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Abstract: Drought and higher temperatures caused by climate change are common stress conditions 
affecting plant growth and development. The reproductive phase is particularly sensitive to stress, 
but plants also need to allocate their limited resources to produce floral traits and resources to attract 
pollinators. We investigated the physiological and floral consequences of abiotic stress during the 
flowering period of Impatiens glandulifera, a bee-pollinated species. Plants were exposed to three 
temperatures (21, 24, 27 °C) and two watering regimes (well-watered, water stress) for 3 weeks. Not 
all parameters measured responded in the same manner to drought and/or heat stress. Drought 
stress induced leaf senescence, decreasing leaf number by 15–30% depending on growth tempera-
ture. Drought also reduced photosynthetic output, while temperature rise affected stomatal con-
ductance. The number of flowers produced dropped 40–90% in response to drought stress, while 
higher temperatures shortened flower life span. Both stresses affected floral traits, but flower re-
sources diminished in response to higher temperatures, with lower nectar volume and pollen pro-
tein content. We conclude that increased temperatures and drought stress, which are becoming 
more frequent with climate change, can negatively affect flowering, even if plants deploy physio-
logical resistance strategies. 

Keywords: plant–pollinator interactions; water stress; drought; heat; abiotic stress; floral signals; 
nectar; pollen; floral rewards; bee-pollinated species 
 

1. Introduction 
Climate change is responsible for more frequent and unpredictable variation in daily 

and seasonal temperatures, as well as drought [1]. These consequences of a warming cli-
mate are detrimental to plants, especially when they co-occur [1–3]. In temperate regions, 
temperature rise and drought stresses are more likely to affect plants simultaneously dur-
ing the Spring and Summer seasons, which are crucial periods for plant–pollinator inter-
actions. Entomophilous plants attract pollinators with their floral traits and resources 
(nectar and pollen) to ensure pollination [4,5]. Bees rely exclusively on these floral re-
sources as their food sources. The plant reproductive stage is particularly sensitive to 
higher temperatures and drought [6], which may severely disrupt plant–pollinator inter-
actions by negatively affecting floral signals and resources [7,8]. 

Plants suffer from heat stress when temperatures exceed their optimal growing tem-
perature, a condition often accompanied by drought stress [6,9]. These stressful condi-
tions may impair vital physiological processes such as stomatal conductance, photosyn-
thesis and respiration [2,10,11]. Co-occurrence of these two abiotic stresses initiates com-
plex plant responses that cannot be deduced from single stress responses [12,13]. For ex-
ample, heat and drought have conflicting effects on stomatal conductance. While plants 
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close their stomata when faced with water stress, they open them at a higher temperature 
to maintain transpiration and leaf cooling [14]. In addition, closed stomata reduce CO2 
uptake and, thus, photosynthetic output [2,15]; photosystem II is susceptible to a rise in 
temperature, leading to lower photosynthesis during heat stress [16]. Growing in such 
challenging environments limits resources available for plant reproduction [17]. Although 
heat and drought stress negatively affect all plant developmental stages, the flowering 
period is particularly sensitive to abiotic stresses [18–20], which can result in fewer flow-
ers, higher flower abortion rates and impaired flower development and fertility, leading 
to lower reproductive success [6,19].  

During the flowering period, entomophilous plant species attract pollinators with 
floral traits (floral display, scent, color) and resources such as nectar and pollen [21]. These 
resources are crucial to bees, constituting their sole food sources. Nectar is a major sugar 
source, while pollen provides amino acids, proteins and lipids [22–24]. The volume and 
quality of these resources will contribute to flower attractiveness, as a high sugar content 
in nectar and a high polypeptide content in pollen are more attractive to pollinators com-
pared to resources of lower quality or quantity [25–29], as well as bee development and 
survival [30–32]. The modifications of floral traits and floral resources stemming from 
higher temperatures and drought may, therefore, have dire consequences on plant–polli-
nator interactions. However, how water stress, rising temperatures and their combination 
affect floral traits and resources in entomophilous species has not been extensively inves-
tigated to date [7,33–35]. 

This study aimed to investigate the effects of higher temperatures and drought, indi-
vidually and in combination, on the reproductive phase of the bee-pollinated species Him-
alayan balsam (Impatiens glandulifera, Balsaminaceae). Impatiens glandulifera was intro-
duced from the Himalayas for horticulture purposes and is now one of the most invasive 
annuals in Europe [36]. It grows in areas with medium shade and requires soil moisture; 
it can grow on nutrient-rich to -poor soil [36]. We selected this plant as a model for its high 
floral resource production. Flowers of I. glandulifera are highly attractive to pollinators and 
produce large amounts of nectar and pollen (1.3 × 106 pollen grains and 7.3 µL of nectar 
per flower [36]). Although I. glandulifera could be considered as self-compatible, it shows 
low autonomous selfing and bees visit flowers up to 250 times during the flower life span 
[36]. Our hypothesis was that concomitant heat and drought stress would affect plant 
growth and physiology, decreasing the volume and quality of floral resources and modi-
fying floral traits. We addressed the following questions: 1) Do concomitant temperature 
and water stresses affect plant growth, plant physiology, floral traits and resources? 2) Do 
these stresses influence floral traits and floral resources directly or indirectly by modulat-
ing plant growth and physiology? 

2. Results 
Plants were grown over their flowering period under two watering conditions (well-

watered, WW, and water-stressed, WS) and three temperature regimes (21, 24, 27 °C), re-
sulting in six treatments (21WW, 21WS, 24WW, 24WS, 27WW, 27WS).  

2.1. Vegetative and Physiological Parameters 
Drought stress decreased leaf number, while higher temperatures had no significant 

effect (Figure 1a, Table 1). Specific leaf area (SLA) varied with temperature, but not with 
soil water content (Figure 1b, Table 1), as plants grown at 21 and 24 °C had a higher mean 
SLA than plants grown at 27 °C.  

We then determined the effects of both stresses on photosynthesis: chlorophyll con-
tent was not significantly affected by drought or rising temperatures (Figure 1c, Table 1). 
However, drought stress negatively affected the light phase of photosynthesis by lower-
ing photosystem II efficiency and photochemical quenching (Figure 1e,f, Table 1). Soluble 
sugar content in leaves varied with both temperature and soil water moisture: leaves from 
plants grown at 27 °C accumulated more sugar compared to those grown at 21 or 24 °C, 
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and sugar content decreased in plants subjected to drought, mainly at 24 °C (Figure 1d, 
Table 1). Finally, we assessed the influence of temperature and drought on gas exchange: 
stomatal conductance decreased at 27 °C compared to 21 and 24 °C but was not affected 
by drought (Figure 1g, Table 1). Leaf water content remained around 80% under all 
growth conditions (Figure 1h, Table 1). 

Table 1. Statistical results of the effects of an increase in temperature (Temp), water stress (Water) and their interaction 
(Temp * Water) on vegetative, physiological and floral traits and resources of Impatiens glandulifera. Significant differences 
are indicated in bold. 

Parameter Temp Water Temp * Water 
Number of leaves F2, 28 = 1.66, p = 0.21 F1, 28 = 4.68, p = 0.04 F2, 28 = 0.24, p = 0.79 
Specific leaf area  F2, 24 = 5.05, p = 0.01 F1 ,24 = 2.15, p = 0.16 F2, 24 = 1.39, p = 0.27 

Chlorophyll content  F2, 22 = 1.42, p = 0.16 F1, 22 = 0.05, p = 0.83 F2, 20 = 0.25, p = 0.78 
Photosystem II efficiency  F2, 23 = 2.17, p = 0.14 F1, 23 = 11.94, p = 0.002 F2, 23 = 0.69, p = 0.51 
Photochemical quenching  F2, 23 = 0.06, p = 0.95 F1, 23 = 14.14, p = 0.001 F2, 23 = 0.22, p = 0.80 
Leaf sugar concentration F2, 12 = 22.31, p < 0.001 F1, 12 = 7.99, p = 0.02 F2, 12 = 1.31, p = 0.31 

Stomatal conductance F2, 19 = 20.08, p < 0.001 F1, 19 = 2.51, p = 0.13 F2, 19 = 0.67, p = 0.67 
Leaf water content F2, 24 = 2.97, p = 0.07 F1, 24 = 1.22, p = 0.28 F2, 24 = 1.06, p = 0.36 
Number of flowers F2, 28 = 1.08, p = 0.35 F1, 28 = 14.98, p < 0.001 F2, 28 = 3.16, p = 0.06 
Anthesis duration F2, 12 = 22.29, p < 0.001 F1, 12 = 0.14, p = 0.71 F2, 12 = 0.57, p = 0.58 

Corolla width F2, 24 = 3.27, p = 0.06 F1, 24 = 4.85, p = 0.04 F2, 24 = 0.42, p = 0.66 
Corolla depth  F2, 24 = 10.54, p < 0.001 F1, 24 = 0.28, p = 0.60 F2, 24 = 0.21, p = 0.82 
Nectar volume F2, 19 = 33.02, p < 0.001 F1, 19 = 23.79, p < 0.001 F2, 19 = 3.51, p = 0.05 

Nectar sugar concentration F2, 19 = 3.63, p = 0.04 F1, 19 = 0.10, p = 0.75 F2, 19 = 2.96, p = 0.08 
Number of pollen grains 1 F2, 36 = 28.41, p < 0.001 F1 ,36 = 1.37, p = 0.25 F2, 36 = 1.42, p = 0.24 
Polypeptide concentration F2, 16 = 11.01, p < 0.001 F1, 66 = 2.33, p = 0.15 F2, 16 = 21.07, p = 0.84 

1 without 27WW, 27WS. 
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Figure 1. Effects of increasing temperatures and water stress on vegetative and physiological pa-
rameters of Impatiens glandulifera plants 2 weeks after beginning treatment. (a) Number of leaves, 
(b) specific leaf area, (c) chlorophyll content index, (d) leaf sugar concentration, (e) photosystem II 
efficiency, (f) photochemical quenching, (g) stomatal conductance and (h) leaf water content. N = 5 
per treatment, except for leaf sugar content, with N = 3. Data are presented as means ± standard 
errors (SE) as barplots, with individual data points shown in gray. Treatments followed by differ-
ent letters are significantly different at p < 0.05 21, 21 °C; 24, 24 °C; 27, 27 °C; WS, water-stressed; 
WW, well-watered. 21WW = control. 
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2.2. Floral Traits and Resources 
Drought stress resulted in fewer flowers being produced, especially at 27 °C (Figure 

2a, Table 1); plants exposed to the 27WS treatment had almost no flowers after the 2-week 
treatment. Furthermore, higher temperatures shortened the duration of flower anthesis, 
while soil water moisture did not contribute significantly (Figure 1b, Table 1). Flowers 
remained open for only 3 days when subjected to 27 °C, but a full 5–6 days when grown 
at 21 and 24 °C (Figure 2b, Table 1). Drought stress modified flower shape by diminishing 
corolla width by 25% at 27WS compared to 21WW (Figure 2c, Table 1). Higher tempera-
tures reduced corolla depth by 15% at 24 and 27 °C relative to growth at 21 °C, under both 
well-watered and drought conditions (Figure 2d, Table 1). 

The volume and quality of floral resources produced were mainly affected by the rise 
in temperature (Table 1). Nectar volume dropped drastically in response to both drought 
stress and higher temperatures, reaching 14 µL per flower grown at 21WW but only 0.5 
µL per flower grown at 27WS (Figure 2e, Table 1). By contrast, the sugar concentration of 
nectar remained fairly constant and decreased markedly only in 27WW flowers to 56 °Brix 
relative to 72 °Brix in 21WW flowers (Figure 2f, Table 1). Higher temperatures and 
drought stress lowered the sugar content in nectar per flower from 14.1 ± 1.8 mg at 21WW 
to 0.6 ± 0.1 mg at 27WS. Another measure of the quantity of floral resources, the number 
of pollen grains per flower, increased when grown at 24 °C compared to 21 °C under both 
well-watered and drought conditions (Figure 2g, Table 1). Many anthers were empty 
when plants were grown at 27 °C, preventing us from scoring pollen grains under these 
conditions. Instead, we used these precious and limited pollen samples collected at 27 °C 
to determine polypeptide content, another proxy of pollen quality. We observed that pol-
ypeptide content was negatively affected by higher temperatures but not by drought (Fig-
ure 2 h, Table 1), with polypeptide content decreasing by 65% between the 21WW and 
27WS treatments. 
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Figure 2. Effects of increasing temperature and water stress on floral traits and resources of Impati-
ens glandulifera plants 2 weeks after beginning treatment. (a) Number of flowers per plant, (b) an-
thesis duration per flower, (c) corolla width, (d) corolla depth, (e) nectar volume per flower, (f) 
sugar concentration in nectar, (g) number of pollen grains per flower and (h) polypeptide concen-
tration in pollen. N = 5 per treatment, except for number of pollen grains and polypeptide content, 
with N = 10. Data are presented as means ± standard errors (SE) as barplots with individual data 
points shown in gray. Treatments followed by different letters are significantly different at p < 
0.05. 21, 21 °C; 24, 24 °C; 27, 27 °C; WS, water-stressed; WW, well-watered. 21WW = control. 
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2.3. Principal Component Analysis 
We performed a principal component analysis of all phenotypic values collected in 

this study. The first two principal components explained 78.6% of the observed variance 
(Figure 3). Axis 1 largely separated samples by their temperature treatments (21, 24 vs. 27 
°C, Figure 3a) and as a function of their underlying physiology (stomatal conductance, 
leaf sugar content) and floral resources (polypeptide content) (Figure 3b). Axis 2 discrim-
inated samples based on their water status, with a strong contribution from the number 
of flowers produced per plant and photochemical quenching values. In particular, plants 
grown in the 27WS and 27WW treatments clustered away from all other treatments, high-
lighting the high level of stress associated with these growth conditions. 

 
Figure 3. Principal component analysis (PCA) of vegetative, physiological and floral traits and resources of Impatiens glan-
dulifera plants grown under three temperatures (21, 24, 27 °C) and two watering regimes (WW, well-watered; WS, water 
stressed) for 2 weeks. (a) Individual graph showing the different treatments; (b) variable graph of PCA showing vegetative 
, physiological, floral traits and floral reward parameters. conc = concentration, PSII = photosystem II. 21, 21 °C; 24, 24 °C; 
27, 27 °C; WS, water-stressed; WW, well-watered. 21WW = control. 

3. Discussion 
Higher temperatures and drought stress affected physiological traits as well as floral 

traits and resources in the entomophilous species I. glandulifera. However, not all param-
eters responded in the same direction to a rise in temperature or to drought, alone or in 
combination. Drought stress affected leaf number and the light phase of photosynthesis, 
while higher temperatures targeted leaf size and stomatal conductance. We observed dis-
tinct effects of each stress on the reproductive phase, as drought stress reduced the num-
ber of flowers produced, while higher temperatures shortened flower life span. Both 
stresses influenced floral traits; floral resources were themselves mainly affected by higher 
temperatures. Plant growth and development can be differently affected by heat and 
drought stresses [6,37], and plants exhibiting resistance to one stress are not always re-
sistant to other stresses or to their combination [10,38,39], highlighting the importance of 
considering combinations of stresses when attempting to predict plant responses to cli-
mate change. Our results demonstrated that plants exposed to both high temperatures of 
27 °C and drought stress (27WS) were more stressed relative to those exposed to all other 
growth conditions tested here. 

Drought stress reduced the number of leaves by 15–30% depending on the growth 
temperature, a common consequence of water stress observed in multiple plant species 
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[9,40–42]. Leaf senescence is induced by the phytohormone ethylene, whose biosynthesis 
is stimulated by drought [43]. By reducing the number of leaves, the plant decreases its 
transpiration surface and so its need for water [44]. However, this strategy also leads to a 
lower total photosynthetic output, resulting in decreased carbohydrate production, which 
affects yield for many crop species [45,46]. Furthermore, we observed that water stress 
negatively affected the light phase of photosynthesis. Although chlorophyll content re-
mained constant across all treatments, photosystem II efficiency and photochemical 
quenching were both reduced in plants experiencing drought. As a result, some of the 
energy captured by the photosystems was dissipated without being used for photosyn-
thesis, and a great number of the reaction centers of the photosystems were closed under 
water stress, making them unavailable to capture light [47]. Impairing the photosynthetic 
apparatus is a major effect of drought [48] that leads to diminished photosynthesis and 
carbohydrate production. Faced with drought stress, most plants close their stomata to 
decrease leaf transpiration [46,49,50]. We noticed no effect on stomatal conductance in 
response to drought in our experimental conditions, however. Stomatal responses vary 
greatly between plant species [51]. For example, drought did not affect stomatal conduct-
ance in other species such as Tartary buckwheat (Fagopyrum tataricum) and starflower 
(Borago officinalis) [12,52]. Leaf water content remained constant between well-watered 
and drought-stressed plants and specific leaf area was neither affected by water stress. 
This suggests either that I. glandulifera has developed mechanisms to limit water loss or 
that the stress was not severe to the point of reducing these parameters. Moreover, it can-
not be excluded that the constant high relative humidity (80%) in the growth room limited 
the water stress at the leaf level and partly explained the stability of leaf water content, 
leaf area and stomatal conductance. In accordance with the decrease in photosynthesis, 
we observed a lower concentration of soluble sugars in the leaves in response to water 
stress. By decreasing photosynthetic rate and sugar production, water stress limited the 
resources available for flower development and plant reproduction. 

I. glandulifera plants were relatively tolerant to higher temperatures during their veg-
etative phase, as only physiological parameters such as SLA and stomatal conductance 
were lower at 27 °C. As higher temperatures did not affect leaf water content, reduced 
SLA is most likely attributable to a reduction in leaf size, which has been reported under 
similar conditions in other plant species [52]. In agreement, cell elongation becomes im-
paired when temperatures exceed the optimum for plant growth [53]. In contrast to 
drought stress, the light phase of photosynthesis was not affected by higher temperatures 
in our study, although other studies showed that chlorophyll biosynthesis and light phase 
of photosynthesis are sensitive to heat in several plant species [46]. Such a discrepancy 
might be explained by the fact that a temperature of 27 °C may induce only a moderate 
stress in I. glandulifera. Similarly, Zhou et al. [13] reported that drought stress was a more 
potent inhibitor of the light-dependent phase of photosynthesis than higher temperatures 
in tomato (Solanum lycopersicum). However, our results showed that gas exchange, which 
modulates photosynthetic capacity, responded to higher temperatures in I. glandulifera. 
Stomatal conductance decreased at 27 °C, suggesting that the plants closed their stomata. 
By closing their stomata, plants reduce CO2 uptake, which can lead to a decrease in sugar 
synthesis by affecting the light independent phase of photosynthesis [54,55]. On the con-
trary, total soluble sugar concentrations increased in leaves grown at 27 °C compared to 
those grown at 21 or 24 °C but might reflect the smaller size of leaves grown at 27 °C. A 
similar response in the leaf concentration of soluble sugars has been noted in response to 
abiotic stress in other plant species [56]. Soluble sugars may also be used as osmolytes to 
maintain cell turgor by forming a concentration gradient to counteract water loss from the 
higher temperatures [57–59]. In response to abiotic stress, carbohydrates might become 
mobilized to mount cost-effective resistance mechanisms to the detriment of plant growth 
[59]. Limited sucrose export to sink organs will ultimately limit reproductive development 
[17,48]. Consistent with this notion, Ghanem et al. [56] indeed observed that although the 
concentration of soluble sugars was reported to increase in tomato leaves in response to 
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abiotic stress, it decreased in inflorescences. They explained the failure of inflorescence 
development due to altered source–sink relationships [56]. 

In addition to affecting plant physiology and leaf sugar concentrations, drought 
stress and higher temperatures also influenced flower production, floral traits and floral 
resources in I. glandulifera. We observed damage to reproductive organs at 24 °C, indicat-
ing that the optimum temperature for reproductive growth is lower than for vegetative 
growth, as previously reported in several species [12,19]. The reproductive phase is typi-
cally more sensitive to abiotic stress than the vegetative phase of plant development [6,19]. 
Drought stress reduced the number of flowers per plant by 50% at 21 and 24 °C and by 
close to 100% at 27 °C, in agreement with previous reports [35,60,61]. By contrast, flower 
production remained unaffected by higher temperatures, although heat stress has been 
reported to reduce the number of flowers in several species [62,63]. However, higher tem-
peratures did shorten the life span of flowers, an effect that was not observed in the con-
text of drought stress. A shorter anthesis period may reduce the reproductive success of 
the flower. In addition, both drought stress and heat stress modified flower size, with the 
temperature reducing corolla depth and drought stress making the corolla narrower. Co-
rolla size shows high plasticity in response to abiotic stress for annual species [64]. Main-
taining large flowers with a long life span comes at a cost for plants [65,66]. One possible 
explanation for the negative influence of abiotic stresses on flower production and devel-
opment may involve the investment of carbohydrates into resistance mechanisms at the 
expense of reproductive growth [17,56]. Floral organs continuously draw on resources to 
avoid reproductive failure under any growth condition, but perhaps even more so under 
abiotic stress when photosynthates might be in short supply [67–69]. The proper develop-
ment of reproductive structures relies on the import of photoassimilates from leaves 
through the phloem [70]. When the capacity of reproductive organs to import and use 
assimilates is disturbed by abiotic stress, it leads to higher rates of fruit and seed abortion 
[48]. Moreover, abiotic stress may change the guild of pollinators attracted to flowers, as 
their corollas become smaller [71], and may even result in a morphological mismatch be-
tween flower size and that of the pollinator in severely stunted corollas [33,72]. The num-
ber of flowers per plant and their size largely contribute to the floral display plants use to 
attract pollinators [73,74]. A less conspicuous floral display may change pollinator behav-
ior (e.g., by reducing the visitation rate or pollen deposition rate), with adverse conse-
quences for plant reproduction [35]. 

Floral resources such as the amount of nectar produced were strongly reduced by 
higher temperatures and drought stress; many flowers grown at 27 °C had no nectar, alt-
hough I. glandulifera is known for its high nectar production [36]. Abiotic stresses often 
significantly decrease nectar volume per flower [75,76]. Furthermore, the concentration of 
sugars in nectar was lower at 27 °C. Sugar concentration in nectar is typically less sensitive 
to abiotic stresses than nectar volume [35,75,77]; sugar concentration can remain un-
changed in nectar even under stress [63,78]. However, annual species appear to be more 
sensitive to higher temperatures for floral resource production, as we previously observed 
a decrease in sugar concentration for salvation jane (Echium plantagineum) in a similar ex-
periment [64]. Despite the higher sugar concentration measured in leaves at 27 °C, sugar 
content in fact decreased in nectar of the same plants. Again, soluble sugars may be used 
preferentially for vegetative organs rather than reproductive tissues, suggesting that as-
similate partitioning between vegetative and reproductive organs is modified by abiotic 
stress [17]. Lower nectar production would also affect pollinator behavior. Impatiens glan-
dulifera is highly attractive to bumblebees and honeybees due to its high nectar production 
[36], and nectar is the main source of sugar for these pollinators [22]. Less nectar produc-
tion due to higher temperatures and drought stresses affect pollinator visitation rates and, 
thus, the reproductive success of the plant [63,76,79]. This could lead to affecting the in-
vasiveness of I. glandulifera, since the invasive strategy of this species is based on high 
reproductive success [36,80]. 



Plants 2021, 10, 988 10 of 16 
 

 

Impatiens glandulifera also produce large amounts of pollen [36]. In our experiment, 
pollen production was higher at 24 °C than at 21 °C, while most anthers were empty at 27 
°C. The number of pollen grains is determined very early during floral morphogenesis 
[81], and microsporogenesis is the most sensitive to abiotic stress [82–84]. Higher temper-
atures and drought stress reduce pollen quantity and viability [12], although viability was 
not investigated here. By contrast, protein concentration decreased in pollen with higher 
temperature, indicative of lower pollen quality. To the best of our knowledge, only one 
other recent study investigated the effect of higher temperatures on pollen quality but did 
not reveal a decrease in protein concentration [85]. Pollen protein content is a key param-
eter for both plant reproductive success and insect pollinator health. From the plant per-
spective, lower protein content in the pollen has been linked to a decrease in pollen via-
bility [86]. Pollen grain maturation is a stress-sensitive process in many plant species 
[82,87]. Temperature rise reduces starch concentration in developing pollen grains, caus-
ing failures in their development [88,89]. This could be explained by the disruption in 
resource allocation to reproductive organs due to abiotic stresses, as previously men-
tioned. From the side of the pollinator, bees rely exclusively on floral resources for food 
and feed on pollen as their sole source of proteins, amino acids and sterols. The chemical 
composition of pollen can influence insect visitation behavior [28,30,86,90]. Furthermore, 
foraging pollen with low quality (i.e., reduced protein content) will affect the survival of 
larvae as well as adult survival and reproduction [31]. Thus, the production of little pollen 
of low quality due to higher temperatures and drought stress will directly affect both plant 
reproductive success and pollinator visits. 

In conclusion, our results show that higher temperatures and drought stress nega-
tively but differently influence physiological traits, floral traits and floral resources in the 
entomophilous species I. glandulifera. While plants attempt to adjust and maintain their 
physiological processes to support their survival in response to outside stressors, the re-
sulting reallocation of resources will have negative consequences on reproductive organs. 
The combination of higher temperatures and drought stress was particularly deleterious 
during flowering. For entomophilous plants, this stage is critical, as they need to attract 
pollinating insects, some of which depend exclusively on their floral resources as food 
sources. The observed reduction in flower production, flower size and volume and quality 
of floral resources will directly affect plant–pollinator interactions, with negative conse-
quences for both partners, although these aspects remain to be investigated. 

4. Materials and Methods 
4.1. Plants and Growth Condition 

Himalayan balsam (Impatiens glandulifera) is an annual, entomophilous plant with 
large zygomorphic pink flowers that originated from the Himalayas and has spread 
worldwide as an ornamental. Impatiens glandulifera is one of the most invasive annual spe-
cies in the world [91]. It has spread in the majority of temperate communities in Europe, 
growing in riparian biotopes and in other disturbed sites with good water and nutrient 
supply [36,80]. It is now considered as one of the 100 worst invasive species in Europe 
[36,80]. The stem stands erect and grows to 1–2 m in height, with lanceolate leaves. The 
lower sepal gradually contracts into a nectar spur. Stamens are fused by their anthers and 
form a brush that covers the stigma [92]. This species produces copious floral resources 
(~1.3 × 106 pollen grains and 7.3 µL of nectar with 52% as sugars per flower [36]). Impatiens 
glandulifera flowers are, thus, very attractive to pollinators, each receiving up to 250 insect 
visits over their life span [36]. 

Impatiens glandulifera seedlings were collected from populations in Belgium (Court-
Saint-Etienne, N 50°38′39′’ N 4°34′6′’ E and Jamioulx, 50°21′10′’ N, 4°24′45′’ E). Seedlings 
were transferred to 5 L pots containing universal peat compost (DCM, Amsterdam, Neth-
erlands) and grown in the glasshouse at the University campus (Louvain-la-Neuve 
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50°39′58′′ N; 4°37′9′′ E, Belgium). Plants were watered daily with rainwater until the be-
ginning of the experiment. 

Plants received treatments at the beginning of their reproductive stage, when bolting 
occurs, flowering stems develop, and the first flowering buds become visible. Plants were 
exposed to three growth temperatures (21, 24 and 27 °C) and two watering regimes (well-
watered, WW vs. water stress, WS) to investigate the effects of increasing temperature and 
water stress, individually and in combination, on plant growth and floral traits and re-
sources. These conditions correspond to those encountered during the flowering period 
of the plant in Belgium and to temperatures expected in the context of climate change 
predictions. In total, 60 plants (10 plants per treatment) were subjected to one of six treat-
ments: 21 °C well-watered (21WW), 21 °C water-stressed (21WS), 24 °C well-watered 
(24WW), 24 °C water-stressed (24WS), 27 °C well-watered (27WW) and 27 °C water-
stressed (27WS); 21WW was considered as control condition based on the growing condi-
tions encountered by I. glandulifera naturally in Belgium. Plants were transferred to 
growth chambers set to the following temperature cycles (day/night): 21 °C/19°C, 24 
°C/22°C and 27 °C/25°C. Plants were grown in a long-day photoperiod (16 h light:8 h 
darkness), and relative humidity was maintained at 80 ± 10%. Illumination was provided 
by Philips HPIT 400 W lamps (Philips Lighting S.A., Brussels, Belgium), to a light intensity 
of 155 ± 20 µmol m−2 s−1 at canopy level (Skye Instruments Quantum Sensor quantum me-
ter; Hansatech Instruments, Norfolk, UK). Each growth chamber housed the two watering 
regimes for each experimental temperature. The well-watered plants were watered daily 
(soil humidity ~50%), while the water-stressed plants were watered twice a week (soil 
humidity <30%). Water stress started after 1 week of acclimation to the growth chambers 
(this week was considered week 0). All measurements were taken 2 weeks after the be-
ginning of water stress. 

4.2. Vegetative and Physiological Parameters 
The number of photosynthetically active leaves was assessed from five plants per 

treatment. 
Physiological measurements were performed on the fifth youngest leaf (counted 

from the shoot apex) of five plants for each treatment, between 10 am and 3 pm. Chloro-
phyll fluorescence was monitored using a pulse-modulated fluorimeter (FMS II; Han-
satech Instruments, Norfolk, UK). The collected parameters were photosystem II (PSII) 
efficiency (ΦPSII), which measures the proportion of light absorbed by PSII used in pho-
tochemistry, and qP, which indicates the proportion of PSII reaction centers that are open 
[47]. Leaf were dark-adapted for 30 min before illumination with a first pulse of 18,000 
mmol m−2s−1 followed by constant illumination with actinic light (660 mmol m−2 s−1) for 2 
min. The leaves were then exposed to a second saturating pulse of 18,000 mmol m−2 s−1. 
Chlorophyll content index (CCI) was measured using a chlorophyll meter (Opti-Sciences, 
CCM-200), with the measurement taken three times on the same leaf. An automatic 
porometer (AP4 System, Delta-T Devices) was used to measure conductance gs on the ab-
axial leaf surface. 

Specific leaf area (SLA) was determined for five plants per treatment from their fifth 
youngest leaf (counted from the shoot apex). Leaves were weighed to obtain fresh mass 
(FW), and their surface area estimated from a leaf scan using ImageJ software [93]. Leaves 
were then dried at 70 °C for 2 days and weighed again to determine dry mass (DM). SLA 
was calculated as the ratio of leaf area to leaf DM. Leaf water content (WC) was calculated 
as WC = [(FW-DM)/FW]. 

Sugar concentration was determined for photosynthetically active leaves from three 
plants per treatment. For sugar extraction, 0.8 g of frozen leaves was ground to a fine 
powder in liquid nitrogen, and free soluble sugars were extracted with 7 mL of 70% etha-
nol. The extracts were then centrifuged for 10 min at 8000 g at 15 °C. Total soluble sugars 
in the supernatant were quantified spectrophotometrically using the anthrone reagent 
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method according to Yemm and Willis [94]; the resulting sugar concentration was ex-
pressed as milligrams sugars per gram of leaf FW. 

4.3. Measurements of Floral Traits and Resources 
The number of open flowers per plant was counted for five plants per treatment. For 

five flowers per treatment, corolla depth was measured as the length of the lower sepal. 
Nectar was extracted with 10 µL glass capillary tubes (Hirschmann Laborgeräte, 

Eberstadt, Germany) from five flowers per treatment. Nectar extractions were performed 
on flowers at the same developmental stage in the afternoon in order to collect the daily 
nectar production. Total sugar concentration of nectar (C, g sucrose/100 g solution) was 
measured with a low-volume hand refractometer (Eclipse handheld refractometer; Bel-
lingham and Stanley, Tunbridge Wells, UK). 

The anther brushes were collected from ten randomly selected flower buds per treat-
ment, 1 day before anthesis, and stored in FAA solution (70% ethanol, glacial acid acetic, 
35% formaldehyde; 18:1:1). To count the number of pollen grains, each brush was crushed 
separately and placed in microfuge tubes containing 50 µL Alexander stain [95]. Tubes 
were then vortexed to disperse pollen grains in the solution. A subsample of 1 µL was 
used to count pollen grains on a microscope slide under a light microscope (Nikon Eclipse 
E400, G 400×). Counts were performed in triplicate for each stylar brush. Polypeptide con-
tent (molecular weight >10 kDa) of pollen was determined from 5 mg of dry pollen in 
triplicate for each treatment following the method described in Vanderplanck et al. [96]. 
Total polypeptides were quantified using the bicinchoninic acid (BCA) Protein Assay Kit 
(Pierce, Thermo Scientific), with bovine serum albumin (BSA) as standard. 

4.4. Statistical Analyses 
Normality of the data was estimated using QQ plots. Linear mixed models and anal-

ysis of variance (type II) were performed to a significance level of p < 0.05 to evaluate the 
effects of temperature increase, water stress and their interaction. For repeated measure-
ments on the same plant at one time point (chlorophyll concentration, polypeptide con-
centration), linear mixed models were used with two fixed factors and their interaction 
(temperature × water) and plants as the repeated factor. Tukey’s HSD test was performed 
for post hoc analyses. To obtain a global view of the influence of rising temperature and 
water stress on all parameters, a principal component analysis (PCA) was performed. All 
analyses were performed in R 3.6.1 [97], using the packages car for F test, lme4 for linear 
mixed models, FactomineR for PCA, ggplot2 and yarr for plots. Data are presented as means 
± standard errors (SE). 

Author Contributions: Conceptualization, C.D., M.Q. and A.-L.J.; methodology, C.D., M.Q. and 
A.-L.J.; software, C.D.; validation, M.Q. and A.-L.J.; formal analysis, C.D. and N.B.; investigation, 
C.D. and N.B.; resources, M.Q. and A.-L.J.; data curation, C.D.; writing—original draft prepara-
tion, C.D. and M.Q.; writing—review and editing, M.Q. and A.-L.J.; visualization, C.D.; supervi-
sion, M.Q. and A.-L.J.; funding acquisition, A.-L.J. All authors have read and agreed to the pub-
lished version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available in the text. The data 
presented in this study are available on request from the corresponding author. 

Acknowledgments: We thank C. Buyens for technical assistance and Plant Editors for language 
editing. This work is a part of a Ph.D. (C. Descamps) and a (N. Boubnan) thesis. 

Conflicts of Interest: The authors declare no conflict of interest. 



Plants 2021, 10, 988 13 of 16 
 

 

References  
1. IPCC (Intergovernmental Panel on Climate Change) Global Warming of 1.5°C, an IPCC Special Report on the Impacts of Global 

Warming of 1.5°C Above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening 
the Global Response to the Threat of Climate Change, Sustainable Development, and efForts to Eradicate Poverty; IPCC ; Geneva, 
Switzerland, 2018. 

2. Barnabás, B.; Jäger, K.; Fehér, A. The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ. 
2008, 31, 11–38, doi:10.1111/j.1365-3040.2007.01727.x. 

3. Spinoni, J.; Vogt, J.V.; Naumann, G.; Barbosa, P.; Dosio, A. Will drought events become more frequent and severe in Europe? 
Int. J. Climatol. 2018, 38, 1718–1736, doi:10.1002/joc.5291. 

4. Latty, T.; Trueblood, J.S. How do insects choose flowers? A review of multi-attribute flower choice and decoy effects in flower-
visiting Insects. J. Anim. Ecol. 2020, 89, 2750–2762, doi:10.1111/1365-2656.13347. 

5. Schiestl, F.P. Ecology and evolution of floral volatile-mediated information transfer in plants. New Phytol. 2015, 206, 571–577, 
doi:10.1111/nph.13243. 

6. Cohen, I.; Zandalinas, S.I.; Huck, C.; Fritschi, F.B.; Mittler, R. Meta-analysis of drought and heat stress combination impact on 
crop yield and yield components. Physiol. Plant. 2021, 171, 66–76, doi:10.1111/ppl.13203. 

7. Forrest, J.R.K. Insect pollinators and climate change. In Global Climate Change and Terrestrial Invertebrates; John Wiley & Sons ; 
Ltd;  2016; pp. 71–91, ISBN 978-1-119-07089-4. 

8. Ogilvie, J.E.; Griffin, S.R.; Gezon, Z.J.; Inouye, B.D.; Underwood, N.; Inouye, D.W.; Irwin, R.E. Interannual bumble bee 
abundance is driven by indirect climate effects on floral resource phenology. Ecol. Lett. 2017, 20, 1507–1515, doi:10.1111/ele.12854. 

9. Prasad, P.V.V.; Staggenborg, S.A.; Ristic, Z. Impacts of drought and/or heat stress on physiological, developmental, growth, 
and yield processes of crop plants. In Response of Crops tFo Limited Water: Understanding and Modeling Water Stress Effects on Plant 
Growth Processes; 2008; pp. 301–355, doi:10.2134/advagricsystmodel1.c11. 

10. Pandey, P.; Ramegowda, V.; Senthil-Kumar, M. Shared and unique responses of plants to multiple individual stresses and stress 
combinations: Physiological and molecular mechanisms. Front. Plant Sci. 2015, 6, 723, doi:10.3389/fpls.2015.00723. 

11. Rizhsky, L.; Liang, H.; Mittler, R. The combined effect of drought stress and heat shock on gene expression in tobacco. Plant 
Physiol. 2002, 130, 1143–1151, doi:10.1104/pp.006858. 

12. 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, doi:10.1002/ece3.3914. 

13. Zhou, R.; Kong, L.; Wu, Z.; Rosenqvist, E.; Wang, Y.; Zhao, L.; Zhao, T.; Ottosen, C.-O. Physiological response of tomatoes at 
drought, heat and their combination followed by recovery. Physiol. Plant. 2019, 165, 144–154, doi:10.1111/ppl.12764. 

14. Rizhsky, L.; Liang, H.; Shuman, J.; Shulaev, V.; Davletova, S.; Mittler, R. When defense pathways collide. The response of 
Arabidopsis to a combination of drought and heat stress. Plant Physiol. 2004, 134, 1683–1696, doi:10.1104/pp.103.033431. 

15. Prasch, C.M.; Sonnewald, U. Signaling events in plants: Stress factors in combination change the picture. Environ. Exp. Bot. 2015, 
114, 4–14, doi:10.1016/j.envexpbot.2014.06.020. 

16. Prasad, P.V.V.; Boote, K.J.; Allen Jr, L.H. Adverse high temperature effects on pollen viability, seed-set, seed yield and harvest 
index of grain-sorghum [Sorghum bicolor (L.) Moench] are more severe at elevated carbon dioxide due to higher tissue 
temperatures. Agric. For. Meteorol. 2006, 139, 237–251, doi:10.1016/j.agrformet.2006.07.003. 

17. Lemoine, R.; Camera, S.L.; Atanassova, R.; Dédaldéchamp, F.; Allario, T.; Pourtau, N.; Bonnemain, J.-L.; Laloi, M.; Coutos-
Thévenot, P.; Maurousset, L.; et al. Source-to-sink transport of sugar and regulation by environmental factors. Front. Plant Sci. 
2013, 4, doi:10.3389/fpls.2013.00272. 

18. Scheepens, J.F.; Deng, Y.; Bossdorf, O. Phenotypic plasticity in response to temperature fluctuations is genetically variable, and 
relates to climatic variability of origin, in Arabidopsis Thaliana. AoB Plants 2018, 10, doi:10.1093/aobpla/ply043. 

19. Korres, N.E.; Norsworthy, J.K.; Tehranchian, P.; Gitsopoulos, T.K.; Loka, D.A.; Oosterhuis, D.M.; Gealy, D.R.; Moss, S.R.; Burgos, 
N.R.; Miller, M.R.; et al. Cultivars to face climate change effects on crops and weeds: A review. Agron. Sustain. Dev. 2016, 36, 12, 
doi:10.1007/s13593-016-0350-5. 

20. Hedhly, A. Sensitivity of flowering plant gametophytes to temperature fluctuations. Environ. Exp. Bot. 2011, 74, 9–16, 
doi:10.1016/j.envexpbot.2011.03.016. 

21. 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, doi:10.1890/02-0136. 

22. Nicolson, S.W. Nectar consumers. In Nectaries and Nectar; Springer Netherlands: Heidelberg ; The Netherlands, 2007; pp. 289–
342. 

23. Cane, J.H. Adult pollen diet essential for egg maturation by a solitary Osmia bee. J. Insect Physiol. 2016, 95, 105–109, 
doi:10.1016/j.jinsphys.2016.09.011. 

24. Hanley, M.E.; Franco, M.; Pichon, S.; Darvill, B.; Goulson, D. Breeding system, pollinator choice and variation in pollen quality 
in british herbaceous plants. Funct. Ecol. 2008, 22, 592–598, doi:10.1111/j.1365-2435.2008.01415.x. 

25. Bailes, E.J.; Ollerton, J.; Pattrick, J.G.; Glover, B.J. How can an understanding of plant–pollinator interactions contribute to global 
food security? Curr. Opin. Plant Biol. 2015, 26, 72–79, doi:10.1016/j.pbi.2015.06.002. 

26. Cartar, R.V. Resource tracking by bumble bees: Responses to plant-level differences in quality. Ecology 2004, 85, 2764–2771, 
doi:10.1890/03-0484. 



Plants 2021, 10, 988 14 of 16 
 

 

27. 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, doi:10.1111/j.1365-2435.2005.00961.x. 

28. Somme, L.; Vanderplanck, M.; Michez, D.; Lombaerde, I.; Moerman, R.; Wathelet, B.; Wattiez, R.; Lognay, G.; Jacquemart, A.-L. 
Pollen and nectar quality drive the major and minor floral choices of bumble bees. Apidologie 2014, 46, 92–106, 
doi:10.1007/s13592-014-0307-0. 

29. Zhao, Z.; Lu, N.; Conner, J.K. Adaptive pattern of nectar volume within inflorescences: Bumblebee foraging behavior and 
pollinator-mediated natural selection. Sci. Rep. 2016, 6, doi:10.1038/srep34499. 

30. Vanderplanck, M.; Moerman, R.; Rasmont, P.; Lognay, G.; Wathelet, B.; Wattiez, R.; Michez, D. How does pollen chemistry 
impact development and feeding behaviour of polylectic bees? PLoS ONE 2014, 9, e86209, doi:10.1371/journal.pone.0086209. 

31. Vaudo, A.D.; Tooker, J.F.; Grozinger, C.M.; Patch, H.M. Bee nutrition and floral resource restoration. Curr. Opin. Insect Sci. 2015, 
10, 133–141, doi:10.1016/j.cois.2015.05.008. 

32. Roger, N.; Michez, D.; Wattiez, R.; Sheridan, C.; Vanderplanck, M. Diet effects on bumblebee health. J. Insect Physiol. 2017, 96, 
128–133, doi:10.1016/j.jinsphys.2016.11.002. 

33. Gérard, M.; Vanderplanck, M.; Wood, T.; Michez, D. Global warming and plant–pollinator mismatches. Emerg. Top. Life Sci. 
2020, doi:10.1042/ETLS20190139. 

34. 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. 

35. Descamps, C.; Quinet, M.; Jacquemart, A.-L. The effects of drought on plant–pollinator interactions: What to expect? Environ. 
Exp. Bot. 2021, 182, 104297, doi:10.1016/j.envexpbot.2020.104297. 

36. Vervoort, A.; Cawoy, V.; Jacquemart, A.-L. Comparative reproductive biology in co-occurring invasive and native Impatiens 
species. Int. J. Plant Sci. 2011, 172, 366–377. 

37. Duan, H.; Wu, J.; Huang, G.; Zhou, S.; Liu, W.; Liao, Y.; Yang, X.; Xiao, Z.; Fan, H. Individual and interactive effects of drought 
and heat on leaf physiology of seedlings in an economically important crop. AoB Plants 2017, 9, doi:10.1093/aobpla/plw090. 

38. Zhou, R.; Yu, X.; Ottosen, C.-O.; Rosenqvist, E.; Zhao, L.; Wang, Y.; Yu, W.; Zhao, T.; Wu, Z. Drought stress had a predominant 
effect over heat stress on three tomato cultivars subjected to combined stress. BMC Plant Biol. 2017, 17, 24, doi:10.1186/s12870-
017-0974-x. 

39. Amuji, C.F.; Beaumont, L.J.; Atwell, B.J. The effect of co-occurring heat and water stress on reproductive traits and yield of 
tomato (Solanum Lycopersicum). Hortic. J. 2020, 89, 530–536, doi:10.2503/hortj.UTD-166. 

40. Wu, C.A.; Lowry, D.B.; Nutter, L.I.; Willis, J.H. Natural variation for drought-response traits in the Mimulus guttatus species 
complex. Oecologia 2010, 162, 23–33, doi:10.1007/s00442-009-1448-0. 

41. Sivakumar, R.; Srividhya, S. Impact of drought on flowering, yield and quality parameters in diverse genotypes of tomato 
(Solanum Lycopersicum L.). Adv. Hortic. Sci. 2016, 30, 3–11–11, doi:10.13128/ahs-18696. 

42. Connor, D.J.; Jones, T.R. Response of sunflower to strategies of irrigation ii. morphological and physiological responses to water 
stress. Field Crop. Res. 1985, 12, 91–103, doi:10.1016/0378-4290(85)90056-5. 

43. Bartoli, C.G.; Casalongué, C.A.; Simontacchi, M.; Marquez-Garcia, B.; Foyer, C.H. Interactions between hormone and redox 
signalling pathways in the control of growth and cross tolerance to stress. Environ. Exp. Bot. 2013, 94, 73–88, 
doi:10.1016/j.envexpbot.2012.05.003. 

44. Souza, P.I.D.; Egli, D.B.; Bruening, W.P. Water stress during seed filling and leaf senescence in soybean. Agron. J. 1997, 89, 807–
812, doi:10.2134/agronj1997.00021962008900050015x. 

45. Rivero, R.M.; Kojima, M.; Gepstein, A.; Sakakibara, H.; Mittler, R.; Gepstein, S.; Blumwald, E. Delayed leaf senescence induces 
extreme drought tolerance in a flowering plant. Proc. Natl. Acad. Sci. USA 2007, 104, 19631–19636, doi:10.1073/pnas.0709453104. 

46. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al. Crop 
production under drought and heat stress: Plant responses and management options. Front. Plant Sci. 2017, 8, 
doi:10.3389/fpls.2017.01147. 

47. Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence—A practical guide. J. Exp. Bot. 2000, 51, 659–668, 
doi:10.1093/jexbot/51.345.659. 

48. Farooq, M.; Wahid, A.; Kobayashi, N.; Fujita, D.; Basra, S.M.A. Plant drought stress: Effects, mechanisms and management. 
Agron. Sustain. Dev. 2009, 29, 185–212, doi:10.1051/agro:2008021. 

49. Lamaoui, M.; Jemo, M.; Datla, R.; Bekkaoui, F. Heat and drought stresses in crops and approaches for their mitigation. Front. 
Chem. 2018, 6, doi:10.3389/fchem.2018.00026. 

50. Sehgal, A.; Sita, K.; Bhandari, K.; Kumar, S.; Kumar, J.; Prasad, P.V.V.; Siddique, K.H.M.; Nayyar, H. Influence of drought and 
heat stress, applied independently or in combination during seed development, on qualitative and quantitative aspects of seeds 
of lentil (Lens Culinaris Medikus) genotypes, differing in drought sensitivity. Plant Cell Environ. 2019, 42, 198–211, 
doi:10.1111/pce.13328. 

51. Lawlor, D.W.; Cornic, G. Photosynthetic carbon assimilation and associated metabolism in relation to water deficits in higher 
plants. Plant Cell Environ. 2002, 25, 275–294, doi:10.1046/j.0016-8025.2001.00814.x. 

52. Aubert, L.; Konrádová, D.; Barris, S.; Quinet, M. Different drought resistance mechanisms between two buckwheat species 
Fagopyrum esculentum and Fagopyrum tataricum. Physiol. Plant. 2020, 1–10, doi:10.1111/ppl.13248. 

53. Hatfield, J.L.; Prueger, J.H. Temperature extremes: Effect on plant growth and development. Weather Clim. Extrem. 2015, 10, 4–
10, doi:10.1016/j.wace.2015.08.001. 



Plants 2021, 10, 988 15 of 16 
 

 

54. Khan, H.R.; Paull, J.G.; Siddique, K.H.M.; Stoddard, F.L. Faba bean breeding for drought-affected environments: A 
physiological and agronomic perspective. Field Crop. Res. 2010, 115, 279–286, doi:10.1016/j.fcr.2009.09.003. 

55. Adejare, F.B.; Umebese, C.E. Stomatal resistance to low leaf water potential at different growth stages affects plant biomass in 
Glycine max L. Am. J. Agric. Biol. Sci. 2007, 2, 136, doi:10.3844/ajabssp.2007.136.141. 

56. Ghanem, M.E.; Van Elteren, J.; Albacete, A.; Quinet, M.; Martínez-Andújar, C.; Kinet, J.-M.; Pérez-Alfocea, F.; Lutts, S. Impact 
of salinity on early reproductive physiology of tomato (Solanum lycopersicum) in relation to a heterogeneous distribution of toxic 
ions in flower organs. Funct. Plant Biol. 2009, 36, 125–136, doi:10.1071/FP08256. 

57. Sharma, A.; Shahzad, B.; Kumar, V.; Kohli, S.K.; Sidhu, G.P.S.; Bali, A.S.; Handa, N.; Kapoor, D.; Bhardwaj, R.; Zheng, B. 
Phytohormones regulate accumulation of osmolytes under abiotic stress. Biomolecules 2019, 9, 285, doi:10.3390/biom9070285. 

58. Alhaithloul, H.A.; Soliman, M.H.; Ameta, K.L.; El-Esawi, M.A.; Elkelish, A. Changes in ecophysiology, osmolytes, and 
secondary metabolites of the medicinal plants of Mentha piperita and Catharanthus roseus subjected to drought and heat stress. 
Biomolecules 2020, 10, 43, doi:10.3390/biom10010043. 

59. Sami, F.; Yusuf, M.; Faizan, M.; Faraz, A.; Hayat, S. Role of sugars under abiotic stress. Plant Physiol. Biochem. 2016, 109, 54–61, 
doi:10.1016/j.plaphy.2016.09.005. 

60. Al-Ghzawi, A.A.-M.; Zaitoun, S.; Gosheh, H.; Alqudah, A. Impacts of drought on pollination of Trigonella Moabitica (Fabaceae) 
via bee visitations. Arch. Agron. Soil Sci. 2009, 55, 683–692, doi:10.1080/03650340902821666. 

61. Phillips, B.B.; Shaw, R.F.; Holland, M.J.; Fry, E.L.; Bardgett, R.D.; Bullock, J.M.; Osborne, J.L. Drought reduces floral resources 
for pollinators. Glob. Chang. Biol. 2018, 24, 3226–3235, doi:10.1111/gcb.14130. 

62. Liu, Y.; Mu, J.; Niklas, K.J.; Li, G.; Sun, S. Global warming reduces plant reproductive output for temperate multi-inflorescence 
species on the Tibetan plateau. New Phytol. 2012, 195, 427–436, doi:10.1111/j.1469-8137.2012.04178.x. 

63. Takkis, K.; Tscheulin, T.; Petanidou, T. Differential effects of climate warming on the nectar secretion of early- and late-flowering 
mediterranean plants. Front. Plant Sci. 2018, 9, doi:10.3389/fpls.2018.00874. 

64. Descamps, C.; Marée, S.; Hugon, S.; Quinet, M.; Jacquemart, A.-L. Species-specific responses to combined water stress and 
increasing temperatures in two bee-pollinated congeners (Echium, Boraginaceae). Ecol. Evol. 2020, doi:10.1002/ece3.6389. 

65. Galen, C. Why do flowers vary? the functional ecology of variation in flower size and form within natural plant populations. 
BioScience 1999, 49, 631–640, doi:10.2307/1313439. 

66. Halpern, S.L.; Adler, L.S.; Wink, M. Leaf herbivory and drought stress affect floral attractive and defensive traits in Nicotiana 
quadrivalvis. Oecologia 2010, 163, 961–971, doi:10.1007/s00442-010-1651-z. 

67. Ji, X.; Shiran, B.; Wan, J.; Lewis, D.C.; Jenkins, C.L.D.; Condon, A.G.; Richards, R.A.; Dolferus, R. Importance of pre-anthesis 
anther sink strength for maintenance of grain number during reproductive stage water stress in wheat. Plant Cell Environ. 2010, 
33, 926–942, doi:10.1111/j.1365-3040.2010.02130.x. 

68. Ruan, Y.-L.; Patrick, J.; Bouzayen, M.; Osorio, S.; Fernie, A.R. Molecular regulation of seed and fruit set. Trends Plant Sci. 2012, 
17, 656–665, doi:10.1016/j.tplants.2012.06.005. 

69. Khan, H.A.; Siddique, K.H.M.; Colmer, T.D. Vegetative and reproductive growth of salt-stressed chickpea are carbon-limited: 
Sucrose infusion at the reproductive stage improves salt tolerance. J. Exp. Bot. 2017, 68, 2001–2011, doi:10.1093/jxb/erw177. 

70. Liu, Y.-H.; Offler, C.E.; Ruan, Y.-L. Regulation of fruit and seed response to heat and drought by sugars as nutrients and signals. 
Front. Plant Sci. 2013, 4, doi:10.3389/fpls.2013.00282. 

71. Gómez, J.M.; Perfectti, F.; Armas, C.; Narbona, E.; González-Megías, A.; Navarro, L.; DeSoto, L.; Torices, R. Within-Individual 
phenotypic plasticity in flowers fosters pollination niche shift. Nat. Commun. 2020, 11, 4019, doi:10.1038/s41467-020-17875-1. 

72. Miller-Struttmann, N.E.; Geib, J.C.; Franklin, J.D.; Kevan, P.G.; Holdo, R.M.; Ebert-May, D.; Lynn, A.M.; Kettenbach, J.A.; 
Hedrick, E.; Galen, C. Functional mismatch in a bumble bee pollination mutualism under climate change. Science 2015, 349, 
1541–1544, doi:10.1126/science.aab0868. 

73. Schiestl, F.P.; Johnson, S.D. Pollinator-mediated evolution of floral signals. Trends Ecol. Evol. 2013, 28, 307–315, 
doi:10.1016/j.tree.2013.01.019. 

74. Fowler, R.E.; Rotheray, E.L.; Goulson, D. Floral abundance and resource quality influence pollinator choice. Insect Conserv. 
Divers. 2016, 9, 481–494, doi:10.1111/icad.12197. 

75. Takkis, K.; Tscheulin, T.; Tsalkatis, P.; Petanidou, T. Climate change reduces nectar secretion in two common mediterranean 
plants. AoB Plants 2015, 7, plv111. 

76. Gallagher, M.K.; Campbell, D.R. Shifts in water availability mediate plant–pollinator interactions. New Phytol. 2017, 215, 792–
802, doi:10.1111/nph.14602. 

77. 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. 

78. Mu, J.; Peng, Y.; Xi, X.; Wu, X.; Li, G.; Niklas, K.J.; Sun, S. Artificial asymmetric warming reduces nectar yield in a Tibetan alpine 
species of Asteraceae. Ann. Bot. 2015, 116, 899–906, doi:10.1093/aob/mcv042. 

79. Waser, N.M.; Price, M.V. Drought, pollen and nectar availability, and pollination success. Ecology 2016, 97, 1400–1409, 
doi:10.1890/15-1423.1. 

80. Cawoy, V.; Jonard, M.; Mayer, C.; Jacquemart, A.-L. Do abundance and proximity of the alien Impatiens glandulifera affect 
pollination and reproductive success of two sympatric co-flowering native species? J. Pollinat. Ecol. 2012, 10, 130–139. 

81. Goldberg, R.B.; Beals, T.P.; Sanders, P.M. Anther development: Basic principles and practical applications. Plant Cell 1993, 5, 
1217–1229. 



Plants 2021, 10, 988 16 of 16 
 

 

82. Borghi, M.; Perez de Souza, L.; Yoshida, T.; Fernie, A.R. Flowers and climate change: A metabolic perspective. New Phytol. 2019, 
224, 1425–1441, doi:10.1111/nph.16031. 

83. Gray, S.B.; Brady, S.M. Plant developmental responses to climate change. Dev. Biol. 2016, 419, 64–77, 
doi:10.1016/j.ydbio.2016.07.023. 

84. Sage, T.L.; Bagha, S.; Lundsgaard-Nielsen, V.; Branch, H.A.; Sultmanis, S.; Sage, R.F. The Effect of high temperature stress on 
male and female reproduction in plants. Field Crop. Res. 2015, 182, 30–42, doi:10.1016/j.fcr.2015.06.011. 

85. Russo, L.; Keller, J.; Vaudo, A.D.; Grozinger, C.M.; Shea, K. Warming increases pollen lipid concentration in an invasive thistle, 
with minor effects on the associated floral-visitor community. Insects 2020, 11, 20, doi:10.3390/insects11010020. 

86. Muth, F.; Francis, J.S.; Leonard, A.S. Bees use the taste of pollen to determine which flowers to visit. Biol. Lett. 2016, 12, 20160356, 
doi:10.1098/rsbl.2016.0356. 

87. Yu, J.; Jiang, M.; Guo, C. Crop pollen development under drought: From the phenotype to the mechanism. Int. J. Mol. Sci. 2019, 
20, doi:10.3390/ijms20071550. 

88. Pressman, E.; Peet, M.M.; Pharr, D.M. The effect of heat stress on tomato pollen characteristics is associated with changes in 
carbohydrate concentration in the developing anthers. Ann. Bot. 2002, 90, 631–636, doi:10.1093/aob/mcf240. 

89. Sato, S.; Kamiyama, M.; Iwata, T.; Makita, N.; Furukawa, H.; Ikeda, H. Moderate increase of mean daily temperature adversely 
affects fruit set of Lycopersicon esculentum by disrupting specific physiological processes in male reproductive development. Ann. 
Bot. 2006, 97, 731–738, doi:10.1093/aob/mcl037. 

90. Cook, S.M.; Awmack, C.S.; Murray, D.A.; Williams, I.H. Are honey bees’ foraging preferences affected by pollen amino acid 
composition? Ecol. Entomol. 2003, 28, 622–627, doi:10.1046/j.1365-2311.2003.00548.x. 

91. Bieberich, J.; Müller, S.; Feldhaar, H.; Lauerer, M. Invasive Impatiens glandulifera: A driver of changes in native vegetation? Ecol. 
Evol. 2021, 11, 1320–1333, doi:10.1002/ece3.7135. 

92. Beerling, D.J.; Perrins, J.M. Impatiens glandulifera Royle (Impatiens Roylei Walp.). J. Ecol. 1993, 81, 367–382. 
93. Abramoff, M.D.; Magalhães, P.J.; Ram, S.J. Image processing with ImageJ. Biophotonics Int. 2004, 11, 36–42. 
94. Yemm, E.W.; Willis, A.J. The estimation of carbohydrates in plant extracts by anthrone. Biochem. J. 1954, 57, 508. 
95. Alexander, M.P. Differential staining of aborted and nonaborted pollen. Stain Technol. 1969, 44, 117–122, 

doi:10.3109/10520296909063335. 
96. Vanderplanck, M.; Leroy, B.; Wathelet, B.; Wattiez, R.; Michez, D. Standardized protocol to evaluate pollen polypeptides as bee 

food source. Apidologie 2014, 45, 192–204, doi:10.1007/s13592-013-0239-0. 
97. Team, R.C. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing ; 2020. 


