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Abstract
1.	 Water deficit can alter floral traits with cascading effects on flower-visitor inter-

actions and plant fitness. Water stress induction can diminish productivity, di-
rectly resulting in lower flower production and consequently seed set. Changes in 
floral traits, such as floral scent or reward amount, may in turn alter pollinator visi-
tations and behaviour and consequently can reduce pollination services resulting 
in lower reproduction output. However, the relative contribution of this indirect in 
comparison to the direct effects to changes in seed set are not fully understood.

2.	 We manipulated water availability using rain-out shelters in a field experiment 
and measured effects on floral scent bouquet, morphology, phenology, flower-
visitor interactions, pollination and seed set. Plant individuals of Sinapis arvensis 
(Brassicaceae) were randomly assigned to one of three treatments: mean pre-
cipitation (=control), reduced mean precipitation or drought period treatment.

3.	 Our results show that decreasing water availability lowers the number of flow-
ers and seed set. This indicates a direct link between water stress and seed set, 
as seed mass increases with increasing flower number. The indirect link of water 
stress via floral traits, pollinator visits and pollination has weaker effects on seed 
set. However, floral traits remain relatively stable under decreased water availability, 
whereas plant growth and flower abundance decrease, potentially in order to allow 
investment in more resources in fewer flowers to maintain pollination success. Thus, 
plants are able to compensate for water stress and can maintain floral trait expres-
sion, such as a stable scent emission and bouquet, to retain pollinator attraction.

4.	 These findings indicate that the direct link from water stress to seed set has a 
stronger impact on plants reproductive success than the indirect link through 
altered floral trait expression and pollinator visits in a generalist plant species.
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1  |  INTRODUC TION

Reduced precipitation can influence the reproductive success of 
plant individuals directly and indirectly. Here, we define “directly” as 
the effect of stress induction on the total flower production during 
flowering time as lower flower production directly leads to reduced 
seed production (“abundance effect”; Cariveau et al.,  2004; Fang 
et al., 2010; Lemoine et al., 2013). “Indirect” effects mean changes 
in floral traits such as reduced floral size or altered scent bou-
quet, which alter pollinator visitations and behaviour (Descamps, 
Jambrek, et al., 2021; Descamps, Quinet & Jacquemart, 2021; Höfer 
et al., 2021; Kuppler et al., 2021) and hence reduce pollination ser-
vices, for example, pollen grains on stigma, resulting in lower re-
productive output (“pollination effect”). General changes in seed 
set under water stress are well studied (Al-Ghzawi et al.,  2009; 
Boutraa & Sanders,  2001; Gallagher & Campbell,  2017; Mantel & 
Sweigart, 2019; Turner, 1993). However, the contribution of direct 
and indirect effects to changes in seed set and, thus, the mechanisms 
involved in the effects of climate change on pollination and plants 
are not fully understood. These aspects are of particular importance, 
because drought events will expand in spatial extent and duration 
(European Environment Agency, 2017; Grillakis, 2019; IPCC, 2014), 
and water deficits will increase with strong effects on plant physi-
ology (Beier et al., 2012) and phenotype (Cornwell & Ackerly, 2009; 
Jung et al., 2014; La Rosa et al., 2019).

Water deficit reduces resources for reproduction (Lemoine 
et al.,  2013), resulting in lower flower production (Burkle & 
Runyon, 2016; Descamps et al., 2018; Descamps et al., 2020; Glenny 
et al.,  2018) and consequently fewer ovules, thereby directly re-
ducing the total number of seeds produced (Cariveau et al., 2004). 
Additionally, water-stressed plants have higher floral abortion rates 
of up to 50% (Fang et al., 2010; Aiguo Dai, 2013; Guo et al., 2013; 
Descamps et al., 2018) in order to reduce water loss and costs of 
flower maintenance (Galen et al., 1999; Lambrecht & Dawson, 2007). 
Moreover, the abortion rates of ovaries before (Alqudah et al., 2011; 
Smith & Zhao, 2016) and after fertilization (Sehgal et al., 2019) are 
increased under water stress.

In addition to direct effects on flower production, water stress 
can affect vegetative growth, floral morphology and scent, and flo-
ral rewards (pollen and nectar), depending on plant species, growing 
conditions and stress level (Descamps, Quinet, & Jacquemart, 2021; 
Kuppler & Kotowska, 2021). In Sinapis arvensis and Sinapis alba, water 
deficit reduces plant growth (Akter & Klečka, 2022), number and size 
of inflorescences, and floral morphology traits such as floral size, 
nectar tube depth, and petal width and length (Kuppler et al., 2021). 
These phenotypic changes decrease the water needed, as smaller 
corollas lose less water through evaporation and transpiration (Galen 
et al., 1999; Lambrecht & Dawson, 2007; Teixido & Valladares, 2014). 
Floral scent emission is not affected by water stress in S. arvensis 
(Höfer et al.,  2021); however, in other species floral scent emis-
sion rate and the composition of compounds can change (Burkle & 
Runyon, 2016; Glenny et al., 2018; Rering et al., 2020). For exam-
ple, water-stressed plants emit more α-pinene, (E)-β-ocimene and 

(E,E)-α-farnesene and less 1,3-octadiene and benzyl alcohol, and 
their overall scent emission increases (Campbell et al., 2019).

Flower visitors respond to intraspecific differences in floral phe-
notypes (Conner & Rush, 1996; Kuppler et al., 2016; Mothershead 
& Marquis,  2000; Thomson et al.,  1982). Water-stress induced 
changes in floral traits therefore might lead functional and recogni-
tion mismatches between host plants and flower visitors (Descamps 
et al., 2020; Gérard et al., 2020; Miller-Struttmann et al., 2015). A 
behavioural experiment with bumblebees on drought stressed S. 
arvensis revealed that bumblebees need more time to make their 
first visit in cases of decreasing flower and inflorescence size, and 
visits are significantly shorter on water-stressed plants (Höfer 
et al., 2021), as flower visitors prefer well-watered plants over water-
stressed plants with reduced height, flower number, and size (Al-
Ghzawi et al., 2009; Burkle & Runyon, 2016; Descamps et al., 2018; 
Gallagher & Campbell, 2017; Kuppler et al., 2021). Though, the du-
ration of visits can strongly affect pollination efficiency, because 
less pollen is transferred from the anther to the pollinator's body 
during shorter visits (Sahli & Conner, 2007), and pollen reception by 
the stigma is less likely (King et al., 2013; Ohara & Higashi, 1994), 
thereby diminishing female and male plant reproductive success. In 
addition to behaviour, pollinator assemblage can be important for 
pollination, as changes in the pollinator community can change pol-
len deposition and influence seed set (Bruckman & Campbell, 2014).

In this study, we investigated the direct impact of water stress 
on reproductive success through changes in flower production 
and the indirect links of water stress on pollen deposition and 
on seed set through changes in pollinator visits. We manipulated 
water availability using rain-out shelters and measured effects 
on floral and vegetative traits, floral rewards (i.e. nectar and pol-
len), pollinator visits, and reproductive success. We hypothesized 
that limited water availability in the drought treatment would (1) 
directly impact seed set through reduced total floral abundance 
and (2) change floral traits (e.g. decrease floral height, daily flower 
number and size) leading to reduced pollinator visits and less pol-
len deposition on stigmas, representing the indirect link between 
water stress and seed set.

2  |  MATERIAL S AND METHODS

2.1  |  Plants and irrigation treatment

We used Sinapis arvensis L. (wild mustard, Brassicaceae), which 
is a self-incompatible plant species visited by a broad range of 
insect species such as bees and syrphid flies (Kunin,  1993) and 
which grows in meadows and agricultural landscapes. We used 
seeds from a common garden experiment at the Botanical Garden 
of the University of Salzburg, Austria. Seeds were selected from 
23 different mother plants and were potted, separated by mother 
plants, into 7 × 7 × 7  cm pots until seedlings emerged. Seedlings 
were subsequently transferred individually into 5-litre pots (see 
details in Methods S1).
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We reared 10 individuals per mother plant for 4 weeks in a 
greenhouse in the Botanical Garden of the Ulm University. Each 
individual from each mother plant was randomly assigned to one 
of three irrigation treatments: (1) well-watered (WW): plants were 
watered daily once by hand with 90 ml water; (2) reduced-watered 
(RW): plants were watered daily with 70 ml water, a reduction based 
on regional climate projection models for 2071–2100 (LUBW, 2013); 
(3) drought period (D): plants were watered with 90 ml as needed, 
when plants showed signs of wilting (after ~4–6 days without water). 
Irrigation treatments started 26 days after sowing when plants were 
10 cm high. We grouped 20 individuals into each treatment (N = 60 
in total). However, only 53 individuals survived after being planted 
outside (WW: N = 17, RW: N = 19, and D: N = 17).

2.2  |  Experimental setup

On an open field in the Botanical Garden of Ulm University, we set 
up five rain shelters (1.8 × 4.5 m) covered with PET plastic glazing 
foil (Gutta Werke GmbH) that allowed 80% PAR transmission. Under 
each shelter, we established three plots (0.5 m2), each for one treat-
ment of four plant individuals (see details in Method S1). Permission 
for fieldwork was not necessary.

On 19 May 2020 (4 weeks after sowing), the potted plants were 
transferred under the rain shelters and were watered using a drip-
irrigation system (X-CORE XC-801-E, Hunter Industries), except for 
the drought-treated plants, which were further watered by hand 
when they showed severe signs of wilting. After 10 days, we had to 
adjust watering regime and doubled the water amount for all treat-
ments, otherwise the plants would have withered or would have 
died. Overall, the experiment lasted 13 weeks from treatment initia-
tion to seed harvest (May 15, 2020 until August 17, 2020).

Temperature and relative air humidity were recorded under each 
rain shelter (Climate data logger BL30, Trotec GmbH) and near to the 
shelters (DK655-3 S ruggedVisual, Driesen+Kern GmbH). Conditions 
were the same under all shelters, except for shelter 1, which was 
warmer than the others (see details in Notes S1).

2.3  |  Trait measurement and reproductive success

To test for differences in plant phenotypes between treatments, we 
measured several vegetative and floral traits including morphologi-
cal, phenological, and chemical traits, all of which are known to me-
diate flower-visitor interactions (e.g. Junker et al., 2015; Thomson 
et al., 1982; Table S1). We measured the following parameters once in 
three freshly open flowers per plant from a low, middle, and high posi-
tion to avoid position and age effects: stamen, style, and calyx length, 
petal length and width, flower display size (after 3–6 weeks under 
treatments), and nectar volume (after 3 weeks under treatment). On 
two flowers per plant, we collected one anther each in order to count 
pollen grains by means of a microscope (after 3 weeks under treat-
ment). For pollen and nectar collection, nearly open flowers were 

covered with mesh bags the day before collection in order to prevent 
access by flower visitors. The inflorescence size (greatest expansion) 
was measured once on five inflorescences per plant (after 3–6 weeks 
under treatments). Floral height (height of the highest flower) was 
measured weekly with a folding yardstick; means were used for 
statistical analyses. The number of flowers and inflorescences were 
counted every 4 days. Weekly measurements started 2 weeks under 
treatments. Total sum of flowers and the daily flower number (total 
number of flowers divided by number of observation days) were cal-
culated for further analysis. Furthermore, we noted the date that the 
first flower emerged and the last day of flowering per plant individual 
(see details of measurements in Table S1, Methods S2).

Dynamic headspace sampling was used to examine the effect of 
the different watering regimes on the quality and quantity of scent 
emission. All flowers per plant were enclosed within an oven bag 
(Toppits®, Minden, Germany). The emitted volatiles were trapped for 
60 min on 1.5 mg Tenax (mesh 60-80; Supelco) and 1.5 mg Carbotrap 
B (mesh 20-40; Supelco) in a quartz vial (length 20 mm, inner diameter 
2 mm) by using a membrane pump (G12/01 EB; ASF Rietschle-Thomas) 
with a flow rate of 200 ml min−1. Samples were collected between 
08:30 and 12:00 h (after 3–6 weeks under treatments). Scent samples 
were analysed using a GC–MS. (details see in Methods S1).

To confirm water stress in a plant, we measured mid-day stem 
water potential (Ψstem) on one leaf per plant by using a pressure 
chamber. The more negative the measured values, the more the 
plants were water-stressed. Ψstem was measured 4 weeks after wa-
tering treatments started (see details in Methods S2).

To measure how much pollen a flower had received, we marked 
nearly open flowers that opened the next day and dissected them 
after 3 days in order to count pollen grains on the stigma by means 
of a microscope.

2.3.1  |  Reproductive success

To investigate pollination success after the flowering period, five 
stalks per plant were randomly chosen, and the number of pods 
and aborted (=non-fertilized) flowers were counted, after which we 
divided the number of aborted flowers by the number of pods per 
stalk. Additionally, all pods per plant were counted, cut and placed 
in paper boxes for after-ripening. We calculated the total seed num-
bers by multiplying the number of pods with the mean seed num-
ber per pod (calculated from 12 pods per plant). Additionally, we 
weighed the total seed mass per plant. To obtain the aboveground 
biomass, all plant material (without leaves) of each individual was 
oven-dried for 72 h at 65°C and were weighed directly afterwards. 
The total root mass was obtained in the same way.

2.3.2  |  Flower-visitor interactions

Flower-visitor interactions were recorded on non-rainy days (in total 
20 days) between 08:00 and 12:00 h until the end of the flowering period 
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(31 July). An interaction was defined as a visit by an arthropod to one 
or more flowers of one plant, that is, a single flower visitor that visited 
several flowers of one plant consecutively was regarded as one interac-
tion. The observations were conducted by up to two persons within 
1 day, and on most days, all 53 plant individuals were observed. The 
daily observation time of each plant individual was adjusted depending 
on weather conditions and interaction frequency of floral visitors. Each 
person simultaneously observed between four (high floral abundance 
and high interaction frequency) and 12 (low floral abundance and low 
interaction frequency) individual plants at a given time. On most days, 
all plants were observed for the same amount of time in the morning. In 
the afternoon, it was too hot for observations as the number of flower 
visitors drastically decreased around midday. All interactions on flowers 
were recorded, and single visitors were collected to identify them im-
mediately after the observations (Table S2). Following identification, the 
arthropods were released. The total observation time per plant ranged 
from 100 to 260 min (mean (SD) 191.89 (44.98) min), with plants being 
observed for mean (SD) 12.45 (3.65) days.

2.4  |  Data analysis

All data were analysed and plotted using R (version 4.1.0, R Core 
Team, 2021). As the stem water potential showed a high variability 
within the treatments (mean (SD) MPa: well-watered: −0.15 (0.09), 
reduced-watered: −0.15 (0.06), drought treatment: −0.19 (0.09)), 
we used water potential as a continuous variable rather than using 
treatment as a categorical variable for the analyses (Gallagher & 
Campbell,  2017; Waser & Price,  2016). To test the association be-
tween stem water potential (Ψstem) and measured floral traits and 
seed mass, we fitted linear mixed-effects models with Ψstem as the 
fixed factor and mother plant and rain shelter as the random factors, 
to account for differences in the microclimate under each shelter. All 
models were fitted by using the lmer-function from the lme4-package 
1.1-27 (Bates et al., 2015) with restricted maximum likelihood (REML). 
Total scent emission was square-root transformed to achieve a nor-
mal distribution. If no model convergence was reached after the de-
fault 10,000 iterations, we restarted the model from the previous fit 
with a maximum of 100,000 iterations. For testing the differences in 
mean values of the categorical treatment models, we performed the 
same analyses but used treatment as fixed factor. Nectar volume and 
total scent emission were square-root transformed to achieve a nor-
mal distribution. Significance was ascertained via Type II Wald chi-
square tests implement in the Anova() function of the car-package 
3.0-10 (Fox & Weisberg, 2018). The fit of each model was assessed 
using the DHARMa-package 0.4.1 (Hartig, 2020).

The effect of water stress on floral scent bouquet and visitor as-
semblage was assessed by NMDS analysis by using a permutational 
multivariate ANOVA (PERMANOVA, 999 permutations, Bray–Curtis 
similarity distance matrix) in the vegan-package 2.5-7 (Oksanen 
et al., 2020). One scent sample from the well-watered treatment was 
empty and was excluded from analysis. Selected compounds were 
found in at least 20 plant individuals.

Finally, we conducted structural equation modelling (SEM) anal-
ysis to assess the way in which water stress affected reproductive 
success directly through total sum of produced flowers per plant 
or indirectly through the contributions of floral traits and resulting 
number of visits. The SEM was constructed with the gradient of Ψstem 
as the exogenous variable and with floral traits (floral height, daily 
flower number, total sum of flowers, diameter of flowers and inflo-
rescences, nectar volume, pollen amount, time to first flower, flower-
ing period, total scent emission), number of visits per flower per day, 
and seed mass (output variable) as endogenous variables. SEM anal-
ysis was repeated with pollen number on stigma as the output vari-
able. All data were centred and scaled by function: x-mean(x)/sd(x). 
Data were fitted using linear mixed-effects models with motherID 
and shelterID as random factors for all models with lmer-function, 
and SEM was constructed using psem-function from the piecewise 
sem-package 2.1.2 (Lefcheck, 2016). Standardized path coefficients 
(β-value) extracted from the model are a measure for strength of 
connection between two variables/paths with 0.3 < β < 0.5 defined 
as a weak connection, 0.5 < β < 0.7 as a moderate, and β < 0.7 as a 
strong connection. We performed an additional SEM to check for 
singularity that had no influence on the output (see Notes S4). For 
the analysis with seed mass, we had to exclude three individuals, 
two from the drought treatment, as we could not measure the water 
potential, and one individual from the well-watered treatment, as we 
had no scent data. For the analysis of pollen on stigma, we used 28 
individuals as we were not able to obtain flowers from all individuals 
after they had opened for 3 days to receive pollen.

3  |  RESULTS

3.1  |  Linkage between water stress, floral traits, 
pollinator visits and reproductive success

There is a direct link from water stress to seed set as the total num-
ber of produced flowers played a dominant role in seed production 
(Figure 1; Table S3 for details). The β-value = 0.790 shows a strong 
positive link between the sum of produced flowers and seed mass 
(p < 0.001) and flower abundance was significantly affected by water 
stress (p = 0.031), with increasing abundance when water stress de-
creased (β = 0.334). For the other floral traits, only floral height was 
significantly affected by water stress (p = 0.033), with a weak posi-
tive connection strength (β = 0.332). Overall, aboveground biomass 
of well-watered plants was twice as much as in drought stressed 
plants (LMM: χ2  =  9.25, p  =  0.010; means (SD) in g: WW: 39.92 
(28.12), RW: 33.47 (24.53), D: 17.89 (15.14), details in Notes S2).

For the indirect link via floral traits and pollinator visits, a weak neg-
ative connection was detected between number of visits and the daily 
flower numbers (β = −0.389) and nectar volume (β = −0.399), as the 
per-flower visit decreased with higher flower number (p = 0.007) and 
more nectar (p = 0.034). However, more days until flowering and longer 
flowering time increased the number of visits (β = 0.295, p = 0.027; 
β = 0.252, p = 0.029). With increasing number of visits, the seed mass 
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increased (P = 0.041), but the connection was weaker (β = 0.277) than 
between the sum of flowers and seed mass (β = 0.720). Overall, 57% 
of variance in seed mass could be explained by the variables included 
in the SEM. Along the Ψstem gradient (−0.376 to −0.041 MPa), the pre-
dicted seed mass increased by 34%; however, it was not significant (LM: 
F1,49 = 0.89, p = 0.350; Figure S1B; Table S5). The number of pods and 
seeds per plant also increased with decreasing water stress (p = 0.030, 
p = 0.018, respectively; Table S5). However, the number of seeds within 
a single pod was unaffected by water stress (p = 0.930). Differences 
between the categorical treatments are shown in Figure  S1A and 
Table S6. Pollination success (ratio of aborted flowers divided by pods 
per stalk) was not affected by water stress; however, the ratio de-
creased by 11% along the Ψstem gradient (LM: F1,48 = 0.178, p = 0.675), 
as the number of pods increased with less water deficit.

In the SEM analysis with pollen deposition, we found no sig-
nificant links between Ψstem and floral traits (Figure  2; Table  S4); 
although, β  =  0.700 revealed a strong connection for time until 

flowering and number of visits per flower/day (p = 0.010). However, 
number of visits did not affect the pollen amount on stigmas 
(p  =  0.507). On the other hand, stamen length was strongly con-
nected with pollen on stigma (β = −0.869), as with increasing stamen 
length the pollen deposition reduced (p = 0.036).

We further tested if the flower visitor assemblage was affected 
by watering treatment; however, it did not differ significantly be-
tween treatments (F2,50 = 0.542, p = 0.857, see Notes S3). The cor-
relation coefficient of visitor taxa and floral traits (RV = 0.153) did 
not differ significantly from chance (permutation test, 999 permuta-
tions: p = 0.226, Notes S3).

3.2  |  Water stress and floral traits

Along the Ψstem gradient (Figure 3; Table S7 for statistical details), 
predicted floral height increased by ~47% (p = 0.007), daily flower 

F I G U R E  1  Structural Equation model showing the paths through which water stress affects seed mass as an indicator of reproductive 
success (N = 50 plant individuals, well-watered: N = 16, reduced-watered: N = 19, drought-treated: N = 15). Standardized path coefficients 
are shown in the arrows. To provide a better overview, we have shown only significant paths of floral traits. Line width is proportional to 
path strength; solid and dashed lines represent significant (p < 0.05) and non-significant paths (p > 0.05), respectively. Asterisks on path 
coefficients represent *p < 0.05, **p < 0.01, ***p < 0.001. R2 (conditional) denotes the proportion of variance explained by the model. Global 
goodness-of-fit for the model: Fisher's C = 152.92, df = 94, p = 0.
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number by ~79% (p  =  0.027), number of inflorescences by 70% 
(p = 0.027), and stamen length by ~16% (p = 0.018). Furthermore, 
time until first flower increased by 9%, flowering time by 20%, inflo-
rescence diameter by 14%, petal length by 7%, petal width by 6%, 
style length by 10%, calyx length by 9%, and total scent emission 
by 45%; flower diameter decreased by 4%, and nectar volume and 
pollen load per flower decreased by 50% and by 10%, respectively. 
However, these effects were not significant. Differences in the mean 
value of the categorical treatment are shown in Figure S2; Table S8.

Scent bouquets of all three treatments did not differ signifi-
cantly (PERMANOVA, Bray–Curtis similarity measures, F2,49 = 1.01 
p = 0.413; Figure S3; Table S9 for detailed list of scent compounds).

4  |  DISCUSSION

Water stress lowers productivity and resources for flower pro-
duction (Cariveau et al.,  2004; Lemoine et al.,  2013) or alters flo-
ral traits leading to changed pollinator visitations (Descamps, 
Jambrek, et al., 2021; Descamps, Quinet, & Jacquemart, 2021; Höfer 
et al., 2021; Kuppler et al., 2021). These effects can reduce pollina-
tion services and ultimately decrease the reproductive success of 
plants. Knowledge of the proportion of direct and indirect effects 

on seed set is nevertheless important in order to improve our un-
derstanding of the impacts of increasing drought events. As shown 
here, the direct impact of water stress through reduced investment 
in floral abundance has the strongest effect on seed set. The indirect 
link of water stress through changes in floral traits and therefore 
altered pollinator visits plays a subordinate role for the reproduc-
tive success of Sinapis arvensis plants. Water-stressed plants receive 
fewer visits compared with well-watered plants, although pollen 
deposition is not significantly affected along the Ψstem gradient, indi-
cating that pollination success under water deficit might not be fully 
dependent on the number of visits per flower.

4.1  |  Linkage between water stress, floral traits, 
pollinator visits and reproductive success

As expected, the seed set was reduced with increasing water stress, 
and the direct link of total number of flowers to seed mass had the 
strongest effect; more flowers probably leading to more ovules for 
seed production, in accordance with observations from other stud-
ies (Al-Ghzawi et al., 2009; Boutraa & Sanders, 2001; Gallagher & 
Campbell,  2017; Guilioni et al.,  2003). The indirect link of water 
stress via flower-visitors and pollination had weaker effects on 

F I G U R E  2  Structural equation model 
showing the paths through which water 
stress affects pollen deposition on 
stigmas as an indicator of reproductive 
success (N = 28 plant individuals, well-
watered: N = 7, reduced-watered: N = 10, 
drought-treated: N = 11). Standardized 
path coefficients are shown in the arrows. 
To provide a better overview, we have 
shown only significant paths of floral 
traits. Line width is proportional to path 
strength; solid and dashed lines represent 
significant (p < 0.05) and non-significant 
paths (p > 0.05), respectively. Asterisks on 
path coefficients represent *p < 0.05. R2 
(conditional) denotes the proportion of 
variance explained by the model. Global 
goodness-of-fit for the model: Fisher's 
C = 297.89, df = 134, p = 0.
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seed set. In general, more visits per flower are beneficial for suf-
ficient pollen deposition on the stigma for maximization of seed set 
per flower (Dudash & Ritland, 1991; Karron et al., 2006). Therefore, 
the consistent numbers of seeds per pod in our experiment indicate 
that the pollen deposition per stigma was sufficient for flowers in 
all treatments, the amount of deposited pollen grains being decisive 
for the number of seeds produced (Cariveau et al.,  2004; Falque 
et al., 1995). This suggests that indirect effects are less strong if pol-
len deposition does not differ or is sufficient, and thus, the reduction 
of flower number under water deficit affects seed set more strongly 
than the number of visits by pollinators.

Pollen deposition on stigmas was not significantly affected 
by flower visits. In general, plants with a higher number of flow-
ers received more visits in total, but the per-flower visits to our 
plants tended to decreased with increasing flower number, in 
accordance with (Brody & Mitchell,  1997), and possibly leads to 
lower pollen deposition per flower of well-watered plants. On 
the other hand, flower-visits might have been shorter on water-
stressed plants (Höfer et al., 2021) making pollen transfer to the 
stigma less likely (King et al., 2013; Ohara & Higashi, 1994). These 
two aspects might compensate each other leading to a similar 
pollen deposition on flowers of water-stressed and well-watered 
plants. A further aspect to take into consideration might be the 

type of pollinators visiting the flowers. The generalist honey bee 
Apis mellifera, made by far the most visits during our observations. 
They visited nearly every flower per plant, and, as the plants of 
the different treatments were in close proximity to each other, 
they switched regularly between plants. This might have led to 
similar pollen deposition in stressed and watered plants. Honey 
bees show a higher flower constancy, that is, they visit the same 
type of flowers again, compared with other bees (Free,  1963, 
1970; Grant,  1950; Slaa et al.,  2003), thereby reducing handling 
time costs and errors, as honey bees store information about cor-
rect flower handling in their easily accessible short-term memory 
(Chittka et al.,  1999). Thus, the honey bees in our experiments 
might have learned how to handle S. arvensis flowers and might 
have visited all nearby plants because of flower constancy, al-
though the water-stressed plants with lower floral display should 
have been less attractive than well-watered plants. In addition, if 
honey bees mainly collected pollen, water-stressed plants might 
still have been attractive to the bees, as the pollen amount did not 
differ between treatments, resulting in similar amounts of visits.

The SEM revealed a strong negative relation between aver-
age stamen length and pollen deposition, with fewer pollen grains 
being found on stigmas under conditions of increasing stamen 
length. With an increased distance between anthers and stigma, 

F I G U R E  3  Association between floral traits and stem water potential [MPa]. Well-watered (circles): N = 17, reduced-watered (triangles): 
N = 19, and drought-treated (rectangles): N = 17. Each colored point represents one plant. Black lines are regression lines derived from a 
linear mixed model; gray shading represents the standard error of the regression line. *p < 0.05, **p < 0.01, n.s. = not significant.
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herkogamy increases. Herkogamy, that is, the spatial separation of 
anthers and stigma, prevents self-fertilization in self-compatible 
plants (Endress, 2004; Webb & Lloyd, 1986). With increasing water 
stress, the distance between the anthers and stigma shrinks. The 
style length of our plants was unaffected by water stress, and thus 
more pollen from the shortened anthers of the water-stressed 
plants was likely to reach the stigma. Self-incompatible Brassica 
rapa, a species from the same family as S. arvensis, has evolved de-
grees of self-compatibility and autonomous selfing under herbivory 
(Ramos & Schiestl, 2019). In breeding experiments with S. arvensis, 
a few examples of pseudocompatibility have been observed (Ford 
& Kay, 1985) suggesting that S. arvensis under water stress can also 
show self-compatibility that is attributable to phenotypic plasticity 
and that leads to self-fertilization.

4.2  |  Water stress and floral traits

In the single analyses of floral traits, our plants exhibited reduced 
floral height, flower and inflorescence abundance, and above-
ground biomass with increasing water stress, as a phenotypic 
response to lower water loss through evaporation and transpira-
tion (Feild et al., 2009; Galen et al., 1999; Lambrecht et al., 2017; 
Lambrecht & Dawson, 2007; Teixido & Valladares, 2014). In contrast 
to other studies, our plants did not reduce their flower size (Burkle 
& Runyon,  2016; Carroll et al.,  2001; Caruso,  2006; Gallagher & 
Campbell, 2017; Suni et al., 2020), indicating that S. arvensis plants 
maintain flower size to attract pollinators by reducing investment 
in shoot growth and flower abundance. Nevertheless, Kuppler 
et al., 2021 found a reduction in flower size under water stress for 
S. arvensis; however, they used a pulsed-drought treatment, which 
started shortly before flowering and it was shown that the timing 
of stress imposition is important, as water stress application shortly 
before flowering has a greater impact than an earlier initiation of 
such treatment (Kuppler & Kotowska, 2021). Thus, our plants seem 
to have adjusted their physiology to the new conditions by reduc-
ing plant growth in order to compensate for maintaining floral char-
acteristics. Larger flowers are more attractive to pollinators who 
increase their visitation rate (Burkle & Runyon,  2016; Gallagher & 
Campbell, 2017; Kuppler et al., 2021) and reduce the time that visi-
tors need for their first visit (Höfer et al., 2021). Therefore, plants 
need to maintain floral size expression for pollinator attraction.

Further, in our experiments, nectar volume seems to decrease 
under less water stress. However, water-stressed flowers have 
previously been reported to produce reduced amounts of nectar 
(Brunet & van Etten, 2019; Gallagher & Campbell, 2017; Waser & 
Price, 2016) and pollen (Waser & Price, 2016) compared with well-
watered plants. Our plants might compensate for water stress by 
reducing flower number, while maintaining nectar production for 
higher resource investment and increased reward production in 
single flowers. In the SEM, we found no significant effect of water 
stress on daily flower number, but a trend was detected indicating 
that water deficit reduced the number of flowers but increased 

nectar volume. This might still make the plant attractive to pollina-
tors, as increased reward availability increases the number of polli-
nator visits or (Brunet et al., 2015) or increased visit length (Waser & 
Price, 2016). Furthermore, reduced water availability had no effect 
on floral scent. Along the Ψstem gradient, plants emitted the same 
amount of scent per flower as it was also shown previously for S. 
arvensis (Höfer et al.,  2021). Further, scent bouquet did not differ 
between treatments. Nevertheless, the scent bouquet of water-
stressed plants seems to be more variable between individuals. 
This implies that S. arvensis is able to emit a stable scent bouquet 
to “pretend” that a floral reward is present potentially to maintain 
pollinator attraction. However, in other plant species the scent 
emission increases and composition of scent compounds change 
under water stress (Burkle & Runyon, 2016; Campbell et al., 2019; 
Glenny et al., 2018; Rering et al., 2020), leading to possible recogni-
tion mismatches between plant and pollinators, especially in highly 
specialized pollinator attractive systems (Vereecken et al., 2010). If 
pollinators are no longer able to find their host plants, this would 
lower visitation rate and pollination success and reduces the repro-
ductive success of the plant. Therefore, plants might sustain their 
characteristic scent in a range in which possible pollinators are still 
able to recognize it as their host plant.

5  |  CONCLUSION

Reduced water availability causes changes in floral traits, for ex-
ample, reduced growth and flower abundance, presumably in order 
for the plant to invest more resources in fewer flowers and thereby 
to maintain pollination success. Plants are able to compensate for 
water stress to retain floral trait expression, such as stable scent 
emission and bouquet, for the maintenance of pollinator attraction. 
However, flower-visits might be reduced because of the lower floral 
display in water-stressed plants, although they are still sufficient to 
ensure pollination success leading to full seed set per flower. We 
have also shown that a reduction of overall flower abundance has 
the strongest effect on seed set and consequently on reproductive 
success. These findings indicate that a direct link from water stress 
to seed set has a stronger impact on the reproductive success of 
plants than an indirect link through altered floral trait expression 
and reduced pollinator visits in a generalist plant species.

AUTHOR CONTRIBUTIONS
Jonas Kuppler conceived the study. Rebecca J. Höfer, Manfred 
Ayasse and Jonas Kuppler designed the study. Rebecca J. Höfer and 
Tina Lindner collected the data. Rebecca J. Höfer, Tina Lindner, and 
Jonas Kuppler analysed the data. Rebecca J. Höfer drafted the first 
version of the manuscript. All authors contributed to manuscript re-
vision and read and approved the submitted version.

ACKNOWLEDG EMENTS
We are grateful to Daniel Glöckler and the other gardeners of 
the Botanical Garden of Ulm University for their help with the 



    |  469Functional EcologyHÖFER et al.

establishment and maintenance of our experimental area and the 
cultivation and care of our plants. We thank Steven Jansen for pro-
viding the pressure chamber, Hans Malchus, Andrea Huppenberger 
and Elke Stamm for technical support, and student assistant Pegah 
Negahdar for help with fieldwork. This work was funded by the 
German Research Foundation (DFG KU 3667/2-1) to J.K. Open 
Access funding enabled and organized by Projekt DEAL.

CONFLIC T OF INTERE S T
The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data and R-Code available from the Dryad Digital Repository 
https://doi.org/10.5061/dryad.66t1g​1k5f (Höfer et al., 2022).

ORCID
Rebecca J. Höfer   https://orcid.org/0000-0002-6720-7087 
Jonas Kuppler   https://orcid.org/0000-0003-4409-9367 

R E FE R E N C E S
Akter, A., & Klečka, J. (2022). Water stress and nitrogen supply af-

fect floral traits and pollination of the white mustard, Sinapis 
alba (Brassicaceae). PeerJ, 10, e13009. https://doi.org/10.7717/
peerj.13009

Al-Ghzawi, A. A.-M., Zaitoun, S., Gosheh, H., & Alqudah, A. (2009). 
Impacts of drought on pollination of Trigonella moabitica (Fabaceae) 
via bee visitations. Archives of Agronomy and Soil Science, 55, 683–
692. https://doi.org/10.1080/03650​34090​2821666

Alqudah, A. M., Samarah, N. H., & Mullen, R. E. (2011). Drought stress ef-
fect on crop pollination, seed set, yield and quality. In E. Lichtfouse 
(Ed.), Alternative farming systems, biotechnology, drought stress and 
ecological fertilisation (pp. 193–213). Springer Netherlands.

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1–48. https://doi.org/10.18637/​jss.v067.i01

Beier, C., Beierkuhnlein, C., Wohlgemuth, T., Peñuelas, J., Emmett, B. A., 
Körner, C., et al. (2012). Precipitation manipulation experiments 
-challenges and recommendations for the future. Ecology Letters, 
15, 899–911. https://doi.org/10.1111/j.1461-0248.2012.01793.x

Boutraa, T., & Sanders, F. E. (2001). Influence of water stress on grain 
yield and vegetative growth of two cultivars of bean (Phaseolus 
vulgaris L.). Journal of Agronomy and Crop Science, 187, 251–257. 
https://doi.org/10.1046/j.1439-037X.2001.00525.x

Brody, A. K., & Mitchell, R. J. (1997). Effects of experimental manipu-
lation of inflorescence size on pollination and pre-dispersal seed 
predation in the hummingbird-pollinated plant Ipomopsis aggregata. 
Oecologia, 110, 86–93. https://doi.org/10.1007/s0044​20050136

Bruckman, D., & Campbell, D. R. (2014). Floral neighborhood influ-
ences pollinator assemblages and effective pollination in a native 
plant. Oecologia, 176, 465–476. https://doi.org/10.1007/s0044​
2-014-3023-6

Brunet, J., Thairu, M. W., Henss, J. M., Link, R. I., & Kluever, J. A. (2015). 
The effects of flower, floral display, and reward sizes on bumblebee 
foraging behavior when pollen is the reward and plants are dichog-
amous. International Journal of Plant Sciences, 176, 811–819. https://
doi.org/10.1086/683339

Brunet, J., & van Etten, M. L. (2019). The response of floral traits associ-
ated with pollinator attraction to environmental changes expected 

under anthropogenic climate change in high-altitude habitats. 
International Journal of Plant Sciences, 180, 954–964. https://doi.
org/10.1086/705591

Burkle, L. A., & Runyon, J. B. (2016). Drought and leaf herbivory influence 
floral volatiles and pollinator attraction. Global Change Biology, 22, 
1644–1654. https://doi.org/10.1111/gcb.13149

Campbell, D. R., Sosenski, P., & Raguso, R. A. (2019). Phenotypic plasticity 
of floral volatiles in response to increasing drought stress. Annals of 
Botany, 123, 601–610. https://doi.org/10.1093/aob/mcy193

Cariveau, D., Irwin, R. E., Brody, A. K., Garcia-Mayeya, L. S., & Von Der 
Ohe, A. (2004). Direct and indirect effects of pollinators and seed 
predators to selection on plant and floral traits. Oikos, 104, 15–26. 
https://doi.org/10.1111/j.0030-1299.2004.12641.x

Carroll, A. B., Pallardy, S. G., & Galen, C. (2001). Drought stress, plant 
water status, and floral trait expression in fireweed, Epilobium an-
gustifolium (Onagraceae). American Journal of Botany, 88, 438–446. 
https://doi.org/10.2307/2657108

Caruso, C. M. (2006). Plasticity of inflorescence traits in Lobelia siphilitica 
(Lobeliaceae) in response to soil water availability. American Journal 
of Botany, 93, 531–538. https://doi.org/10.3732/ajb.93.4.531

Chittka, L., Thomson, J. D., & Waser, N. M. (1999). Flower constancy, 
insect psychology, and plant evolution. Naturwissenschaften, 86, 
361–377. https://doi.org/10.1007/s0011​40050636

Conner, J. K., & Rush, S. (1996). Effects of flower size and number on pol-
linator visitation to wild radish, Raphanus raphanistrum. Oecologia, 
105, 509–516. https://doi.org/10.1007/BF003​30014

Cornwell, W. K., & Ackerly, D. D. (2009). Community assembly and shifts 
in plant trait distributions across an environmental gradient in 
coastal California. Ecological Monographs, 79, 109–126. https://doi.
org/10.1890/07-1134.1

Dai, A. (2013). Increasing drought under global warming in observa-
tions and models. Nature Climate Change, 3, 52–58. https://doi.
org/10.1038/nclim​ate1633

Descamps, C., Jambrek, A., Quinet, M., & Jacquemart, A.-L. (2021). 
Warm temperatures reduce flower attractiveness and bumble-
bee foraging. Insects, 12, 493. https://doi.org/10.3390/insec​
ts120​60493

Descamps, C., Marée, S., Hugon, S., Quinet, M., & Jacquemart, A.-L. 
(2020). Species-specific responses to combined water stress and 
increasing temperatures in two bee-pollinated congeners (Echium, 
Boraginaceae). Ecology and Evolution, 10, 6549–6561. https://doi.
org/10.1002/ece3.6389

Descamps, C., Quinet, M., Baijot, A., & Jacquemart, A.-L. (2018). 
Temperature and water stress affect plant-pollinator interactions 
in Borago officinalis (Boraginaceae). Ecology and Evolution, 8, 3443–
3456. https://doi.org/10.1002/ece3.3914

Descamps, C., Quinet, M., & Jacquemart, A.-L. (2021). The effects 
of drought on plant–pollinator interactions: What to expect? 
Environmental and Experimental Botany, 182, 104297. https://doi.
org/10.1016/j.envex​pbot.2020.104297

Dudash, M. R., & Ritland, K. (1991). Multiple paternity and self-
fertilization in relation to floral age in Mimulus guttatus 
(Scrophulariaceae). American Journal of Botany, 78, 1746–1753. 
https://doi.org/10.1002/j.1537-2197.1991.tb145​39.x

Endress, P. K. (2004). Diversity and evolutionary biology of tropical flowers. 
Cambridge University Press.

European Environment Agency. (2017). Climate change, impacts and vul-
nerability in Europe 2016: An indicator-based report. Publications 
Office of the European Union.

Falque, M., Vincent, A., Vaissiere, B., & Eskes, A. (1995). Effect of pol-
lination intensity on fruit and seed set in cacao (Theobroma cacao 
L.). Sexual Plant Reproduction, 8, 354–360. https://doi.org/10.1007/
BF002​43203

Fang, X., Turner, N. C., Yan, G., Li, F., & Siddique, K. H. M. (2010). Flower 
numbers, pod production, pollen viability, and pistil function are 
reduced and flower and pod abortion increased in chickpea (Cicer 

https://doi.org/10.5061/dryad.66t1g1k5f
https://orcid.org/0000-0002-6720-7087
https://orcid.org/0000-0002-6720-7087
https://orcid.org/0000-0003-4409-9367
https://orcid.org/0000-0003-4409-9367
https://doi.org/10.7717/peerj.13009
https://doi.org/10.7717/peerj.13009
https://doi.org/10.1080/03650340902821666
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1461-0248.2012.01793.x
https://doi.org/10.1046/j.1439-037X.2001.00525.x
https://doi.org/10.1007/s004420050136
https://doi.org/10.1007/s00442-014-3023-6
https://doi.org/10.1007/s00442-014-3023-6
https://doi.org/10.1086/683339
https://doi.org/10.1086/683339
https://doi.org/10.1086/705591
https://doi.org/10.1086/705591
https://doi.org/10.1111/gcb.13149
https://doi.org/10.1093/aob/mcy193
https://doi.org/10.1111/j.0030-1299.2004.12641.x
https://doi.org/10.2307/2657108
https://doi.org/10.3732/ajb.93.4.531
https://doi.org/10.1007/s001140050636
https://doi.org/10.1007/BF00330014
https://doi.org/10.1890/07-1134.1
https://doi.org/10.1890/07-1134.1
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1038/nclimate1633
https://doi.org/10.3390/insects12060493
https://doi.org/10.3390/insects12060493
https://doi.org/10.1002/ece3.6389
https://doi.org/10.1002/ece3.6389
https://doi.org/10.1002/ece3.3914
https://doi.org/10.1016/j.envexpbot.2020.104297
https://doi.org/10.1016/j.envexpbot.2020.104297
https://doi.org/10.1002/j.1537-2197.1991.tb14539.x
https://doi.org/10.1007/BF00243203
https://doi.org/10.1007/BF00243203


470  |   Functional Ecology HÖFER et al.

arietinum L.) under terminal drought. Journal of Experimental Botany, 
61, 335–345. https://doi.org/10.1093/jxb/erp307

Feild, T. S., Chatelet, D. S., & Brodribb, T. J. (2009). Giant flowers of 
Southern magnolia are hydrated by the xylem. Plant Physiology, 150, 
1587–1597. https://doi.org/10.1104/pp.109.136127

Ford, M. A., & Kay, Q. O. N. (1985). The genetics of incompatibility in 
Sinapis arvensis L. Heredity, 54, 99–102. https://doi.org/10.1038/
hdy.1985.12

Fox, J., & Weisberg, S. (2018). An R companion to applied regression. SAGE 
Publications.

Free, J. B. (1963). The flower constancy of honeybees. The Journal of 
Animal Ecology, 32, 119. https://doi.org/10.2307/2521

Free, J. B. (1970). The flower constancy of bumblebees. The Journal of 
Animal Ecology, 39, 395. https://doi.org/10.2307/2978

Galen, C., Sherry, R. A., & Carroll, A. B. (1999). Are flowers physiolog-
ical sinks or faucets? Costs and correlates of water use by flow-
ers of Polemonium viscosum. Oecologia, 118, 461–470. https://doi.
org/10.1007/s0044​20050749

Gallagher, M. K., & Campbell, D. R. (2017). Shifts in water availability me-
diate plant–pollinator interactions. The New Phytologist, 215, 792–
802. https://doi.org/10.1111/nph.14602

Gérard, M., Vanderplanck, M., Wood, T., Michez, D., Scott-Brown, A., & 
Koch, H. (2020). Global warming and plant–pollinator mismatches. 
Emerging Topics in Life Sciences, 4, 77–86. https://doi.org/10.1042/
etls2​0190139

Glenny, W. R., Runyon, J. B., & Burkle, L. A. (2018). Drought and increased 
CO2 alter floral visual and olfactory traits with context-dependent 
effects on pollinator visitation. The New Phytologist, 220, 785–798. 
https://doi.org/10.1111/nph.15081

Grant, V. (1950). The flower constancy of bees. The Botanical Review, 16, 
379–398. https://doi.org/10.1007/bf028​69992

Grillakis, M. G. (2019). Increase in severe and extreme soil moisture 
droughts for Europe under climate change. Science of the Total 
Environment, 660, 1245–1255. https://doi.org/10.1016/j.scito​
tenv.2019.01.001

Guilioni, L., Wéry, J., & Lecoeur, J. (2003). High temperature and water 
deficit may reduce seed number in field pea purely by decreasing 
plant growth rate. Functional Plant Biology, 30, 1151–1164. https://
doi.org/10.1071/FP03105

Guo, Y. M., Chen, S., Nelson, M. N., Cowling, W., & Turner, N. C. (2013). 
Delayed water loss and temperature rise in floral buds compared 
with leaves of Brassica rapa subjected to a transient water stress 
during reproductive development. Functional Plant Biology, 40, 
690–699. https://doi.org/10.1071/FP12335

Hartig, F. (2020). DHARMa: Residual diagnostics for hierarchical (multi-
level/mixed) regression models. R package version 0.2.7. https://
CRAN.R-proje​ct.org/packa​ge=DHARMa

Höfer, R. J., Ayasse, M., & Kuppler, J. (2021). Bumblebee behav-
ior on flowers, but not initial attraction, is altered by short-term 
drought stress. Frontiers in Plant Science, 11, 564802. https://doi.
org/10.3389/fpls.2020.564802

Höfer, R. J., Lindner, T., Ayasse, M., & Kuppler, J. (2022). Data from: 
Reduced seed set under water deficit is driven mainly by reduced 
flower numbers and not by changes in flower visitations and pol-
lination, Dryad Digital Repository, https://doi.org/10.5061/dry-
ad.66t1g​1k5f

IPCC. (2014). Climate change 2014: Synthesis report. Contribution of work-
ing groups I, II and III to the fifth assessment report of the intergovern-
mental panel on climate change. Intergovernmental Panel on Climate 
Change.

Jung, V., Albert, C. H., Violle, C., Kunstler, G., Loucougaray, G., 
Spiegelberger, T., et al. (2014). Intraspecific trait variability me-
diates the response of subalpine grassland communities to ex-
treme drought events. Journal of Ecology, 102, 45–53. https://doi.
org/10.1111/1365-2745.12177

Junker, R. R., Blüthgen, N., & Keller, A. (2015). Functional and phy-
logenetic diversity of plant communities differently affect the 
structure of flower-visitor interactions and reveal convergences 
in floral traits. Evolutionary Ecology, 29(3), 437–450. https://doi.
org/10.1007/s10682-014-9747-2

Karron, J. D., Mitchell, R. J., & Bell, J. M. (2006). Multiple pollinator visits 
to Mimulus ringens (Phrymaceae) flowers increase mate number and 
seed set within fruits. American Journal of Botany, 93, 1306–1312. 
https://doi.org/10.3732/ajb.93.9.1306

King, C., Ballantyne, G., & Willmer, P. G. (2013). Why flower visitation 
is a poor proxy for pollination: Measuring single-visit pollen depo-
sition, with implications for pollination networks and conserva-
tion. Methods in Ecology and Evolution, 4, 811–818. https://doi.
org/10.1111/2041-210X.12074

Kunin, W. E. (1993). Sex and the single mustard: Population density and 
pollinator behavior effects on seed-set. Ecology, 74, 2145–2160. 
https://doi.org/10.2307/1940859

Kuppler, J., Höfers, M. K., Wiesmann, L., & Junker, R. R. (2016). Time-
invariant differences between plant individuals in interactions with 
arthropods correlate with intraspecific variation in plant phenol-
ogy, morphology and floral scent. The New Phytologist, 210, 1357–
1368. https://doi.org/10.1111/nph.13858

Kuppler, J., & Kotowska, M. M. (2021). A meta-analysis of responses in 
floral traits and flower-visitor interactions to water deficit. Global 
Change Biology, 27, 3095–3108. https://doi.org/10.1111/gcb.15621

Kuppler, J., Wieland, J., Junker, R. R., & Ayasse, M. (2021). Drought-
induced reduction in flower size and abundance correlates with 
reduced flower visits by bumble bees. AoB Plants, 13, plab001. 
https://doi.org/10.1093/aobpl​a/plab001

La Rosa, N. M., Lin, C.-W., Kang, Y. J., Dhondt, S., Gonzalez, N., Inzé, D., 
et al. (2019). Drought resistance is mediated by divergent strategies 
in closely related Brassicaceae. The New Phytologist, 223, 783–797. 
https://doi.org/10.1111/nph.15841

Lambrecht, S. C., & Dawson, T. E. (2007). Correlated variation of floral 
and leaf traits along a moisture availability gradient. Oecologia, 151, 
574–583. https://doi.org/10.1007/s0044​2-006-0617-7

Lambrecht, S. C., Morrow, A., & Hussey, R. (2017). Variation in and adap-
tive plasticity of flower size and drought-coping traits. Plant Ecology, 
218, 647–660. https://doi.org/10.1007/s1125​8-017-0718-x

Landesanstalt für Umwelt, Messungen und Naturschutz Baden-
Württemberg (LUBW). (2013). Zukünftige Klimaentwicklungen in 
Baden-Württemberg - Perspektiven aus regionalen Klimamodellen.

Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equa-
tion modelling in R for ecology, evolution, and systemat-
ics. Methods in Ecology and Evolution, 7, 573–579. https://doi.
org/10.1111/2041-210X.12512

Lemoine, R., La Camera, S., Atanassova, R., Dédaldéchamp, F., Allario, T., 
Pourtau, N., et al. (2013). Source-to-sink transport of sugar and reg-
ulation by environmental factors. Frontiers in Plant Science, 4, 272. 
https://doi.org/10.3389/fpls.2013.00272

Mantel, S. J., & Sweigart, A. L. (2019). Divergence in drought-response 
traits between sympatric species of Mimulus. Ecology and Evolution, 
9, 10291–10304. https://doi.org/10.1002/ece3.5549

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. (2015). Functional mismatch in a bumble bee pollination 
mutualism under climate change. Science, 349, 1541–1544. https://
doi.org/10.1126/scien​ce.aab0868

Mothershead, K., & Marquis, R. J. (2000). Fitness impacts of her-
bivory through indirect effects on plant-pollinator interac-
tions in Oenothera macrocarpa. Ecology, 81, 30–40. https://doi.
org/10.2307/177131

Ohara, M., & Higashi, S. (1994). Effects of inflorescence size on visits 
from pollinators and seed set of Corydalis ambigua (Papaveraceae). 
Oecologia, 98, 25–30.

https://doi.org/10.1093/jxb/erp307
https://doi.org/10.1104/pp.109.136127
https://doi.org/10.1038/hdy.1985.12
https://doi.org/10.1038/hdy.1985.12
https://doi.org/10.2307/2521
https://doi.org/10.2307/2978
https://doi.org/10.1007/s004420050749
https://doi.org/10.1007/s004420050749
https://doi.org/10.1111/nph.14602
https://doi.org/10.1042/etls20190139
https://doi.org/10.1042/etls20190139
https://doi.org/10.1111/nph.15081
https://doi.org/10.1007/bf02869992
https://doi.org/10.1016/j.scitotenv.2019.01.001
https://doi.org/10.1016/j.scitotenv.2019.01.001
https://doi.org/10.1071/FP03105
https://doi.org/10.1071/FP03105
https://doi.org/10.1071/FP12335
https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
https://doi.org/10.3389/fpls.2020.564802
https://doi.org/10.3389/fpls.2020.564802
https://doi.org/10.5061/dryad.66t1g1k5f
https://doi.org/10.5061/dryad.66t1g1k5f
https://doi.org/10.1111/1365-2745.12177
https://doi.org/10.1111/1365-2745.12177
https://doi.org/10.1007/s10682-014-9747-2
https://doi.org/10.1007/s10682-014-9747-2
https://doi.org/10.3732/ajb.93.9.1306
https://doi.org/10.1111/2041-210X.12074
https://doi.org/10.1111/2041-210X.12074
https://doi.org/10.2307/1940859
https://doi.org/10.1111/nph.13858
https://doi.org/10.1111/gcb.15621
https://doi.org/10.1093/aobpla/plab001
https://doi.org/10.1111/nph.15841
https://doi.org/10.1007/s00442-006-0617-7
https://doi.org/10.1007/s11258-017-0718-x
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.3389/fpls.2013.00272
https://doi.org/10.1002/ece3.5549
https://doi.org/10.1126/science.aab0868
https://doi.org/10.1126/science.aab0868
https://doi.org/10.2307/177131
https://doi.org/10.2307/177131


    |  471Functional EcologyHÖFER et al.

Oksanen, J., Guillaume Blanchet, F., Friendly, M., Kindt, R., Legendre, P., 
McGlinn, D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., 
Stevens, M. H. H., Szoecs, E., & Wagner, H. (2020). Vegan: Community 
ecology package. https://CRAN.R-proje​ct.org/packa​ge=vegan

R Core Team. (2021). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. http://www.R-proje​
ct.org/

Ramos, S. E., & Schiestl, F. P. (2019). Rapid plant evolution driven by the 
interaction of pollination and herbivory. Science, 364, 193–196. 
https://doi.org/10.1126/scien​ce.aav6962

Rering, C. C., Franco, J. G., Yeater, K. M., & Mallinger, R. E. (2020). 
Drought stress alters floral volatiles and reduces floral rewards, 
pollinator activity, and seed set in a global plant. Ecosphere, 11, 
e03254. https://doi.org/10.1002/ecs2.3254

Sahli, H. F., & Conner, J. K. (2007). Visitation, effectiveness, and effi-
ciency of 15 genera of visitors to wild radish, Raphanus raphanistrum 
(Brassicaceae). American Journal of Botany, 94, 203–209. https://doi.
org/10.3732/ajb.94.2.203

Sehgal, A., Sita, K., Bhandari, K., Kumar, S., Kumar, J., Vara Prasad, P. V., 
Siddique, K. H. M., & Nayyar, H. (2019). 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 & Environment, 42, 198–211. https://doi.
org/10.1111/pce.13328

Slaa, E. J., Tack, A. J., & Sommeijer, M. J. (2003). The effect of intrinsic and 
extrinsic factors on flower constancy in stingless bees. Apidologie, 
34, 457–468. https://doi.org/10.1051/apido​:2003046

Smith, A. R., & Zhao, D. (2016). Sterility caused by floral organ degener-
ation and abiotic stresses in Arabidopsis and cereal grains. Frontiers 
in Plant Science, 7, 1503. https://doi.org/10.3389/fpls.2016.01503

Suni, S. S., Ainsworth, B., & Hopkins, R. (2020). Local adaptation mediates 
floral responses to water limitation in an annual wildflower. American 
Journal of Botany, 107, 209–218. https://doi.org/10.1002/ajb2.1434

Teixido, A. L., & Valladares, F. (2014). Disproportionate carbon and 
water maintenance costs of large corollas in hot Mediterranean 

ecosystems. Perspectives in Plant Ecology, 16, 83–92. https://doi.
org/10.1016/j.ppees.2014.02.002

Thomson, J. D., Maddison, W. P., & Plowright, R. C. (1982). Behavior 
of bumble bee pollinators of Aralia hispida Vent. (Araliaceae). 
Oecologia, 54, 326–336. https://doi.org/10.1007/BF003​80001

Turner, L. B. (1993). The effect of water stress on floral characters, pol-
lination and seed set in white clover (Trifolium repens L.). Journal of 
Experimental Botany, 44, 1155–1160.

Vereecken, N. J., Cozzolino, S., & Schiestl, F. P. (2010). Hybrid flo-
ral scent novelty drives pollinator shift in sexually decep-
tive orchids. BMC Evolutionary Biology, 10, 103. https://doi.
org/10.1186/1471-2148-10-103

Waser, N. M., & Price, M. V. (2016). Drought, pollen and nectar avail-
ability, and pollination success. Ecology, 97, 1400–1409. https://doi.
org/10.1890/15-1423.1

Webb, C. J., & Lloyd, D. G. (1986). The avoidance of interference be-
tween the presentation of pollen and stigmas in angiosperms II. 
Herkogamy. New Zealand Journal of Botany, 24, 163–178. https://
doi.org/10.1080/00288​25X.1986.10409726

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Höfer, R. J., Lindner, T., Ayasse, M., & 
Kuppler, J. (2023). Reduced seed set under water deficit is 
driven mainly by reduced flower numbers and not by changes 
in flower visitations and pollination. Functional Ecology, 37, 
461–471. https://doi.org/10.1111/1365-2435.14233

https://cran.r-project.org/package=vegan
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1126/science.aav6962
https://doi.org/10.1002/ecs2.3254
https://doi.org/10.3732/ajb.94.2.203
https://doi.org/10.3732/ajb.94.2.203
https://doi.org/10.1111/pce.13328
https://doi.org/10.1111/pce.13328
https://doi.org/10.1051/apido:2003046
https://doi.org/10.3389/fpls.2016.01503
https://doi.org/10.1002/ajb2.1434
https://doi.org/10.1016/j.ppees.2014.02.002
https://doi.org/10.1016/j.ppees.2014.02.002
https://doi.org/10.1007/BF00380001
https://doi.org/10.1186/1471-2148-10-103
https://doi.org/10.1186/1471-2148-10-103
https://doi.org/10.1890/15-1423.1
https://doi.org/10.1890/15-1423.1
https://doi.org/10.1080/0028825X.1986.10409726
https://doi.org/10.1080/0028825X.1986.10409726
https://doi.org/10.1111/1365-2435.14233

	Reduced seed set under water deficit is driven mainly by reduced flower numbers and not by changes in flower visitations and pollination
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Plants and irrigation treatment
	2.2|Experimental setup
	2.3|Trait measurement and reproductive success
	2.3.1|Reproductive success
	2.3.2|Flower-­visitor interactions

	2.4|Data analysis

	3|RESULTS
	3.1|Linkage between water stress, floral traits, pollinator visits and reproductive success
	3.2|Water stress and floral traits

	4|DISCUSSION
	4.1|Linkage between water stress, floral traits, pollinator visits and reproductive success
	4.2|Water stress and floral traits

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


