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Floral traits and environmental factors regulate insect visits to flowering plants at night
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Abstract: Flower-visiting insects have co-evolved with flowering plants. While it has been shown that floral traits and environmental factors influence insect visitation during the day, it is still unclear how these factors influence their visitation at night. We sampled a montane meadow located near Jilin in northeastern China in July and August of 2019, for 4 nights each month, and two time periods each night. We sampled 94 flower-visiting insect species in total and documented floral traits and ambient factors. We first allocated all the insects to three functional groups (pollination, predation, and herbivory). Most nocturnal insects exhibited predation behavior, and had the highest species turnover rate. We then focused on environmental factors and found that ambient temperature and relative humidity strongly influenced the diversity of flower-visiting insects. In addition, variation partitioning analysis suggested that ambient temperature had a stronger effect on the flower-visiting insects during the early night hours, whereas relative humidity had a stronger effect on them in the later night hours. Finally, focusing on floral traits, most insects preferred flowers with moderately sized corolla diameters (20 to 30 mm). Furthermore, display size had a strong linear correlation with flower-visiting insect species richness and frequency of presence. In sum, our findings suggest that ambient temperature, relative humidity and floral display size strongly regulate the behavior of nocturnal flower-visiting insects.
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1 | INTRODUCTION
Flower-visiting insects are a functionally diverse community with a critical role to play in flowering plant reproduction, crop yield, plant community composition, and ecosystem services (Erb et al., 2012; Wratten et al., 2012; Kendall et al., 2021). Flower-visiting insects visit flowers to forage for nectar or pollen, rest, reproduce, feed on the plants, or prey on other insect species (Kevan & Baker, 1983). Pollinators that feed on pollen or nectar, such as bees, bumblebees, butterflies, hoverflies, moths, and beetles, occupy a central position (Garbuzov & Ratnieks, 2014). Other flower-visiting insects include leaf herbivores, florivores, and predators, such as bugs, caterpillars, leaf beetles, praying mantises, ladybirds and lacewings (Ishida et al., 2009; Lucas-Barbosa et al., 2011; Wardhaugh et al., 2012; Tschumi et al., 2016; Tan & Tan, 2017; Sakagami et al., 2021).
The behavior of flower-visiting insects is influenced by floral traits, such as floral display size, nectar or pollen reward, corolla diameter, and stamen length (Smith et al., 2008; Latty & Trueblood, 2020). For example, previous studies have indicated that visitors' behavior depends on nectar availability, which in arid regions is determined by the efficiency of plant water use (Borges et al., 2016). Floral display size also plays an important role in insect foraging, and corolla shape influences insect behavior and visitation frequency (Mitchell et al., 2004; Kaczorowski et al., 2012); however, corolla length and flower color may not have an effect at night (Smith et al., 2008). On a community level, increased flower diversity results in increased floral trait diversity, which is expected to support a greater diversity of flower-visiting insects (Meyer et al., 2005; Blaauw & Isaacs, 2014; Goulnik et al., 2020). 
Flower-visiting insects are also influenced by several environmental factors, including ambient temperature, atmospheric relative humidity, and seasonal light variation (McCall et al., 2012). Among the environmental factors, ambient temperature and humidity have been found to be the most important (Thompson, 2009; Goodwin et al., 2021). High temperature and low humidity are generally associated with more active pollinators (Murcia, 1990; Seymour et al., 2003; Jevanandam et al., 2013), but not all insects respond to flower surface temperature (Meiners et al., 2017). Environmental factors such as temperature and air relative humidity are also direct determinants of floral traits (e.g. flower size, nectar amount) that, indirectly, regulate the activity and behavior of flower-visiting insects (Borges et al., 2016).  
Flower-visiting insects are not only important for flowers that open during the day, but also for those that open only at night, or both. Some insect species are active during the day and at night (Arizaga et al., 2000; Artz et al., 2010; Knop et al., 2017;), while other species, such as Lepidoptera moths (Noctuidae, Geometridae, and Coleophoridae), are active only at night (nocturnal) (Ellis & Ellis-Adam, 1994; Hegi, 1962; Knop et al., 2018). Nocturnal insects identify and locate blooming flowers for landing and feeding using refracting superposition compound eyes (Warrant & Dacke, 2011), or by chemotaxis through scent and volatile compounds (Jürgens & Gottsberger, 2003; Borges, 2018).  However, our understanding of the behavior and community composition of nocturnal flower-visiting insects remains largely incomplete. Moreover, while it has been shown that floral traits and environmental factors influence flower-visiting insects during the day, it is still unclear how these factors influence the insects at night. Therefore, in our study we evaluated flower-visiting insect species, floral traits, and environmental factors in a montane meadow located near Jilin in northeastern China. 
2 | MATERIALS AND METHODS
2.1 | Sampling method and flowering plant species
The transect method (Gibson et al., 2006; Pérez et al., 2006) was used to measure nocturnal insect visits in Sanhu National Nature Reserve, Jilin, China. Three 200 × 3 m transects were established 10 m apart in a montane meadow (43.66°N, 126.67°E) in a temperate coniferous and broad-leaved mixed forest region with a sub humid continental monsoon climate. The annual average temperature is 3.9℃, the lowest temperature in January ranging from - 18℃ to -20℃, and the highest average temperature in July ranging from 21℃ to 23℃. The average annual precipitation is 650-750mm, and there are generally 2300-2500 hours of sunshine. In July, the sun sets before 19:25 h and darkness falls before 20:00; In August, the sun sets before 19:00 h, and darkness falls before 19:36 h. Daylight lasts from 15.25 to 14.36 h from July to August. Ten 10 x3 m sampling plots were established 10 m apart along each transect, making a total of 30 sampling plots (Appendix Fig. A)). The flowering plant species richness and abundance within each sampling plot were recorded weekly throughout July and August of 2019 (Table 1) (Jiang et al., 1999). Pollen from the flowering plant species was collected from the flowers in the field using an insect pin dipped in a mixture of fuchsin jelly and glycerol (Beattie, 1971), to create a pollen reference database. Floral display size was calculated from the number of open flowers per plant (Smith et al., 2008; Galen, 1989; Mothershead & Marquis, 2000) and the mean diameter of 100 flowers was measured using a laser stadiometer (DISTO™ D810 Touch, Leica Geosystems AG Co., LTD, Heerbrugg, Switzerland).
2.2 | Flower-visiting insect species 
Flower-visiting insects were sampled using two methods to obtain a record of plant interaction networks. During the night, light traps were used to catch flower-visiting insects in each of the plots (Macgregor et al., 2019). Once a week we also used a jar with ethyl glycolate and the suction-trap method to catch insects on the flowers from 20:00 to 21:00 h, and from 21:00 to 22:00 h, the times of most activity and the greatest abundance of species in July and August (Hobbs & Hodges, 1993; Jennersten & Morse, 1991; Williams, 1935). Insect visitation was computed as the number of insects on ten flowers per species (Goulson et al., 1998). Finally, pollen collected from the flower-visiting insects was examined under scanning electron microscope (SEM) and compared with pollen databases. Insect diversity and abundance were recorded for different flowers within each sampling plot, with specimens stored in 95% ethanol for identification in the laboratory. Based on this identification and the criteria of morphology, physiology, life history, main behavior and other traits affecting the plants directly, these flower-visiting insect species were classified into three functional groups: pollinators, herbivores and predators (Vitousek & Hooper, 1993; Kristensen et al., 2020; Traylor et al., 2022).   
2.3 | Environmental factors  
A WatchDog 2000 weather station (Spectrum Technologies, Inc., 3600 Thayer Court, Aurora, IL 60504, USA) was set up to record ambient temperature and relative humidity during the periods of insect collection. Flower surface temperature and leaf temperature were measured with HH12C (Omega Engineering, Inc., 16360 Park Ten Pl – Ste. #325 Houston, Texas 77084, USA) at 10 replicated points in each sampling plot.
2.4 | Statistical analyses 
To visualize the connections between the nocturnal flower-visiting insects and plants at different times, we represented them with a bipartite network, and calculated the network level, group level and species level indices and the changing network (Dormann, 2020). The network indices were d′: the species specialization index for species that are abundant in the community (from 0 (no specialization) to 1 (absolute specialists)) (Dormann and Strauss, 2014); generality and vulnerability: the weighted mean number of interacting partners, generality-flower-visiting insects and vulnerability-flowering plants and linkage density, marginal totals-weighted diversity of interactions per species (Bersier et al., 2002); H2′: specialization, a network-level index based on weighted links, indicating increasing specialization with values from 0 to 1 (Almeida‐Neto et al., 2008); nestedness: a network structure that describes specialization asymmetry (normal NODF: (NODF/max(NODF))/(C*log(S)), C = network connectance, S = geometric mean of the number of plants and pollinators in the network) (Song & Saavedra, 2017); connectance: the proportion of interactions that occur out of the total number of possible interactions (Thébault & Fontaine, 2010). We then used linear regression and local polynomial regression methods to understand the relationships between flower species richness and floral display size, floral display size and visitation, and insect species richness and flower corolla diameter. Species turnover rate was the ratio of the sum of new and departed species to the total number of species in the sample plot from 20:00-21:00 h and 21:00-22:00 h (Husté & Boulinier, 2007). Variation partitioning analysis (VPA) was applied to estimate the proportion of the total variation explained by different environmental factors, and regularized discriminant analysis (RDA) was performed under a reduced model using the permutation test, to assess the significance of constraints. Data were standardized with the “Hellinger” method, and partial redundancy analysis (pRDA) was used to test the significance of ambient temperature and relative humidity (Peres-Neto et al., 2006). Comparison of insect species richness and abundance between different sampling periods was conducted using a nonparametric Kruskal-Wallis test. The significance level of the statistical tests was P=0.05. The statistical analyses were performed using R statistical software (R Core Team, 2019). 
3 | RESULTS 
Flower-visiting insect abundance was higher in July than in August, although the difference was not significant (p>0.05) (Fig. 1 left). In addition, more species were active from 20:00 to 21:00 h (51 species from 9 orders and 23 families) than from 21:00 to 22:00 h (16 species from 8 orders and 12 families) (p<0.05) (Fig. 1 right; Table 2). Thus, flower-visiting insects seemed to prefer to visit the flowers in the earlier night hours, 20:00-21:00, throughout the entire study period.     
The community of flower-visiting insects consisted of three functional groups, classified according to their main feeding habits: pollination (44.9%), herbivory (34.69%), and predation (20.41%). The species turnover rate was higher in August than in July: the species turnover rate in July was 43% in the pollination group, 44% in herbivory and 60% in predation, while in August, the species turnover rate was 65% in the pollination group, 56% in herbivory and 80% in predation. The size of the flower-visiting insect community with all the different functional groups was lower from 21:00-22:00 h than from 20:00-21:00 h (Fig. 2). 
In July, Erigeron annuus (L.) Pers. (hereafter, RA) and Clematis terniflora var. Mandshurica (Rupr.) Ohwi (hereafter, CL) were the most attractive of the species evaluated. The predominant flower-visiting insects, Nysius thyme (herbivore) and Ducetia japonica (herbivore), were most abundant on the plant species with the highest coverage area (RA, CL and Oenothera biennis (hereafter, OB) between 20:00 h and 22:00 h). Mordellistena comes (pollinator) was the most frequent flower visitor in July (Fig. 3-a, b). In August the plants RA and Kalimeris integrifolia (hereafter, KI) received more insect visits (49 %) than the other plant species. The most abundant flower-visiting insects were D. japonica (herbivore), and Chrysoperla sinica (predator) on RA and KI. More flower-visiting insect species were present between 20:00 and 21:00 h (Fig. 3-c) than later at night, while D. japonica (>71 %) occurred most frequently between 21:00 and 22:00 h (Fig. 2-d). The pollinator Analthes sp. was found to visit more flowers in August (Fig. 3c, d) than in July. More insect species were active in the earlier time period, between 20:00 h and 21:00 h, than in the later period. For both months, 45 species (such as Nabis stenoferus, Mordellistena comes, Loxostege sticticalis, Poeciloscytus cognatus, Harpactor sibiricus and Paragus tibialis) were absent during the 21:00-22:00 period, despite an abundance of flowers (Fig. 3). At a network level, linkage density, network weight, interaction evenness and Shannon diversity increased from 20:00-21:00 to 21:00-22:00, but connectance and H2′ decreased. At a group level, generality, V ratio, mean number of links and partner diversity, and the C score of flower visitors decreased from 20:00-21:00 to 21:00-22:00 h; for flowering plants, however, the opposite was true. At a species level, the dominant species N. thymi, D. japonica and M. comes held the high paired differences, effective partners, species strength and normalized degree indices and non- specialized species with low d′ indices. The entire network changed over the duration of the study period (Appendix Table A). Twenty-one plant species were in bloom in July and 18 in August, with 11 species flowering in both months (Table 1). Insect visiting was positively associated with flower abundance, thus plants that bloomed in both months received more visits overall (Fig. 4). 
The number of insect visits varied with corolla diameter, but this relationship was not significant (P=0.311): 27 insect species visited flowers with a corolla diameter of 2-14 mm, 13 species visited those with 15-28 mm corolla diameter, 8 species visited those with 20-28 mm diameters, and 5 species visited those with diameter > 25 mm. Of the 98 insect species registered, only 2 (D. japonica and C. sinica) occurred on most of the plant species (Fig. 5-A). Both insect visitation and species richness increased with floral display size (P<0.01). Nineteen plant species with 177-2000 mm2 floral display size were visited less than 25 times, whereas E. annuus, K. integrifolia and C. terniflora var. Mandshurica (green circle) with a floral display size > 4000 mm2 received more than 71 visits (Fig. 5-B). Similarly, the plant species with floral display sizes of 700-2000 mm2 were visited by less than 20 species, whereas E. annuus (red circle) with floral display size > 2000 mm2 was visited by more than 50 insect species. Kalimeris integrifolia (red circle) had significantly more visiting insect species than other plants with relatively small floral display size (Fig. 1, Fig. 5-C). 
The composition of the flower-visiting insect community at any time was largely determined by the ambient temperature (Monte Carlo permutation test pseudo-F=1.3, P=0.018), which influenced composition more than relative humidity and explained as much as 13.5% (P=0.004) of the insect species community composition (Table 3). For both months, the partial effect of ambient temperature (11.3-21.5 %) was stronger than the partial effect of relative humidity (2.8-4.7 %) from 20:00 to 21:00 h (p<0.001). From 21:00 to 22:00 h this result was reversed, the partial effect of relative humidity being 12.7-17.1 % and that of temperature being 3.2-5.4 % (p<0.001). Ambient temperature and relative humidity had a combined effect of 3.1-6.2 %. The unexplained variation across all four time periods compared was 76-93% (Fig.6).  
4 | DISCUSSION
Differences were found in the flower-visiting insect community between the period 20:00-21:00 h and 21:00- 22:00 h in both July and August. Hemiptera, Coleoptera, Diptera, Lepidoptera and Hymenoptera were the main flower-visiting insect orders in the Sanhu National Nature Reserve study area. Insects in the orders Neuroptera, Dermaptera, Orthoptera, Ephemeroptera and Mantodea had low species richness. Of the insect families, Acrididae, Tettigoniidae, Lygaeidae and Chrysopidae had the highest individual abundance. Hymenoptera, Diptera, Lepidoptera and Coleoptera were common diurnal flower-visiting insects (Knop et al., 2018; Rader et al., 2013). In our study, Orthoptera, Hemiptera and Neuroptera species visited flowers at night, but these groups are typically considered diurnal (Wardhaugh, 2015). Insects have three main reasons for nocturnal visits to flowers. First, Lepidoptera (Noctuidae, Coleophoridae and Geometridae), Hymenoptera (Formicidae), and Orthoptera (Gryllidae) possess flower-visiting habits for nutrient replenishment (Jennersten & Morse, 1991; Mitchell et al., 2004; Williams, 1935; McMullen, 1993). Second, predators visit the flowers to prey on other insects and to obtain nectar and pollen (Balzan & Moonen, 2014; Hu et al., 2018). Third, flowers provide a convenient resting place for insects, although this can become a trap, as predators can locate them there (Meyer et al., 2005; Sakagami et al., 2021).
With regard to environmental factors, we determined that ambient temperature and relative humidity correlated most closely with insect species abundance, ambient temperature results being statistically significant. Temperature is known to promote flower-visitor activity during both day and night (Rader et al., 2012; Knop et al., 2018; Borges et al., 2016), although in one study solitary bee activity was not affected by ambient temperature (Totland, 1996). Although floral temperature played a weaker role in our study, it is known that flowers can also offer the reward of heat to nocturnal pollinators (Seymour et al., 2003). In contrast to the effect of temperature, ambient humidity had a negative effect on nocturnal insects. As humidity increases, more volatile scent molecules become trapped in water vapor close to the flower, limiting their diffusion and dispersion away from the flower (Borges et al., 2016). Indeed, flower humidity was higher in proximity to the open flowers, so could guide nocturnal insects to the flowers only once they were close (Von Arx et al., 2012). The shared effects of the two environmental factors measured were relatively higher than the individual effects. The marked amount of unexplained variation in the flower-visiting insect community may be attributed to a range of unmeasured variables (Viketoft, 2013; Song & Serguei, 2018). These unmeasured environmental factors changed the flower-visiting insects’ levels of activity, community composition (Thompson, 2009; Hoiss et al., 2015), and the structure and characteristics of the network (Cirtwill et al., 2018). Moreover, morphological and chemical plant changes also affected the network connection between plant and flower-visiting insects (Traveset et al., 2018). 
In another study, relatively arid climates or plant species relatively sensitive to dry conditions were more conducive to nocturnal flower pollination because of cooler temperatures with increased levels of humidity and dew, which together contribute to plant water use efficiency (Borges et al., 2016); in these conditions, C4 plants might dominate the nocturnal flower community. Once plants adapted for nocturnal pollination have been identified, then the efficiency of pollination of flowering species can be attributed to any particular adaptation they might have (scent production, floral traits, heat or CO2 production) (Borges et al., 2016). Our study enables us to consider some of these ideas and investigate nocturnal insect flower-visiting behavior in a new region. Only two plant species (Scabiosa comosa and Potentilla fragarioides) are in the C4 category; of the 26 flowering species in our plot, all the others are C3 plants, and only one (Oenothera biennis) flowers only at night. Therefore, in this region flowering plants are not particularly adapted for night pollination or reducing diurnal water loss. In our study, only 11 insect species are strictly nocturnal (Dysallacta negatalis, Pyrausta nubilalis, Teliphasa sakishimensis, Loxostege sticticalis, Glyphodes chilka, Analthes sp., Forficula sp., Chironomidae sp., Gillmeria sp., Harpalus calceatus, Leucinodes sp.), all the others being active both day and night. Only two insect species were found on most of the flower species (Ducetia japonica and Chrysoperla sinica), while all the others were restricted to narrower floral display size categories. Therefore, the nocturnal flower visitors are neither generalists nor specialists: most have a floral display size-range preference, and many are not restricted to nocturnal activity (Devoto et al., 2011). 
The selectivity of the flower-visiting insects is the result of their adaptability to floral traits and volatile odor, which encourage their visits (Lázaro et al., 2015; Majetic et al., 2009). Flower-visiting insects utilize floral display size, corolla shape, nectar content, secondary metabolites, flower scent, species richness and abundance to determine flower distance and location (Jürgens et al., 2012; Mitchell et al., 2004; Kessler & Baldwin, 2007; Reisenman et al., 2010). However, nocturnal species are adapted to flower detection in low light, compensated for by olfaction (Borges, 2018). Enhanced olfactory detection could plausibly be either due to more sensitive reception by the insect, or stronger scent from the flower. It is known that to attract pollinators some nocturnally pollinated flowers produce heat or produce more scent and/or more CO2 than diurnally pollinated species. (Borges, 2018). 
Flower proportions and other floral traits affect their attraction to nocturnal insects. The species Erigeron annuus and Kalimeris integrifolia were in bloom in both July and August, thus increasing the chances of the insects visiting their flowers over several weeks (Jędrzejewska-Szmek & Zych, 2013). It was shown that floral display size positively correlated with pollinator visitation (Goulson et al., 1998), and our study confirms that some corolla diameters were preferred by insect species. Another study found that the corolla of genus Schizanthusa (21.09-29.86 mm diameter) attracted more visits than did other species (Pérez et al., 2006). The insects in our study, such as Chrysoperla sinica and Ducetia japonica, were more inclined to visit flowers with corollas that were 20-30 mm in diameter, but Hypericum attenuatum and Patrinia scabiosaefolia, with large floral display sizes and a higher composition ratio among the flowering plants, were not preferred by insects. Overall, our results show that flower display size was more important than corolla diameter. The results of this study differ from those of similar studies in more arid regions. The community composition and night visiting behavior of flower-visiting insects were influenced by abiotic factors, which are partially determined by ambient temperature, and correlated negatively with ambient humidity. Nocturnal insect visits to flowers were more affected by temperature during the early night hours (20:00-21:00 h), and more by humidity later (21:00-22:00 h) in both July and August. As to biotic factors, flower display size played a positive role in insect visitation, and more so than corolla diameter. Neither plants nor insects showed particular adaptation to nocturnal flower visitation, as most were also active during the day. Flowers that benefit from both diurnal and nocturnal insect pollination, and are open for a relatively long period, benefit from increased insect visitation, thus improving pollination outcomes. 
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Figure Legends
Figure 1. Species abundance and richness of flower-visiting insects during different sampling periods. A comparison of the two time periods (20:00-21:00 h and 21:00-22:00 h) in July and August.
Figure 2. The functional groups of flower visiting insects: pollination, herbivory and predation. Turnover rate of functional group is from 20:00-21:00 h and 21:00-22:00 h. The red bar is in July and the blue bar is in August.
Figure 3. Flower-visiting networks (visitations) between flower-visiting insects (right column) and flowers (left column) in July, at a) 20:00-21:00 h and b) 21:00-22:00 h, and in August, at c) 20:00-21:00 h and d) 21:00-22:00 h in Sanhu National Nature Reserve. Width of boxes in each column is proportional to the number of individuals found from flowering plant species or from the number of visitation records. Width of connecting links indicates the number of instances recorded of flower visitation by the flower-visiting insects for a specific flower species
Figure 4. Relationships between flower abundance and insect species richness. Black circle dots indicate flower-visiting insect species richness and average abundance of flowers in July and August. 
Figure 5. Relationships between insect visits and floral traits in different time periods. A. Flower-visiting insect species richness and flower corolla diameter. Circles represent insect preference for corolla diameter. Histograms show the sum of flowers with the same corolla diameter (green) and insect species (brown). Blue curve is weighted least squares fitting, with Spearman’s correlation coefficient =0.13 (N=60, loge(S)=10.37, P=0.311) and 95% CI confidence interval (grey area) [-0.12,0.35]. B. Insect visitation (circles) and flower display size. Histograms show the sum of flowers with the same display size (green) and visitation (brown). Blue line is weighted least squares fitting, with Pearson’s correlation coefficient r=0.56 (N=26, t(24)=3.32, P<0.01) and 95% CI confidence interval (grey area) [0.22,0.78]. C. Flower-visiting insect species richness and flower display size. Circles show insect preference for floral display size. Histograms show the sum of flowers with the same display size (green) and insect species (brown). Blue line is linear regression fitting, with Pearson’s correlation coefficient r=0.88 (N=26, t(24)=9.09, P<0.001) and CI 95% confidence interval (grey area) [0.75,0.95].
Figure 6. Analysis of the contribution of ambient temperature and relative humidity to insect abundance. The percentages of variance (%) in the partial effect explained by ambient temperature and relative humidity in two stages, 20:00-21:00 h and 21:00-22:00 h, from June to August, and the joint effect of ambient temperature and relative humidity in the shared area. Percentages are calculated according to the Adjusted R2. testable method.
Table 1. Flowering plant species observed in July and August.
Table 2. The occurrence of flower-visiting insects in different sampling periods.
Table 3. RDA ordination summary and environmental explanations for the insect species composition. Abbreviations are as follows: AT, the ambient temperature, RH, relative humidity.



