence increased, anther—stigma separation (mean=3.79 mm,
Table S5) tended to decrease (Fig. 1), but this effect was
marginally non-significant (Table 1). For every increase of
1 °C in the temperature difference between experimental
test temperature and home temperature, the anther—stigma
separation tended to decrease with 0.06 mm (Fig. 1).

The effect of temperature change on the capacity
for autonomous selfing

Out of 465 treated flowers, 257 (55.3%) set seeds across the
breeding-system treatments, 38 out of 195 flowers (19.5%) in
the autonomous selfing treatment, 119 out of 146 (81.5%) in
the manual selfing treatment, and 100 out of 124 (80.6%) in
the manual outcrossing treatment. Across the seven growth
chambers (i.e., temperature treatments), Mimulus guttatus
set seeds in all three breeding-system treatments (i.e., auton-
omous selfing, selfing and outcrossing), but the likelihood
of seed production (yes, no), seed number and individual
seed mass were on average significantly lower in the autono-
mous selfing treatment than in the selfing and outcrossing
treatments (Fig. 2, Table 2). Regardless of breeding-system
treatments, when the temperature difference increased, the

Table 1 Results of three linear

. . Response variable Flower length Flower width Anther—stigma
mixed models testing how :
. separation

flower length, flower width
and anther—stigma separation Explanatory and random variables df P af 7 4 af 2 )4
in Mimulus guttatus depend
on the temperature difference Temperature difference 1 12.27 <0.001 1 14.06 <0.001 1 3.29 0.070
between the experimental test Growth chamber 0.786 0.725 0.269
temperature and the home Population 4.137 5.422 0.835
temperature of the population .

Seed family 0.546 <0.001 0.749

Residuals 3.529 3.133 1.065

Random variables include growth chamber, population and seed family. Standard deviations are provided

for random variables
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likelihood of seed production, seed number and individual
seed mass decreased on average (Fig. 3, Table 1). For every
increase of 1 °C in the temperature difference between
experimental test temperature and home temperature, the
odds of seed production decreased by a factor of 1.2, the
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square root of the number of seeds produced decreased by
6% and the square root of the individual seed mass decreased
by 25% (Table 2). The decrease in the likelihood of seed
production when temperature difference increased was
stronger in the selfing and outcrossing treatments than in
the autonomous selfing treatment (Fig. 3), as indicated by a
significant interaction between breeding-system treatment
and temperature difference between experiment temperature
and home temperature (Table 2).

For 100 individual plants, we had data available for both
autonomous selfing and outcrossing treatments to calcu-
late the index of autonomous selfing (ASI). For plants with
intermediate values of ASI (i.e., 0 < ASI< 1), the degree of
autonomous selfing was not related to experimental tem-
perature change (Table 3). However, when the temperature
difference between experimental and home temperature
increased, a total absence of the capacity for autonomous
selfing was more likely (ASI=0; Table 3).

For 94 individual plants, we had data on both the index
of autonomous selfing and floral traits (i.e., flower length
and width, and anther—stigma separation). When flower
length and width increased, a total absence of autonomous
selfing was less likely (ASI=0; Table 4). For plants with
intermediate values of ASI (i.e., 0 < ASI< 1), an increase in
anther—stigma separation corresponded to a decrease in the
degree of autonomous selfing (Table 4).

Discussion

Here, we showed that when temperature increased, flower
size of M. guttatus decreased, and there was a trend of
decreasing anther—stigma separation. However, although
these floral traits are typical of the selfing syndrome (Sicard
and Lenhard 2011), we did not find direct evidence that M.
guttatus plastically responded to increased temperature by an
increased capacity for autonomous selfing. Overall, warmer
temperature conditions decreased the likelihood of seed pro-
duction, seed number and seed mass in all breeding-system
treatments (Fig. 3), indicating that severe climate change
may decrease sexual reproduction of M. guttatus.

Flower size decreased and anther-stigma
separation tended to decrease when temperature
increased

In line with previous findings showing decreased flower
size and anther—stigma separation under stressful environ-
mental conditions, flower length and width decreased when
temperature increased, and there was a trend of decreas-
ing anther—stigma separation in our study (Fig. 1; Table 1).
Most previous studies investigating floral plasticity under
environmental change considered soil moisture and showed



268

Table 2 Results of a logistic

. ] Response variable
regression and two linear

Seed production Seed number Individual seed mass

mixed models testing how Explanatory and random variables df P af i p af i 4

seed production, seed number

and individual seed mass in Breeding-system treatment 2 20594 <0.001 2 72.99 <0.001 2 1591 <0.001

Mimulus guttatus depend on Temperature difference 1 13.08 <0.001 1 929  0.002 1 548  0.019

the temperature difference Breeding-system treatment X tem- 2 912 0010 2 366 0160 2 118 0554

between the experimental test perature difference

temperature and the home

temperature, breeding-system Growth chamber 0.463 0.717 0.008

treatment and the interaction Population 0.6338 4.232 0.019

between the temperature Seed family <0.001 0.000 0.006

difference and breeding-system Plant ID <0.001 3.743 0.008

treatment . ' ' ‘
Residuals 0.868 6.844 0.033

Random variables include growth chamber, population, seed family and plant ID. Standard deviations are

provided for random variables

a negative response of flower size [e.g., in Epilobium angus-
tifolium, (Carroll et al. 2001); in Lobelia siphilitica, (Caruso
2006)] and anther—stigma separation [e.g., in Lythrum sali-
caria, (Mal and Lovett-Doust 2005)] to drought. By specifi-
cally focusing on temperature changes, our study advances
our understanding of the effects of different climate change
components on plant reproduction.

The effect of increased temperature on flower size has
been documented in some horticultural plants. For exam-
ple, Pearson et al. (1995) found a decrease in flower size
with increasing temperature in pansy Viola X wittrockiana.
Among the few previous studies that have assessed plasticity
in floral traits favoring selfing under temperature changes in
wild plants, Vogler et al. (1999) found that corolla size of
Campanula rapunculoides decreased in a hotter environ-
ment. It is likely that increased temperature affects molecu-
lar and physiological processes during flower development
(Beauzamy et al. 2014), but the exact mechanisms require
further study. As the measured floral traits in our study
responded differently to temperature change, it could be that
flower size and anther—stigma separation are controlled by
different regulatory genes and developmental mechanisms.

Previous studies on plastic changes in floral traits associ-
ated with autonomous selfing had inconsistent results. In
the high-elevation plant Aquilegia coerulea, plants grown
in a warm room had shorter anthers and stigmas than those
in a cold room, but the resulting impact on anther—stigma
separation differed among populations (Van Etten and Bru-
net 2013). Opedal et al. (2016) showed that the Neotropical
vine Dalechampia scandens responded rapidly to drought
by reducing bract area, but they did not find a consistent
effect of drought on the anther—stigma separation and on
autonomous selfing across the four populations they stud-
ied. In M. guttatus, Arathi and Kelly (2004) suggests that
autonomous selfing is largely influenced by the morphology
of the lower corolla lip. Most other studies, however, suggest
that small flowers and small anther—stigma separation are

associated with high selfing rates in M. guttatus (Carr and
Fenster 1994; Fenster and Ritland 1994; Ritland and Ritland
1989; van Kleunen and Ritland 2004). On the other hand,
Ivey and Carr (2005) found that herbivory by spittlebugs
increased both anther—stigma separation and selfing rates
in M. guttatus. If changes in floral traits reduce attractive-
ness to pollinators but the capacity for autonomous selfing
does not increase, the effect of increased temperature might
have strong negative implications on plant reproduction and
persistence under climate change.

The reduction in floral traits involved in attraction of
pollinators induced by temperature increase found in this
study may lead to reduced flower-visitation rates and limited
opportunity for cross-pollination. Similarly, Mu et al. (2015)
found that long-term experimental increased temperature
reduced nectar production in the Tibetan alpine species Sau-
ssurea nigrescens, and concluded that climate change will
affect plant—pollinator interactions. Martin (2004) showed
that small flowers of M. guttatus received fewer flower visits
than large flowers. Furthermore, it has been shown that many
floral traits of M. guttatus show heritable variation in natu-
ral populations (van Kleunen and Ritland 2004), and that
in response to pollinator loss, M. guttatus showed a rapid
evolution of reproductive characteristics toward increased
selfing as a result of selection after five generations (Bodbyl
Roels and Kelly 2011). Nevertheless, if increased tempera-
ture and frequent high temperature events hamper flower
development and seed production, even if not many genera-
tions would be needed, the persistence of a sufficient number
of generations to allow such a rapid evolution to occur might
be unlikely.

Alternatively, the reduced floral size of Mimulus gutta-
tus might make them more attractive to pollinators other
than their usual bee pollinators. Disruption of plant—pol-
linator interactions have been suggested to be mitigated
by the flexibility of pollination networks (Memmott et al.
2007). If smaller-bodied pollinators become more suitable
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for the new floral traits, pollinator shifts might occur, and
the flowers might also adapt to these new pollinators (Ger-
vasi and Schiestl 2017). Nevertheless, such shifts depend
on the availability of the potential pollinator and thus on a
sufficiently high species diversity in the community (Kaiser-
Bunbury et al. 2010).

Seed production decreased when temperature
increased

Besides the reduction in flower size, we also found that
increased temperature strongly reduced overall seed produc-
tion (Fig. 3). This is in line with previous findings showing
reduced ovary size and number of ovules, and thus reduced
maximum number of seeds per fruit capsule in smaller flow-
ers (Fishman and Willis 2008). A reduced likelihood for
seed production, seed number and individual seed mass
under warmer conditions could be due to negative effects
of temperature at different developmental stages during the
reproductive process. Temperature stress can affect pollen
development and reduce pollen viability, pollen germination
and pollen-tube growth, leading to a reduced seed produc-
tion in many crop plants (reviewed in Hedhly et al. 2009).
Temperature stress can also shorten the period of stigma
receptivity, leading to reduced pollen adhesion, germination
and penetration (Hedhly et al. 2003). Furthermore, increased
temperature can accelerate the degradation of stigma and
ovules and the inhibition of pollen-tube growth (Hedhly
et al. 2009). Therefore, increased temperatures in our study
might have reduced the number of ovules as well as the like-
lihood of ovule fertilization. Because individual seed mass
decreased when temperature increased (Fig. 2¢), temperature
stress might also have affected embryo development (Egli
and Wardlaw 1980; Hedhly et al. 2009). Whether low seed
development is associated with reduced seed viability and
low germination rates remains to be tested. Negative effects
of increased temperatures on seed production of crop plants
have been relatively well documented (Hedhly et al. 2009).
Here, by providing such evidence for a wild plant species,

Table 3 Posterior distribution of the parameter means (2.5% quantile, 97.5% quantile) of a zero-and-one-inflated beta regression testing how the
index of autonomous selfing (ASI) in Mimulus guttatus is influenced by the temperature difference between the experimental test temperature

and the home temperature

Explanatory and random variables Probability of ASI=0 Mean of the beta regression Sum of the Probability of ASI=1
(0<ASI<1) shape param-
eters
Intercept 1.028 (0.562, 1.530) —1.736 (—2.858, —0.700) 1.491 (0.782, —2.590 (—4.641, —1.132)
2.116)

0.186 (0.074, 0.309)
1.382 (0.001, 7.950)

Temperature difference

Growth chamber

0.115 (=0.041, 0.271)

—0.282 (= 0.613, 0.001)

Explanatory variable includes temperature difference. Different components of the models include probability of ASI=0, mean of the beta
regression (0 < ASI< 1), sum of the shape parameters and probability of ASI=1. Random variable includes growth chamber
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Table 4 Posterior distribution
of the parameter means (2.5%

Flower length

Flower width Anther—stigma separation

quantile, 97.5% quantile) of
three zero-and-one-inflated
beta regressions testing how the
index of autonomous selfing
(ASD) in Mimulus guttatus is
influenced by floral traits

Probability of ASI=0
Intercept
Floral traits

Intercept

Floral traits
Sum of the shape parameters

Intercept
Probability of ASI=1

Intercept

Floral traits

Growth chamber

7.064 (3.941, 10.595)
—0.189 (—=0.295, —0.094)
Mean of the beta regression (0 <ASI< 1)
—3.053 (-6.937, 0.639)

0.036 (—=0.061, 0.134)

1.368 (0.623, 2.023)
4.704 (- 1.951, 12.306)

—0.190 (- 0.431, 0.010)
1.539 (0.002, 8.849)

9.324 (5.587, 13.630)
—0.283 (-0.422, —0.161)

0.941 (-0.298, 2.217)
0.012 (=0.279, 0.310)

—2.179 (=5.764, 1.256)
0.014 (- 0.087,0.117)

0.024 (—1.413, 1.260)
—0.527 (- 0.833, —0.203)
1.307 (0.573, 1.962) 1.963 (1.156, 2.668)
—1.821 (—10.243, 5.653)

0.007 (-0.228, 0.255)
1.383 (0.002, 8.085)

— 1.140 (= 4.449, 1.796)
—0.115 (—0.882, 0.653)
0.950 (0.000, 4.656)

Explanatory variable includes flower length, flower width and anther—stigma separation, respectively. Dif-
ferent components of the models include probability of ASI=0, mean of the beta regression (0 <ASI<1),
sum of the shape parameters and probability of ASI=1. Random variable includes growth chamber

our study advances our understanding of the potential
impacts of climate change components on the reproduction
of both wild and crop plants.

Conclusion

The range of temperature change created in our study was
large, including an extreme increase in temperature of
+ 14 °C for one of the populations. This is far outside the
range of average temperature increases forecasted by differ-
ent climate models and scenarios (IPCC 2013). However,
climate change is not only characterized by an increase in
the average temperature, but there will also be an increase
in extreme weather events (IPCC 2013). Even if plant
responses to climate change in natural environments can be
more complex than predictions from experiments suggest
(Parmesan and Hanley 2015), our temperature change exper-
iment suggests strong negative effects of increased tempera-
ture and extreme temperature events on the reproduction and
thus the long-term persistence of M. guttatus. On the other
hand, the remarkable drop in fitness suggested by a steep
decrease in seed production with temperature increase might
suggest strong selection. If M. guttatus can rapidly evolve
shifts in breeding systems (Bodbyl Roels and Kelly 2011),
it could be that, instead of plastic changes, the plants will
respond to climate change with a rapid evolution of floral
traits and shifts in selfing ability. Yet, temperature changes
may co-vary with other environmental factors such as water
availability and soil pH, which might have direct or indirect
effects on plant reproduction and persistence. Future stud-
ies should test whether other climate change components
such as changes in precipitation, an increase in atmospheric
CO, concentrations, an increase in nitrogen deposition, and

the interactive effects of different components add to the
detrimental effects of climate warming found in this study.
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