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More flowers, more pollinators, less fruit: drought 
increases insect visitation but reduces yield in cucumber
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Climate change intensifies drought frequency, posing risks to pollinators both directly and indirectly through changes in floral 
resource availability. We tested how water limitation alters pollinator-relevant floral traits, visitation, and plant reproductive 
outcomes in cucumber (Cucumis sativus) using an outdoor field experiment with conventional and drought-tolerant cucumber 
cultivars. We manipulated water availability (well-watered vs. water-limited) and quantified floral display, nectar rewards, and 
pollinator visitation during two sampling periods eight days after treatment onset. Contrary to expectations, water limitation 
did not reduce floral resource availability for pollinators. Instead, both cultivars produced more flowers under drought, partic-
ularly the drought-tolerant variety, resulting in increased floral display and higher pollinator visitation rates. Water stress strongly 
shifted sex ratios toward male flowers, which provide pollen but less nectar than female flowers. However, when averaged 
across flower types, total nectar availability was maintained under drought, suggesting that pollinator energetic rewards were 
not reduced and may even be complemented by increased pollen availability. Despite increased visitation to water-limited 
plants, fruit quantity and quality declined, indicating  physiological limitations on fruit development, such as female flower 
abortion, rather than insufficient pollination. These findings suggest that cucumber–pollinator interactions are resilient, or even 
enhanced, under drought from the pollinator perspective, while plants incur reproductive costs. This asymmetry highlights 
that climate-driven changes in plant traits may differentially affect mutualistic partners, with potential benefits for pollinators 
occurring alongside declines in crop yield.
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Introduction
Climate change is reshaping species interactions worldwide, 
with plant–pollinator relationships among the most sensitive 
(Memmott et al. 2007, Tylianakis et al. 2008, Hegland et al. 
2009). Much of the work on plant–pollinator interactions has 
focused on phenological shifts, such as altered flowering times 
or earlier bee emergence, which can generate temporal mis-
matches between plants and pollinators (Rafferty and Ives 
2011, Kudo and Ida 2013, Gérard et al. 2020, Fisogni et al. 
2025, Montes-Perez et al. 2025). However, plant–pollinator 
interactions may also be disrupted even when phenology 
remains aligned through changes in floral display, nectar pro-
duction, and pollen availability (Kuppler and Kotowska 2021). 
In particular, changes in floral rewards can decouple pollinator 
attraction from resource provision, drawing bees to flowers 
that fail to meet nutritional or hydration needs (Takkis et al. 
2015, Waser and Price 2016, Phillips et al. 2018, Descamps 
et al. 2021a, Frigero et al. 2025). If drought reduces nectar 

quantity or alters nectar quality, then pollinators may encoun-
ter flowers on time but still experience resource limitation. 
Thus, understanding how climate change affects pollinators 
requires considering not only timing, but also how environ-
mental stress alters the resources plants provide to their visitors.

Across both wild and cultivated species, water limitation can 
reduce floral count and nectar production (Kuppler and 
Kotowska 2021), which has been documented in wildflowers 
(Carroll et al. 2001, Thomson 2016, Waser and Price 2016, 
Phillips et al. 2018, Kuppler et al. 2021, Rose-Person et al. 
2025) as well as crops (Alqudah et al. 2011, Rering et al. 2020, 
Barman et al. 2024). In addition to reducing flower abundance 
and nectar volume, drought may decrease total sugars, amino 
acids, and inorganic ions (Göttlinger et al. 2026), potentially 
changing both the energetic value and nutrient profile of nectar 
for pollinators. Importantly, plant responses to drought vary 
widely among species and cultivars, with some drought-tolerant 
varieties maintaining similar floral production and nectar 
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provisioning under water stress (Denisow et al. 2025, Jocković 
et al. 2025). Such variation raises the possibility that plant 
community composition or cultivar choice in agricultural sys-
tems could either exacerbate or buffer the effects of drought on 
pollinator foraging resources.

Changes in floral resource availability under drought may 
have important consequences for pollinators, particularly in 
hot, dry environments (Kazenel et al. 2024). Among pollina-
tors, bees are particularly important to consider because they 
are dominant visitors in many crop systems and are highly 
sensitive to changes in nectar quantity and quality due to their 
reliance on floral resources for both energy and water balance 
(Michener 2007). During foraging, bees lose water through 
respiration and cuticular evaporation and rely on ingested liq-
uids, primarily nectar and supplemental water, to maintain 
hydration and regulate body temperature (Nicolson 2009, 
Kovac et  al. 2018, Johnson et  al. 2023, Glass et  al. 2024, 
2025). When nectar is scarce or provides insufficient water, 
bees may face elevated desiccation risk even when flowers are 
present and phenology remains intact (Wilson Rankin et al. 
2020, Descamps et al. 2021b, Rose-Person et al. 2025). Bees 
also adjust feeding behavior in response to environmental con-
ditions, prioritizing water intake over sugar consumption under 
desiccating conditions (Ostwald et  al. 2016). In addition, 
drought can fragment floral resources spatially, potentially 
forcing longer foraging flights that increase energetic demand 
and evaporative water loss (Blasi et al. 2022, Hemberger and 
Gratton 2023). These mechanisms illustrate how drought-driven 
changes in flowering plants can indirectly shape pollinator 
vulnerability by altering hydration opportunities and forag-
ing costs.

Here, we used cucumber (Cucumis sativus) as a model 
system to study the impact of drought on floral traits, pol-
linator visitation, and subsequent fruit set. Cucumber is well 
suited for pollination studies because fruit set is highly sen-
sitive to pollinator activity and typically requires multiple 
visits for full seed and fruit development (Thakur and Rana 
2008, Knapp and Osborne 2019, Hanif et  al. 2022). We 
experimentally manipulated water availability in an outdoor 
field setting during peak summer and compared responses 
between a conventional cultivar and a drought-tolerant cul-
tivar. We predicted that drought would reduce floral abun-
dance and nectar production, with weaker effects in the 
drought-tolerant variety. We further expected these changes 
to reduce pollinator visitation to drought-stressed plants. 
Finally, we predicted that drought would reduce both the 
quantity and quality of cucumbers produced, reflecting 
direct effects of water limitation as well as indirect effects 
mediated through pollination.

Materials and Methods
Study Site and Cucumber Planting
To test how water availability influences cucumber growth and 
associated pollinators, we established a water-limitation exper-
iment at the Auburn University Atmospheric Deposition Site 
in Auburn, AL, United States (32.6594, −85.5220). We used 4 
open-top chambers (5 m diameter) in full sun (for full descrip-
tion of chambers, see Heagle et al. 1989). Two chambers were 
assigned to a well-watered treatment and 2 to a water-limited 
treatment. Well-watered chambers received daily drip irrigation 
(80 min/day, to full container capacity), while water-limited 

chambers received drip irrigation every third day (50 min/day, 
to approximately 60% container capacity). To exclude rainfall, 
chambers were covered with greenhouse-grade polyethylene 
plastic (6 mil) during showers and storms. At day 8, the 
water-limited treatment resulted in an 85% reduction in water, 
representing a severe drought event for the water-limited group 
(Najarian et al. 2018), which are becoming more frequent in 
the southeastern United States (Otkin et al. 2024, Deepa and 
Vijayan 2025). Temperature and relative humidity were mon-
itored continuously in each chamber using Hygrochron iBut-
tons (Maxim Integrated; San Jose, CA, United States). 
Conditions were comparable across treatments over the sam-
pling window (mean daily air temperature: well-watered 
27.48 ± 0.38 °C; water-limited 27.35 ± 0.64 °C; relative humid-
ity: 78.38 ± 0.97% vs. 77.53 ± 2.68%), so treatment contrasts 
primarily reflect water availability rather than thermal or 
humidity differences.

The experiment included 48 cucumber (Cucumis sativus) 
plants arranged across 4 chambers (12 plants per chamber). Each 
chamber contained 6 plants of a conventional cultivar 
(“Marketmore”) and 6 plants of a drought-tolerant cultivar 
(“Little Leaf”; Johnny’s Selected Seeds, Winslow, ME, United 
States), with 2 chambers assigned to each water treatment. 
Within each chamber, plants of the 2 varieties were interspersed 
in an alternating arrangement to minimize spatial clustering and 
ensure comparable microenvironmental conditions. Plants were 
grown in 3-gallon nursery pots filled with aged pine bark fines 
(Pineywoods Mulch Co., Alexander City, AL, United States). 
Seeds were germinated and raised at the Paterson Greenhouse 
Complex (Auburn University, Auburn, AL, United States) under 
overhead irrigation delivering ∼2.25 cm water per day in 3 
events. At emergence of the first 2 true leaves, controlled-release 
granular fertilizer (Osmocote, ICL Specialty Fertilizers, Nash, 
TX, United States; N–P–K: 12–7–18) was applied as a top-dress 
at 25 g per pot. Plants were maintained under these conditions 
until flowering (55 days after planting), then moved to field 
chambers and subjected to the assigned water treatments.

Quantifying Floral Resources
To quantify floral resources, we conducted 2 sampling rounds 
timed to coincide with peak bloom and standardized to the 
drought cycle. We bagged flowers in the afternoon 1 day after 
a drought-chamber irrigation (DAT 8 and DAT 11) and har-
vested the next day (DAT 9 and DAT 12), so each round rep-
resents conditions ∼48 h post-irrigation in drought chambers. 
On the afternoons of DAT 8 and DAT 11, we bagged flowers 
with 7.5 × 5 cm fine-mesh tulle organza bags to exclude visitors 
and allow overnight nectar accumulation (bagged flowers), 
while unbagged flowers were sampled to quantify standing 
nectar crop under natural foraging conditions. Bagging status 
was included as a factor in all nectar analyses to distinguish 
nectar production from realized nectar availability. The fol-
lowing mornings (DAT 9 and DAT 12, 09:00 to 10:00), we 
counted all open flowers (male and female separately) on each 
plant, and only those confirmed open during this census were 
eligible for nectar sampling. On each sampling day, we har-
vested flowers in 2 windows (morning: 09:00 to 10:00; after-
noon: 13:00 to 14:00), targeting 1 bagged and 1 not bagged 
flower of each sex per plant; realized numbers were lower 
where plants produced 1 or no flowers. Flowers were placed 
in labeled plastic bags, stored on ice, and refrigerated upon 
return to the lab.
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We extracted nectar from flowers 1 to 3 hours after harvest. 
Female nectar was collected directly from the exposed nectary, 
while male flowers were dissected at the filament base to access 
the enclosed nectary (male nectaries were less accessible, so 
dissection was required to obtain consistent volumes). Nectar 
was drawn into glass microcapillaries (0.5 to 5 µl; Drummond 
Scientific, Broomall, PA, United States), and volume was quan-
tified from meniscus length using electronic calipers (Mitutoyo 
America Corporation, Aurora, IL, United States). Across treat-
ments, nectar volume was measured for 64 flowers from morn-
ing collections and 41 flowers from afternoon collections. 
Sugar concentration (% Brix) was read with a low-volume 
nectar refractometer (Xylem Inc., Washington, DC, United 
States) for samples < 5 µl, and with a PAL-1 pocket refractom-
eter (ATAGO USA Inc., Bellevue, WA, United States) for sam-
ples ≥ 5 µl. For samples < 5 µl, nectar was diluted with 5 µl 
molecular-grade water and original % Brix was back-calculated 
from recorded nectar and diluent volumes. Paired volume and 
% Brix values were used to calculate water-to-sugar ratios for 
each sample; because many flowers yielded < 5 µl, % Brix could 
be reliably obtained for only 13 flowers.

Pollinator Visitation Rate
We quantified pollinator activity during standardized 12-min 
observation bouts on 2 sampling days (DAT 9 and DAT 12). 
Within each chamber and time block, we selected 3 focal plants 
per cultivar (6 plants total per chamber per time). At the start 
of each bout, we counted open flowers on the focal plants, then 
recorded all floral visitors for 12 min. A “visit” was scored 
when an insect contacted reproductive structures or nectaries 
while foraging; sequential visits by the same individual were 
counted separately if it moved between flowers or left and 
returned to a flower. Observations were conducted in 2 daily 
blocks (morning: 10:00 to 11:00; afternoon: 14:00 to 15:00) 
in every chamber. However, no bee visitation was observed in 
the afternoon, so analyses were restricted to late-morning 
observations. Two observers worked in parallel and rotated 
across chambers and cultivars to minimize observer effects. For 
each bout, we recorded date, time, chamber, cultivar, air tem-
perature, and relative humidity. Visitors were identified in the 
field to the lowest feasible taxon (83% to species, 8% to genus, 
and 8% to family), and voucher specimens were collected as 
needed for confirmation and deposited in the Auburn Museum 
of Natural History (Auburn, AL, United States). Bee identifi-
cations followed Discover Life’s online keys (Ascher and 
Pickering 2025).

Cucumber Quality
To assess effects of pollination and drought on production, we 
harvested all fruit at commercial maturity within 24 h of detec-
tion. Each cucumber was graded blind to treatment using the 
United States Standards for Grades of Cucumbers (USDA 
2018) into 1 of 6 categories ranked from highest to lowest 
quality: U.S. Fancy, U.S. Fancy Small, U.S. No. 1, U.S. No. 1 
Small, U.S. No. 2, U.S. No. 2 Small, and Unmarketable. 
Categories were assigned based on size, shape, color, firmness, 
and absence of defects (eg sunscald, scarring, visible disease, 
and insect damage). Size thresholds followed USDA guidelines: 

U.S. Fancy and U.S. No. 1 required a maximum diameter 
≤6.0 cm and minimum length ≥15 cm; small subclasses were 
assigned based on reduced diameter ranges (eg ∼4 to 5 cm); 
and U.S. No. 2 required a maximum diameter ≤6.0 cm and 
minimum length ≥13 cm. Fruit failing to meet minimum quality 
standards were classified as Unmarketable.

Statistical Analyses
All analyses were conducted in R 4.5.1 (R Core Team 2025). 
Flower abundance, flower sex ratio, nectar production, polli-
nator visitation, and cucumber production were analyzed using 
linear models (LMs), linear mixed-effects models (LMMs), or 
generalized linear (mixed) models (GLMs/GLMMs), as appro-
priate for the response distribution and experimental design. 
Fixed effects were evaluated using Type III tests implemented 
in “car” (Fox et al. 2024). Post hoc comparisons were con-
ducted using estimated marginal means (EMMs) with Tukey 
adjustment via “emmeans” (Lenth 2025); where relevant, 
EMMs and 95% CIs are reported on the response scale after 
back-transformation. Model diagnostics (eg dispersion, resid-
ual patterns, zero inflation) were assessed using “DHARMa” 
(Hartig 2022).

Flower abundance (flowers per plant) was analyzed using an 
LMM fitted to log-transformed values, with water treatment 
and cucumber variety as fixed effects and sampling date 
included as a random intercept to account for repeated mea-
surements using “lme4” (Bates et al. 2015). Flower sex ratio 
(proportion of male flowers) was analyzed using a binomial 
GLM with water treatment and variety as fixed effects (random 
effects were excluded due to negligible variance and conver-
gence instability).

Nectar analyses were restricted to morning samples because 
afternoon flowers yielded no measurable nectar. Nectar volume 
was analyzed using LMMs fitted to log-transformed values, 
with water treatment, variety, bagging treatment (bagged vs. 
not bagged), and flower sex as fixed effects and chamber as a 
random intercept.

Visitation was analyzed at 2 scales: (1) visits per plant were 
modeled using a negative binomial GLMM (NB-GLMM) with 
a log link and a log-offset for observation duration (12 min), 
including water treatment, variety, and their interaction as 
fixed effects, and random intercepts for date and chamber using 
“glmmTMB” (Brooks et al. 2025); visits per flower were ana-
lyzed using an LM fitted to log-transformed values. To evaluate 
whether pollinator visitation was associated with floral display, 
we conducted additional analyses including flower number per 
plant as a predictor of visitation. Total visits per plant were 
modeled using a NB-GLMM with flower number, treatment, 
and variety as fixed effects and chamber as a random intercept, 
whereas visits per flower were analyzed using a LM with the 
same fixed effects structure.

Fruit production (number of fruits per plant) was analyzed 
using a NB-GLMM with water treatment, variety, and their 
interaction as fixed effects and a random intercept for chamber. 
Fruit quality was analyzed using a binomial GLM with 
likelihood-ratio tests. To confirm that water treatments did not 
alter microclimatic conditions, chamber temperature and rel-
ative humidity were compared between treatments using 
Welch’s 2-sample t-tests.
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Results
Flower Abundance and Sex Ratio
Flower production varied by cucumber variety and, contrary 
to predictions, tended to increase under water stress (Fig. 1A; 
Table 1). Across treatments, the drought-tolerant variety pro-
duced significantly more flowers per plant than the conven-
tional variety (LMM on log-transformed values; N = 48 plants; 
χ2 = 10.82, P = 0.001). Plants under water stress also showed a 
marginal increase in flower number relative to adequately 
watered plants (χ2 = 2.90, P = 0.089). Flower sex ratio also 
shifted with treatment and variety (Fig. 1B; Table 1). Plants 
under water stress produced a significantly greater proportion 
of male flowers than well-watered plants (binomial GLM; 
N = 48 plants; χ2 = 21.13, P < 0.001). In addition, the 

conventional variety was less male-biased overall than the 
drought-tolerant variety (χ2 = 25.35, P < 0.001).

Nectar Production
Analyses were restricted to morning collections because after-
noon flowers yielded no measurable nectar. Nectar volume 
varied with cucumber variety, bagging treatment, and flower 
sex, and showed a weak treatment × variety interaction (Fig. 2; 
Table 1). Nectar volume did not differ between water treat-
ments overall (LMM; N = 64 flowers; χ2 = 0.58, P = 0.446), but 
differed significantly between varieties, with the conventional 
variety producing more nectar than the drought-tolerant vari-
ety (χ2 = 4.82, P = 0.028). Bagged flowers produced substan-
tially more nectar than not bagged flowers (χ2 = 18.37, 
P < 0.001), and male flowers produced less nectar than female 
flowers (χ2 = 9.40, P = 0.002). The treatment × variety interac-
tion was marginal (χ2 = 3.25, P = 0.071), with nectar volume 
tending to increase under water stress in the conventional vari-
ety but decrease in the drought-tolerant variety. Only 13 

Fig. 1.  Effects of water stress on flower abundance and sex ratio.  
(A) Flowers per plant (mean± SE) in conventional and drought-tolerant 
cucumbers under adequate water (water+) and water-limitation (water–). 
(B) Proportion of flowers that were male (mean ± SE) for the same 
comparisons. Letters indicate significant pairwise differences based on 
Tukey-adjusted estimated marginal means (EMMs).

Table 1.  Summary of model results testing the effects of water stress 
and cucumber variety on floral traits, pollinator visitation, and fruit 
production

Predictors df
Test 
statistic P

Flower abundance
  Water stress 1 2.90 0.0885 •
  Cucumber variety 1 10.82 0.0010 **
Flower sex ratio
  Water stress 1 21.13 <0.0001 ***
  Cucumber variety 1 25.35 <0.0001 ***
Nectar volume
  Water stress 1 0.58 0.4457
  Cucumber variety 1 4.82 0.0281 *
  Bagged vs. Not bagged 1 18.37 <0.0001 ***
  Flower sex 1 9.40 0.0022 **

Water stress: 
cucumber variety

1 3.25 0.0714 •

Pollinator visits per plant
  Water stress 1 7.74 0.0054 **
  Cucumber variety 1 4.03 0.0446 *

Water stress: 
cucumber variety

1 0.00 0.9856

Pollinator visits per flower
  Water stress 1 6.47 0.0210 *
  Cucumber variety 1 0.51 0.4850

Water stress: 
cucumber variety

1 0.00 0.9880

Fruit number per plant
  Water stress 1 6.67 0.0098 **
  Cucumber variety 1 0.88 0.3484

Water stress: 
cucumber variety

1 1.72 0.1891

Fruit quality
  Water stress 1 5.12 0.0237 *
  Cucumber variety 1 5.44 0.0197 *

Water stress: 
cucumber variety

1 0.27 0.6020

Test statistics are Wald χ2 values from linear mixed-effects models (LMMs) 
and generalized linear mixed-effects models (GLMMs), likelihood-ratio χ2 
values from generalized linear models (GLMs), and F statistics from linear 
models (LMs). Mixed-effects models included random intercepts for date of 
observation and/or chamber where appropriate.
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flowers yielded stable Brix readings suitable for interpretation, 
all of which were female and sampled in the morning. Under 
adequate water, sugar concentration was similar between vari-
eties (conventional: 20.7%; drought-tolerant: 19.1%). When 
pooled across varieties, flowers from water-limited plants 
showed higher sugar concentrations than those from 
well-watered plants (34.4% vs. 21.4%), although sample sizes 
were limited.

Pollinator Visitation
Pollinator visits per plant were significantly higher under water 
stress (NB-GLMM; N = 48 plants; χ2 = 7.74, P = 0.005) and 
higher in the drought-tolerant variety than in the conventional 
variety (χ2 = 4.03, P = 0.045), with no interaction (P = 0.99; 
Fig. 3A; Table 1). Model contrasts indicated water-stressed, 

drought-tolerant plants received ∼13.7× as many visits per 
plant as adequately watered conventional plants (Tukey 
ratio = 13.70, P = 0.0001). When standardized per flower, visi-
tation rates remained higher under water stress (LM on 
log-transformed values; N = 48 plants; F1,17 = 6.47, P = 0.021), 
while cucumber variety (P = 0.485) and the interaction 
(P = 0.988) were not significant (Fig. 3B; Table 1). Visitation 
increased significantly with floral display at the plant level 
(NB-GLMM; χ2 = 7.02, P = 0.008), with plants bearing more 
flowers receiving more visits. In contrast, visitation rates stan-
dardized per flower were not related to floral display (LM; F1,17 
= 0.002, P = 0.97). No bee visitation was observed during after-
noon observation periods; therefore, all analyses are based on 
late-morning observations. The most common visitor by far 
was the common eastern bumble bee, Bombus impatiens, 

Fig. 2.  Effects of water stress on nectar production. (A, B) Nectar volume per flower (mean ± SE) in conventional and drought-tolerant cucumbers under 
adequate water (water+) and water limitation (water–), shown for bagged and open flowers. Measurements were made in the morning; afternoon 
flowers contained no detectable nectar. Letters indicate significant pairwise differences based on Tukey-adjusted estimated marginal means (EMMs).  
(C, D) Nectar volume per flower (mean ± SE) in male vs. female flowers for bagged and open treatments. Although pairwise tests were not conducted, 
full models indicated that male flowers produced less nectar across varieties and treatments.
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representing 83% of all visits. The remaining visitors were bees 
from genus Halictus and a single syrphid fly.

Cucumber Production and Quality
Total fruit per plant declined under water stress (NB-GLMM; 
N = 48 plants; χ2 = 6.67, P = 0.0098), with no effect of variety 
(P = 0.35) or interaction (P = 0.19; Fig. 4A; Table 1). Fruit qual-
ity (proportion marketable) was significantly reduced by water 
stress (logistic GLM; N = 49 fruits; ΔD = 5.12, P = 0.024) and 
was lower in the conventional variety than the drought-tolerant 
variety (ΔD = 5.44, P = 0.020), with no interaction (ΔD = 0.27, 
P = 0.60; Fig. 4B; Table 1).

Environmental Variables
Temperature and relative humidity did not differ between 
water-stress and well-watered chambers (temperature: 
27.48 ± 0.38 °C vs. 27.35 ± 0.64 °C, t = 0.50, P = 0.62; relative 
humidity: 78.38 ± 0.97% vs. 77.53 ± 2.68%, t = 0.92, P = 0.36), 
indicating that observed differences in plant and pollinator 
responses were attributable to watering treatment rather than 
microclimatic variation.

Discussion
Climate-driven drought can disrupt plant–pollinator interac-
tions by altering floral display and reward traits. We predicted 
that drought-stressed plants would produce fewer flowers, less 
nectar, and receive fewer pollinator visits, but none of these 
predictions were supported. Instead, water-stressed cucumber 
plants produced more—not fewer—flowers, particularly in the 
drought-tolerant variety driven by an increase in male flower 
production. Pollinators, namely bees, preferentially visited 
water-stressed plants, likely attracted by their larger floral dis-
plays. Despite increased visitation to water-limited plants, fruit 
quantity and quality declined under drought, suggesting that 
reduced fruit performance resulted from direct physiological 
stress rather than pollination limitation. Together, these results 

show that drought can reshape plant–pollinator interactions 
by altering floral investment and display without reducing nec-
tar availability, creating conditions in which pollinators con-
tinue to forage effectively while crop performance declines.

Contrary to predictions, cucumber plants produced more 
flowers under drought and received more pollinator visits. This 
response was most pronounced in the drought-tolerant cultivar, 
with water-limited, drought-tolerant plants producing the 
greatest number of flowers overall. This pattern contrasts with 
previous studies of wildflowers (Waser and Price 2016, Phillips 
et  al. 2018, Kuppler et  al. 2021, Rose-Person et  al. 2025), 
buckwheat (Rering et al. 2020), brassicas (Younas et al. 2022, 
Rathnayake and Parachnowitsch 2025), and ornamentals 
(Quinanzoni et al. 2024), which generally report reduced flow-
ering, nectar availability, and pollinator attraction under 
drought stress. In cucumber, however, increased flower produc-
tion coupled with a strong shift toward male blooms appears 
to have preserved nectar availability at the plant level while 
simultaneously enhancing floral display, likely driving increased 
pollinator attraction.

Increased flowering under drought may reflect a stress-induced 
strategy to accelerate reproduction, often termed “drought 
escape,” in short-lived plants (Chen et al. 2023). Such responses 
are commonly associated with annual species, which may pri-
oritize immediate reproduction over long-term survival when 
conditions deteriorate, whereas perennial species are more 
likely to reduce reproductive investment and allocate resources 
toward persistence and future reproduction. Accelerated flow-
ering has been documented in Brassica rapa, where plants 
complete their life cycle rapidly under drought, potentially 
reflecting selection for rapid reproduction rather than drought 
tolerance (Rathnayake and Parachnowitsch 2025). Similarly, 
drought induces early flowering in Petunia, which is associated 
with epigenetic stress-memory effects influencing drought resis-
tance in subsequent generations (Tran et al. 2024). Our results 
suggest that cucumber may employ a comparable strategy by 
producing a rapid burst of flowers under water limitation. 
While this response may maintain short-term pollinator 

Fig. 3.  Effects of water stress on pollinator visitation. (A) Visits per plant (mean ± SE) in conventional and drought-tolerant cucumbers under adequate 
water (water+) and water limitation (water–). (B) Visits per flower (mean ± SE) under the same conditions. Letters indicate significant pairwise differ-
ences based on Tukey-adjusted estimated marginal means (EMMs).
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attraction, it is unclear whether it could be sustained under 
prolonged drought. Importantly, this response may come at a 
cost: we observed reduced fruit production under water lim-
itation, consistent with findings in B. rapa and Petunia, where 
accelerated flowering is associated with declines in seed quan-
tity and quality (Tran et  al. 2024, Rathnayake and 
Parachnowitsch 2025).

Both cucumber varieties shifted strongly toward male flower 
production under drought. Even under adequate water, the 
drought-tolerant variety produced approximately 93% male 
flowers, increasing to 99% under water stress. This pattern is 
consistent with previous work showing that female flowers are 
more sensitive to drought and often abort prior to opening, 
resulting in male-biased floral displays in cucurbits (Solankey 
et al. 2021, Barman et al. 2024). From the plant perspective, 
reproduction through male flowers (pollen production) requires 
fewer resources than reproduction through female flowers 

(fruit and seed production), suggesting that plants shift repro-
ductive allocation toward male function under water limita-
tion. Female cucurbit flowers typically produce nectar at higher 
rates than male flowers (Ashworth and Galetto 2002), a pattern 
also observed in our study. Although male flowers produced 
significantly less nectar than females, average nectar volume 
per plant remained unchanged across treatments, indicating 
that total nectar availability was maintained despite the decline 
in female flowers. From the pollinator perspective,  this shift 
likely requires individuals to visit more flowers to obtain equiv-
alent nectar rewards. Whether this increases foraging costs or 
stress for pollinators remains uncertain.

Pollinator visitation was higher on water-limited plants and 
was associated with larger floral displays, with plants bearing 
more flowers receiving more visits. Increased visitation to 
water-limited plants could also reflect preferences for pollen 
foraging from male flowers, which we cannot rule out. 
Although pollen production was not directly measured, the 
strong increase in male flower abundance under drought sug-
gests substantially greater pollen availability, which may have 
contributed to elevated visitation. Similar patterns have been 
reported in other cucurbit systems, where decreasing soil mois-
ture reduced visitation to female flowers but not male flowers 
(Gambel and Holway 2024). Reduced visitation to female 
flowers may result from drought-induced abortion of female 
buds (Turc and Tardieu 2018, Odhiambo and Aguyoh 2022, 
Barman et  al. 2024, Qian et  al. 2025), a pattern we also 
observed (MEF personal observation).

In other plant–pollinator systems, visitation rates can remain 
stable under drought due to shifts in pollinator community 
composition, with certain taxa preferentially exploiting 
drought-stressed plants (Burkle and Runyon 2016). In our 
study, visitation was dominated by the common eastern bum-
ble bee (B. impatiens), a species that appears relatively tolerant 
of desiccation and warming compared to many other bees 
(Burdine and McCluney 2019, Looney et al. 2019, Jackson 
et al. 2022, Feuerborn et al. 2023). But because pollinators 
were not directly subjected to the drought treatments in our 
study and likely foraged across a broader landscape, sustained 
visitation under water limitation is more likely to reflect behav-
ioral responses to floral traits than physiological tolerance to 
drought conditions.

Despite increased pollinator visitation, both fruit quantity 
and fruit quality declined under drought. These results indi-
cate that fruit production was more strongly affected by the 
direct physiological effects of water stress than by pollination 
rates. The reduction in yield could result from several 
non-mutually exclusive mechanisms, including reduced pro-
duction of female flowers, abortion of female flowers prior to 
fruit development, and impaired growth of developing fruits. 
Although we could not distinguish quantitatively among these 
mechanisms, we observed aborted female flower buds on 
water-limited plants during the experiment, and drought- 
induced female flower abortion is well documented in cucur-
bits (Turc and Tardieu 2018, Odhiambo and Aguyoh 2022, 
Barman et al. 2024, Qian et al. 2025). In addition, severe 
drought can also reduce fruit size and quality (Parkash et al. 
2021), consistent with the decline in marketable fruit observed 
here. Among water-limited plants, the drought-tolerant variety 
produced more marketable fruit than the conventional variety, 
suggesting greater resistance to the direct effects of drought. 
Together with higher pollinator visitation rates, this pattern 

Fig. 4.  Effects of water stress on cucumber production and quality.  
(A) Cucumbers per plant (mean ± SE) in conventional and 
drought-tolerant varieties under adequate water (water+) and water 
limitation (water–). Asterisks indicate significant treatment effects within 
each variety. (B) Proportion of cucumbers that were marketable (mean ± 
SE) under the same conditions. Letters indicate significant pairwise 
differences based on Tukey-adjusted estimated marginal means (EMMs).
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suggests that breeding for drought tolerance may benefit both 
pollinator attraction and crop yield, even though drought 
ultimately constrained production in both cultivars.

Overall, our results indicate that cucumber–pollinator inter-
actions are surprisingly resilient to drought, with neutral or 
even positive effects on pollinator visitation and nectar avail-
ability. These patterns may reflect traits specific to cucumber 
or its dominant visitors, such as B. impatiens, as well as the 
severity of the drought regime imposed. Although our 
water-limited treatment was consistent with severe drought 
(Najarian et al. 2018), plant and pollinator responses may 
differ under milder or more prolonged drought conditions. 
Our experiment manipulated water availability only for plants 
and did not impose direct physiological stress on pollinators, 
which in other contexts can reduce bee abundance, alter for-
aging behavior, and impair flight performance (Hemberger 
and Gratton 2023, Bretzlaff et al. 2024, Gérard et al. 2024, 
Kazenel et al. 2024). Within the conditions tested here, polli-
nator activity remained robust. In contrast, cucumber plants 
exhibited clear declines in fruit production and quality under 
drought, indicating that yield is the most vulnerable compo-
nent of this system. These findings show that maintaining 
pollinator activity alone is insufficient to sustain crop produc-
tion under drought and highlight the importance of irrigation 
management for preserving yield even when pollinators 
remain active.
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