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Abstract: As a result of climate change, temperate regions are facing the simultaneous
increase in water and heat stress. These changes may affect the interactions between plants
and pollinators, which will have an impact on entomophilous crop yields. Here, we in-
vestigated the consequences of high temperatures and water stress on plant growth, floral
biology, flower-reward production, and insect visitation of five varieties of common buck-
wheat (Fagopyrum esculentum), an entomophilous crop of growing interest for sustainable
agriculture. The plants were grown under two temperature regimes (21 °C/19 °C and
28 °C/26 °C, day/night) and two watering regimes (well-watered and water-stressed).
Our results showed that the reproductive growth was more affected by drought and high
temperatures than was the vegetative growth, and that combined stress had more detrimen-
tal effects. However, the impact of drought and high temperatures was variety-dependent.
Drought and/or high temperatures reduced the number of open flowers per plant, as well
as the floral resources (nectar and pollen), resulting in a decrease in pollinator visits, mainly
under combined stress. Although the proportion of Hymenoptera visiting the flowers
decreased with high temperatures, the proportion of Diptera remained stable. The insect
visiting behavior was not strongly affected by drought and high temperatures. In con-
clusion, the modification of floral display and floral resources induced by abiotic stresses
related to climate change alters plant—pollinator interactions in common buckwheat.

Keywords: buckwheat; pollination; drought; high temperatures; stress; plant—pollinator
interactions; F. esculentum

1. Introduction

Climate change causes temperatures to rise. The average global temperature is ex-
pected to increase by 2.5 to 4.5 °C by the end of the century [1,2]. For temperate regions,
thermic and water stress will occur more often and simultaneously during the spring and
summer seasons [3]. These periods constitute crucial moments for plant—pollinator inter-
actions, as these organisms are strongly interdependent. Nectar is the primary source of
sugar and energy for flying insects, and the yield of entomophilous crops can be improved
up to 75% with an optimal pollination [4,5]. Monitoring drought and heat stress is therefore
crucial, as it can lead to a phenological decoupling of the mutualistic relationship between
plants and insects [6]. Drought and high temperature must be considered together, as
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their impacts exhibit synergistic effects that surpass the cumulative impact of each isolated
factor [7].

Concerning the development of plants, each individual stress is well characterized, but
the combination is still poorly studied [8]. Globally, the combination decreases the life cycle,
affects carbon assimilation and the nitrogen cycle, and promotes lipid peroxidation [9,10].
In plant tissues, heat and drought have adverse effects on essential physiological processes,
including stomatal conductance, photosynthesis, and respiration [11]. Furthermore, con-
flicting responses may occur. During high temperature episodes, leaf stomata open to cool
the plant through transpiration, whereas water conservation may take precedence during
periods of drought [10].

The reproductive stage is particularly vulnerable to the detrimental effects of high
temperature and drought. For female organs, the stigmata can decrease in size with a
reduction of the turgor of the papilla cells and a malformation of the cortical and trans-
mitting cells [12-14]. Ovary or seed abortion is a common occurrence during these stress
periods [9,15-17]. Within male organs, pollen shedding and anther dehiscence occurs more
frequently [18-20]. The grain stage is also affected by stresses, with a shorter filling period
and reduced seed production [9,15-17]. In general, the reproductive stages exhibit reduced
fertility [12,13].

Regarding pollinators, the abiotic factors of drought, high temperature, and their
combination significantly impact their physiology and their interactions with plants.
Most pollinators are ectotherms. Temperature has a direct influence on their physiology
and their range of performance [21,22]. The high-temperature tolerance time is species-
dependent [23]. The smaller the insect, the greater the metabolic activity will be during
high-temperature events [21]. The tolerance depends also on the stage of the insect. Adults
tend to be able to survive high temperatures but display reduced reproductive capaci-
ties [23].

Even if the effect of temperature is well characterized for pollinators, drought events
remain under-studied for most of these, even for the honey bees Apis mellifera L. [24].
Social insects regulate their water resources at the colony level, while solitary insects do
it individually [4]. Depending on the water source, drought will not evenly impact the
different pollinator species. For instance, Apis mellifera can drink at the water point, whereas
Bombus spp. depend on the water obtained from nectar [24].

Since the combination of both stressors is negatively impacting the quality of the
nectar and the pollen, the behavioral patterns of insects, reliant on these primary sources
of energy, will be detrimentally influenced. In the short term, a decline in quality has a
negative effect on the mobility and the immunity of the pollinators [25,26]. In the long term,
the lack of production and quality causes a population decline, which can be even more
important when floral resources are absent, and the insect has no stocks [25-31].

Recently, the cultivation of pollinators-dependent crops has been increasing glob-
ally [32]. A total of 87 of 115 of the most cultivated crops depend on biotic pollination
factors [33]. The annual increase in agricultural yield generated by insect accounts for 9.5%
worldwide [33,34]. To maintain the productivity of those plants under climate change, heat-
or drought-tolerant crops and climate-smart planting schemes are becoming essential to
sustain agricultural yields [35].

Among the different existing entomophilous cultures, buckwheat (Fagopyrum esculen-
tum Moench) has regained interest towards sustainable agriculture models under changing
climatic conditions. This multipurpose crop is underutilized but remains important for
food security in East Asia, East Europe, and the Himalayan region [36]. In recent years,
this pseudocereal has regained interest for its superfood properties and its potential as
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a functional food ingredient. It displays a high content of dietary fibers, flavonoids, and
protein, with an amino acid score of 100 [37-39].

Regarding its reproductive morphology, buckwheat inflorescences are compound
racemes, each producing 1 to 30 uniparous cymes [40]. Fagopyrum esculentum is distylous,
with each plant producing either pin (long-styled) flowers, or thrum (short-styled) flowers.
Anthesis lasts one day, and there is only one ovule in each flower [41]. Pollen viability is
high, but female sterility events are frequent [42]. These peculiarities make the seed yield
extremely dependent on the capacity of the plant to attract pollinators, since the plant is
self-incompatible [43].

Buckwheat relies on nectar as the key element among the different structures used by
plants to facilitate pollination by insects. The attractiveness of buckwheat is linked to its
capacity to produce high-quality nectar that is primarily composed of hexoses (including
glucose and fructose) and sucrose, as well as vitamins and amino acids [43]. The production
of buckwheat nectar also fluctuates with the age of the plant, the position in the raceme,
and the morphology of the flower. Pin flowers are less visited and contain less nectar than
do thrum flowers [44-46].

In terms of pollination, wind plays a minor role in the buckwheat’s reproductive pro-
cess, whereas insect pollination significantly contributes to most of the yield [47]. The qual-
ity of the pollination may undergo significant changes according to the genetic background,
the nectar productivity, the blooming stages of the plant, and the weather conditions [42].
In Europe, Apis mellifera and Apis cerana serve as the main pollinators for buckwheat;
other secondary pollinators, including, Andrena spp., Bombus spp., Osmia spp., and various
Diptera species, also contribute significantly to the overall pollination process [48,49]. The
pollination guild can change with the geographic region. In Japan, the bumblebees Bombus
ardens sakagamii and B. hypocrite sapporoensi are the dominant pollinating species [50]. With
the upcoming environmental modifications, the reproductive physiology of buckwheat
and its plant—pollinator interactions are predicted to undergo significant changes.

Drought stress has a negative impact on buckwheat floral traits and resources.
Drought-stressed buckwheat manifested an increased number of flowers, concomitant
with elevated rates of floral abortions and a diminished pollen viability [47]. Nectaries
produce a low-quality nectar characterized by a reduced percentage of sucrose [51,52]. For
pollinators, overall visitation rates of the plant are expected decrease in response to the
lower quality nectar. Consequently, the diminished plant attractiveness for insects will
result in reductions in both seed set and total seed mass per plant [52].

The optimum temperature range for buckwheat is between 15 °C and 25 °C. Under
elevated temperature conditions, the reproductive organs will experience proportional
alteration determined by both the intensity and duration of heat stress. Kreft reported that
temperatures above 30 °C are deleterious, but this impact depends on the genotype or
variety [53,54]. The overall consequences include an elongated flowering period and less
assimilates distributed across the flowers and the seeds [55]. For the female component,
the embryo sac is more prone to developmental complications, increasing the probability
of degeneration and abortion [53,55,56]. The male part is less affected, since the pollen
production increases, and the viability is not impacted by high temperature [57]. For the
pollinators, warmer temperatures can be detrimental, depending on the insect size. Beetles,
butterflies, and wasps are more active next to buckwheat under high temperatures, whereas
ants and non-syrphid flies are less observed [58]. Moreover, high temperature events can
modify the buckwheat—pollinator interaction by diminishing the number of floral scent
compounds detected by the insects, thereby altering pollination behavior [59].

While heat- and drought-stress are frequently investigated individually in the current
literature, the exploration of their combined effects on reproduction and plant—pollinator
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interaction remains uncharted. In this study, we assessed the response of five Fagopyrum
esculentum varieties to high temperatures, drought stress, and their combined effects. We
analyzed their reproductive physiology and observed the impact of each stress and their
combination on plant—pollinator interactions.

2. Results
2.1. Impact of Drought and High Temperature on Buckwheat Growth and Flowering

Five varieties of F. esculentum (Table S1) were cultivated in a greenhouse, with
each subjected to two temperature and watering regimes. The plants were grown un-
der two temperature conditions: 21 °C/19 °C (day/night) under either well-watered
(21 °C WW) or water-stressed (21 °C WS) conditions, and 28 °C/26 °C (day/night), under
either well-watered (28 °C WW) or water-stressed (28 °C WS) conditions (Figure S1). Exper-
iments were performed between 2018 and 2023. All the plants remained alive throughout
the experiment, regardless of the treatment.

2.1.1. Leaf Production

The effect of high temperature and drought on leaf production varied according to
the variety (Figure 1, Table S2). In Nojai and Darja, the number of leaves at the end
of the experiment was not significantly affected by heat and drought, although a signif-
icant interaction between these factors was observed for Darja (Figure 1B,E, Table S2).
Brabantse grijze zandboekweit (BGZ) was the only variety showing a decrease in leaf
production when exposed to both heat and drought (Table S2), so that at the end of the
experiment, the number of leaves was 44% lower at 28 °C WS compared to the number at
21 °C WW (Figure 1A). In La Harpe, leaf production was significantly reduced by water
stress, especially at 28 °C, while in Lileja, leaf production was significantly affected by
high temperatures (Figure 1C,D, Table S2). However, for both varieties, the highest leaf
production was observed at 28 °C WW.
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Figure 1. Leaf production per plant of F. esculentum varieties subjected to 21 °C vs. 28 °C and
well-watered (WW) vs. water-stressed (WS) conditions. Varieties: (A) Brabantse grijze zandboekweit
(BGZ), (B) Darja, (C) La Harpe, (D) Lileja, and (E) Nojai. Data are means + sd. Values followed by
the same letter for the same variety were not statistically significant at the 5% level at the end of
the experiment.



Plants 2025, 14, 131

50f21

N
o
M

Number of inflorescences
IS 8

Number of inflorescences
w
o

BGzZ

2.1.2. Inflorescence Production

Depending on the variety, the first inflorescence emerged between the 4th and the 8th
node (Table 1). High temperature and drought did not affect the flowering time, except in
La Harpe (Tables 1 and S2). For this variety, the first inflorescence gradually appeared later
under the control, single-stress, or double-stress conditions.

Table 1. Node of the first inflorescences for F. esculentum varieties subjected to two temperatures
(21 °Cvs. 28 °C) and water supply conditions (well-watered (WW) vs. water-stressed (WS)). Data are
means =+ sd. Values followed by the same letter for the same variety were not statistically significant
at the 5% level.

21 °CWW 21 °CWS 28 °CWW 28 °C WS
BGZ 6.60 £1.07 a 720+£204a 770 £1.06 a 730 £298a
Darja 550+ 097 a 578 £0.97 a 510+ 0.99 a 6.00 £ 094 a
La Harpe 420+£042b 470 £0.67ab  4.60 £ 0.52 ab 520+ 1.03a
Lileja 511£033a 4.89 £0.33 a 533£071a 5.00 £0.00 a
Nojai 5.00£0.58 a 5.00£0.58a 5.00£0.89 a 471 £0.76 a

The number of inflorescences per plant ranged from 1 to 58, depending on the variety
and the treatment (Figure 2). Inflorescence production was strongly affected by heat and
slightly by drought in BGZ and Lileja, according to ANOVA2 (Table S2). It was only affected
by drought in Nojai and by the interaction between both parameters in Darja (Table S2). La
Harpe was the only variety to exhibit the same number of inflorescences, regardless of the
treatment (Figure 2C). In BGZ (Figure 2A) and Darja (Figure 2B), the highest inflorescence
production at the end of the experiment was observed at 21 °C WW, while the lowest
was observed at 28 °C WS in BGZ (—74.1%) and at 21 °C WS in Darja (—60.2%). In Lileja
(Figure 2D) and Nojai (Figure 2E), the highest inflorescence production at the end of the
experiment was observed at 28 °C WW and the lowest at 21 °C WS (—25.8% in Lileja and
—30.7% in Nojai).
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Figure 2. Inflorescence production of F. esculentum varieties subjected to two temperatures (21 °C
vs. 28 °C) and water supply conditions (well-watered (WW) vs. water-stressed (WS)). Varieties:
(A) Brabantse grijze zandboekweit (BGZ), (B) Darja, (C) La Harpe, (D) Lileja, and (E) Nojai. Data are
means =+ sd. Values followed by the same letter for the same variety were not statistically significant
at the 5% level at the end of the experiment.
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2.1.3. Floral Resources and Flower Fertility

Nectar and pollen production were evaluated, as they are key attractants for pollinators
(Figures 3 and 4, Table S3). Measurements of floral fertility, namely pollen viability and
stigma receptivity, were also analyzed (Tables 2 and S3). These parameters were evaluated
separately for each flower morph (pin and thrum), and the details are presented in Table S4.
The flower morph only affected the nectar volume per flower in Nojai and the pollen
production in Darja (Tables S5 and 56); overall, both parameters were significantly higher
in the pin morphs.
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(21 °Cvs. 28 °C) and water supply conditions (well-watered (WW) vs. water-stressed (WS)). Varieties:
(A) Brabantse grijze zandboekweit (BGZ), (B) Darja, (C) La Harpe, (D) Lileja, and (E) Nojai. Data are
means =+ sd. Values followed by the same letter for the same variety were not statistically significant
at the 5% level. Nectar was collected from a minimum of 5-10 flowers per morph for each variety
and condition (details in Table S4).
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means + sd. Values followed by the same letter for the same variety were not statistically significant
at the 5% level. Pollen was collected from a minimum of 5-10 flowers per morph for each variety and
condition (details in Table S4).



Plants 2025, 14, 131

7 of 21

Table 2. Pollen viability and stigmata receptivity for F. esculentum varieties subjected to two temperatures
(21 °C vs. 28 °C) and water supply conditions (well-watered (WW) vs. water-stressed (WS)).

Variety * 21 °"CWW 21 °C WS 28 "CWW 28 °CWS
Pollen viability (%)

BGZ 7772+ 2164a 86.15+1142a 78854+1922a 8745+£7.18a
Darja 9559 £6.07a 9472+376a 9577+413a 97.63+£245a

La Harpe 9150 £547a 9097+719a 86.77+£836a 90.68 £531a
Lileja 9820 £098b 9768 £1.55b  9485+249a 9590+ 173a
Nojai 98.68 £0.94b  9850+£093b 9628 £3.05a 9633 +263a

Stigmata receptivity (%)

BGZ 85 55 60 40
Darja 90 80 8 33

La Harpe 60 75 65 55
Lileja 90 60 35 45
Nojai 65 90 75 25

* Mean values and their standard deviation which are followed by the same letter for the same variety were not
statistically significant at the 5% level. Pollen viability and stigma receptivity were analyzed using a minimum of
5-10 flowers per morph for each variety and condition (details in Table S4).

The mean nectar volume per flower ranged between 0.055 and 0.182 pL, and the
highest volume was observed in plants grown at 21 °C WW, regardless of the variety
(Figure 3). The nectar volume per flower decreased with high temperature and drought,
although the effect was not similar in all varieties (Table S3). In BGZ flowers, nectar volume
decreased regularly with both temperature increase and drought so that it was 45.4% lower
in plants grown at 28 °C WS compared to those grown at 21 °C WW (Figure 3A, Table S3).
In Darja, nectar volume decreased by 62.5% between 21 °C WW and 28 °C WS (Figure 3B,
Table S3). In La Harpe, drought and high temperature both reduced the nectar volume
(Table S3); the nectar volume per flower at 28 °C WS was 50% lower as compared with that
at 21 °C WW (Figure 3C). The nectar volume of the Lileja and Nojai flowers was mainly
affected by temperature, with a lower volume at 28 °C than at 21 °C, although it was also
affected by drought at 21 °C (Figure 3D,E, Tables S3 and S5). For both varieties, the lowest
nectar volume per flower was observed at 28 °C WW with a decrease of 65.7% and 70.4%
compared to the results at 21 °C WW for Lileja and Nojai, respectively.

While the volume of nectar was affected by stress, its sugar concentration can also
vary with the environment. The sugar concentration of nectar was only measured for Darja.
It was 26.5% =+ 4.5% at 21 °C WW, 15.6% =+ 2.2% at 21 °C WS, 10.8% = 6.7% at 28 °C WW),
and 5.3 %=+ 2.3% at 28 °C WS, decreasing with both temperature increase and drought
(Table S3). The sugar concentration in the nectar was also higher in the thrum than pin
flowers, except at 21 °C WW (Tables S4 and S5).

The mean number of pollen grains per anther ranged from 67 to 222, depending on the
variety and treatment (Figure 4). Here again, the effect of drought and high temperatures
depended on the variety (Table S3). Pollen production increased with drought and slightly
decreased with temperature in BGZ, while it decreased under both stresses and their
combination in Darja (Figure 4A,B, Table S3). In La Harpe, pollen production decreased
with temperature, and the effect of drought depended on the temperature (Figure 4C,
Table S3). Pollen production was slightly affected by temperature in Nojai (Table S3), with
a significant decrease between 21 °C WW and 28 °C WS (Figure 4E). Lileja was the variety
whose pollen production was least affected by drought and heat (Figure 4D), although
ANOVAZ2 revealed a low but significant decrease with drought (Table S3). As a result, the
highest pollen production was observed at 21 °C WS in BGZ (Figure 4A) and at 21 °C WW
for the other varieties (Figure 4B-E), and the lowest pollen production was observed at
28 °C WW for BGZ and La Harpe (Figure 4A,C) and at 28 °C WS for Darja (Figure 4B),
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Lileja (Figure 4D), and Nojai (Figure 4E). The decrease between the highest and lowest
production ranged from 33.1% in Lileja to 69.6% in La Harpe.

Compared with pollen production, pollen viability was less affected by stress con-
ditions (Table 2 and Table S3). It was only affected by high temperatures in Lileja and
Nojai, with a decrease of 2-3% between 21 °C and 28 °C, but it was not affected by drought,
regardless of the variety (Table 2).

Stigma receptivity was more sensitive to high temperatures and drought than was
pollen viability. The highest stigma receptivity was observed at 21 °C WW for BGZ, Darja,
and Lileja and at 21 °C WS for La Harpe and Nojai, with more than 75% of the analyzed
flowers exhibiting receptive stigmata (Table 2). For most of the varieties, the lowest stigma
receptivity was observed at 28 °C WS, with less than 55% of receptive stigmata, with the
exception of Darja and Lileja, which showed the lowest stigma receptivity at 28 °C WW.
Darja was the most affected variety, with only 8% of the flowers showing receptive stigmata
at 28 °C WW, while La Harpe was the least affected variety, since more than 55% of the
stigmata were receptive, regardless of the treatment (Table 2).

2.2. Impact of Drought and High Temperature on Buckwheat—Pollinator Interactions

For each variety, 3 to 5 plants per treatment at the flowering stage were transferred
outside the greenhouses to observe the insect visiting behavior. Table 3 summarizes the
number of inflorescences and open flowers per plant, as well as the total time of insect
observation and the number of insects visiting the flowers. Statistical comparisons were
not performed for these parameters due to the low number of plants. For BGZ, La Harpe,
Lileja, and Nojai, three 10-min observation sessions were performed per treatment, yielding
a total observation time of 120 min per variety. The different treatments of the same variety
were observed at the same time under the same conditions to enable comparison. For Darja,
all the plants from the different treatments were observed together during the different
sessions, so the time given corresponds to the total observation time for all the treatments.

Table 3. Insect visitation parameters for F. esculentum varieties subjected to two temperatures (21 °C
vs. 28 °C) and water supply conditions (well-watered (WW) vs. water-stressed (WS)). For open
flowers and inflorescences per plant, data are means =+ sd.

Treatment Observed Observation Open Flowers Inflorescences =~ Number of Flower Visit
Plants (n) Time (min) per Plant per Plant Insects Rate/h
BGZ
21 °CWW 5 30 268.93 +£23.89  26.89 £ 2.39 47 0.29
21 °CWS 5 30 102.98 £32.85  20.60 + 6.57 42 0.62
28 °CWW 5 30 135.46 £36.71  16.93 + 4.59 15 0.10
28 °C WS 5 30 64.00 £ 00.00 8.00 £ 0.00 2 0.04
Darja
21 °CWW 3 261* 34.33 £7.09 16.67 £ 5.77 5 0.09
21 °CWS 3 261 % 27.33 £ 6.66 17.67 £ 3.79 7 0.23
28 °CWW 3 261*% 35.67 £24.50  27.00 & 4.58 6 0.05
28 °C WS 3 261 * 6.33 = 4.04 7.67 +£2.31 6 1.17
La Harpe
21 °CWW 5 30 217.00 £23.50  31.00 £ 3.36 42 0.30
21 °CWS 5 30 128.11 £24.93  25.79 £+ 4.89 48 0.50
28 °CWW 5 30 87.60 & 9.61 21.9 £240 20 0.38
28 °C WS 5 30 27.55 £9.50 13.77 £ 4.75 22 0.98
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Table 3. Cont.

Treatment Observed Observation Open Flowers Inflorescences Number of Flower Visit
Plants (n) Time (min) per Plant per Plant Insects Rate/h

Lileja

21 °CWW 3 30 146.01 +5.91 48.67 £1.97 7 0.05

21 °CWS 3 30 141.52 +7.56 35.38 £ 1.89 11 0.25

28 °CWW 3 30 128.58 +9.06 42.86 £ 3.02 3 0.19

28 °CWS 3 30 96.51 £ 37.98 32.17 £ 12.66 0 0.00
Nojai

21 °CWW 3 30 148.68 + 8.28 35.40 £1.97 7 0.28

21 °CWS 3 30 78.08 + 4.03 2440 £1.26 5 0.13

28 °CWW 3 30 83.50 £ 11.28 38.50 £ 5.20 8 0.23

28 °C WS 3 30 50.88 + 00.49 39.14 £ 0.38 1 0.10

* All treatments were observed concurrently; therefore, it was not possible to evaluate the time interval per treatment.

Except for Darja, the number of open flowers per plant was higher at 21 °C WW
compared to that at the other conditions (Table 3). For Darja, plants grown at 28 °C WW
displayed 3.9% more flowers in anthesis than those grown at 21 °C. For most varieties, the
number of open flowers per plant decreased under stress conditions, and plants grown at
28 °C WS showed the lowest number of flowers at anthesis, regardless of the variety.

The number of insects visiting the flowers was affected by the plant-growing condi-
tions (Table 3). For BGZ, more insects visited plants grown at 21 °C WW than at the other
growing conditions. For Darja, the number of visiting insects was low and similar, regard-
less of the plant treatment. For La Harpe, the number of visiting insects was lower at 28 °C
compared to that at 21 °C. For Lileja, the highest number of insects was observed on plants
grown at 21 °C WS and for Nojai, at 28 °C WW. In general, the number of insects visiting
the flowers of plants grown at 28 °C WS was lower than for the other treatments. Given
the low number of insects visiting the flowers, the data from the different varieties will be
compiled (see below) for further analysis of insect diversity and insect visiting behavior.

The flower visit rate provides information on the percentage of open flowers visited
by insects per hour. It varied between 0 and 1.17, depending on the treatments and
varieties. Nojai was the variety showing the highest flower visit rate at 21 °C WW. For
BGZ and Lileja, the highest flower visit rate was for plants treated with only drought stress
(21 °C WS), and for Darja and La Harpe, it was the highest for plants grown at 28 °C WS.
However, the lowest flower visit rate was observed at 28 °C WS for BGZ, Lileja, and Nojai
(Table 3).

2.2.1. Insect Diversity

The main insects visiting F. esculentum flowers were Diptera (69.4%), followed by
Hymenoptera (22.3%). Hoverflies accounted for about 69% of the observed Diptera, and
Apis mellifera, solitary bees, and Bombus spp. accounted for, respectively, about 38%, 33%,
and 29% of the observed Hymenoptera (Figure S2). In total, 108 insects were observed on
flowers grown at 21 °C WW, 113 on flowers grown at 21 °C WS, 52 on flowers grown at
28 °C WW, and 31 on flowers grown at 28 °C WS (Figure 5). The number of insects visiting
the flowers was affected by the plant-growing conditions and decreased with temperature
(x* = 36.23, p < 0.0001.)

The proportions of the different insects also varied according to the treatment
(x?> =22.79, p = 0.0008, Figure 5). The proportions of Diptera and mainly Hymenoptera
were higher at 21 °C than at 28 °C, while the proportions of other insects were higher at
28 °C. Indeed, between 67.3% and 73.8% of visitors were Diptera at 21 °C compared with
67% at 28 °C, and between 22.4% and 27.4% were Hymenoptera at 21 °C compared with
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13.1% to 16.1% at 28 °C. However, less than 3% of the visitors belonged to other orders at
21 °C compared with more than 16% at 28 °C.
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Treatment
Figure 5. Diversity of pollinators visiting flowers of F. esculentum subjected to two temperatures
(21 °C vs. 28 °C) and water supply conditions (well-watered (WW) vs. water-stressed (WS)). Flower
visitors were categorized in three groups: Diptera (black), Hymenoptera (dark grey), and others
(light grey). Numbers in the rectangles represent the number of insects observed for each order and
treatment.

2.2.2. Insect Behavior

The visiting behavior of the insects was characterized based on the visiting time,
the number of visited flowers, and the time spent on these flowers for the four plant
treatments (Table 4). Flower visitors spent the same amount of time per visit to the plot,
regardless of the taxonomic order or the treatment (Tables 4 and S7). However, the time
spent per flower was not the same for all insects and conditions, especially for Hymenoptera
(Tables S7 and S8). Hymenoptera visited flowers of plants grown at 28 °C WS five times
longer than the flowers grown under other conditions; such a difference was not observed
for the other insects (Table 4). Consequently, the number of flowers visited per visit and
per inflorescence differed between treatments for the Hymenoptera but not for the other
insect groups (Tables S7 and S8). The number of flowers visited per insect was impacted
by drought (Fy ¢3= 4.63, p = 0.04), and the number of flowers visited per inflorescence
was affected by the interaction between temperature and drought (F; 63 = 3.86, p = 0.05,
Table S8) for Hymenoptera, but differences were not discriminated by post hoc tests due to
the low p-values (Table 4).

Table 4. Visiting behavior of pollinators observed on flowers of F. esculentum plants subjected to
two temperatures (21 °C vs. 28 °C) and water supply conditions (well-watered (WW) vs. water-
stressed (WS)).

Conditions

Number of Time per Visit to Time per Flower Flowers Visited Visited Flowers per
Insects the Plot (s) * Visit (s) * per Insect * Inflorescence *

21 °CWW
21 °CWS
28 °CWW
28 °C WS

Diptera
79 96.61 &+ 106.36 a 1536 £ 31.56 a 9.67 +10.34 a 259 +139a
35 65.80 & 100.62 a 11.46 £ 12.63 a 6.83 £8.39a 214 £0.8%a
79 7775 £ 6826 a 9.56+8.12a 9.57+884a 239+ 1.08a
21 60.9 £91.47 a 788 £5.64a 819 £12.34a 217£0.79a
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Table 4. Cont.

Conditions Number of Time per Visit to Time per Flower Flowers Visited Visited Flowers per
Insects the Plot (s) * Visit (s) * per Insect * Inflorescence *
Hymenoptera
21 °CWW 24 9729 £113.15a 718 £5.62a 16.84 +22.38 a 3.09 £ 3.66 a
21 °CWS 7 36.29 + 38.75 a 587 +4.39 a 5.86+2.67a 1.85+042a
28 °CWW 31 56.16 £ 58.35a 8.04 £8.32a 777 £731a 200+ 1.04a
28 °CWS 5 128.60 &+ 121.22 a 40.07 £32.76 b 320+£130a 270 £0.84a
Others

21 °CWW 4 109.50 £ 138.19 a 719+£515a 10.50 £9.61a 781+102a
21 °CWS 10 109.60 & 100.18 a 9.05+6.18a 16.50 +17.28 a 5.05£5.68a
28 °CWW 3 127.33 £112.38 a 6.90 £ 547 a 16.67 +£16.50 a 330+051a
28 °CWS 5 33.60 £ 30.47 a 596 £3.87a 5.60 =498 a 2.06 £0.77 a

* Data are means =+ sd. Values followed by the same letter for the same order were not statistically significant at
the 5% level.

2.3. Correlation Between Pollinator Behavior and Floral Resources

To determine whether the differences observed between treatments for the pollinator
visiting behavior could be explained by differences in floral display and floral resources, a
Pearson’s correlation matrix was elaborated (Figure 6). A total of 4 out of 28 correlations
were significant and positive; no significant negative correlations were observed. The
number of insects visiting the flowers per session was positively correlated with the
number of open flowers per plant (R = 0.69, p < 0.001). The number of pollen grains per
anther was also positively correlated with the number of flowers in anthesis per plant
(R=10.52, p < 0.05). Regarding the insect behavior, the time spent per flower by Diptera
increased with the nectar volume per flower (R = 0.50, p < 0.05). The flower visit rate was
also positively correlated with the time spent by the Hymenoptera on the flowers (R = 0.63,

p <0.01).
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Figure 6. Pearson’s correlation matrix between pollinator visiting parameters and floral display and
resource parameters in F. esculentum plants subjected to two temperatures (21 °C vs. 28 °C) and water
supply conditions (well-watered (WW) vs. water-stressed). p-values are represented through four
symbols: ns—p > 0.05, * —p < 0.05, ** —p < 0.01, and ** —p < 0.001.
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3. Discussion

3.1. The Impact of Drought and High Temperature on the Vegetative and Reproductive Growth Is
Not Uniform Between the Different Buckwheat Varieties

Analyzing different varieties cultivated across various years makes the interpreta-
tions between the different stress conditions difficult due to the environmental variations.
Therefore, it was not possible to make inter-varietal comparisons.

Leaf production did not follow the same pattern between the different stress conditions
and the varieties (Figure 1). The number of leaves was stimulated by high temperature for
two of the varieties (Figure 1C,D). An increase in leaf production with high temperature
was also observed in Arabidopsis thaliana, Solanum lycopersicum, and Borago officinalis [60-63].
However, two other varieties produced the same number of leaves, regardless of the stress
condition (Figure 1B,E), and one variety exhibited fewer leaves under drought conditions
(Figure 1A). Previous results showed that heat tended to increase leaf production in com-
mon buckwheat, while drought had less of an impact [57,64,65]. Martinez-Goiii et al. also
reported that common buckwheat was slightly affected by drought and developed drought
avoidance mechanisms [66]. The differences observed between varieties suggest that the
response to abiotic stress could be partly genotype-dependent in common buckwheat.
Tryhub et al. showed that the ecological plasticity of buckwheat varieties could depend on
the geographical origin, and that modern buckwheat varieties may display lower adaptabil-
ity [66,67]. Buckwheat varieties that were domesticated under similar conditions indeed
display similar morphological and physiological traits [66,67].

The impact of heat and drought on reproductive growth also varied among varieties.
Although the flowering time was not strongly affected by the stress condition, the inflores-
cence production was either boosted by high temperatures or reduced by drought (Figure 2),
even though the response could depend on the variety. These results are in accordance with
the observations of Aubert et al. [57,64]. Aubert et al. also showed that heat and drought
could have opposite effects on inflorescence production in Tartary buckwheat [68]. Chen
et al. reported that maintaining flowering initiation during stress is a sign of stress tolerance
and allows for the maintenance of reproduction [69]. It was proposed that, under stressful
conditions, buckwheat produced more flowers to offset the lower number of flowers at
anthesis [41,49,70]. We indeed observed a reduced number of open flowers with stress,
mainly under combined heat and drought conditions.

From a global perspective, the impact of high temperature and/or drought on the
growth of the different varieties was not uniform. Throughout all the experiments con-
ducted over the years, the plants survived until the end of the experiment, showing an
initial sign of tolerance to the different stresses. However, the resistance was correlated with
the genotype of the plant. Varieties like Lileja increased their vegetative and reproductive
growth under stress conditions, whereas other varieties like La Harpe tolerated the stress
and did not modify their growth. Since the tolerance to drought and high temperature
is variety-dependent, screening a large number of varieties under both stresses and their
combination might be a good opportunity to determine tolerant and sensitive varieties
and investigate their morphological and physiological differences in order to identify traits
linked to stress tolerance in buckwheat.

3.2. Floral Resources and Female Fertility Are Negatively Affected by Drought and/or
High Temperature

Floral resources were negatively affected by high temperatures and drought. Nectar
volume was reduced by these stresses, regardless of the variety (Figure 3), as observed
in other studies and species [52,71-74]. Indeed, these authors observed a decrease in
nectar production under drought conditions, and that temperatures above 25 °C decrease
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nectar production in buckwheat [52,71,72]. Moreover, some authors reported that nectar
production was genotype-dependent in buckwheat [51,75]. In our study, direct genotype
comparisons were precluded, since the observations were performed over different years;
however, the nectar volume per flower remained within the range of 0.1 to 0.2 uL under
control conditions and exhibited a similar decreasing trend under stress conditions. The
volume of nectar we observed per flower was in accordance with that observed in other
studies [52,76]. We also measured the nectar sugar concentration in Darja and observed
that it decreased with high temperatures and drought. In contrast to our results, Rering
et al. did not observe a difference in total sugar concentration of the nectar in drought-
stressed buckwheat plants, but they observed that drought decreased the proportion of
sucrose in the nectar [52]. Heat and drought could have variable or no effects on nectar
sugar concentrations, depending on the species and the study [52,73,77]. Moreover, our
observations of nectar production may differ from those under natural conditions since
they were performed under greenhouse conditions, and we cannot exclude possible bias,
i.e., that nectar measurement can be influenced by the greenhouse humidity [77].

The number of pollen grains per anther is low in buckwheat compared to other species
and was around 60-220 in our study, as previously observed [64]. We observed that
stress affected pollen production, although the effect was variety-dependent (Figure 4).
Aubert et al. observed that high temperatures increased pollen production, while drought
reduced it [57,64]. Pollen production was affected by stress in other species such as Collinsia
heterophylla [78].

Buckwheat is known to possess a high pollen viability and stress-sensitive female
organs [53,79], while in most species, the male organs are more affected by stress than are
the female organs [60,63,80-83]. We indeed observed that the pollen viability remained
high, regardless of the variety (Table 2). However, stigmata receptivity decreased under
stress conditions and more particularly, under combined heat and drought stress (Table 2).

3.3. Drought and High Temperature Affect Plant—Pollinator Interaction

Most of the flower visitors to buckwheat flowers in this study were Diptera (Figure 5),
while Hymenoptera, such as Apis mellifera and Apis cerana, were also observed as the main
pollinators in other studies [48,49]. Kim et al. also observed that buckwheat was mainly
visited by Diptera [84]. Observations were performed on a limited number of plants in this
study compared to the number present in a buckwheat field. It would thus be possible
that Diptera were more attracted than Hymenoptera due to the limited number of plants.
Additionally, it is not excluded that plants grown in a greenhouse exhibit some differences
compared to field plants and thus, attract different pollinators.

Plants subjected to drought and/or high temperature were less visited by insects than
were the control plants, and plants subjected to combined stress were the least visited
(Table 3). Moreover, heat-stressed plants were less visited by Hymenoptera, while the
proportion of Diptera visiting the flowers remained approximately constant, regardless of
the stress condition (Figure 5). Drought, high temperature, and specifically, their combina-
tion, decreased the number of open flowers per plant, as well as the floral rewards, which
could explain the lower attractivity for insects. Heat- and drought-stressed plants were
also less visited by insects in Borago officinalis [60]. Floral display and floral rewards are
indeed key elements affecting pollinator abundance and activity [85]. Nectar provides the
main sugar source for insect pollinators, while pollen is the main source of polypeptides,
amino acids, and phytosterols [4,86]. Therefore, modifications of floral traits and floral
rewards might alter the attractiveness of flowers to pollinators [87,88]. Rering et al. also
observed that drought stress affected floral traits and pollinator attraction in buckwheat,
reducing plant reproductive success [52]. However, we observed that the flower visit rate



Plants 2025, 14, 131

14 of 21

was sometimes higher under stress conditions than under control conditions (Table 3),
although this observation depended on the stress and the variety. Since the number of open
flowers was lower in stressed plants, the chance of each individual flower to be visited was
higher, suggesting that the reproductive success at the flower level could be maintained.
The decrease in seed set at the plant level could thus be more explained by a reduced
number of open flowers than by changes in flower visitation, as observed in Sinapis arvensis
under drought stress [89].

Although the number of insects visiting stressed plants decreased, their visiting
behavior was not affected, with the exception of Hymenoptera, which spent more time
on the flowers of plants subjected to combined stress conditions (Table 4). Other studies
reported that Hymenoptera spent more time on stressed than on non-stressed flowers [90],
while others reported that the visitation time was higher on non-stressed than on stressed
flowers [89], or that the time spent on individual flowers was not affected by stress [3].
Insect visiting behavior could be affected by several factors, explaining why the effect
of stress on insect visitation rate and visitation behavior is non-linear and complex [3].
Moreover, the impact could depend on the type of insect, as it is known that foraging
behavior may differ between Hymenoptera and Diptera and even between species [91,92].
In this study, a correlation was found between the volume of nectar and the time spent
by Diptera per flower (Figure 6). These results could be linked to the tendency of Diptera
to spend less time on stressed plants (Table 4), since they produced less nectar (Figure 3).
However, this correlation must be interpreted with caution, because while the volume of
nectar can affect visitor behavior, the flower’s sugar concentration and the total quantity
of nectar sugar per flower are key factors in attracting visitors [89]. However, intrinsic
pollinator behavior does not change with the plant’s stress conditions [89]. Nonetheless,
pollinators will always choose non-stressed plants if given the choice between stressed or
non-stressed types [3].

4. Conclusions

Opverall, our results show that common buckwheat was affected by drought and high
temperatures, and that the impact of these conditions depended on the variety of the
plant. However, the stress combination had the strongest effect, regardless of the variety.
Reproductive growth was also more affected than was vegetative growth. In particular, the
number of open flowers and the floral rewards decreased with stress, negatively impacting
the number of insects visiting the plants. Diptera were the most encountered flower visitors,
and their frequency remained consistent across stress conditions. However, the frequency
of Hymenoptera visiting flowers was lower for stressed than for non-stressed plants. The
visitation behavior did not change between stressed and non-stressed flowers, except for
the behavior of Hymenoptera, which spent more time on flowers subjected to combined
stress. The manner in which these modifications in plant-pollinator interactions affect
buckwheat reproductive success and seed set remain to be investigated.

5. Materials and Methods
5.1. Plant Material and Growth Conditions

Five commercial varieties of Fagopyrum esculentum were cultivated in this study, and
their origin is described in Table S1. The plants were grown under greenhouse conditions
at the SEFY platform (UCLouvain, Louvain-la-Neuve, Belgium) during independent exper-
iments between 2018 and 2023. All varieties were not grown at the same time, explaining
why the growth and reproductive parameters are presented independently for each variety.

The seeds were sown in peat compost (DCM, Amsterdam, The Netherlands) and about
10 days later, the seedlings were transplanted individually into 2 L pots containing the same
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peat compost. The plants were grown under greenhouse conditions (relative humidity of
65% £ 7%, 21 °C/19 °C day/night temperature, and a 14 or 16 h photoperiod, depending on
the experiment). LED LumiGrow lights (650 W, red-blue) to obtain a minimum mean light
intensity of 150 umol m~2:s~! provided additional lighting, when necessary. Two weeks
after sowing, half of the plants were moved to another greenhouse compartment under the
same conditions but with a 28 °C/26 °C day/night temperature, and four treatments were
applied: 21 °C/19 °C well-watered (40-50% soil humidity; 21 WW), 21 °C/19 °C water-
stressed (20-25% soil humidity; 21 WS), 28 °C/26 °C well-watered (40-50% soil humidity;
28 WW), and 28 °C/26 °C water-stressed (20-25% soil humidity; 28 WS). Watering was
performed on Monday, Wednesday, and Friday for the WW plants and on Monday and
Friday for the WS plants. Soil humidity was monitored three times a week using a ProCheck
sensor handheld reader (Decagon Devices, Pullman, WA, USA). The temperature and
relative humidity in the greenhouse compartments were monitored every ten minutes. The
experiments lasted a maximum of 63 days, with a minimum of 10 plants per condition and
variety. The temperature and air and soil relative humidity of the different experiments are
shown in the Supplemental Materials (Figure S1).

5.2. Vegetative and Reproductive Growth Parameters Assessment

The total number of leaves and inflorescences per plant were monitored on a weekly
basis for 10 plants per condition and variety. A leaf was counted once it was fully unfolded,
whereas an inflorescence was counted when all the flower buds turned white. The node of
the first inflorescence was also noted to estimate the flowering time (nodes were counted
acropetally, and the cotyledonary node was disregarded).

5.3. Flower Fertility and Floral Resources Assessment

The number of pollen grains per anther, the pollen viability, the stigma receptivity,
and the nectar volume were evaluated on 10 flowers per condition and morph for Darja,
Lileja, and Nojai and on 5 flowers per condition and morph for BGZ and La Harpe.

For the quantification of pollen grains per anther, the flowers were harvested at the
flower bud stage and were stored in FAA (5 mL formaldehyde 35%, 5 mL glacial acetic acid,
90 mL ethanol 70% v/v). For each flower, two anthers were sampled; each was crushed on
a microscope slide to extract the pollen grains, and 10 uL of Alexander dye were added
to stain the pollen grains (Alexander., 1969). The number of pollen grains per slide was
counted under a light microscope (Polyvar, Reichert-Jung, Depew, NY, USA), according to
the methods of Ref. [93].

For pollen viability, fresh pollen was collected in a small Petri dish by shaking the
inflorescences; the pollen was then transferred to a microscope slide, 10 puL of Alexander dye
was added, and the percentage of pollen viability was assessed under a light microscope
(Polyvar, Reichert-Jung, Depew, NY, USA) by analyzing a minimum of 200 pollen grains
per slide. The pollen was considered viable (presence of cytoplasm) when a red coloration
appeared, while it was considered non-viable (absence of cytoplasm) when the coloration
turned blue. Ten microscope slides were analyzed per condition and variety.

Stigma receptivity was assessed on fully opened flowers by detecting the peroxidase
activity of the stigma, as described by Dafni and Maués (1998): reddish-brown color on
the surface received a score of 0 (no color = no receptive stigma) or 1 (reddish-brown
color = receptive stigma) [94]. Flower anthesis lasts for one day in buckwheat [40], and
stigma receptivity was assessed at the beginning of the afternoon.

Nectar was collected on a minimum of 10 flowers per condition and variety (same
number of pin and thrum flowers) on the fifth or sixth inflorescences and on a minimum
of five different plants per condition, morph, and variety. Using a 0.5 uL micro-capillary,
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the nectar was collected inside the corolla at the nectary level. The nectar volume per
flower was calculated by dividing the amount of the nectar in the micro-capillary by the
total length of the micro-capillary, according to the methods of [95]. All measurements
were performed between 3 p.m. and 4 p.m. The sugar concentration in the nectar was
also measured in var. Darja using a low-volume hand refractometer (Eclipse Handheld
Refractometer; Bellingham & Stanley Ltd., Tunbridge Wells, UK) and is expressed as
percentages of sucrose per nectar mass (w/w). Due to the low volume of nectar per flower,
1 uL or 5 pL micro-capillaries were filled with the nectar of several flowers, and one drop
was placed on the refractometer to determine the average sugar concentration. Six readings
were obtained per variety, morph, and condition.

5.4. Insect Visitation and Behavior Assessment

To evaluate the impact of the growing conditions on the plant attractivity to visiting
insects, three to five plants per condition and variety (after at least 50 days of treatment)
were placed in the garden just outside the greenhouse (50°39'55.3" N, 4°37'09.9” E) to
observe insect visitation and behavior. The plants were taken back in the greenhouse at the
end of each day after the observation sessions. Each observation session lasted 10 min and
covered a “plot” of three plants, and at least three observation sessions were performed
for each condition and variety. The number of plants per “plot” was chosen so that all the
plants could be tracked in the same field of view, and so that all the insects visiting the
flowers in the “plot” could be monitored at the same time. The same proportion of pin and
thrum plants was used for the different conditions of the same variety, so that the flower
morph did not affect the insect visit results. Variety Darja, however, was observed for a
longer duration because all the plants from the different conditions were put outside at the
same time. For each variety, the observations were performed for the different conditions
on the same days under the same weather conditions. Flower visitations were recorded
on sunny days between 10:00 h and 16:00 h. At the beginning of each observation session,
meteorological parameters (nebulosity, wind force, temperature) and plant parameters of
the “plot” (number of plants, number of inflorescences per plant, number of flowers in
anthesis per plant) were recorded. Visitors were classified as honeybees (Apis mellifera),
bumblebees, solitary bees, hoverflies, other Diptera (Diptera excluding Syrphidae), and
other minor visitors. Visiting insects were tracked from the moment they visited a flower in
the “plot” until they left the “plot”, and during the visit of an insect within the “plot”, the
type of insect; the number of flowers, inflorescences, and plants visited; as well as the visit
time per flower, and the total visit time within the “plot”, were noted. The flower visitation
rates were calculated as the ratios between the number of flowers visited by insects in a
plot per hour and the total number of open flowers in the plot.

5.5. Statistical Analyses

Statistical analyses were conducted in R studio (Version 4.3.3). The homoscedasticity
and normality of the data were assessed using the Levene, Bartlett, and Shapiro-Wilk tests.
Data were transformed (square root or logarithm) when required to satisfy the normality
of the residuals. Each variety was analyzed individually, since the year of culture and
the environmental conditions fluctuated throughout the different experiments. ANOVA2
models were defined to evaluate the effects of the temperature, the water stress, and their
interactions on the characteristics of the plants and the floral resources for each variety.
For floral resources, ANOVA3 models were used to evaluate the effects of the morph, the
temperature, the water stress, and their interactions for each variety. ANOVA3 models
were also used to evaluate the impact of temperature, water stress, insect order, and their
interactions on the insect visiting behavior. Multiple comparisons tests using the Tukey
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(for balanced data) and Sidak (for unbalanced data) methods were performed for ANOVA
analysis, with significant values. Chi-square tests were performed to compare the number
of insects according to the treatment and the frequency of Diptera, Hymenoptera, and
other insects, according to the treatment. A Pearson’s correlation matrix (with Bonferroni-
corrected p values) was performed between insect visiting parameters, floral display, and
floral resources. If not indicated otherwise, data were presented as means + sd. The
statistical data are presented in Tables S2, 53, and S5-58 (Supplementary Materials).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants14010131/s1, Figure S1: Environmental conditions during the
experiment for each variety.; Figure S2: Some insects visiting Fagopyrum esculentum flowers during
the experiment. (A-C) Syrphidae (Diptera), (D-F) Hymenoptera.; Table S1: Origin country and
institution for each F. esculentum variety; Table S2: Results of statistical analyses (ANOVA?2) for plant
growth parameters for F. esculentum; Table S3: Results of statistical analyses (ANOVAZ2) for floral
fertility and resources for F. esculentum; Table S4: floral resources and floral fertility parameters of
F. esculentum plants grown under two temperatures (21 °C vs. 28 °C) and water supply conditions
(well-watered (WW) vs. water-stressed (WS)), according to the variety and flower morph; Table S5:
Results of statistical analyses (ANOVA?2) for nectar parameters (nectar volume per flower and sugar
concentration) for the different flower morphs of F. esculentum; Table S6: Results of statistical analyses
(ANOVAB3) for number of pollen grains per anther for the different flower morphs of F. esculentum;
Table S7: Results of statistical analyses (ANOVAB3) for the behavior of insects pollinating plants
subject at two temperatures (21 °C vs. 28 °C) and water supply conditions (well-watered (WW) vs.
water-stressed (WS)); Table S8: Results of statistical analyses (ANOVA?2) for the behavior of Diptera,
Hymenoptera, and other insects pollinating plants subjected to two temperatures (21 °C vs. 28 °C)
and water supply conditions (well-watered (WW) vs. water-stressed (WS)).

Author Contributions: Conceptualization, M.Q., YM., M.Z. and K.Z.; methodology, M.Q. and
C.D,; formal analysis, C.D., J.L., ].D. and C.ET,; investigation, J.L., ].D. and C.ET.; resources, M.Q.;
data curation, C.D.; validation, C.D. and M.Q.; writing—original draft preparation, C.D. and M.Q.;
writing—review and editing, C.D., YM., M.Z., K.Z. and M.Q.; visualization, C.D.; supervision, M.Q.;
project administration, M.Q. and Y.M.; funding acquisition, M.Q., M.Z. and K.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by WBI-MOST, grant number 580967, FSR-UCLouvain 2023, and
the APC was funded by Fondation Universitaire de Belgique.

Data Availability Statement: The data presented in this study are available in the text and
Supplementary Materials. The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors are grateful to Brigitte Van Pee, Paul Dekazemaeker, and Marie-Eve
Renard for their technical support. C.D. is grateful to the FSR-UCLouvain for the award of a research
fellowship. This work is part of the master’s theses of ].L., ].D., and C.ET.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

Masson-Delmotte, V.P; Zhai, P.; Pirani, S.L.; Connors, C.; Péan, S.; Berger, N.; Caud, Y.; Chen, L.; Goldfarb, M.I.; Scheel Monteiro,
PM. IPCC, 2021: Summary for Policymakers. In Climate Change 2021: The Physical Science Basis. Contribution of Working Group
I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2021.

Wang, J.; Vanga, S.K,; Saxena, R.; Orsat, V.; Raghavan, V. Effect of Climate Change on the Yield of Cereal Crops: A Review. Climate
2018, 6, 41. [CrossRef]


https://www.mdpi.com/article/10.3390/plants14010131/s1
https://www.mdpi.com/article/10.3390/plants14010131/s1
https://doi.org/10.3390/cli6020041

Plants 2025, 14, 131 18 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Descamps, C.; Quinet, M.; Jacquemart, A.-L. The Effects of Drought on Plant-Pollinator Interactions: What to Expect? Environ.
Exp. Bot. 2021, 182, 104297. [CrossRef]

Nicolson, S.W.; Nepi, M.; Pacini, E. Nectaries and Nectar; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2007;
ISBN 978-1-4020-5937-7.

Vaudo, A.D.; Tooker, ].E; Grozinger, C.M.; Patch, H.M. Bee Nutrition and Floral Resource Restoration. Curr. Opin. Insect Sci. 2015,
10, 133-141. [CrossRef]

Settele, J.; Bishop, J.; Potts, S.G. Climate Change Impacts on Pollination. Nat. Plants 2016, 2, 1-3. [CrossRef] [PubMed]

Dreesen, FE.; De Boeck, H.J.; Janssens, I.A.; Nijs, I. Summer Heat and Drought Extremes Trigger Unexpected Changes in
Productivity of a Temperate Annual/Biannual Plant Community. Environ. Exp. Bot. 2012, 79, 21-30. [CrossRef]

Kamatchi, K.A.M.; Anitha, K.; Kumar, K.A ; Senthil, A.; Kalarani, M.K_; Djanaguiraman, M. Impacts of Combined Drought and
High-Temperature Stress on Growth, Physiology, and Yield of Crops. Plant Physiol. Rep. 2024, 29, 28-36. [CrossRef]

Awasthi, R.; Kaushal, N.; Vadez, V.; Turner, N.C.; Berger, J.; Siddique, K.H.M.; Nayyar, H. Individual and Combined Effects of
Transient Drought and Heat Stress on Carbon Assimilation and Seed Filling in Chickpea. Funct. Plant Biol. 2014, 41, 1148-1167.
[CrossRef] [PubMed]

Barnabas, B.; Jager, K.; Fehér, A. The Effect of Drought and Heat Stress on Reproductive Processes in Cereals. Plant Cell Environ.
2008, 31, 11-38. [CrossRef]

Zandalinas, S.I.; Fritschi, EB.; Mittler, R. Signal Transduction Networks during Stress Combination. J. Exp. Bot. 2020, 71, 1734-1741.
[CrossRef]

Fébidn, A.; Safran, E.; Szabo-Eitel, G.; Barnabds, B.; Jager, K. Stigma Functionality and Fertility Are Reduced by Heat and Drought
Co-Stress in Wheat. Front. Plant Sci. 2019, 10, 244. [CrossRef] [PubMed]

Lohani, N.; Singh, M.B.; Bhalla, P.L. High Temperature Susceptibility of Sexual Reproduction in Crop Plants. J. Exp. Bot. 2020, 71,
555-568. [CrossRef] [PubMed]

Nussbaumer, A.; Meusburger, K.; Schmitt, M.; Waldner, P.; Gehrig, R.; Haeni, M.; Rigling, A.; Brunner, I.; Thimonier, A. Extreme
Summer Heat and Drought Lead to Early Fruit Abortion in European Beech. Sci. Rep. 2020, 10, 5334. [CrossRef]

Balfagén, D.; Sengupta, S.; Gémez-Cadenas, A.; Fritschi, EB.; Azad, R.K,; Mittler, R.; Zandalinas, S.I. Jasmonic Acid Is Required
for Plant Acclimation to a Combination of High Light and Heat Stress. Plant Physiol. 2019, 181, 1668-1682. [CrossRef] [PubMed]
Cohen, I.; Zandalinas, S.I; Fritschi, E.B.; Sengupta, S.; Fichman, Y.; Azad, R.K.; Mittler, R. The Impact of Water Deficit and Heat
Stress Combination on the Molecular Response, Physiology, and Seed Production of Soybean. Physiol. Plant. 2021, 172, 41-52.
[CrossRef] [PubMed]

Mahalingam, R.; Bregitzer, P. Impact on Physiology and Malting Quality of Barley Exposed to Heat, Drought and Their
Combination during Different Growth Stages under Controlled Environment. Physiol. Plant. 2019, 165, 277-289. [CrossRef]
Jagadish, S.V.K,; Muthurajan, R.; Rang, Z.W.; Malo, R.; Heuer, S.; Bennett, J.; Craufurd, P.Q. Spikelet Proteomic Response to
Combined Water Deficit and Heat Stress in Rice (Oryza sativa Cv. N22). Rice 2011, 4, 1-11. [CrossRef]

Li, X.; Lawas, LM.E; Malo, R.; Glaubitz, U.; Erban, A.; Mauleon, R.; Heuer, S.; Zuther, E.; Kopka, J.; Hincha, D.K.; et al. Metabolic
and Transcriptomic Signatures of Rice Floral Organs Reveal Sugar Starvation as a Factor in Reproductive Failure under Heat and
Drought Stress. Plant Cell Environ. 2015, 38, 2171-2192. [CrossRef] [PubMed]

Rang, Z.W.,; Jagadish, S.VK.; Zhou, Q.M.; Craufurd, P.Q.; Heuer, S. Effect of High Temperature and Water Stress on Pollen
Germination and Spikelet Fertility in Rice. Environ. Exp. Bot. 2011, 70, 58-65. [CrossRef]

Kingsolver, J.; Huey, R. Size, Temperature, and Fitness: Three Rules. Evol. Ecol. Res. 2008, 10, 251-268.

Pincebourde, S.; van Baaren, J.; Rasmann, S.; Rasmont, P.; Rodet, G.; Martinet, B.; Calatayud, P.-A. Chapter Nine—Plant-Insect
Interactions in a Changing World. In Advances in Botanical Research; Sauvion, N., Thiéry, D., Calatayud, P--A., Eds.; Insect-Plant
Interactions in a Crop Protection Perspective; Academic Press: New York, NY, USA, 2017; Volume 81, pp. 289-332.

Martinet, B.; Dellicour, S.; Ghisbain, G.; Przybyla, K.; Zambra, E.; Lecocq, T.; Boustani, M.; Baghirov, R.; Michez, D.; Rasmont, P.
Global Effects of Extreme Temperatures on Wild Bumblebees. Conserv. Biol. 2021, 35, 1507-1518. [CrossRef]

Woodard, S.H. Bumble Bee Ecophysiology: Integrating the Changing Environment and the Organism. Curr. Opin. Insect Sci. 2017,
22,101-108. [CrossRef] [PubMed]

Alaux, C.; Ducloz, F; Crauser, D.; Le Conte, Y. Diet Effects on Honeybee Immunocompetence. Biol. Lett. 2010, 6, 562-565.
[CrossRef] [PubMed]

Naug, D. Nutritional Stress Due to Habitat Loss May Explain Recent Honeybee Colony Collapses. Biol. Conserv. 2009, 142,
2369-2372. [CrossRef]

Kudo, G.; Harder, L.D. Floral and Inflorescence Effects on Variation in Pollen Removal and Seed Production among Six Legume
Species. Funct. Ecol. 2005, 19, 245-254. [CrossRef]

Ceulemans, T.; Hulsmans, E.; Ende, W.V,; Honnay, O. Nutrient Enrichment Is Associated with Altered Nectar and Pollen Chemical
Composition in Succisa Pratensis Moench and Increased Larval Mortality of Its Pollinator Bombus terrestris L. PLoS ONE 2017, 12,
€0175160. [CrossRef] [PubMed]


https://doi.org/10.1016/j.envexpbot.2020.104297
https://doi.org/10.1016/j.cois.2015.05.008
https://doi.org/10.1038/nplants.2016.92
https://www.ncbi.nlm.nih.gov/pubmed/27364126
https://doi.org/10.1016/j.envexpbot.2012.01.005
https://doi.org/10.1007/s40502-023-00754-4
https://doi.org/10.1071/FP13340
https://www.ncbi.nlm.nih.gov/pubmed/32481065
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1093/jxb/erz486
https://doi.org/10.3389/fpls.2019.00244
https://www.ncbi.nlm.nih.gov/pubmed/30899270
https://doi.org/10.1093/jxb/erz426
https://www.ncbi.nlm.nih.gov/pubmed/31560053
https://doi.org/10.1038/s41598-020-62073-0
https://doi.org/10.1104/pp.19.00956
https://www.ncbi.nlm.nih.gov/pubmed/31594842
https://doi.org/10.1111/ppl.13269
https://www.ncbi.nlm.nih.gov/pubmed/33179765
https://doi.org/10.1111/ppl.12841
https://doi.org/10.1007/s12284-011-9059-x
https://doi.org/10.1111/pce.12545
https://www.ncbi.nlm.nih.gov/pubmed/25828772
https://doi.org/10.1016/j.envexpbot.2010.08.009
https://doi.org/10.1111/cobi.13685
https://doi.org/10.1016/j.cois.2017.06.001
https://www.ncbi.nlm.nih.gov/pubmed/28805631
https://doi.org/10.1098/rsbl.2009.0986
https://www.ncbi.nlm.nih.gov/pubmed/20089536
https://doi.org/10.1016/j.biocon.2009.04.007
https://doi.org/10.1111/j.1365-2435.2005.00961.x
https://doi.org/10.1371/journal.pone.0175160
https://www.ncbi.nlm.nih.gov/pubmed/28406910

Plants 2025, 14, 131 19 of 21

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

Pasquale, G.D.; Salignon, M.; Conte, Y.L.; Belzunces, L.P.; Decourtye, A.; Kretzschmar, A.; Suchail, S.; Brunet, J.-L.; Alaux,
C. Influence of Pollen Nutrition on Honey Bee Health: Do Pollen Quality and Diversity Matter? PLoS ONE 2013, 8, e72016.
[CrossRef] [PubMed]

Pasquale, G.D.; Alaux, C.; Conte, Y.L.; Odoux, J.-F; Pioz, M.; Vaissiere, B.E.; Belzunces, L.P.; Decourtye, A. Variations in the
Availability of Pollen Resources Affect Honey Bee Health. PLoS ONE 2016, 11, e0162818. [CrossRef]

Rotheray, E.L.; Osborne, ].L.; Goulson, D. Quantifying the Food Requirements and Effects of Food Stress on Bumble Bee Colony
Development. J. Apic. Res. 2017, 56, 288-299. [CrossRef]

Aizen, M.A,; Harder, L.D. The Global Stock of Domesticated Honey Bees Is Growing Slower Than Agricultural Demand for
Pollination. Curr. Biol. 2009, 19, 915-918. [CrossRef]

Klein, A.-M.; Vaissiére, B.E.; Cane, ].H.; Steffan-Dewenter, I.; Cunningham, S.A.; Kremen, C.; Tscharntke, T. Importance of
Pollinators in Changing Landscapes for World Crops. Proc. R. Soc. B Biol. Sci. 2006, 274, 303-313. [CrossRef] [PubMed]

Gallai, N.; Salles, J.-M.; Settele, J.; Vaissiere, B.E. Economic Valuation of the Vulnerability of World Agriculture Confronted with
Pollinator Decline. Ecol. Econ. 2009, 68, 810-821. [CrossRef]

Garrity, D.P,; Akinnifesi, FK.; Ajayi, O.C.; Weldesemayat, S.G.; Mowo, J.G.; Kalinganire, A.; Larwanou, M.; Bayala, J. Evergreen
Agriculture: A Robust Approach to Sustainable Food Security in Africa. Food Sec. 2010, 2, 197-214. [CrossRef]

Mahata, D. Importance of Buckwheat (Fagopyrum esculentum Moench). Int. ]. Chem. Stud. 2018, 6, 2121-2125.

Bonafaccia, G.; Marocchini, M.; Kreft, I. Composition and Technological Properties of the Flour and Bran from Common and
Tartary Buckwheat. Food Chem. 2003, 80, 9-15. [CrossRef]

Dziedzic, K.; Gérecka, D.; Szwengiel, A.; Sulewska, H.; Kreft, I.; Gujska, E.; Walkowiak, J. The Content of Dietary Fibre and
Polyphenols in Morphological Parts of Buckwheat (Fagopyrum tataricum). Plant Foods Hum. Nutr. 2018, 73, 82-88. [CrossRef]
Rout, M.K.; Chrungoo, N.K. Partial Characterization of the Lysine Rich 280KD Globulin from Common Buckwheat (Fagopyrum
esculentum Moench): Its Antigenic Homology with Seed Proteins of Some Other Crops. IUBMB Life 1996, 40, 587-595. [CrossRef]
Quinet, M.; Cawoy, V.; Lefevre, I.; Van Miegroet, F.; Jacquemart, A.-L.; Kinet, ].-M. Inflorescence Structure and Control of
Flowering Time and Duration by Light in Buckwheat (Fagopyrum esculentum Moench). J. Exp. Bot. 2004, 55, 1509-1517. [CrossRef]
Cawoy, V.; Ledent, J.-E; Kinet, ].-M.; Jacquemart, A.-L. Floral Biology of Common Buckwheat (Fagopyrum esculentum Moench).
Eur. |. Plant Sci. Biotechnol. 2009, 3, 1-9.

Alekseyeva, E.S.; Bureyko, A.L. Bee Visitation, Nectar Productivity and Pollen Efficiency of Common Buckwheat. Fagopyrum
2000, 17, 77-80.

Brzosko, E.; Bajguz, A.; Burzynska, J.; Chmur, M. Does Reproductive Success in Natural and Anthropogenic Populations of
Generalist Epipactis Helleborine Depend on Flower Morphology and Nectar Composition? Int. J. Mol. Sci. 2023, 24, 4276.
[CrossRef] [PubMed]

Cawoy, V.; Deblauwe, V.; Halbrecq, B.; LEDENT, J.-F; Kinet, ]-M.; Jacquemart, A.-L. Morph Differences and Honeybee Morph
Preference in the Distylous Species Fagopyrum Esculentum Moench. Int. J. Plant Sci. 2006, 167, 853—-861. [CrossRef]

Halbrecq, B.; Romedenne, P.; Ledent, J.F. Evolution of Flowering, Ripening and Seed Set in Buckwheat (Fagopyrum esculentum
Moench): Quantitative Analysis. Eur. J. Agron. 2005, 23, 209-224. [CrossRef]

Taylor, D.P; Obendorf, R.L. Quantitative Assessment of Some Factors Limiting Seed Set in Buckwheat. Crop Sci. 2001, 41,
1792-1799. [CrossRef]

Adhikari, K.N.; Campbell, C.G. Natural Outcrossing in Common Buckwheat. Euphytica 1998, 102, 233-237. [CrossRef]
Bjorkman, T.; Pearson, K. The Inefficiency of Honeybees in the Pollination of Buckwheat. In Proceedings of the VI International
Symposium of Buckwheat, Shinshu, China, 24-29 August 1995; Volume 1995, p. 462.

Jacquemart, A.-L.; Cawoy, V.; Kinet, J.-M.; Ledent, J.-F.; Quinet, M. Is Buckwheat (Fagopyrum esculentum Moench) Still a Valuable
Crop Today? Eur. J. Plant Sci. Biotechnol. 2012, 6, 1-10.

Sasaki, H.; Wagatsuma, T. Bumblebees (Apidae: Hymenoptera) Are the Main Pollinators of Common Buckwheat, Fogopyrum
Esculentum, in Hokkaido, Japan. Appl. Entomol. Zool. 2007, 42, 659-661. [CrossRef]

Faroogq, S.; Rehman, R.U.; Pirzadah, T.B.; Malik, B.; Dar, F.A.; Tahir, I. Chapter Twenty Three—Cultivation, Agronomic Practices,
and Growth Performance of Buckwheat. In Molecular Breeding and Nutritional Aspects of Buckwheat; Zhou, M., Kreft, I, Woo, S.-H.,
Chrungoo, N., Wieslander, G., Eds.; Academic Press: New York, NY, USA, 2016; pp. 299-319, ISBN 978-0-12-803692-1.

Rering, C.C.; Franco, J.G.; Yeater, K.M.; Mallinger, R.E. Drought Stress Alters Floral Volatiles and Reduces Floral Rewards,
Pollinator Activity, and Seed Set in a Global Plant. Ecosphere 2020, 11, e03254. [CrossRef]

Plazek, A.; Stomka, A.; Kope¢, P; Dziurka, M.; Hornyak, M.; Sychta, K.; Pastuszak, J.; Dubert, F. Effects of High Temperature
on Embryological Development and Hormone Profile in Flowers and Leaves of Common Buckwheat (Fagopyrum esculentum
Moench). Int. ]. Mol. Sci. 2019, 20, 1705. [CrossRef]

Kreft, I. Buckwheat Breeding Perspectives. In Proceedings of the 2nd International Symposium on Buckwheat, Buckwheat
Research, Miyazaki, Japan, 7-10 September 1983; pp. 3-12.


https://doi.org/10.1371/journal.pone.0072016
https://www.ncbi.nlm.nih.gov/pubmed/23940803
https://doi.org/10.1371/journal.pone.0162818
https://doi.org/10.1080/00218839.2017.1307712
https://doi.org/10.1016/j.cub.2009.03.071
https://doi.org/10.1098/rspb.2006.3721
https://www.ncbi.nlm.nih.gov/pubmed/17164193
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1007/s12571-010-0070-7
https://doi.org/10.1016/S0308-8146(02)00228-5
https://doi.org/10.1007/s11130-018-0659-0
https://doi.org/10.1080/15216549600201173
https://doi.org/10.1093/jxb/erh164
https://doi.org/10.3390/ijms24054276
https://www.ncbi.nlm.nih.gov/pubmed/36901705
https://doi.org/10.1086/504924
https://doi.org/10.1016/j.eja.2004.11.006
https://doi.org/10.2135/cropsci2001.1792
https://doi.org/10.1023/A:1018365210463
https://doi.org/10.1303/aez.2007.659
https://doi.org/10.1002/ecs2.3254
https://doi.org/10.3390/ijms20071705

Plants 2025, 14, 131 20 of 21

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

Inoue, N.; Hagiwara, M. Analysis of the Yielding Process Based on the Module Concept in Common Buckwheat. Fagopyrum 1999,
16,73-77.

Plazek, A.; Hura, K.; Hura, T.; Stomka, A.; Hornyédk, M.; Sychta, K. Synthesis of Heat-Shock Proteins HSP-70 and HSP-90 in
Flowers of Common Buckwheat (Fagopyrum esculentum) under Thermal Stress. Crop Pasture Sci. 2020, 71, 760-767. [CrossRef]
Aubert, L.; Konrddova, D.; Kebbas, S.; Barris, S.; Quinet, M. Comparison of High Temperature Resistance in Two Buckwheat
Species Fagopyrum esculentum and Fagopyrum tataricum. J. Plant Physiol. 2020, 251, 153222. [CrossRef] [PubMed]

Miyashita, T.; Hayashi, S.; Natsume, K.; Taki, H. Diverse Flower-Visiting Responses among Pollinators to Multiple Weather
Variables in Buckwheat Pollination. Sci. Rep. 2023, 13, 3099. [CrossRef] [PubMed]

Cordeiro, G.D.; Détterl, S. Floral Scents in Bee-Pollinated Buckwheat and Oilseed Rape under a Global Warming Scenario. Insects
2023, 14, 242. [CrossRef]

Descamps, C.; Quinet, M.; Baijot, A.; Jacquemart, A.-L. Temperature and Water Stress Affect Plant-Pollinator Interactions in
Borago Officinalis (Boraginaceae). Ecol. Evol. 2018, 8, 3443-3456. [CrossRef] [PubMed]

Farooq, M.; Bramley, H.; Palta, J.A.; Siddique, K.H.M. Heat Stress in Wheat during Reproductive and Grain-Filling Phases. Crit.
Rev. Plant Sci. 2011, 30, 491-507. [CrossRef]

Giorno, E; Wolters-Arts, M.; Mariani, C.; Rieu, I. Ensuring Reproduction at High Temperatures: The Heat Stress Response during
Anther and Pollen Development. Plants 2013, 2, 489-506. [CrossRef]

Gray, S.B.; Brady, S.M. Plant Developmental Responses to Climate Change. Dev. Biol. 2016, 419, 64-77. [CrossRef]

Aubert, L.; Konrddova, D.; Barris, S.; Quinet, M. Different Drought Resistance Mechanisms between Two Buckwheat Species And.
Physiol. Plant. 2021, 172, 577-586. [CrossRef] [PubMed]

Martinez-Gofii, X.S.; Miranda-Apodaca, J.; Pérez-Lépez, U. Could Buckwheat and Spelt Be Alternatives to Wheat under Future
Environmental Conditions? Study of Their Physiological Response to Drought. Agric. Water Manag. 2023, 278, 108176. [CrossRef]
Hlasnéd Cepkova, P,; Janovska, D.; Stehno, Z. Assessment of Genetic Diversity of Selected Tartary and Common Buckwheat
Accessions. Span. J. Agric. Res. 2009, 4, 844-854. [CrossRef]

Tryhub, O.V,; Bahan, A.V,; Shakaliy, S.M.; Barat, Y.M.; Yurchenko, S.O. Ecological plasticity of buckwheat varieties (Fagopyrum
esculentum Moench.) of different geographical origin according to productivity. Agron. Res. 2020, 18, 2627-2638.

Aubert, L.; Quinet, M. Comparison of Heat and Drought Stress Responses among Twelve Tartary Buckwheat (Fagopyrum tataricum)
Varieties. Plants 2022, 11, 1517. [CrossRef] [PubMed]

Chen, M.; Zhang, T.-L.; Hu, C.-G.; Zhang, ].-Z. The Role of Drought and Temperature Stress in the Regulation of Flowering Time
in Annuals and Perennials. Agronomy 2023, 13, 3034. [CrossRef]

Lachmann, S.; Adachi, T. Studies on the Influence of Photoperiod and Temperature on Floral Traits in Buckwheat (Fagopyrum
esculentum Moench) under Controlled Stress Conditions. Plant Breed. 1990, 105, 248-253. [CrossRef]

Farkas, A.; Zajacz, E. Nectar Production for the Hungarian Honey Industry. Eur. J. Plant Sci. Biotechnol. 2007, 1, 125-151.

Racys, J.; Montviliene, R. Effect of Bees-Pollinators in Buckwheat [Fagopyrum esculentum Moench] Crops. J. Apic. Sci. 2005, 49,
47-51.

Villarreal, A.G.; Freeman, C.E. Effects of Temperature and Water Stress on Some Floral Nectar Characteristics in Ipomopsis
Longiflora (Polemoniaceae) under Controlled Conditions. Bot. Gaz. 1990, 151, 5-9. [CrossRef]

Shuel, R.W. Some Factors Affecting Nectar Secretion in Red Cloverl. Plant Physiol. 1952, 27, 95-110. [CrossRef] [PubMed]
Plazek, A.; Dziurka, M.; Stomka, A.; Kope¢, P. The Effect of Stimulants on Nectar Composition, Flowering, and Seed Yield of
Common Buckwheat (Fagopyrum esculentum Moench). Int. . Mol. Sci. 2023, 24, 12852. [CrossRef] [PubMed]

Cawoy, V.; Kinet, ].-M.; Jacquemart, A.-L. Morphology of Nectaries and Biology of Nectar Production in the Distylous Species
Fagopyrum Esculentum. Ann. Bot. 2008, 102, 675-684. [CrossRef] [PubMed]

Corbet, S.A.; Willmer, P.G.; Beament, ].W.L.; Unwin, D.M.; Prys-Jones, O.E. Post-Secretory Determinants of Sugar Concentration
in Nectar. Plant Cell Environ. 1979, 2, 293-308. [CrossRef]

Arathi, H.S.; Smith, T.]. Drought and Temperature Stresses Impact Pollen Production and Autonomous Selfing in a California
Wildflower, Collinsia Heterophylla. Ecol. Evol. 2023, 13, €10324. [CrossRef]

Stomka, A.; Michno, K.; Dubert, E; Dziurka, M.; Kope¢, P; Plazek, A. Embryological Background of Low Seed Set in Distylous
Common Buckwheat (Fagopyrum esculentum Moench) with Biased Morph Ratios, and Biostimulant-Induced Improvement of It.
Crop Pasture Sci. 2017, 68, 680—-690. [CrossRef]

Borghi, M.; Perez de Souza, L.; Yoshida, T.; Fernie, A.R. Flowers and Climate Change: A Metabolic Perspective. New Phytol. 2019,
224,1425-1441. [CrossRef]

Hasanuzzaman, M.; Nahar, K.; Alam, M.M.; Roychowdhury, R.; Fujita, M. Physiological, Biochemical, and Molecular Mechanisms
of Heat Stress Tolerance in Plants. Int. J. Mol. Sci. 2013, 14, 9643-9684. [CrossRef]

Hatfield, J.L.; Prueger, ]. H. Temperature Extremes: Effect on Plant Growth and Development. Weather. Clim. Extrem. 2015, 10,
4-10. [CrossRef]


https://doi.org/10.1071/CP20011
https://doi.org/10.1016/j.jplph.2020.153222
https://www.ncbi.nlm.nih.gov/pubmed/32634749
https://doi.org/10.1038/s41598-023-29977-z
https://www.ncbi.nlm.nih.gov/pubmed/36813829
https://doi.org/10.3390/insects14030242
https://doi.org/10.1002/ece3.3914
https://www.ncbi.nlm.nih.gov/pubmed/29607037
https://doi.org/10.1080/07352689.2011.615687
https://doi.org/10.3390/plants2030489
https://doi.org/10.1016/j.ydbio.2016.07.023
https://doi.org/10.1111/ppl.13248
https://www.ncbi.nlm.nih.gov/pubmed/33090466
https://doi.org/10.1016/j.agwat.2023.108176
https://doi.org/10.5424/sjar/2009074-1098
https://doi.org/10.3390/plants11111517
https://www.ncbi.nlm.nih.gov/pubmed/35684290
https://doi.org/10.3390/agronomy13123034
https://doi.org/10.1111/j.1439-0523.1990.tb01202.x
https://doi.org/10.1086/337797
https://doi.org/10.1104/pp.27.1.95
https://www.ncbi.nlm.nih.gov/pubmed/16654446
https://doi.org/10.3390/ijms241612852
https://www.ncbi.nlm.nih.gov/pubmed/37629032
https://doi.org/10.1093/aob/mcn150
https://www.ncbi.nlm.nih.gov/pubmed/18765442
https://doi.org/10.1111/j.1365-3040.1979.tb00084.x
https://doi.org/10.1002/ece3.10324
https://doi.org/10.1071/CP17009
https://doi.org/10.1111/nph.16031
https://doi.org/10.3390/ijms14059643
https://doi.org/10.1016/j.wace.2015.08.001

Plants 2025, 14, 131 21 of 21

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

Prasad, P.V.V,; Bheemanahalli, R.; Jagadish, S.V.K. Field Crops and the Fear of Heat Stress—Opportunities, Challenges and Future
Directions. Field Crops Res. 2017, 200, 114-121. [CrossRef]

Kim, S.J.; Sohn, H.B.; Nam, J.H.; Lee, ].N.; Suh, ].T.; Chang, D.C.; Kim, Y.H. Selection and Application of Pollinating Insects to
Improve Seed Production of Buckwheat in Net House. Korean J. Plant Resour. 2022, 35, 10-22. [CrossRef]

Potts, S.G.; Vulliamy, B.; Dafni, A.; Ne’eman, G.; Willmer, P. Linking Bees and Flowers: How Do Floral Communities Structure
Pollinator Communities? Ecology 2003, 84, 2628-2642. [CrossRef]

Cane, ].H. Adult Pollen Diet Essential for Egg Maturation by a Solitary Osmia Bee. . Insect Physiol. 2016, 95, 105-109. [CrossRef]
Forrest, ].R.K. Insect Pollinators and Climate Change. In Global Climate Change and Terrestrial Invertebrates; Johnson, S.N., Jones,
T.H., Eds.; Wiley: Hoboken, NJ, USA, 2017; pp. 69-91, ISBN 978-1-119-07090-0.

Scaven, V.L.; Rafferty, N.E. Physiological Effects of Climate Warming on Flowering Plants and Insect Pollinators and Potential
Consequences for Their Interactions. Curr. Zool. 2013, 59, 418-426. [CrossRef] [PubMed]

Hofer, R.]J.; Ayasse, M.; Kuppler, ]. Bumblebee Behavior on Flowers, but Not Initial Attraction, Is Altered by Short-Term Drought
Stress. Front. Plant Sci. 2021, 11, 564802. [CrossRef] [PubMed]

Duque-Gamboa, D.-N.; Arenas-Clavijo, A.; Posso-Terranova, A.; Toro-Perea, N. Mutualistic Interaction of Aphids and Ants in
Pepper, Capsicum Annuum and Capsicum Frutenscens (Solanaceae). Rev. Biol. Trop. 2021, 69, 626—639. [CrossRef]

Quinet, M.; Jacquemart, A.-L. Cultivar Placement Affects Pollination Efficiency and Fruit Production in European Pear (Pyrus
communis) Orchards. Eur. J. Agron. 2017, 91, 84-92. [CrossRef]

Jacquemart, A.L.; Gillet, C.; Cawoy, V. Floral visitors and the importance of honey bee on buckwheat (Fagopyrum esculentum
Moench) in central Belgium. J. Hortic. Sci. Biotechnol. 2007, 82, 104-108. [CrossRef]

Ayenan, M.A.T.; Danquah, A.; Ampomah-Dwamena, C.; Hanson, P.; Asante, L.K.; Danquah, E.Y. Optimizing Pollencounter for
High Throughput Phenotyping of Pollen Quality in Tomatoes. MethodsX 2020, 7, 100977. [CrossRef]

Dafni, A.; Maués, M.M. A Rapid and Simple Procedure to Determine Stigma Receptivity. Sex. Plant Reprod. 1998, 11, 177-180.
[CrossRef]

Quinet, M.; Warzée, M.; Vanderplanck, M.; Michez, D.; Lognay, G.; Jacquemart, A.-L. Do Floral Resources Influence Pollination
Rates and Subsequent Fruit Set in Pear (Pyrus communis L.) and Apple (Malus x domestica Borkh) Cultivars? Eur. ]. Agron. 2016, 77,
59-69. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.fcr.2016.09.024
https://doi.org/10.7732/kjpr.2022.35.1.010
https://doi.org/10.1890/02-0136
https://doi.org/10.1016/j.jinsphys.2016.09.011
https://doi.org/10.1093/czoolo/59.3.418
https://www.ncbi.nlm.nih.gov/pubmed/24009624
https://doi.org/10.3389/fpls.2020.564802
https://www.ncbi.nlm.nih.gov/pubmed/33519833
https://doi.org/10.15517/rbt.v69i2.43429
https://doi.org/10.1016/j.eja.2017.09.015
https://doi.org/10.1080/14620316.2007.11512205
https://doi.org/10.1016/j.mex.2020.100977
https://doi.org/10.1007/s004970050138
https://doi.org/10.1016/j.eja.2016.04.001

	Introduction 
	Results 
	Impact of Drought and High Temperature on Buckwheat Growth and Flowering 
	Leaf Production 
	Inflorescence Production 
	Floral Resources and Flower Fertility 

	Impact of Drought and High Temperature on Buckwheat–Pollinator Interactions 
	Insect Diversity 
	Insect Behavior 

	Correlation Between Pollinator Behavior and Floral Resources 

	Discussion 
	The Impact of Drought and High Temperature on the Vegetative and Reproductive Growth Is Not Uniform Between the Different Buckwheat Varieties 
	Floral Resources and Female Fertility Are Negatively Affected by Drought and/or High Temperature 
	Drought and High Temperature Affect Plant–Pollinator Interaction 

	Conclusions 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Vegetative and Reproductive Growth Parameters Assessment 
	Flower Fertility and Floral Resources Assessment 
	Insect Visitation and Behavior Assessment 
	Statistical Analyses 

	References

