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A B S T R A C T   

Plant-pollinator interactions are key for the reproduction of wild plants and for food security. However, the role 
nocturnal pollinators play in wild plant communities is not yet clear. Specifically, it has rarely been studied 
whether nocturnal pollinators are comparable to diurnal ones in the pollination services they deliver in plant 
communities. We tested whether nocturnal pollinators have the potential to provide high pollination services to 
the plants they visit by carrying high conspecific pollen loads. We studied pollen loads carried by nocturnal and 
diurnal pollinators captured over 24-hour cycles in co-flowering plant communities in Swiss ruderal meadows. 
Pollen load was less diverse at night, and the proportion of conspecific pollen carried by nocturnal pollinators 
was higher than that of diurnal ones. Because the majority of plant species visited at night were also visited 
during the day, floral resource availability could drive the observed patterns in pollen load and amount of 
conspecific pollen. Nevertheless, nocturnal pollinators do not only carry pollen but can remove and potentially 
deposit conspecific pollen to the plants they visit. Therefore, pollinators active at night might be an important 
pollination vector for more plant species than previously thought and should not be neglected in pollination 
studies.   

Introduction 

Plant-pollinator interactions are key mutualisms for the reproduc-
tion of wild plants and for food security. About half of all flowering plant 
species depend on pollinators for more than 80% of their seed produc-
tion (Rodger et al., 2021). Furthermore, more than 80% of crops 
including vegetables, fruits and stimulants depend on pollinators (Klein 
et al., 2007). However, declines in pollinating insects associated with 
global change drivers such as climate change, land-use change, agri-
cultural intensification, urbanization, invasive species, and spread of 
pathogens are widespread (Ellis et al., 2023; Potts et al., 2010). Recent 
evidence suggests that increasing light pollution which disproportion-
ally affects nocturnal insects adds to the drivers of pollinator declines 
and their pollination service (Giavi et al., 2021; Knop et al., 2017). As 

pollinators face the threats of many global change drivers, declines in 
pollinator abundance and diversity can have cascading impacts on plant 
communities (Clough et al., 2014). Since studies on plant-pollinator 
interactions are largely biased towards diurnal interactions, we specif-
ically lack knowledge of nocturnal interactions in a community context 
(Knop et al., 2018, 2017; Macgregor et al., 2017). In particular, it is 
unclear which roles nocturnal pollinators play for wild plant commu-
nities (Hahn & Brühl, 2016). 

Previous studies on nocturnal interactions were limited to very 
specialized interactions or involving specific groups of pollinators or 
plants, and most studies were done in tropical regions (Alonso-Pedano & 
Ortega-Baes, 2012; Balducci et al., 2019). The importance of nocturnal 
pollination by insects in temperate regions has only been recognized 
recently. A few previous studies in temperate regions focus on moths and 
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suggest their potential roles in plant-pollinator networks by showing 
that moths captured in light traps carry pollen. Three to 10% of captured 
moths in a boreal forest in Scotland (Devoto et al., 2011), 76% of 
captured moths in a biodiversity hotspot in Portugal (Banza et al., 2015) 
and 20.7% of captured moths in the Balearic Islands (Ribas-Marquès 
et al., 2022) carried pollen. In the Himalayas, 65% of settling moths 
from which pollen was extracted from proboscices were considered 
potential pollinators (Singh et al., 2022). To promote plant reproduction 
by outcrossing, moths must not only carry pollen but also transfer it to 
conspecific plants. As heterospecific pollen transfer can interfere with 
the fertilization of ovules by conspecific pollen by mechanical clogging 
and allelopathy, and can reduce seed production (Ashman & 
Arceo-Gómez, 2013), a higher proportion of conspecific pollen transfer 
can be more beneficial for plants. In an experiment using fluorescent 
pollen-tracker powder, Buxton et al. (2022) showed that moths can 
transfer pollen among flowers of the same species. But we still lack 
knowledge of conspecific pollen transfer by nocturnal pollinators at the 
community level. 

Due to the difference in abiotic conditions (e.g. cooler temperature 
and darker conditions at night), pollinator communities and therefore 
plant-pollinator interactions differ notably between day and night 
(Souza et al., 2022). In Swiss ruderal meadows, including sites studied 
here, Knop et al. (2018) found that the dominant groups of pollinators at 
night (defined based on whether they carried pollen or not) were Lepi-
doptera and Coleoptera, whereas diurnal pollinators were mostly 
Diptera and Hymenoptera. Also, fewer pollinator species and individuals 
visited flowers at night than during the day: 16% of pollinator species 
visited flowers only at night, and 9% did so during both night and day 
(Knop et al., 2018). However, whether nocturnal pollinators interact 
with a more or less diverse set of plant species than diurnal ones has not 
been studied yet. 

Pollen carried externally by pollinators can reflect the assemblage of 
plant species that they visit (Kearns & Inouye, 1993; Walton et al., 
2020). Moreover, conspecific pollen removal by the pollinator as well as 
the potential for conspecific pollen deposition can be derived from the 
proportion of pollen grains from the visited flower that are observed on 
the pollinator body. To our knowledge, no study compared pollen loads 
carried by nocturnal and diurnal pollinators in co-flowering plant 
communities and studied the variation of conspecific pollen carried by 
pollinator communities across 24-hour cycles. Here, we compared pol-
len loads carried on the body of nocturnal and diurnal flower-visiting 
insects in Swiss ruderal meadows during 24-hour cycles. Specifically, 
we asked whether the pollen load, the diversity of pollen species, the 
amount and proportion of conspecific pollen carried by pollinators vary 
across a 24-hour cycle. 

Materials and methods 

Pollen dataset 

We used a dataset of pollen load carried by flower visitors captured 
over 24-hour cycles in Swiss ruderal meadows located in eight sites 
between 709 and 851 m a.s.l. (Appendix A: Table 1, Knop et al., 2018, 
2017). Between June and August 2014, we observed and captured in-
sects actively visiting open flowers along one 50-m transect per site 
during 24-hour cycles. During each cycle, we sampled flower visitors 
every 30 min. During each round of 30 min, we walked along the 50-m 
transect, and sampled all flower visitors within 1 m on both sides of the 
transect. Over the course of the three-month sampling period, we visited 
each site up to six times on days and nights without rain and strong 
wind. Since sunset occurred at around 22:00 and sunrise around 05:59, 
we refer to nocturnal interactions when flower visits occurred between 
22:00 and 05:59 h. 

We sampled flower visitors using sweep nets (Streifkescher V2A A7d, 
Bioform, Germany). We only considered insects touching the repro-
ductive parts of the plant as flower visitors (i.e., excluded the ones 
destroying the petals or sleeping in the flower). During the night, we 
randomly alternated each of two methods, using night-vision goggles 
(BIG25-CV, Vectronix, Switzerland) or LED head torches (873,155 
Intertronic, Interdiscount, Switzerland). We brought caught insects to 
the laboratory for identification. For each caught flower visitor, we 
identified the visited plant in the field. 

Using a 5 × 5 mm2 fuchsin-stained (3256.1, Roth, Switzerland) 
glycerin gel (1.04094.1000, Merck KGaA, Germany), we removed the 
pollen from the insect bodies by swabbing the body areas carrying pollen 
which are available for pollination (i.e. excluded specialized pollen- 
carrying structures such as corbicula) (Forup & Memmott, 2005; 
Kearns & Inouye, 1993). We identified pollen species under light mi-
croscope using our own pollen reference database. To build the pollen 
reference database, before each 24-hour sampling cycle, we collected 
flowers with viable stamens of all flowering species in an area within 10 
m from the transect. 

We collected pollen load data from 3,626 insects belonging to 500 
species and morphospecies from 98 families and 10 orders, caught 
visiting flowers of 90 plant species. On the flower visitors, we could 
determine 89.18% of pollen grains to species level, 99.89% to genus 
level, 0.07% to higher taxonomic levels than genus (grass and tree). We 
could not determine 0.04% of pollen grains. We classified the undeter-
mined pollen grains at the morphospecies level. In total, we identified 
pollen grains of 128 morphospecies, referred to as pollen species 
hereafter. 

Table 1 
Results of four generalized linear mixed models testing how pollen load, pollen species diversity, the amount of conspecific pollen, and the proportion of conspecific 
pollen carried by pollinators depend on time of day or night (t in radians). Significant model parameters are highlighted in bold (p < 0.05), and marginally significant 
ones in italics (p ≥ 0.05).  

Response variables Pollen load Pollen species diversity Amount of conspecific pollen Proportion of conspecific pollen 

Fixed terms Estimate (standard error) 
Intercept 5.162 (0.244) 1.497 (0.059) 4.637 (0.199) ¡0.496 (0.124) 
sin(t) 0.777 (0.057) 0.105 (0.023) 0.696 (0.101) ¡0.274 (0.067) 
cos(t) ¡0.192 (0.074) ¡0.117 (0.029) − 0.223 (0.143) − 0.030 (0.090) 
sin(2*t) 0.043 (0.053) 0.045 (0.020) 0.017 (0.094) − 0.070 (0.065) 
cos(2*t) 0.088 (0.049) 0.022 (0.017) 0.128 (0.096) − 0.053 (0.057) 
Total number of pollen grains  0.240 (0.009)   

Random terms Standard deviation 
Site 0.418 0.136 0.170 0.134 
Date 0.861 0.123 0.737 0.446 
Residuals 1.000 0.929 0.881 0.375 
Marginal r2 0.093 0.240 0.065  
Conditional r2 0.547 0.351 0.293  
N 2789 2789 2740 2740  
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Data analysis 

To differentiate potential pollinators from mere flower visitors and to 
account for pollen-contamination, we classified all insect individuals 
that carried five or more pollen grains of any plant species as potential 
pollinators (Devoto et al., 2011; Knop et al., 2017). Pollen load was 
defined as the number of pollen grains carried by an individual polli-
nator. To analyze the variation in pollen load over 24-hour cycles, we 
ran a generalized linear mixed model with a negative binomial distri-
bution using the glmer.nb function of the lme4 package (Bates et al., 
2015) in R version 4.3.0 (R-Core-Team, 2023). To account for the 
cyclical nature of time of day or night, we used the sine and cosine of 
both t and 2*t as explanatory variables, where t is time in units of radians 
(Knop et al., 2018). To account for potential variations due to site 
characteristics and abiotic conditions, we included site and date of 
capture as random variables. 

Pollen species diversity was defined as the total number of pollen 
species carried by an individual pollinator. To study pollen species di-
versity across 24-hour cycles, we ran a generalized linear mixed model 
with a Poisson distribution using the glmer function of the lme4 pack-
age. As in the previous model, we included the sine and cosine of time of 
day or night in radians as explanatory variables. To account for potential 
bias due to variation in pollen quantity carried by different pollinators, 
we included the log-tranformed total number of pollen grains on each 
pollinator as a covariate. We also included site and date as random 

variables. 
The amount of conspecific pollen was defined as the number of 

pollen grains counted on an individual pollinator that originated from 
the plant species on which the pollinator was caught. To analyze the 
variation in the amount of conspecific pollen carried by individual 
pollinators, we ran a generalized linear mixed model with a negative 
binomial distribution using the glmer.nb function of the lme4 package. 
As in the previous models, we included the sine and cosine of time of day 
or night in radians as explanatory variables. We also included site and 
date as random variables. To study the variation of the proportion of 
conspecific pollen carried by pollinators across 24-hour cycles, we ran a 
generalized linear mixed model with a betabinomial distribution using 
the R package glmmTMB (Brooks et al., 2017). As response variable, we 
included the proportion of conspecific pollen grains carried by each 
individual pollinator. As in the previous models, we included the sine 
and cosine of time of day or night in radians as explanatory variables, 
and site and date as random variables. Again, we considered only pol-
linators (carrying > 5 pollen grains of any given plant species) in this 
analysis. To check the fit of all models, we used the simulateResiduals 
function in the DHARMa package (Hartig, 2022). For all models, we 
reported the marginal and conditional r2 (Nakagawa et al., 2017). 

Results 

We identified 1,322,737 pollen grains carried by 3,626 flower 

Fig. 1. Time of day or night affects (A) pollen load, (B) pollen species diversity, (C) the amount of conspecific pollen, and (D) the proportion of conspecific pollen 
carried by pollinators in Swiss ruderal meadows. Black curves are predictions of generalized linear mixed models and grey areas are 95% confidence intervals. Dark 
rectangles indicate nighttime. 
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visitors of which 523 (14.34%) were captured at night and 3,103 
(85.66%) during the day. We captured an average of 7 individual flower 
visitors (ranging from 1 to 384) per species. Among plants, 4 (4.44%) 
species were visited only at night, 55 (61.11%) species only during the 
day and 31 (34.44%) species during night and day (Appendix A: 
Table 2). Thus, 88.57% of plant species visited at night were also visited 
during the day. Each flower visitor carried between 0 and 20,742 pollen 
grains from up to 18 plant species. Pollen load significantly depended on 
time of day or night over a 24-hour cycle (Table 1). Pollinators carried 
fewer pollen grains at night (Fig. 1A). 

Time of day or night significantly affected variation in pollen species 
diversity carried by pollinators (Table 1). Over a 24-hour cycle, pollen 
species diversity slowly increased from 06:00 and peaked in the after-
noon, then decreased to reach minimal values at night (Fig. 1B). How-
ever, this effect was rather weak, as the difference between the minimal 
and the maximal values was approximatively two pollen species 
(Fig. 1B). Overall, 72% of the pollinators carried conspecific pollen, i.e. 
pollen from the same plant species they visited and on which they were 
caught. Time of day or night significantly affected variation in amount 
and proportion of conspecific pollen (Table 1). Pollinators carried less 
conspecific pollen at night (Fig. 1C). Over a 24-hour cycle, proportion of 
conspecific pollen was always larger than 25%, and peaked at night 
(Fig. 1D). 

Discussion 

Our analysis of pollen loads carried by pollinators showed that pollen 
load fluctuated substantially across a 24-hour cycle, with fewer and less 
diverse pollen carried at night. A lower pollen diversity at night suggests 
that nocturnal pollinators have less diverse interactions in plant- 
pollinator networks and play therefore a different role than diurnal 
pollinators. Nevertheless, the effect of time of day or night on pollen 
species diversity was weak. Also, the amount of conspecific pollen car-
ried by nocturnal pollinators was lower than that of diurnal ones but the 
probability that a pollen grain was conspecific was higher at night. As 
88.57% of plant species visited at night in our study were also visited 
during the day, our results suggest that nocturnal pollinators are effi-
cient pollen vectors for the plants they visit, and may provide additional 
pollination services to diurnally pollinated plants. 

Low pollen load and pollen diversity at night 

The finding that fewer pollen were collected at night is in accordance 
with Borges et al. (2016), who suggest that the majority of nocturnal 
pollinators feed on nectar, whereas only few collect pollen. A smaller 
and less diverse pollen load at night could be explained by the variation 
of floral resources available to flower-visiting insects over 24 h. As most 
temperate plants open new flowers during the day, available floral re-
sources at night are mainly nectar and pollen of flowers which have been 
already exposed to diurnal pollinators (Willmer, 2011). While plants can 
adjust nectar production in response to consumption (Heil, 2011), pol-
len is not replenished (Hargreaves et al., 2009). Furthermore, many 
plant species close their flowers at night (van Doorn & van Meeteren, 
2003), limiting the access to floral resources for nocturnal insects, which 
might be due to temporal niche partitioning among pollinators, and an 
avoidance of heterospecific pollen transfer among plants (Fründ et al., 
2011). However, we did not collect data on the temporal dynamics of the 
quantities of nectar and pollen provided by the plants across 24 h. 

The finding that nocturnal pollinators carried a less diverse pollen 
load, even after accounting for variations due to pollen abundance (i.e. 
smaller pollen load at night), may be explained by variations in insect 
size and insect-plant trait matching. Generally, larger insects are 
considered to carry more pollen (e.g. Földesi et al., 2021). However, as 
we do not have data on body mass, we cannot test this. Also, as moths 
and beetles were the dominant pollinator groups at night, we do not 
believe that this was the main explanation as both groups contain many 

large-sized species. Moths that visit bee flowers at night did not touch 
the anthers with body parts other than their proboscices, and therefore 
may not have removed pollen as it was suggested by Willmer (2011). For 
example, the Geometridae moth Perizoma alchemillata was caught 
visiting the flower of Stachys sylvatica (Lamiaceae) at night but did not 
carry the pollen of this plant species. On the other hand, during the day 
Bombus pascuorum (Apidae) visited and carried the pollen of S. sylvatica, 
as was expected for Lamiaceae of which flowers usually present a bila-
biate floral structure adapted to pollination by bees (Claßen-Bockhoff, 
2007). Because the lack of mechanical fit between the nocturnal insects 
and flowers of diurnally visited flowers might limit their ability to 
remove or deposit pollen, it could be that only pollen grains from 
perfectly matching plant species were found on nocturnal pollinators. 

High proportion of conspecific pollen at night 

Proportion of conspecific pollen in the pollen load can provide in-
formation on pollinator performance, as it should positively affect plant 
reproduction and fitness. At night, lepidopteran pollinators including 
mainly Alcis repandata carried the highest proportion of conspecific 
pollen mainly from Cirsium oleraceum and Valeriana officinalis. During 
the day, dipteran pollinators including Rhinophora lepida and Episyrphus 
balteatus carried the highest proportion of conspecific pollen mainly 
from Erigeron annuus. Both at night and during the day, the highest 
conspecific pollen loads were from mostly generalized plants with easily 
accessible flowers (e.g. Cirsium oleraceum, Erigeron annuus). The pattern 
of variation in proportion of conspecific pollen over a 24-hour cycle in 
our study can thus partly be attributed to the pollinator communities. 
Specifically, the highest proportion of conspecific pollen at night cor-
responded to the peak of Lepidoptera visits (Knop et al., 2018). Thus, 
nocturnal pollinators can remove or deposit conspecific pollen for the 
plants visited at night at least as well as diurnal pollinators do for plants 
visited during the day. 

Nocturnal pollinators may play a complementary role to diurnal ones 
to achieve higher pollination output in plants. Such a complementarity 
among diurnal and nocturnal pollinators has been shown for single plant 
species (Blüthgen & Klein, 2011). In the arid regions of Mexico, to 
alleviate competition for bat visitation with other coflowering species at 
night, the cactus Marginatocereus marginatus is also pollinated by hum-
mingbirds during the day (Dar et al., 2006). In the common milkweed 
Asclepias syriaca in the temperate meadows of North America, 
low-frequency high-quality pollination (with outcross-pollen) by moths 
at night is complemented by low-quality pollination by bumblebees 
during the day, which have more frequent visitation and remove more 
pollinia, but transfer more self-pollen (Jennersten & Morse, 1991). In 
the tropical cloud forests of Ecuador, high-frequency bat pollination at 
night frequently accompanied with heterospecific pollen transfer in 
Aphelandra acanthus is complemented by pollination by hummingbirds 
during the day (Muchhala et al., 2009). In the Swiss pre-alps, Knop et al. 
(2017) found that a reduction of nocturnal pollinators of Cirsium oler-
aceum due to artificial light at night could not be compensated by the 
diurnal pollinators. Similarly, in the Swiss alps, Alison et al. (2022) 
found that the clover Trifolium pratense is visited by bumblebees during 
the day and by moths at night, and that both moth and bumblebee 
visitation increased seed set. However, more studies are needed to find 
out to what extent nocturnal and diurnal pollinators are indeed com-
plementary in a community context. 

Recommendations for future studies 

Pollen carried on pollinator bodies alone does not provide informa-
tion on effective pollination. Quantifying pollen deposition rates and 
characterizing pollen on stigmas of plants visited at night should further 
advance our understanding of nocturnal pollination interactions. To 
fully assess the importance of nocturnal pollinators for plant reproduc-
tion, future research should include manipulative experiments that 
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temporally exclude nocturnal and diurnal pollinators and quantify seed 
set mediated by nocturnal pollinators. Studies that quantify the avail-
ability of floral resources in plant communities across 24-hour cycles 
will help disentangle whether low pollen load at night is due to few 
available resources or a high specialization. 

Conclusions 

Nocturnal pollinators do not only carry pollen but can remove and 
deposit conspecific pollen for plants flowering at night. Plant commu-
nities may rely on the functional and environmental complementarity 
between diurnal and nocturnal pollinators for pollination assurance. 
Given the worldwide pollinator decline and specific risks to nocturnal 
pollinators (such as light pollution), there is thus an urgent need for 
studies clarifying the contribution of nocturnal and diurnal pollinators 
to plant reproduction. 
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