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My PhD research explores a broad question: How do plants and pollinators 

communicate with each other and what is their communication language? I address 

this interdisciplinary question using general principles in animal communication, plant 

physiology, and information theory.  

Information available to pollinators can be categorized into signals and cues.  

Signals are traits that have evolved for the purpose of communication and provide a 

net fitness benefit to the communicating entities. For example, the dance and dazzling 

display of a peacock serves as a sexual signal to attract potential mates, which results 

in a fitness benefit by successfully passing on genes. Cues are generated 

unintentionally and can provoke a response from eavesdroppers. The carbon dioxide 

in human breath serves as a cue for mosquitoes to hunt their prey but this trait has no 

apparent fitness benefit for humans. This signal/cue communication framework is also 

observed in insect-plant interactions and serves as an engine for the spectacular 

diversity of plants and pollinators. 

Insect pollinators gather information using floral signals/cues to locate flowers in a 

noisy environment. Insects use color pigments and floral scents as long-distance 

attractants, but at a short distance from flowers, these same signals do not provide 



additional information about the concealed floral rewards. In my Ph.D. research, I 

discovered that floral humidity functions as a short-distance communication signal 

between plants and pollinators. Floral humidity guides pollinators to the nectar 

rewards and increases the reproductive fitness of flowers through increased pollinator 

visitation and outcrossing. 

Previous studies considered floral humidity a cue for the presence of nectar to 

pollinators, as a passive consequence of nectar evaporation. Using a nocturnal 

pollination mutualism between a hawk moth (Manduca sexta) and its preferred flower 

(Datura wrightii), I demonstrate that nectar evaporation and humidity are not directly 

linked. Instead, flowers actively produce humidity through stomata, resulting in an 

enormous humidity gradient in the flower. Surprisingly, the contribution of nectar 

evaporation to the floral humidity of Datura is minuscule. Floral humidity has positive 

fitness consequences for both the flower and the pollinator and therefore serves as a 

signal, not a cue, in this interaction.  

In summary, I have discovered a previously unappreciated signal between plants and 

pollinators, adding to the multimodal information landscape organisms utilize to 

communicate. 
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INTRODUCTION 

LIFE OF A NOCTURNAL FLOWER: THE TEMPORAL DYNAMICS OF 

SIGNALS AND CUES OF DATURA WRIGHTII 

 

Natural History and cultural significance of Datura and Manduca 

 

Fig. 0.1 The natural history of Datura wrightii ï Manduca sexta interaction 

(A) The matching length Manduca sexta proboscis and the nectar tube of Datura wrightii. 

(B) A moth crawls inside the flower to access the nectar that is concealed deep within the 

nectar tube. 

(C) A vertically fileted D. wrightii flower showing the anthers and the 5 nectaries. 

(D) A top view of the 5 nectaries on an intact flower. Arrow points toward one of the 

nectar holes. 

 

Datura wrightii is a perennial shrub native to Mexico but its range extends to the arid 

and semi-arid habitats of the Southwestern United States where it is common along 

roadsides and washes (Elle & Hare, 2002; Raguso et al., 2003; Bronstein et al., 2009). 

The plant produces massive, white, strongly scented flowers which bloom at sunset 
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and wilt by the following morning. It is one of the largest flowers in North America 

and is primarily visited and pollinated by the nocturnal hawkmoth Manduca sexta 

(Raguso et al., 2003; Raguso et al., 2005; Bronstein et al., 2009). 

Datura holds significant cultural value among Native Americans. The plant contains 

tropane alkaloids, such as atropine and scopolamine (Kariñho-Betancourt et al., 2015), 

which have powerful hallucinogenic effects on humans. In the indigenous community 

of South-Central California, it was customary to consume various parts of Datura as 

part of a coming-of-age celebration (Robinson et al., 2020). It was ingested either as a 

quid or as toloache, a tea made from plant roots. "Following the puberty ceremony, 

Datura could be used throughout a person's lifetime for multiple purposes, such as 

gaining supernatural powers for healing, countering negative supernatural events, 

warding off spirits, and gaining insight into the future or locating lost items. Above all, 

it served as a remedy for various ailments" (Robinson et al., 2020). Analysis of 

Datura quids found in the pinwheel caves of California suggests that the caves were 

inhabited between AD 1300-1800. However, the significance of Datura in indigenous 

culture dates back even further, to AD 850-1150, among the prehistoric indigenous 

community of the Mimbres Valley in what is now New Mexico (Berlant & Maurer, 

2018; VanPool et al., 2023). A characteristic feature of Mimbres art is the depiction of 

Datura seed pods, buds, flowers, and its hawkmoth pollinators in classic black and 

white paintings on ceramic bowls (Berlant & Maurer, 2018). As a result, both Datura 

and its hawkmoth pollinators hold deep historical and cultural relevance among Native 

American communities, including the Apache, Chumash, and Tübatulabal. 

Datura-Manduca interaction 
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In the field of ecology and evolution, the interaction between Manduca sexta and 

Datura wrightii has been widely studied as a model system for examining insect-plant 

mutualism (Adler & Bronstein, 2004; Bronstein et al., 2007; Bronstein et al., 2009; 

Smith et al., 2019; Johnson et al., 2021). While Datura is capable of self-pollination, 

it produces a greater number of viable seeds when cross-pollinated (Elle & Hare, 

2002; Bronstein et al., 2009). Manduca sexta, the primary pollinator of Datura, has a 

proboscis length that closely matches the nectar tube length of D. wrightii (Raguso et 

al., 2003)(~9-12 cm; Fig. 1A). To extract the nectar from Datura flowers, moths dive 

inside the floral tube with extended proboscis, tuck their antennae behind, and crawl 

inside the tube to reach the nectar (Fig. 1B). Each flower contains 5 distinct nectaries. 

To access each nectary, moths must exit the flower and re-enter (Fig. 1C and D). 

During this process, moths become loaded with pollen (Smith et al., 2022), and with 

each entry into a flower, they deposit pollen on the stigma, effectively pollinating the 

flower. The hawkmoth pollination process directly influences the fitness of Datura 

plants, making this interaction an ideal model system for studying co-evolution. 

 

Temporal dynamics of signals and cues 

 

The information used by pollinators to locate flowers can be categorized into signals 

and cues. For a trait to constitute a signal, four criteria must be fulfilled:  

1) It must, on average, benefit the sender. 

2) It must, on average, benefit the receiver. 

3) It must incur a production cost to the sender. 
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4) It must have evolved for the purpose of communication.  

Cues on the other hand, are unintentional and an inadvertent consequence of necessary 

biological processes (Smith & Harper, 1995; Schaefer et al., 2004; Bradbury & 

Vehrencamp, 2011; Leonard et al., 2011; Laidre & Johnstone, 2013). Therefore, a cue 

might benefit an eavesdropper, but it has no positive fitness consequence to the emitter 

of the cue.  

While it is widely recognized that flowers employ multiple signals and cues to attract 

pollinators (Raguso, 2004; Raguso, 2008), there is a lack of documentation on the 

temporal dynamics of those signals and cues for any flower species. Understanding the 

dynamics of floral traits is crucial because pollinators visit flowers throughout various 

times of the day, potentially perceiving different information from the same flowers 

depending on the time. The integration of various information by pollinators to make 

foraging decisions is a topic of interest not only to pollination biologists but also to 

theoretical ecologists, game theorists, neuroscientists, and psychologists. 

How animals use different sensory information to orient themselves is an exciting 

topic of investigation that is relevant from tiny disease vectors like mosquitoes to giant 

migrating whales. It also helps in categorizing whether traits are ephemeral cues or 

persistent signals. In Fig. 2, I illustrate using a spatial scale the potential traits 

Manduca may experience as it approaches a Datura flower. The strong scent bouquet 

of Datura and the bright floral pigments serve as signals for the moths attracting them 

at the scale of meters (Raguso & Willis, 2002; Raguso et al., 2005; Raguso & Willis, 

2005; Goyret et al., 2007). At a centimeter-scale proximity, moths perceive the CO2 

cues emitted by the freshly opened breathing flowers (Guerenstein et al., 2004a; 
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Guerenstein et al., 2004b; Thom et al., 2004; Goyret, 2008; Goyret et al., 2008). At 

the threshold of the flower, moths perceive the floral humidity in the flower headspace 

(von Arx et al., 2012; Dahake et al., 2022), followed by mechanosensory and 

gustatory cues upon contact (Goyret, 2010). While long-distance attraction of 

pollinators has been well-studied, the factors influencing pollinator decisions at short 

ranges have received relatively less attention. To understand the potential information 

that pollinators receive from flowers at different times of the day, we conducted a case 

study using Datura wrightii and documented its various signals and cues. 

 

Fig. 0.2 Pollinators can use different sensory information to orient themselves at 

different spatial scales. Signals like floral scent and color pigments at meters scale, cues like 

floral CO2 and humidity at centimeters scale, and taste and mechanosensory cues upon contact 

with flowers (0 cm). The plus sign denotes that the signals/cues are experienced incrementally, 

in addition to the previous ones.  

 

Based on findings from other pollination studies, we hypothesized that the emission of 

floral scent from D. wrightii would peak at anthesis (when the flower opens) and 

remain consistent for several hours before subsiding in the early morning. Our 

observed data partially supported this prediction, as floral scent emission relative to an 

internal standard was highest at anthesis but decreased steadily in the following hours 

(Fig. 3). We also hypothesized that nectar volume would align with floral scent 

dynamics. Interestingly, flowers contained a substantial amount of nectar even before 
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opening (62.14 ± 20 µl), and the quantity increased consistently overnight to a final 

volume of 151.81 ± 31 µl (mean ± SD). 

Since anthesis requires metabolic energy, we expected CO2 levels to be highest during 

this stage. Previous research on Datura suggested that CO2 levels returned to ambient 

levels within two hours after anthesis (Guerenstein et al., 2004a). Our observed data 

aligned precisely with this prediction and the previous study. Regarding humidity, we 

hypothesized that the dynamics would closely resemble those of CO2, with a rapid 

increase during anthesis followed by a return to ambient levels. A previous study on 

evening primrose, Oenothera cespitosa, supported this prediction (von Arx et al., 

2012). However, the observed humidity dynamics of Datura flowers were 

unexpectedly different. We observed a rapid increase in humidity during anthesis, 

reaching its peak four hours after anthesis. The humidity never returned to ambient 

levels even as the flower faded. Thus, the temporal dynamics of floral signals and cues 

proved more nuanced than anticipated. 

 

The subsequent chapter of my thesis delves into the role of floral humidity in this 

nocturnal pollination system, exploring its significance and implications in greater 

detail. 
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Fig. 0.3 The temporal dynamics of floral signals and cues of Datura wrightii. The left side 

of the figure depicts the predicted dynamics of the signals and cues based on published data on 

Datura and other flower species. The right-side shows observed data. The images at the 

bottom show (left to right): anthesis (dusk), fully bloomed flower (30 mins post anthesis), and 

a faded flower in the morning (post dawn). The purple box highlights the unexpected 

dynamics of floral humidity of D. wrightii which is investigated further in the subsequent 

chapters. 
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A pencil sketch of Manduca sexta probing freshly opened Datura wrightii flowers   
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CHAPTER 1 

A SIGNAL-LIKE ROLE FOR FLORAL HUMIDITY IN A NOCTURNAL 

POLLINATION SYSTEM1 

 

Abstract 

Previous studies have considered floral humidity to be an inadvertent consequence of 

nectar evaporation, which could be exploited as a cue by nectar-seeking pollinators. 

By contrast, our interdisciplinary study of a night-blooming flower, Datura wrightii, 

and its hawkmoth pollinator, Manduca sexta, reveals that floral relative humidity acts 

as a mutually beneficial signal in this system. The distinction between cue- and signal-

based functions is illustrated by three experimental findings. First, floral humidity 

gradients in Datura are nearly ten-fold greater than those reported for other species, 

and result from active (stomatal conductance) rather than passive (nectar evaporation) 

processes. These humidity gradients are sustained in the face of wind and are 

reconstituted within seconds of moth visitation, implying substantial physiological 

costs to these desert plants. Second, the water balance costs in Datura are 

compensated through increased visitation by Manduca moths, with concomitant 

increases in pollen export. We show that moths are innately attracted to humid 

flowers, even when floral humidity and nectar rewards are experimentally decoupled. 

Moreover, moths can track minute changes in humidity via antennal hygrosensory 

sensilla but fail to do so when these sensilla are experimentally occluded. Third, their 

 
1Dahake, A., Jain, P., Vogt, C. C., Kandalaft, W., Stroock, A. D., & Raguso, R. A. (2022). A 

signal-like role for floral humidity in a nocturnal pollination system. Nat Commun, 13(1), 

7773. doi:10.1038/s41467-022-35353-8  
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preference for humid flowers benefits hawkmoths by reducing the energetic costs of 

flower handling during nectar foraging.  Taken together, these findings suggest that 

floral humidity may function as a signal mediating the final stages of floral choice by 

hawkmoths, complementing the attractive functions of visual and olfactory signals 

beyond the floral threshold in this nocturnal plant-pollinator system. 
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Introduction  

The spatial scale at which pollinators are attracted by floral traits has important 

consequences for pollinator foraging efficiency(Kulahci et al., 2008), resource 

partitioning(Goldshtein et al., 2020), and plant gene flow(Skogen et al., 2019, Deng et 

al., 2020). Although floral scent and color can attract pollinators at a scale of 

meters(Galizia et al., 2004, Gibernau et al., 1998, Kapustjansky et al., 2010, Hempel 

de Ibarra et al., 2015, Boff et al., 2021), they cease to be informative once pollinators 

arrive at a flowerôs threshold (mm to cm distance), in the absence of additional 

information, such as contrasting nectar guides(Leonard and Papaj, 2011), scented 

pollen(Dobson and Bergström, 2000) or nectar(Raguso, 2004b). Recently foraged 

flowers can remain scented, turgid, and pigmented minutes to hours after nectar or 

pollen has been removed by an earlier visitor, yet it is commonly observed that 

pollinators reject some flowers upon inspection, without landing(Corbet et al., 1984, 

Policha et al., 2016). Pollinators likely make such decisions at a short range from the 

flowers based on more reliable sources of information as they navigate a patch of 

flowering plants(Stout et al., 1998, Howell and Alarcón, 2007). For instance, floral 

primary metabolism and transpiration produce gradients in carbon dioxide (CO2) 

concentration and relative humidity (RH) within the headspace of a newly opening 

flower (mm to cm distance), which more reliably indicate nectar availability before 

pollinators commit to probing or visiting a flower(von Arx, 2013, Goyret, 2008). 

All animals utilize cues ï the sensory information available in their environments - to 

navigate and survive. When cues are produced inadvertently by the movement or 

metabolism of other organisms, they can be exploited by eavesdroppers (Bradbury and 
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Vehrencamp, 2011). In the context of communication, when a respiring animal 

(sender) exhales CO2, it alerts nearby mosquitoes (receivers) to a potential blood meal, 

with detrimental consequences for the sender of the cue(McMeniman et al., 2014). In 

contrast, signals mediate communication between senders and receivers that results, 

on average, in fitness benefits to both parties(Bradbury and Vehrencamp, 2011, Smith 

and Harper, 2003). Despite longstanding debate on signal classification and 

evolution(Smith and Harper, 1995, Laidre and Johnstone, 2013), behaviorists 

distinguish signals from cues using the following criteria: 1) senders provide clear, 

measurable information, that 2) has evolved for the purpose of communication with 

receivers, which 3) elicits a distinctive (e.g. state-altering) response from the recipient, 

resulting in 4) fitness consequences that are favorable, on average, to both 

parties(Bradbury and Vehrencamp, 2011, Laidre and Johnstone, 2013, Smith and 

Harper, 1995). In addition, although exceptions exist, most signals incur significant 

metabolic, social- or health-related costs that are thought to ensure evolutionary 

stability against cheating(Smith, 1994). In plant-pollinator communication, floral 

signals may evolve as indices (form and content are physically connected), as icons 

(form is similar to the content but can be decoupled), or as symbols (form and content 

are arbitrarily or statistically linked).  

Current evidence suggests that floral CO2 is a cue by which pollinators can assess 

nectar presence and profitability. Night-blooming flowers such as Datura wrightii 

accumulate and release CO2 upon anthesis when nectar is most available, but floral 

CO2 decays to ambient levels soon after anthesis. Thus, above-ambient floral CO2 

alerts pollinators to the presence of newly opened, profitable flowers(Guerenstein et 
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al., 2004). Flowers with above-ambient CO2 are more attractive to hawkmoths 

(Manduca sexta) than those with ambient CO2(Goyret et al., 2008), but in the absence of a 

sustained difference in profitability, hawkmoth preference for high CO2 diminishes to 

chance over subsequent floral visits(Thom et al., 2004). Hawkmoths (as receivers) can 

utilize above-ambient floral CO2 as an ephemeral profitability cue for freshly opened 

flowers, due to its correlation with unexploited floral rewards. It remains unclear 

whether plants benefit by furnishing floral CO2 as a cue, as they might derive greater 

fitness benefits by withholding nectar profitability information(Gilbert et al., 1991). 

Unlike CO2, floral humidity appears to indicate nectar presence to foraging pollinators 

as a direct physical consequence of nectar evaporation, rather than as a correlated 

aspect of anthesis, unlike CO2, floral humidity may therefore alert pollinators to 

flowers that refill nectar after anthesis. The evening primrose flower (Oenothera 

cespitosa) presents 4-6% above-ambient RH in its headspace, which decays to 

ambient levels within 30 mins after anthesis(von Arx et al., 2012). Floral 

manipulations revealed that nectar evaporation accounts for half of the floral humidity 

in O. cespitosa, strongly suggesting function as a cue. A recent survey(Harrap et al., 

2020) of floral humidity from 42 plant species in a common garden reported a range of 

0.05-3.7% above-ambient RH (henceforth ȹRH) in floral headspace, including species 

that lack floral nectar(Harrap and Rands, 2022). In the laboratory, Hyles lineata, a 

common pollinator of O. cespitosa, prefers probing non-rewarding artificial flowers 

with above-ambient RH over flowers with ambient RH, despite the absence of sugar 

rewards(von Arx et al., 2012). Finally, the generalist bumblebee, Bombus terrestris, 

has been shown to discriminate ȹRH on artificial flowers when paired with sugar 
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rewards in a lab setting(Harrap et al., 2021). Together, these findings indicate that 

floral humidity influences pollinator foraging decisions, but also suggest that our view 

of floral RH as an unavoidable consequence of nectar evaporation may be overly 

simplistic. 

Despite growing acceptance that floral humidity can serve as an additional pollinator 

attractant, there are several gaps in our understanding of the proximate mechanisms 

governing RH production by flowers and perception by pollinators, the first and third 

criteria for signal definition, respectively(Laidre and Johnstone, 2013). Some of these 

gaps include the physiological sources of floral RH, the efficacy (physical robustness) 

of floral RH gradients in the face of environmental noise(Hebets and Papaj, 2005), and 

the mechanisms of pollinator perceptual and behavioral responses to realistic RH 

gradients in space and time. In contrast to the rapid dissipation (~30 mins) of floral 

RH from the narrow nectar tube and open petals of O. cespitosa(von Arx et al., 2012), 

we hypothesized that larger, trumpet-shaped corollas (e.g., of Datura flowers) might 

sustain humidity gradients beyond anthesis (also see(Harrap et al., 2020)). 

Furthermore, if above-ambient floral RH persists after nectar has been extracted by an 

earlier visitor, the disconnect between floral humidity and nectar status may present 

conflicting information to subsequent floral visitors. If floral humidity and nectar are 

physiologically decoupled, this may expand the possible roles of floral RH from a 

profitability cue for pollinators to an icon signal, given the form-content relationship 

between plant water balance, nectar secretion, and the provision of humid air as 

information. Signals are thought to evolve from cues when selection favors the 

increased size or intensity of the trait with an attendant increase in receiver 
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response(Bradbury and Vehrencamp, 2011). In the case of icons, increased signal 

magnitude often incurs a sizable cost to the sender, which can be offset by the fitness 

benefits of a concomitant increase in responsiveness by the receiver(Bradbury and 

Vehrencamp, 2011). 

We evaluate the role of floral humidity in the well-studied mutualistic relationship 

between Datura wrightii, a night-blooming plant with large, trumpet-shaped flowers, 

and Manduca sexta, a nocturnal hawkmoth that is the primary pollinator of 

Datura(Bronstein et al., 2009, Johnson et al., 2021). We show that Datura flowers 

present unusually high floral humidity (>30% ȹRH), exceeding levels previously 

reported for angiosperm flowers(von Arx et al., 2012, Harrap et al., 2020) by a factor 

of 10. We find that Datura floral humidity is not a passive consequence of nectar 

evaporation but, instead, is a persistent floral trait that results from gas exchange 

through floral stomates. Neurophysiological responses from Manduca antennal 

hygrosensing neurons confirm that moths perceive minute differences in floral 

humidity, and experimental occlusion of the hygrosensing sensillum abolishes their 

innate behavioral preference for humid flowers. We experimentally decouple floral 

humidity from nectar presence in artificial flowers, measuring moth behavioral 

responses to three treatments representing alternative functions for floral humidity: an 

uninformative trait, an informative trait positively associated with nectar, or an 

informative trait negatively associated with nectar. Our results show that  floral 

humidity benefits Datura plants through increased pollinator visitation and benefits 

Manduca moths by reducing energetic expenditure related to flower handling time. 

Mothsô strong innate preference for humid flowers persisted irrespective of the 
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presence or absence of nectar in the artificial flowers. Furthermore, the maintenance of 

unusually high ȹRH in a desert/grassland plant facing severe challenges in water 

balance suggests that floral RH in Datura is a costly sexual signal, evocative of an 

overstated animal courtship display(Clark, 2012). In summary, using a 

neuroethological approach combined with floral physiology, animal behavior, and 

sensory ecology, we find that the functional role of floral humidity in this nocturnal 

pollination system is complementary to other attractive signals like floral scent and 

color, but is more spatially relevant at the threshold of the flower. We discuss the 

range of possible roles floral humidity can play as an informative trait beyond the 

(limited) current view that it is a cue for the presence of nectar. 
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Methods: 

Manduca sexta colony 

We raised Manduca sexta from egg to adult in a laboratory walk-in growth chamber 

maintained at 24ºC and 50-60% RH with a 16:8 light: dark cycle. Caterpillars were fed 

a cornmeal-based artificial diet prepared in the lab. Late-stage caterpillars were 

transferred to individual cavities in wooden pupation blocks. After 7-10 days of 

pupation in the wooden blocks, pupae were transferred to the greenhouse to a moth 

breeding cage and left with a tomato plant for egg collection. Pupae used for the 

experiments were isolated from the lab breeding colony, separated by sex, and placed 

in 35  35  60 cm (BioQuip) cages until ready for experiments.  

Datura wrightii plants 

Datura wrightii  seeds from Tucson, Arizona, USA were requested from the seed bank 

at Radboud University, Nijmegen, Netherlands (Accession number: 944750169). 

Seeds were soaked in water for 24 hours, followed by a rinse in 50/50 bleach water, 

and further soaked for 2 days in 0.1% Gibberellic acid. After soaking, seeds were 

nicked and placed on a wet filter paper in a petri dish until they germinated. 

Germinated seeds were sowed in 1-gallon plastic pots and placed in the greenhouse 

facility at Mudd Hall, Cornell University, under a 16:8 light: dark cycle. As necessary, 

plants were re-potted in a 3-gallon plastic pot, trimmed as needed, and regularly 

watered with 21-5-20 fertilizer (nitrogen-phosphate-potash). Plants continued 

flowering throughout the year.  

Vertical and horizontal gradients of floral humidity 

For floral humidity measurements, flowering Datura plants were brought to a 
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laboratory room from the greenhouse after anthesis. Floral humidity transects were 

carried out during the first 2 hours after anthesis at varying levels of background 

humidity throughout the year. The room temperature was 23±2ºC and background RH 

varied from 12% to 68%. Typically, the background humidity was high in summer 

months (40-60% RH) and low in winter months (10-30% RH). In preparation for 

measuring vertical or horizontal humidity gradients, flowers were held straight using 

bamboo sticks and metal wires. The Omega, Inc. hygrosensor probe (model 314A) 

was screw-fixed to a syringe pump (kdScientific model 100) to move the sensor 

gradually but continuously in either vertical or horizontal transects (see(von Arx et al., 

2012)).The starting point for the vertical transects was the base of the flower tube, 

with the endpoint a few centimeters above the flower opening. At the start of the 

transect, the probe was lowered to the base of the corolla tube near the opening of the 

nectaries, ensuring that the probe head did not damage the anther filaments and the 

style. A vertical transect of 140 mm was carried out once for individual flowers with 

the probe moving at 0.21 mm/s. The slow speed ensured minimal mixing of air and 

allowed the hygrosensor to equilibrate. As with the vertical transects, horizontal 

transects were carried out 0.5 cm above the surface of the open flower across its 

diameter. The reference probe was placed 10-20 cm away from the flower at the same 

height as the flower opening. Output from the hygrosensors was compiled in the 

software provided by Omega. The humidity and temperature data were stored for 

every second of the transect, amounting to 650 points per transect. ȹRH was 

calculated by subtracting the ambient RH from floral RH, and the data were visualized 

in MATLAB 2019. Floral humidity data were collected as described here for all floral 
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manipulations and artificial control flowers. We sampled floral headspace humidity in 

the tube and at the opening of Datura flowers growing in natural settings near Tucson, 

Pima Co, Arizona, USA. These settings included an experimental plot at Roger Road 

in urban Tucson, belonging to the Univ. of Arizona (32°16'41.3"N 110°56'18.5"W, 

715 m), a piñon-juniper-boulder habitat at the upper elevational limits of the plantôs 

distribution at Windy Point (32°22'07.0"N 110°43'00.8"W, 2013 m) in the Santa 

Catalina Mountains, and in natural grassland habitat in the Santa Rita Experimental 

Range (31°47'01.5"N 110°49'32.3"W, 1322 m). We measured the ambient humidity 

and temperature adjacent to the flower and noted the weather conditions at each 

location (Supplementary table 3). 

Effect of breeze and nectar extraction on floral humidity 

Conditions in nature are unequivocally more dynamic than in the laboratory. We 

expected wind to reduce the boundary layers of the flower surface. To test that, we 

generated an artificial breeze of approximately 0.4 m/s over the flower using a clip-on 

fan (15 cm diameter) in a laboratory setting. A black air filter pad 50  100  0.5 cm 

was placed between the fan and the flower to reduce airspeed and create a laminar 

flow. The distance between the fan and the flower was roughly 15-20 cm. If the floral 

RH gradient is an outcome of passive nectar evaporation, we would expect nectar 

removal during hawkmoth visits to reduce floral RH(von Arx et al., 2012). We 

extracted floral nectar by using a 1 ml disposable syringe to pierce through the base of 

the nectar tube and remove nectar from the 5 individual nectaries of each Datura 

flower before initiating the transect. The experiments were carried out in a specific 

order. First, vertical transects were taken from control (unmanipulated) flowers in still 
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air. Subsequently, a gentle breeze was applied to the flowers, and another transect was 

taken for the ñbreezeò treatment. Next, the nectar was extracted from the flowers, and 

the fan was turned off to measure the humidity of the nectar extracted flowers in still 

air. Lastly, the fan was turned on and another transect was taken for the 

ñbreeze+nectar extractedò treatment.  

Floral nectary and stomate blockage 

Another way to test the contribution of nectar diffusion to floral RH is to occlude the 

floral nectar tubes (see(von Arx et al., 2012)). Accordingly, each of the five individual 

nectaries of the Datura flower was blocked with petroleum jelly applied locally using 

a narrow tube connected to a syringe filled with the jelly. An alternative model to 

produce floral RH gradients is active gas exchange through floral stomata (a 

physiological mechanism), rather than (or complementary to) diffusion from nectar (a 

physical mechanism). To block the stomates of Datura flowers, petroleum jelly was 

smeared on the inner (adaxial) surface of the corolla as shown in figure 1d (also see 

(Harrap and Rands, 2022)). These experiments were carried out in the following order. 

First, vertical gradients of humidity were measured for the control (unmanipulated) 

flower. Next, the nectary was blocked, and another transect was taken. Finally, the 

inner surface of the flower was coated with jelly and a vertical transect was measured. 

In a separate experiment, floral humidity of the control flower was followed by the 

humidity of a flower coated with the jelly on the outer (abaxial) surface of the corolla 

as a sham control for the use of petroleum jelly and its potential interaction with water 

vapor and flower health. There was no indication of flower damage from using the 

jelly. This was confirmed by leaving jelly-coated flowers on the plant overnight and 
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visually comparing them with unmanipulated flowers the following morning.  

Stomatal counts 

To account for the large surface area of the Datura flowers, its corolla was divided 

into four zones from the base of the flower tube (location 1) to the flower limb 

(location 4; see Fig. 1e). The corolla surface was peeled off by hand at these four 

locations to expose the thin epidermis on the inner surface. Epidermal peels were 

stained with dilute safranin for 15 sec, rinsed in water, and mounted on a slide with a 

coverslip to visualize them at 20x under a Nikon Eclipse 80i compound microscope. 

Digital photos were taken of the prepared slides for peels at each location 

(Supplementary Fig. 5). Subsequently, to note the scale of the image, a picture was 

taken of a reference slide with a 1mm grid engraved. Stomata were counted manually 

within a 1mm2 area drawn on the images using image J. 

Simultaneous measurements of floral humidity and moth interactions 

Fully opened flowers were excised from the plant, immediately placed in a conical 

beaker filled with water, and placed in a nylon mesh insect cage (BioQuip, Inc.; 71  

71  122 cm) within a laboratory room. Only male moths were used in this experiment 

and were isolated from the lab colony on the day of eclosion. Moths were trained to 

visit and handle Datura flowers at least one night before the experiment was 

conducted. The SHT31-D hygrosensor (Adafruit) was used for this experiment. The 

hygrosensor was connected to an Arduino Uno that was connected to a computer and 

operated through a custom-written Matlab code. The sensor was programmed to 

collect 10 data points per sec (upper limit) and was left running to collect data for 3 

minutes while a moth was introduced to the insect cage. The background RH was 
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noted at the start of every trial. Light intensity in the room was 0.1 lux, measured 

using a light meter (Reed LX-1102). Moth visits were filmed using a Canon DSLR 

camera (EOS Rebel T6i) at 60 frames/sec for the 3-minute duration the sensor 

recorded floral humidity for each trial. The video data were aligned with the floral 

humidity data using a custom Matlab script(Dahake, 2022) (see Supplementary video 

1).  

To measure the floral humidity experienced by moths as they enter and exit flowers, 

the hygrosensor was inserted in the flowers for 5-6 sec and removed for approximately 

10 sec to mimic the behavior of moths when introduced to a cage with a single Datura 

flower, based on actual visits of moths in our experiment. 

Floral surface area and volume measurements 

For surface area measurements, n=8 flowers were cut open and flattened for a couple 

of hours using a wooden herbarium press. Pictures were taken of each flattened flower 

with a scale reference next to it. The surface area was measured (sepals excluded) 

using Image J software (Supplementary table 8). 

For volume measurements, a separate set of n=10 flowers were held upright, and 

water was added to the floral tube until it overflowed. The amount of water each 

flower could hold within its fused corolla was measured using graduated cylinders 

(Supplementary table 8). 

Flower water budget measurements 

Flowers were excised from the plants in the morning before they senesced. Nectar was 

extracted by slitting the bottom of the nectar tube near the ovaries and was collected in 

1.5 ml Eppendorf tubes. Fresh nectar and flower weights were recorded. Flowers were 
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then oven dried for 2 days at 50ęC to record their dry weights (Supplementary table 9). 

Two choice behavior assays  

2-4 pupae of both sexes were isolated from the lab colony and placed in separate nylon 

mesh insect cages 40  40  60 cm (BioQuip, Inc.) in the greenhouse. We used 4-5-day 

old, starved moths for the experiment. Moths were released in the experimental lab 

room 3  6 m (width x length) at dusk. Two potted non-flowering Datura plants were 

placed in the center of the room with two white funnels (Büchner funnels, 9 cm 

diameter) covered with a white paper towel attached to the plants, to mimic Datura 

flowers. The spectral reflectance of the paper towel matches closely with the authentic 

Datura flowers (Supplementary Fig. 7a). A small night light was plugged in the wall 

opposite the plants, and window blinds were closed, yielding light intensity less than 

0.01 lux. The artificial flowers were attached to a bamboo stick and inserted within the 

Datura pots approximately 50 cm above the ground and 50 cm apart from each other. 

Either humid or ambient air was supplied to the base of the artificial flowers through 

Teflon tubes connected to an air pump with two outlets (Topfin AIR 4000). The 

ambient flower received air passed through an empty beaker, whereas the humid 

flower received air pushed through a water-filled beaker resulting in a 0.3-0.4 m/sec 

airflow at both flower openings. A 2 ml syringe plunger was inserted inside the tube of 

the artificial flower to mimic the grooves of the authentic Datura flowers. A cotton-

tipped swab was glued to the center of the plunger to occupy the space taken up by the 

stamens and style in an authentic flower (Supplementary Fig. 7b). Each evening, 5 ɛl 

bergamot oil was added to the cotton swabs of both artificial flowers to provide a 

standardized, surrogate floral scent. A motion-sensitive IR video camera (Amcrest 
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IP3M-941B) was placed to film overnight moth visits to both flowers. Videos were 

downloaded the following morning from the micro-SD card and were saved on a hard 

drive under appropriate treatment folders. The Datura plants were replaced and cycled 

through the 10 plants that were available in the greenhouse. Care was taken that plants 

had no blooming flowers during the trials. The positions of the ambient and humid 

flowers were alternated every night of the experiment.  

For the rewarded assays, we used only flower-naïve male moths to exclude the 

oviposition context associated with female moths. The artificial flower was modified 

by attaching four pipette tips at the edges of the syringe plunger to create 4 nectary 

grooves in the artificial flower (Supplementary Fig. 7c). Individual pipette tips were 

filled with ~50 µl of 22% sucrose solution, amounting to 200 µl in each flower (upper 

limit of nectar offered by the D. wrightii flowers in greenhouse conditions), only once 

at the start of the experiment. Depending on the treatment, either one or both flowers 

were provided with a 22% sucrose reward. The following morning, nectary tubes were 

checked for consumption of sugar rewards, washed, and dried before using them for 

another trial.  

Behavior video tracking and analysis 

We used an animal-pose tracking software SLEAP94,95 to track pre-selected body parts 

on the moth to collect information on moth position and behavioral choice in the two-

choice behavioral assays. We selected the eye, head, proboscis tip, thorax, wingtips, 

and the abdominal tip of the mothôs body for tracking-based analyses on videos 

obtained by the motion-sensing camera (Supplementary Fig. 8a). We labeled 1669 

frames across 137 videos representing different behavioral trial sessions. A neural 
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network was trained using SLEAP(Pereira et al., 2019) v1.1.5 installed on a PC 

equipped with a Geforce RTX 2080 Ti graphics card. The network was trained for 83 

epochs or until the network loss value plateaued. We qualitatively assessed the 

network prediction accuracy from tracked behavioral videos prior to applying the 

network to track all remaining behavioral videos. To derive metrics of the mothôs 

body positions around the artificial flowers, we used SimBA(Nilsson et al., 2020) to 

analyze the positional output data from SLEAP for all tracked body points. Five 

regions of interest were drawn across each video to enclose the cup of each artificial 

flower, the space surrounding the flowers, and the entire frame (Supplementary Fig. 

8b). For the probing duration, the proboscis tip labels were used, whereas, for the 

number of entries made into each region of interest, the eye was used for its proximity 

to the mothôs antenna and thus the hygrosensing sensilla. The output files were 

subsequently analyzed in R (v.4.1.1). Videos with tracking anomalies (<5%) were 

hand-corrected and the data were entered manually. 

For behavioral response analysis in the experiment with the sugar rewarded flowers 

(Fig. 5), the videos were grouped into two categories: ñbeforeò and ñafterò nectar 

discovery. The handling time on either flower was scored manually by noting the time 

until moths discovered the reward. Once moths contact the nectar with their proboscis 

after landing on the artificial flowers, they show a stereotypical behavior: they cease 

fluttering their wings and remain perched on the flowers with their proboscis extended 

in the floral tube for a prolonged duration to consume the reward. The cumulative 

handling time per night was the sum of all the probing duration of the moths on either 

flower until nectar was discovered. Moths did not find the nectar reward during 2 out 
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of 9 nights in the óunreliable traitô experimental group, and during 1 out of 10 nights 

each for the óreliable traitô and the óneutral traitô experimental group. For the behavior 

analysis of moths ñafterò nectar was discovered, we examined the same response 

variables: ñprobing durationò and the ñnumber of entriesò as for the empty flower 

assay (Fig 4).  

Net-energy calculations 

To calculate total energy expenditure, we used the formula: 

ὩὲὩὶὫώὐ ὖέύὩὶὡ ὯὫ  ὝὭάὩίὩὧ (1) 

For power input values (W kg-1) we referred to Casey (1976)(Casey, 1976), whose 

data show that a 1.2±0.08 g moth (mean ± SEM) requires 0.237±0.01 W g-1 power to 

hover. For time values, we plugged in the total flower handling time (sec) for moths 

until proboscis contact moths with nectar was established.  

To calculate net energy gain for moths, we subtracted the energy expended (J) in 

handling flowers from the energy gained (J) from consuming 200 µl of the Datura 

nectar mimic 22% sugar solution (recipe: 6.76 mg glucose, 5.54 mg fructose, 32 mg 

sucrose)(Riffell et al., 2008) with a total sugar content of 44.3 mg per 200 µl solution. 

Therefore, the energy gain would be 0.0443 g x 4 kcal= 0.1772 kcal/flower (1 g sugar 

= 4 kcal), which converts to 741.4 J, because 1 kcal = 4184 J. 

Occlusion of the hygrosensing sensillum and sham control 

3-day old moths were cold-anesthetized in a -20ºC freezer for 10 mins. Once 

anesthetized, moths were viewed under a dissection microscope ventral side up and 

dorsal side placed over a cold metal block. A UV light-activated glue (Riverruns) was 

used to occlude the hygrosensors on the moth antennae (Supplementary Fig. 6b&d). 
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The glue bottle opening was attached with a 20-200 µl pipette tip for localized 

application of the glue. The glue was applied along the leading edge of the entire 

antenna, completely coating the styliform sensilla. The glue was hardened under a 

handheld UV flashlight for 1-2 mins. For sham control, only 5-10 segments at the base 

of each antenna were coated with the glue (beyond the scape-pedicel joint), leaving 

the rest intact. After the occlusion, moths were returned to the greenhouse for 1-2 days 

to recover from the handling stress, before using them for the behavior experiment. 

The morning after the trial, moths were inspected under the microscope to evaluate the 

coverage of the glue on the antennae. In some cases, moths were able to remove the 

glue presumably while cleaning their antennae. Trials performed with such moths 

were excluded from further analysis.  

Humidity stimulus delivery setup 

We used two air pumps (Uniclife UL25 Air Pump) to continuously push air at a flow 

rate of 2 L/min. The air was bubbled through an air stone immersed in water at room 

temperature. The resulting air saturated with water vapor served as input to two 

dewpoint generators (DG-4 DewPoint Generator, Sable Systems International). The 

dewpoint generators were set to operate in relative humidity controller mode, so that 

they outputted air at a fixed relative humidity of RH1 = 11% and RH2 = 90% 

corresponding to the temperature of the area adjacent to the moth antennae, Tamb 

which was measured using a thermistor probe connected to the dewpoint generator. 

The airstream outlet of the dewpoint generator was fitted with a needle valve 

(Stainless steel High flow metering valve, Swagelok Inc.) with its head attached to a 

stepper motor (28BYJ-48 ULN2003 5V Stepper Motor) controlled using Arduino Uno 
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(Arduino Inc.) and a stepper motor driver board (5V Stepper Motor ULN2003 Driver 

Board). We used a program written in Arduino IDE (open source) for regulating the 

air flow rate by controlling the valve opening position, motor speed, and motor 

acceleration. The valves were regulated such that the air outlets from the two dewpoint 

generators were anti-phase as shown (see Fig. 2e). The air streams mixed and passed 

through a T-junction connector and delivered locally with an air speed of 0.5-1.3 

m/sec at the recording site on the moth antenna. We placed temperature and humidity 

sensors (AdaFruit SHT31-D) near the antennae (within less than ~2 cm) to 

simultaneously measure the temperature and humidity of the delivered airstream. This 

apparatus allowed us to control the rate of the sinusoidal humidity stimulus as well as 

offer stationery or step-like stimuli. We partially programmed the humidity stimulus 

through MATLAB and viewed it as a real-time MATLAB figure simultaneously with 

the instantaneous electrophysiology output(Dahake, 2022). 

Single sensillum recordings and spike sorting 

We immobilized 2ï3-day old moths in a 15 ml falcon tube. The falcon tube base was 

cut off just enough for the mothôs head and antennae to protrude. The head of the moth 

was prevented from moving by fixing it to the tube base with a collar of dental wax. 

The mothôs proboscis was extended and fixed to the tube with more dental wax to 

prevent proboscis movement from interfering with the electrodes. Moths were placed 

ventral side up under the microscope on a 10 10  2 cm (l  w  h) plexiglass block. 

The antenna was adhered to the plexiglass with a hand putty (Blu Tack). The styliform 

sensillum was viewed under a microscope (WILD M3C, Heerbrugg, Switzerland) at 

40x zoom objective attached with 1x magnifying lens and 20x eyepiece. For single 
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sensillum electrophysiology, a sharp 2.5 cm wax-coated tungsten microelectrode 

(MicroProbes) with 2.5 Mɋ resistance and a similar reference electrode was attached 

to a headstage (A-M systems, model 1800) fixed on a micromanipulator (Narishige). 

All electrical components of the electrophysiology rig were grounded to a wire in the 

room away from the rig. The wires attached to the hygrosensor placed next to the 

moth antenna were wrapped in aluminum foil to reduce electrical noise. The recording 

electrode was connected to a two-channel high impedance amplifier (A-M systems 

model 1800), the signal was bandpass filtered for 300 to 1000 Hz, a notch filter was 

turned on and the signal was transferred to a data acquisition device (National 

Instruments, Inc., model USB-6211). The data acquisition device was connected to a 

computer and the signal was visualized using the open-source software Spike Hound 

v1.2(Lott et al., 2009). The sampling rate was set at 20,000 Hz and the individual 

recording sessions 3-6 min each were saved on the computer until further analysis. 

Selected raw electrophysiology traces were spike-sorted using an open-source 

Waveclus 3.0 toolbox(Chaure et al., 2018). The stimulus and the spikes were aligned, 

analyzed, and visualized in MATLAB (R2019a) using a custom script(Dahake, 2022).  

The micromanipulator was advanced to insert the recording electrode at the base of the 

styliform sensillum. The reference electrode, attached to an electrode holder and 

controlled by another micromanipulator, was inserted a few segments toward the 

proximal end of the same antenna as that of the recording electrode. Electrophysiology 

was performed on moths of both sexes, and a new moth was used for every new 

recording event. M. sexta antennae consist of one styliform sensillum on each segment 

of the antenna, thus, during one recording event, we attempted multiple sensilla on 5-
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10 segments of the middle portion of the moth antenna. The styliform sensillum is a 

complex of 3-5 individual sensing organs (papillae) located at the tip of the 

peg(Shields and Hildebrand, 2001). Therefore, a high density of cell bodies is present 

beneath the sensillum (see Fig. 2d). Many recording events pick up more than one unit 

of one cell type. A moist neuron was identified if it responded with increasing firing 

frequency when the stimulus humidity increased, whereas a dry sensing neuron was 

identified if it showed increased impulse frequency when the stimulus humidity 

decreased(Yokohari and Tateda, 1976). Therefore, the moist and dry sensing neurons 

are antagonistic to each other in their responses to changes in humidity. These two 

neurons are associated with a third neuron, the cold cell(Tichy, 2007), that responds 

with high impulse frequency when the air temperature decreases but ceases firing 

when the air temperature increases. We did not analyze the responses of the cold 

sensing neuron in this study because floral temperature was not different from 

ambient. For every new recording event, the amplitudes of the dry and moist sensing 

neurons vary depending on where the tip of the electrode is in relation to the cell 

bodies of the neurons. However, the ratio of the amplitude stayed constant throughout 

the length of the recording. We were able to record anywhere from a few minutes to a 

couple of hours from the cells within a sensillum. Males and females showed identical 

responses.  

Scanning electron microscope images 

SEM images were taken of air-dried antennal samples of both sexes under a Zeiss 

Gemini 500 electron microscope. Samples were sputter-coated with gold for 30 sec 

and imaged at EHT between 0.3 to 1 kV and WD between 2.4 to 7.7 mm.  
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Statistics 

All floral humidity curves were plotted using the shadedErrorBar(Campbell, 2022) 

function in matlab. To evaluate statistical differences among floral humidity curves, 

we used R v.4.1.1 ónlmeô package to fit nonlinear models to the data(Bates et al., 

2015). We started with a simple non-linear mixed effect model with no effect of the 

different treatments and no random effect of the individual flowers on the model 

parameters. However, adding the effect of the different treatments in the fixed effects 

and the random effect of individual flowers significantly improved the model and 

lowered the AIC value. Our final fitted nonlinear mixed effect model is as follows:  

ῳὙὌ  ώπὩ   (2) 

The best fitted model suggests that ȹRH (%RH above ambient) varies by treatment i 

and decays exponentially from the initial value ώπ for that treatment, to the final value 

at decay rate of ‌ by distance. The model allows for separate intercepts and decay rate 

for each treatment i and includes random effects of individual flower transects on the 

intercept ώπ and the decay rate ‌. Using package óemmeansô we calculated the 

estimated marginal means and 95% confidence intervals for ώπ and ‌ for each 

treatment. We performed pairwise t-tests with post-hoc Tukey adjustments to the p 

values in comparing the ώπ and ‌ values between multiple treatments. 

For the stomatal counts, we performed a Kruskal-Wallis test across the four locations 

at which we counted stomatal density. For all the behavior data, we performed either 

one-sample t-tests or Wilcoxon tests, depending on the distribution of the data (normal 

vs. not normal), with the null hypothesis being that the differences in probing duration 

and the number of entries between humid and ambient flowers are not different from 
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zero. In other words, the null prediction is that moths cannot distinguish between 

humid and ambient flowers and visit both flowers equally. For comparisons between 

the flower handling time and energetics (Fig. 5a-c), we used a one-way ANOVA 

followed by a TukeyHSD post hoc test for comparisons between treatments.  

We used MATLAB R2019b to generate the 3D scatterplots of cell impulse frequency 

(y-axis) plotted against instantaneous RH (x-axis), and rate of change of RH (z-axis). 

The MATLAB curve fitting app, cftool was used to fit the three-dimensional 

polynomial linear regressions to the data of the form: 

Ὂ  ὥ  ὦῳὙὌȾῳὝ  ὧὙὌ (3) 

where Ὂ is the impulse frequency of the dry or the moist neuron, ὥ is the height of the 

regression plane, ὦ is the slope for the rate of change in RH, and c is the slope for 

instantaneous RH.  

 



 

36 

 

Results  
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Figure 1.1 The structure, efficacy, and source of floral humidity as a potentially 

informative trait for foraging pollinators . a Summary of the multiple transects of 

floral humidity measured from the base of the flower tube (0 mm) to outside the 

flower opening (140 mm) in a range of background humidity (10%-60% RH). See the 

inset illustration of the vertical transect. Individual flower transects are color-coded by 

the background humidity they were measured at. The solid black line shows the mean 

± SEM (gray shading) of n=38 individual flowers. (Some transects are pooled from 

several experiments that are shown below). b Floral humidity of n=37 naturally 

growing Datura flowers from Tucson, Arizona, USA, shows that it is not an artifact of 

greenhouse conditions. Floral RH is measured at two positions: flower opening (70 

mm) and at the tube base (0 mm). Gray dots show individual flowers and line plots 

show the mean and SD (blue shaded area). c Comparing the effect of breeze (~ 0.4 

m/s) and/or nectar extraction on the floral humidity. Nectar extraction does not impact 

the floral RH gradient; however, breeze affects the decay, but not the intercept of the 

humidity curve. The inset figure illustrates the method for the different treatments. 

Treatments are color-coded showing mean (bold lines) ± SEM (shaded area) with 

sample sizes in parentheses. d Effect of nectary and stomatal blockage, as illustrated 

(inset), on the floral humidity curves. Nectary blockage does not impact the floral RH 

gradient, but stomatal blockage halves the RH gradient. The mean (solid lines) ± SEM 

(shaded) are color-coded by treatment (n=7 for each treatment). e Stomatal counts 

across 4 locations on the inner surface of the flower (see inset diagram) on 

greenhouse-grown plants (magenta) and field plants from Tucson, Arizona, USA 

(olive green). Dot plots show counts from individual flowers, black line plots show the 

mean (horizontal) ± SD (vertical) with sample sizes in parentheses. A two-tailed 

Mann-Whitney test is performed on the stomatal counts between the same locations on 

the flower with P-values shown on top. Data suggest that the stomatal distribution is 

not specific to where the plants grow. f Exemplary trace of floral humidity (solid blue 

line) measured continuously in the flower tube while moths interact with the flowers 

(orange shading) or enter the flower tube multiple times while probing (black triangles 

with the entry number). Floral humidity reconstitutes within seconds when the moth is 

not interacting with the flower (unshaded portions).  
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Datura flowers exhibit a large and consistent humidity gradient 

At what spatial scale might floral RH be a relevant stimulus, and for how long after 

flowers open? Flowers of Datura wrightii exhibit an appreciable vertical humidity 

gradient (ȹRH) within the floral tube, with the greatest ȹRH observed at the base of 

the flower tube (= 0 mm) (mean ± SEM, 31.01 ± 1.20 %, n=38), persisting across a 

broad range of background ambient RH (Fig. 1a). At the opening of the flower, ~ 70 

mm above the corolla base (midpoint of the transect), the ȹRH was 4.08 Ñ 0.50% 

ȹRH (Fig. 1a). Horizontal transects taken at the flower opening showed 3.89 ± 0.42 % 

ȹRH at the mid-point, consistent with the ȹRH recorded for the vertical transect at the 

same location (Supplementary Fig. 1a). At 140mm above the flower tube, floral 

humidity was only marginally higher (0.46 Ñ 0.16% ȹRH) than the background. 

Within the floral tube, the highest ȹRH (38.82 Ñ 2.90%; n=4) was recorded when 

ambient RH was 10-20%, while the lowest ȹRH (24.16 Ñ 0.76%; n=14) was observed 

when ambient RH was 50-60%. We compared the floral humidity curves across 

background RH levels using two model parameters: decay rate (Ŭ) of the curve and the 

intercept y0 (see Methods). Multiple comparisons suggested that the intercept (y0) 

differs across the range of background humidity but that the decay rate (Ŭ) does not 

(Supplementary Fig. 2 & Supplementary Tables 1, 2). Specifically, floral humidity 

measured when background RH was 50-60% was much lower than when background 

RH was 10-20% (t=3.92, P=0.001), 20-30% (t=3.50, P=0.004), and 30-40% (t=4.32, 

P=0.0001). No other differences were found for floral humidity at any other levels of 

background RH.  

To confirm that the unusually high floral humidity in Datura is not an artifact of 
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greenhouse conditions, we sampled from wild D. wrightii plants growing in their 

natural habitat at multiple locations near Tucson, Pima Co., Arizona, USA (Aug. 

2019; see Methods for site details). Even under field conditions and at backgrounds of 

20-40% ambient RH we recorded 26.58 Ñ 6.71% (mean Ñ SD) ȹRH in the flower tube 

and 2.64 Ñ 4.02% ȹRH at the flower opening (Fig. 1b & Supplementary Table 3). 

 

Floral ȹRH persists despite ambient disturbance or nectar depletion 

 

How robust are floral humidity gradients to wind and other disturbances? We 

performed a series of floral manipulations to test the efficacy of floral humidity under 

natural settings. We sampled floral humidity in still air as a control and subsequently 

added a gentle breeze to evaluate its effect on floral humidity (Fig 1c). Compared with 

flowers in still air, experimental breeze attenuated the vertical gradient of floral 

humidity (Ŭ:t= -6.60, P<0.0001; Supplementary Table 4), but had no impact within the 

floral tube (y0: t=0.72, P=0.88; Supplementary Table 5). We then extracted floral 

nectar to simulate moths probing and emptying the flowers. We found no evidence 

that nectar depletion influences floral humidity when comparing flowers sampled in 

still air with or without nectar (Fig. 1c). The decay rate (Ŭ) and the intercept (y0) of the 

floral humidity gradient were statistically indistinguishable between the still air and 

still air + nectar extracted treatments (Ŭ: t= -1.42, P=0.48; y0: t=0.53, P=0.95; 

Supplementary Table 4,5). Finally, we subjected flowers to both breeze and nectar 

depletion but saw no difference in the decay rate or the intercept in comparison to the 

flowers in the breeze with nectar present (Ŭ: t=0.08, P= 0.99; y0: t=0.53, P=0.95; 
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Supplementary Table 4,5). Overall, these results indicate that the presence of floral 

nectar is not sufficient to generate the observed floral RH gradients. 

We hypothesized that floral humidity in Datura may result from the accumulation of 

saturated air in the floral headspace through development from the bud stage and that 

dissipation of the humidity is prevented by the conical architecture of the flower. 

Accordingly, we predicted that a mothôs visit to the flower should deplete floral 

humidity due to the rapid (~25 Hz)(Willmott and Ellington, 1997) wing fanning of a 

hovering moth. To test this prediction, we allowed moths to forage on newly opened 

Datura flowers while simultaneously recording the humidity in the floral tube 

(Supplementary Movie 1). Floral humidity never decayed to ambient levels even as 

moths hovered at the flower opening (interact) or entered flowers while probing 

(entry#). Remarkably, floral humidity reconstituted to previous levels within 30 sec of 

moth departure (Fig. 1f).   

Floral transpiration accounts for the majority of floral humidity 

If not nectar, what is the primary source of humidity in Datura flowers? We conducted 

a separate experiment to evaluate the relative contributions of nectar evaporation and 

floral transpiration to floral humidity in Datura. We first blocked the nectary with 

petroleum jelly and compared the floral humidity transect with unmanipulated flowers. 

As expected, nectary blockage did not impact floral humidity curves (Fig. 1d). The 

decay rate and the intercept of the floral humidity were identical for the control and 

nectary blocked flowers, as noted from the fitted model predictions (Ŭ:t= -0.10, 

P=0.99; y0: t= 0.26, P=0.96; Supplementary Fig. 4, Supplementary Table 6, 7).  

However, when both the nectary and the inner corolla surface were blocked with 
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petroleum jelly, the magnitude of ȹRH was halved (Fig. 1d). The humidity curves of 

the flowers with their nectary and stomates blocked showed a significantly smaller 

intercept than the other two treatments (y0: t= 5.60, P<0.0001; & y0: t= 5.34, 

P<0.0001; Supplementary Table 7), but the Ŭ did not differ significantly (Ŭ: t= -0.52, 

P=0.86; & Ŭ: t= -0.41, P=0.90; Supplementary Table 6). To isolate the contribution of 

only standing nectar pools to floral humidity, we added 200ɛl of Datura nectar or 

water to an artificial flower and measured humidity transects. Peak floral humidity 

through nectar or water evaporation was only 2.44Ñ0.33% ȹRH (mean Ñ SEM) for 

nectar and only 3.16Ñ0.61% ȹRH for water (Supplementary Fig. 1c&d) at the base of 

the flower tube. These results, combined with the nectar removal experiments above, 

demonstrate that transpiration is likely the major source of floral humidity in Datura 

wrightii.  

Floral stomatal distribution aligns with the humidity gradient 

Do flowers contain stomates on the corolla to facilitate water vapor emission, as 

leaves do? Floral peels across four locations from the tube base to the inner (adaxial) 

corolla limb (Fig. 1e inset) indicated that stomates were found within the corolla 

(Supplementary Fig. 5) at high density near the tube base but were scarce to absent 

towards the distal limb (Fig. 1e). This pattern was consistent between flowers of 

greenhouse-grown and wild plants. Stomates were observed across all four zones 

sampled on the outer (abaxial) corolla surface, and mean stomatal density was greater 

for wild plants than for greenhouse-grown plants (Supplementary Fig. 1b). These data 

support the hypothesis that physiological gas exchange, rather than nectar evaporation, 

is responsible for the steep floral humidity gradients we have measured in the 
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laboratory and the field.  
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Figure 1.2 Moth antennal hygrosensory neurons respond to the range of floral 

humidity presented by Datura flowers. a Zoomed view sequence of electron 

microscopy images of the styliform complex sensillum on Manduca sexta antenna. 

Scale bar is shown at the bottom right corner of each image. Image shows two 

segments of a female antenna and white squares show the location of the styliform 

complex sensilla on the leading edge of the antenna. b Zoomed view of the entire 

styliform sensillum surrounded by trichoid sensilla. c Zoomed view of the tip of the 

styliform sensillum. Black arrow points towards one of the papillae. d A 

representation of the longitudinal section of the styliform sensillum showing the 

underlying dendrites and cell bodies based on TEM(Shields and Hildebrand, 2001, 

Lee and Strausfeld, 1990) and cryosections of the organ. e Schematic of the stimulus 

delivery setup. Water vapor saturated air at room temperature is sent to two different 

dewpoint generators, outputting air with fixed relative humidity, RH1 and RH2, 

corresponding to the ambient temperature, Tamb measured adjacent to the moth. Two 

electric valves (EV) operated by motors at the outlet of the dewpoint generators 

regulate the mass flow rate in an antiphase synchronized manner (as shown), which is 

sent to a thermostatic mixing valve to deliver air with a sinusoidally varying humidity 

airstream, like the fictive stimulus in (j). Temperature and RH were measured using 

sensors placed adjacent to the moth antennae. Tungsten electrode was inserted at the 

sensillum base for electrophysiology. Electrical wirings are denoted in red, and black 

arrows denote the direction of airflow (see Methods for details). f A humidity stimulus 

generated by dipping the hygrosensing probe in and out of a Datura flower (see inset 

illustration) to mimic the humidity experience of moths probing and entering Datura 

flowers. The blue line shows %ȹRH at 40.6% ambient RH. g Exemplary single 

sensillum recording of the styliform sensillum (a-d) showing simultaneously recorded 

extracellular activity of moist and dry neurons (arrows) within a single sensillum. h 

An overlaid raster plot of the spikes sorted from the raw trace in (g) showing the 

activity of the moist sensing neuron (blue) and the dry sensing neuron (red). i Moving 

average of the impulse frequency of the moist (blue) and dry (red) sensing neurons. j  

A fictive stimulus of floral RH matching the experience of moths probing Datura 

(shown in f) with the amplitude ranging from 30% to 50% RH and a period of 

approximately 30 sec. k Continuous rate of change in RH across the recording period. 

l A constant temperature (ºC) is maintained across the recording period. 
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Anatomy of the hygrosensing sensillum 

How do moths sense floral humidity gradients? Previous anatomical surveys identified 

at least 2 classes of aporous putative hygro-thermosensory sensilla on both male and 

female antennae of Manduca(Shields and Hildebrand, 1999, Lee and Strausfeld, 

1990). The coeloconic type B is a small (2 µm) peg-in-pit sensillum not easily 

visualized with microscopy. In contrast, the styliform complex is a large (30-40 µm), 

flexible-peg type sensillum on the leading edge of each antennal annulus and is easily 

distinguishable from other sensory pegs (Fig. 2a). The styliform complex is the largest 

sensillum on female Manduca antennae, whereas it is surrounded by many large 

(pheromone-detecting) trichoid sensilla on male Manduca antennae (Fig. 2b, also 

see(Shields and Hildebrand, 2001)). The tip of each sensillum houses 3-5 papillae 

(Fig. 2c) of 2 µm diameter each. Individual papilla house 3 dendrites; 2 cylindrical and 

1 lamellate type, as one unit enclosed within a dendritic sheath, typical of hygro-

thermo sensory function (see(Lee and Strausfeld, 1990, Tichy and Loftus, 1996)), 

Thus, 9-15 dendrites innervate each putative humidity sensing organ, depending on the 

number of papillae at the tip of the organ, repeated over ~80 annuli in both antennae 

(Fig. 2d).  

Generating a floral humidity stimulus as experienced by moths 

Although insects can sense ambient humidity, it is unclear whether the range of floral 

humidity is sufficient to trigger robust responses by the hygrosensory neurons of 

pollinators. Simulating how moths probe Datura flowers, the hygrosensing probe was 

dipped in and out of the corolla to generate the range of humidity changes experienced 

by the hygrosensors on the moth antennae. Figure 2f shows the sinusoidal change in 
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humidity as measured by the sensor entering and departing as a moth does while 

approaching and probing a Datura flower. At 40% background RH, the sensor 

measured a rapid increase of 15% ȹRH which dropped precipitously to ambient levels 

when removed from the flower. 
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Figure 1.3 Response properties of the hygrosensory neurons are tuned to the rate 

of change in humidity. 3D surface curve fitted scatterplots of the impulse frequency 

of the dry (a) and moist (b) neuron plotted against the rate of change in RH and the 

instantaneous RH. The fitted equation for the polynomial linear regression is shown at 

the top of each panel along with their goodness-of-fit measure (R2).  
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Single-sensillum electrophysiology 

How can we design a fictive humidity stimulus for moths? In neuroethology, a fictive 

stimulus captures the essence of a sensory stimulus experienced by an animal in its 

natural environment and presents it in a controlled laboratory experiment(Ahrens et 

al., 2013). We fashioned an experimental stimulus that temporally matches how moths 

might perceive RH as they enter and depart Datura flowers (Fig. 2f). The custom-built 

stimulus delivery system (Fig. 2e) generated a sinewave of RH whose amplitude and 

frequency could be altered to simulate the humidity change experienced by the 

hygrosensors on the moth antennae (Fig. 2j). Out of 39 electrophysiological recording 

events, 28 yielded responses to our stimulus from at least one type of sensory neuron, 

characterized as ñmoistò, ñcoldò, or ñdryò. The underlying moist and dry sensing 

neurons (cold sensing neurons not evaluated here) responded robustly and predictably 

(Fig. 2g) throughout our sinewave RH stimulus (Fig. 2j). This setup allowed us to 

maintain a stable temperature of the stimulus air while varying RH (Fig. 2l). The moist 

and dry neurons were distinguishable based on their amplitudes in most of the 

recordings (Fig. 2h). The firing frequency of the moist neuron increased in proportion 

to the stimulus RH and remained well-correlated with the shape and phase of the rate 

of change of RH (Fig 2k). The dry neuron increased firing frequency as the stimulus 

RH decreased and was ~180 deg out of phase with the firing frequency of the moist 

neuron (Fig. 2i). Thus, the moist and dry sensing neurons showed the stereotypical 

antagonistic activity of the hygrosensory neurons previously demonstrated for other 

arthropods(Lacher, 1964, Waldow, 1970, Yokohari and Tateda, 1976, Tichy, 2003). 
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Figure 1.4. Moths are innately attracted to humid flowers in a binary-choice 

behavior assay. a Setup for the two-choice behavior assay using artificial flowers 

mounted on two non-flowering Datura plants. Chemical structures indicate the 

addition of scent (bergamot oil) to both artificial flowers (funnels) at the start of the 

experiment. Air was pushed through the base of the funnels using an air pump (blue). 

For humid flowers, the air was pushed via Teflon tubes into a water beaker to generate 

saturated air, whereas, for ambient flowers, the air was pushed through an empty 

beaker. Overnight moth visits were video recorded using a motion-sensing IR camera 

(see Methods). b Measurement of the vertical gradient of floral humidity of the 

artificial humid flower used in the behavioral experiment. Data are shown for n=10 

transects as mean (solid line) ± SEM (gray shading). c & d Representative images 

from the videos stored by the motion-sensing camera show moths interacting with 

flowers.  Circles around the flower show the region of interest we drew for position 

analysis of the moth proboscis (c) and head (d) during probing or entering flower 

headspace. e-l Behavioral responses of male (slate blue) and female (pale purple) 

naïve moths for the indicated treatments towards reward-less ambient and humid 

flowers except for the side-bias test where both flowers presented were ambient 

humidity. Dots show differences in the duration of proboscis contact and the number 

of entries in each flower. Red line plots show the mean ± SD. Numbers in parentheses 

indicate the number of videos in which the labeled body part appeared in the region of 

interest (c & d) for further analysis. The number of trials for each treatment was as 

follows: (e & f) Side bias test n= 12 nights for both sexes; (g & h) Unmanipulated 

moths: n=11 nights for both sexes, (i & j ) Hygrosensor blocked moths: n=10 nights 

for both sexes; (k & l ) Sham control moths: n=12 nights for males, n=13 nights for 

females. For each night of the experiment, 2-4 naïve moths were released in the 

behavior room. A two-tailed one-sample Wilcoxon signed-rank test against zero was 

performed on the data. 
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The few studied cases of insect hygrosensory neurons suggest that the response 

properties of the neurons are a function of both instantaneous humidity and the rate of 

change in humidity. Typically, the impulse frequencies of the moist sensing neuron 

increase in proportion to the instantaneous RH and rate of change in RH, whereas the 

dry sensing neurons respond antagonistically(Tichy, 2003, Tichy et al., 2017). To 

evaluate the response properties of Manduca hygrosensory neurons to these 

parameters, we fitted the data points with a polynomial linear regression of the form 

F= a + b ȹRH/ȹT + c RH, where F is the impulse frequency of the neuron, a is the 

height of the regression plane, b is the slope for the rate of change in RH, and c is the 

slope for the instantaneous RH. For both moist and dry sensing neurons, the slope for 

the rate of change in RH b, was larger than the slope for instantaneous RH, suggesting 

higher sensitivity to rate of change ±4% RH/sec, Fig. 2k & Fig. 3a & b) compared to 

instantaneous RH (30-50%). For a rate of change of +1% RH/sec, this amounts to a 

decrease of -3.32 imp/sec for the dry sensing neuron, and correspondingly an increase 

of +4.24 imp/sec for the moist sensing neuron. For an increase in instantaneous RH by 

1%, this amounts to a sensitivity of +0.28 imp/s for the dry sensing neuron, and -0.80 

imp/sec for the moist sensing neuron. Calculations show that an increase of 1 imp/sec 

in the dry sensing neuron is elicited either by an increase of 3.56% instantaneous RH 

if the rate of change is constant, or by a rate of change of only -0.30%RH/sec. 

Similarly, for the moist sensing neuron, an increase of 1 imp/sec is reflected either by -

1.24% instantaneous RH, if the rate of humidity change is constant, or by increasing 

the rate of change by only 0.23% RH/sec. Therefore, both hygrosensing neurons of 

Manduca are more influenced by the rate of humidity change of 1% RH/sec than by a 
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1% increase in instantaneous RH. This finding is opposite to previous reports on other 

insects where the slope parameter c was found positive for instantaneous RH for the 

moist sensing neuron and negative for the dry sensing neuron(Tichy, 2003, Tichy et 

al., 2017, Tichy and Kallina, 2010). We conclude that Manducaôs styliform sensilla 

house hygrosensory neurons that are sensitive to fluctuations in humidity which moths 

likely experience as they hover at and enter floral headspace at the scale of flower 

patches (cm to m)(Wolfin et al., 2018) or traverse different habitats at the scale of a 

landscape (m to km). 

Flower-naïve hawkmoth preference for unrewarded artificial flowers  

Do moths show an innate preference for humid flowers? We presented flower-naïve 

adult Manduca with a choice between empty flowers with ambient humidity 

(henceforth, ñambient flowersò) vs. above-ambient humidity (henceforth, ñhumid 

flowersò) (Fig. 4a). The humid flowers presented a range of ȹRH matching the 

humidity measured from Datura flowers (Fig. 4b and Supplementary Fig. 2). We used 

video tracking software to measure two response variables: probing duration and the 

number of floral entries made per visit. For the probing duration, we measured how 

long the proboscis tip (labeled) was present within a circumscribed perimeter of the 

flower (region of interest shown in Fig. 4c). Likewise, for the number of floral entries, 

we tracked how often the mothôs eye (labeled) crossed the flower rim (region of 

interest shown in Fig. 4d). Because moths visited both flowers frequently in all 

experimental trials, this setup allowed us to measure overnight trends in moth 

responses toward humid vs. artificial flowers, beyond central tendencies such as their 

first choice (Supplementary Fig. 9). Neither males nor females showed side bias for 
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probing duration (males: Z=0.29, P=0.76; females: Z=1.86, P=0.06; Fig. 4e) or the 

number of entries (males: Z=0.39, P=0.69; females: Z=1.28, P=0.19; Fig. 4f) when 

presented a choice between two identical ambient flowers. Irrespective of sex, moths 

probed longer on the humid flower than on the ambient flower (males: Z=3.85, 

P=0.0001; females: Z=8.25, P<0.0001; Fig. 4g) and entered humid flowers more 

frequently (males: Z=5.08, P<0.0001; females: Z=7.22, P<0.0001; Fig. 4h). To assess 

if this strong preference for humid flowers is mediated through hygrosensation, we 

occluded a strip along the leading edge of the moth antennae with UV-hardened glue 

to block the styliform sensillum from contact with ambient air. Hygrosensor-blocked 

moths approached flowers less frequently as noted from the small number of visits 

shown in Fig. 4i & 4j. Nevertheless, the moths that did visit the flowers entered both 

ambient and humid flowers equally (males: Z=1.42, P=0.15; females: Z=0.003, 

P=0.99; Fig. 4j) and showed no strong preference for probing on either flower (males: 

Z=0.98, P=0.32; females: Z=0.62, P=0.53; Fig. 4i). Thus, moths with impaired 

antennal hygrosensation could not differentiate between humid and ambient flowers. 

To account for unintended effects of glue on moth antennae, we included a sham 

treatment where 5-10 annuli of the antennae were coated with the glue 

(Supplementary Fig. 6b, d). Using racemic linalool as a common floral odorant, we 

evaluated the electroantennogram response of whole antennae of the hygrosensor 

blocked and sham control moths to test whether the antennae are still competent after 

the glue treatment. EAG responses showed that both treatments retain olfactory 

sensitivity to linalool (Supplementary Fig. 6a, c). Sham control moths retained a 

probing preference for the humid flowers (males: Z=4.04, P<0.0001; females: Z=3.43, 
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P=0.0005; Fig. 4k) and entered humid flowers more frequently, just as unmanipulated 

moths do (males: Z=3.48, P=0.0004; females: Z=3.00, P=0.002; Fig. 4l). This 

confirmed that the glue occlusion was local and did not affect normal olfactory 

responses. In summary, both male and female flower-naïve Manduca show innate 

preferences for humid flowers. Their preference for empty humid flowers persists all 

night, despite the absence of nectar rewards as positive reinforcement. 

Moth preference for sugar-rewarded artificial flowers  

Do moth preferences change in the presence of nectar? We modified the artificial 

flowers used in our binary choice assay to selectively include or exclude sugar rewards 

(see Supplementary Fig. 7b, c for flower design). Because the previous experiment 

revealed that moths show a strong innate preference for floral humidity (Fig. 4), a null 

hypothesis (H0) that moths ignore RH when foraging for nectar would be rejected. 

Instead, we evaluated whether (H1) moths show a fixed preference for floral humidity 

that cannot be overridden by experience, or (H2) moth preference can be modified in 

the case of differential profitability (Fig. 5a-c). We presented moths with three 

experimental treatments, each with a relevant hypothesis, decoupling the 

presence/absence of sugar rewards with floral humidity. These treatments, their effects 

on the information content of floral RH and the predicted responses of moths 

consistent with H1 or H2 are outlined in Table 1. As in the previous experiment, for all 

treatments, moths visited both flowers in equal proportions throughout the night 

(Supplementary Fig. 10). For each treatment, we measured mothôs probing duration 

(sec) and the number of entries in both flowers, which would benefit plants through 

increased pollen export and therefore male siring success(Smith et al., 2022). 
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Likewise, we measured flower handling time (sec) until nectar discovery by moths and 

used it to calculate net energy gain and expenditure (J) during floral visits as 

surrogates for moth fitness(Haverkamp et al., 2016).  

In the ñno-association treatmentò, floral humidity is an uninformative trait because 

both ambient and humid flowers present sugar rewards.  Nevertheless, moths showed 

a strong, persistent preference for the humid flower supporting the prediction for H1 

but not H2 (Table 1 and Fig. 5a). Moths probed longer on the humid flower (Z=2.73, 

P=0.006; Fig. 5d) and entered humid flowers more frequently (t=2.69, P=0.008; Fig. 

5e) resulting in a potential fitness advantage to plants with humid flowers. 

In the ñpositive associationò treatment, floral humidity is an informative trait for a 

positive association between humidity and nectar, because humid flowers have sugar 

rewards and ambient flowers are empty. Consistent with both H1 and H2, we predicted 

the humid flower would receive more visits by moths because their preference for 

humidity and the presence of a reward are in alignment (Table 1 and Fig. 5b).  As in 

the previous treatment, moths probed and entered the humid, rewarding flower 

significantly more frequently than the empty ambient flower (probing duration: 

t=5.98, P<0.0001, Fig. 5f; entries: t=4.6, P<0.0001, Fig. 5g). 

Finally, in the ñnegative associationò treatment, floral humidity is an informative trait 

for moths, but for the absence, rather than the presence, of nectar, because a sugar 

reward was present in the ambient flower, but the humid flower was empty. For H1 we 

predicted that moths will continue to show a strong preference for the humid flower, 

whereas for H2, we predicted that flowers with ambient humidity would experience 

(and benefit from) increased visitation by moths because over time insects can learn 
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trait combinations with rewards, as shown for bumblebees associating dry flowers 

with nectar presence(Harrison and Rands, 2022) (Table 1 and Fig. 5c). Contrary to the 

predictions for both hypotheses, moths did not show a strong preference for either 

flower (probing duration: Z=0.75, P=0.45, Fig. 5h; entries: Z=0.14, P=0.88, Fig. 5i). 

This result suggests that despite the payoff disparity, moths did not completely 

override their innate preference for the humid flower by visiting the rewarding 

ambient flower more frequently. This intriguing result is analogous to the responses of 

a related hawkmoth, Macroglossum stellatarum, that shows a strong innate preference 

for blue flowers, which can be overridden, but only partially, by training moths to visit 

the less preferred yellow flowers(Kelber, 2010).  
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Table 1.1 Experimental treatments decoupling floral humidity and nectar presence with 

alternative hypotheses and predicted effects on flower choice.  + indicates the presence of 

sugar solution in the artificial flower, ī indicates an empty flower.  

Treatments a. No-association b. Positive 

association 

c. Negative 

association 

Flowers with or 

without rewards 

Ambient Humid Ambient Humid Ambient Humid 

+ + ī + + ī 

Information content 

of floral humidity  

Humidity is 

uninformative for 

nectar presence 

Humidity is 

informative for a (+) 

association with 

nectar 

Humidity is 

informative for a (-) 

association with 

nectar 

H1: Moths show a 

fixed preference for 

floral humidity  

     Predicted: 

 

 

Prefers humid flower 

 

 

 

Prefers humid 

flower 

 

 

Prefers humid flower 

     Observed: 

 

Yes Yes No 

H2: Moth 

preference can be 

modified by 

experience 

 

     Predicted: 

 

 

 

 

Loss of preference see 

(Thom et al., 2004) 

 

 

 

Reinforcement of 

preference 

 

 

 

Learns to prefer 

ambient (see 

(Broadhead and 

Raguso, 2021) 

     Observed: 

 

No Yes No 
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To evaluate the fitness benefit for moths, we measured their flower handling time until 

proboscis contact with nectar was established in each treatment (see Methods). 

Accordingly, the increased probing and hovering times translate into more energy 

(Joules) expended by moths before nectar discovery (Fig. 5j-l). The time to reach the 

nectary was shorter when the humid flower was paired with a reward than when only 

the ambient flower was paired with a reward (Kruskal-Wallis one-way ANOVA: 

F=6.97, Df=2, P=0.0045; Fig. 5j). Calculations show that moths expend significantly 

more energy to find nectar in the negative-association treatment (Fig. 5j, k), in which 

the ambient flower is rewarding but the humid flower is empty, suggesting that it is 

costly for moths to behave against innate preference. Since a fixed amount of nectar 

reward (200 µl) was offered, the total energy gained by moths from extracting the 

nectar from one flower equals 741 Joules. Fig. 5k is identical to panel 5j because we 

input values from (j) in the formula and present it in a different currency. Fig. 5l is the 

inverse of Fig. 5k because the net energy gain is the inverse of net energy expenditure; 

see Methods for calculations). Therefore, the net energy gain was equally high in the 

no-association and the positive-association treatments, but significantly lower for the 

negative association treatment (Tukeyôs HSD: P=0.0072; Fig. 5l). In summary, floral 

humidity facilitates nectar discovery when it reliably informs nectar presence, 

ultimately resulting in higher fitness benefits to moths via shorter handling time. 

Taken together, the enhanced cost of the overstated floral humidity of Datura (Fig. 1), 

which exceeds that of a nectar evaporation cue by a power of ten (Supplementary 

Figure 1c), combined with high signal efficacy (Fig. 1c, f), sensitive physiological 

responses to (Fig. 2) and persistent behavioral preference for floral humidity (Fig. 4), 
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along with inferred fitness benefits of floral humidity to plants (senders) and foraging 

hawkmoths (receivers; Fig. 5j, k), strongly suggests a role of floral humidity as a 

signal, not a cue, in this nocturnal plant-pollinator interaction. 
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Figure 1.5 Moth responses to floral humidity decoupled with rewards reveal the 

signal-like role of floral humidity. a - c Qualitative predictions outlined for 

hypotheses H1 and H2 for each treatment regarding moth preference for plants with 

humid and ambient flowers with the sugar rewards presented in either one or both 

flowers (see table 1 for details). Panels show, a No association treatment where both 

ambient and humid flowers provide nectar rewards, b Positive association treatment 

where humid flower is rewarding but the ambient flower is empty, and c Negative 

association treatment where ambient flower is rewarding but the humid flower is 

empty. d- i Experimental results of the three treatments outlined above. Response 

variables are the same as in Fig. 4. Data show individual visits (light blue dots) with 

mean ± SD (red lines) for each indicated hypothesis. Note that only males were used 

in this experiment. Numbers in parentheses indicate the number of videos analyzed. 

The number of trials for each treatment was as follows- (d & e) No association: n=9 

nights; (f & g)  Positive association: n=9 nights; (h & i)  Negative association: n=7 

nights. A two-tailed one-sample Wilcoxon signed-rank test against zero was 

performed on the data and the P-values are mentioned next to each plot. (j -l) Analysis 

of moth interactions with flowers for each experimental treatment before establishing 

contact with the nectar reward. Panels show, j total flower handling time until nectar 

discovery, k Energy expenditure in Joules calculated from the hovering duration 

shown in (j), l Net energy gain calculated by subtracting the energy spent shown in (k) 

from the total energy obtained by consuming the offered sugar reward. Dashed box 

represents data derived from the handling time values shown in panel (j). Dot plots 

show values for individual nights and line plots show the mean ± SD for n=9 each for 

the no association and the positive association treatment group, and n=7 for the 

negative association treatment. Red line plot indicates a significantly different 

treatment group from the other two. P values are shown on top for a two-tailed One-

way ANOVA followed by TukeyHSD for comparisons between treatment groups. 
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Discussion 

Flowers are often described as billboards or signposts, with reference to the 

information that they communicate to pollinators at different spatial scales. In this 

ñadvertisingò context, conspicuous floral displays of scent and color can orient 

foraging pollinators from a distance but do not necessarily inform them about the 

presence of floral rewards once they arrive at the flower. In a previous study using 

tubular flowers of Oenothera cespitosa, we demonstrated that floral humidity resulting 

from nectar evaporation can serve as a cue for nectar presence to foraging pollinators 

at the flowerôs threshold(von Arx et al., 2012). Numerous studies outline how cues can 

evolve into signals if they benefit both senders and receivers and incur signaling costs 

that are offset by fitness benefits(Smith and Harper, 1995, Laidre and Johnstone, 

2013). Senders must produce signals that are efficacious under most conditions and 

can be processed reliably by receivers(Hebets and Papaj, 2005, Bradbury and 

Vehrencamp, 2011). Our study shows that floral humidity can be physiologically 

decoupled from nectar presence in the trumpet-shaped flowers of Datura wrightii and 

is present at a ten-fold greater intensity than that of a nectar evaporation cue 

(Supplementary Fig. 1c). Thus, floral humidity in Datura is not limited to nectar as a 

source, and selection can act on humidity independently to amplify its signaling 

function. Our results not only address several proximate questions regarding the 

efficacy and perception of floral humidity as a trait in pollination but also provide 

inferences for ultimate questions such as the functional role of floral humidity. Below, 

we discuss the proximate and ultimate evidence supporting the interpretation that 

floral humidity, like scent and color, can function as a signal in the Datura-Manduca 
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pollination system, but is most spatially relevant at the threshold of the flower. 

Regarding proximate mechanisms of floral humidity, little is known about its efficacy: 

the ability to attract pollinators in the face of background humidity, wind, and 

temporal dynamics(Hebets and Papaj, 2005, Riffell et al., 2014). The humidity 

gradients (ȹRH) of Datura flowers greatly exceed background noise (plant or leaf 

headspace) or the calibration errors of most measuring probes (±2% 

RH)(Schellenberg, 2002). The finding that humidity is replenished rapidly after a 

pollinatorôs visit (within 30 sec, Fig. 1f), ensuring its presence for subsequent visitors, 

suggests that it is a persistent physiological signature, much like scent, rather than an 

ephemeral evaporation cue in this system(Roddy et al., 2016). Unlike floral scent, 

humidity is likely a local stimulus for pollinators because it decays rapidly from the 

boundary layers of the floral tube to an ambient RH that can vary enormously (Fig.1a; 

also see(von Arx et al., 2012, Harrap et al., 2020)). Such a local stimulus will be 

encountered by moths at a flowerôs threshold while hovering, rather than downwind of 

the flower, like scent(Riffell et al., 2014). The influx of air generated by the vortices 

shed by the hovering wings of hawkmoths may drive headspace humidity out of the 

flower and over the moth antennae, as has been demonstrated for olfactory 

stimuli(Sane and Jacobson, 2006, Daly et al., 2013). Floral humidity is certainly 

experienced by moths upon entering flowers (Fig. 1f & Fig. 2f), and its presence 

prompted moths to visit artificial flowers irrespective of nectar presence (Figs. 4, 5). 

Conversely, a previous experiment revealed that M. sexta moths flying in a divided 2 

m wind tunnel do not preferentially orient towards scented artificial flowers in a more 

humid air stream (vs. those in ambient humidity)(Wolfin et al., 2018). The available 
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evidence supports the conclusion that floral RH is a close-range attractant in the 

Datura-Manduca system. 

We used a custom-built stimulus delivery setup (Fig. 2e) to reveal the mechanism by 

which a pollinator can perceive floral humidity. Manduca sexta possess at least two 

putative hygrosensing sensilla on each antennal segment: the coeloconic type B (peg-

in-pit) and the styliform complex sensillum (large peg, Fig. 2a-c)(Shields and 

Hildebrand, 1999, Lee and Strausfeld, 1990). Electrophysiological recordings showed 

antagonistic activity between the dry and moist sensing neurons (Fig. 2h), a 

stereotypical feature of hygro-thermo sensing sensilla(Lacher, 1964, Waldow, 1970, 

Yokohari and Tateda, 1976, Yokohari, 1978, Loftus, 1976). Both moist and dry 

sensing neurons were more sensitive to the rate of change in RH than to instantaneous 

RH (Fig. 3i, k).  Rates of change as low as -0.30% RH/sec and +0.23% RH/sec were 

sufficient to trigger spike frequency changes of 1 imp/sec in dry and moist sensing 

neurons, respectively, whereas, for instantaneous RH, the dry sensing neuron required 

-3.56% ȹRH and the moist sensing neuron required +1.24% ȹRH for a spike 

frequency change of 1 imp/sec in Manduca moths. These findings reveal that 

pollinator hygrosensory neurons respond to floral humidity in real time as they enter 

the floral headspace. This range of sensitivity values is comparable to those reported 

for other pollinators like honeybees(Tichy and Kallina, 2014) and supports the 

observed behavioral preferences of the smaller hawkmoth Hyles lineata, which could 

differentiate artificial flowers presenting 4-8% ȹRH(von Arx et al., 2012), and the 

evidence that bumblebees (Bombus terristris) can discriminate only 2% ȹRH(Harrison 

and Rands, 2022). In this context, the ȹRH of Datura flowers constitutes a super-
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normal sensory stimulus. 

Regarding ultimate questions related to plant-pollinator communication, we now 

consider the potential signaling function(s) of floral humidity. In the field of animal 

communication, there is a widespread expectation that signal evolution involves costs 

to the sender that exceed those (e.g. respiratory costs) associated with cues, especially 

for icon signals(Smith and Harper, 1995). The mechanisms of floral humidity 

production imply physiological costs with potential fitness consequences to the plant. 

For example, if floral humidity were an inadvertent nectar evaporation cue in Datura, 

then the intensity of ȹRH would be merely 3-4% (Supplementary figure 1c). The 

presence of stomates on the corolla suggests that Datura flowers likely incur costs to 

the plant, both in maintaining humidity gradients and floral turgidity through the night, 

in the xeric environments where they grow naturally(Roddy et al., 2016, Galen et al., 

1999). In the case of Datura wrightii, these costs may be especially high owing to the 

large surface area (164.49 ± 12.28 sq. cm, n=8; Supplementary table 8) and volume 

(83.95 ±14.40 cu. cm, n=10; Supplementary table 8) of the flower. Measurements of 

fresh vs. dry flowers (n=6) show that 87.40±1.54% of fresh floral mass is water, of 

which nectar mass accounts for only 2.18±0.42% (Supplementary table 9). Such an 

enormous water budget for flowers, along with nearly constant gas exchange through 

corolla stomata, predicts that drought-stressed plants should produce fewer flowers. 

Indeed, Datura wrightii plants that are water-stressed produce shorter and fewer 

flowers that yield fewer viable seeds, at a direct cost to reproductive fitness(Elle et al., 

1999, Elle and Hare, 2002). These physiological costs, like the energetic demands or 

predation risks associated with vigorous courtship displays(Marler and Ryan, 1996, 
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Bernal et al., 2006), imply that floral humidity must confer significant benefits in the 

currency of reproductive success. For Datura, those benefits accrue with repeated 

visitation by Manduca pollinators. Even in the absence of a nectar reward, moths 

showed perseverance by probing longer on the humid flower than on the ambient 

flower (Fig.4g). Moths also entered the humid flower more frequently while probing 

(Fig. 4h). Flower entry shows commitment to nectar-feeding, increasing the chances 

of pollen deposition and export, via dose-dependent pollen loading on moth body 

parts(Smith et al., 2022). 

Plant-pollinator communication often is multimodal(Raguso, 2004a),(Peach et al., 2019, Riffell 

and Alarcón, 2013), including traits associated with primary metabolism. Apart from floral 

RH, moths also experience floral CO2(Guerenstein et al., 2004, Thom et al., 2004). In our 

experiments, moth preference for humid flowers persisted throughout the night. This 

finding differs from moth preference for floral CO2, which diminishes to chance level 

after the first choice, in the absence of differential reward(Thom et al., 2004). The 

variable preference of moths towards floral primary metabolites is consistent with the 

temporal dynamics of CO2 and humidity in Datura flowers. Floral CO2 in Datura 

flowers dissipates to background levels within the first two hours after 

anthesis(Guerenstein et al., 2004), whereas floral humidity remains consistently high 

throughout the evening, in parallel with floral scent and color (personal observation). 

The multimodal interplay between primary and secondary metabolites in shaping 

pollinator behavior is widespread(van der Kooi et al., 2019) but is rarely addressed. 

Manipulative experimental studies of the cycad cones of Macrozamia lucida and their 

thrips pollinators(Terry et al., 2014) revealed that thrips are neutral to CO2 but are 
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repelled strongly by high temperature, humidity, and cone volatile production. Such 

studies reveal the temporal dynamics of signals and cues in conjunction with 

pollinator behavior, advancing our knowledge of plant-pollinator communication 

beyond floral advertisement. 

A longstanding question in the study of ecological communication is the degree to 

which signals should always benefit both sender and receiver, given prevalent 

conflicts of interest between them(Laidre and Johnstone, 2013). In plant-pollinator 

mutualisms, it is in the plantôs interest to maximize pollination services for minimum 

cost, whereas pollinators aim to maximize fitness (energy gain) per flower 

visit(Bronstein et al., 2006). The evidence presented here confirms that floral humidity 

is not an uninformative trait for pollinators, but also compels us to examine other 

possible functions and conditional outcomes. In our study, moths showed a strong 

sensory bias for humid flowers, whether sugar rewards were absent (Fig. 4) or present 

(Fig. 5d, e). Rewarding flowers could benefit by producing higher humidity to exploit 

pre-existing bias in moths, a phenomenon that is not uncommon in plants exploiting 

olfactory and visual biases in insects(Schaefer and Ruxton, 2009). It is plausible that 

floral humidity may have non-pollinator functions such as preventing pollen 

desiccation(Franchi et al., 2014), ensuring stigma receptivity(Safavian et al., 2014), 

and promoting pollen tube growth(Shivanna and Cresti, 1989). We could imagine a 

scenario in which floral RH is an exploitable cue for nectar-robbing animals that 

puncture floral tubes, which consequently reduces plant reproductive success(Richman 

et al., 2021). 

In Datura wrightii, floral humidity is physiologically decoupled from nectar, 
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presenting potentially conflicting information to its hawkmoth pollinator Manduca 

sexta. To explore the potential for plant-pollinator conflict in the use of humidity 

gradients as a signal, we experimentally decoupled the presence of nectar with floral 

ȹRH in artificial flowers (Fig. 5). Thereby, we tested two alternative hypotheses 

concerning hawkmoth response, neither of which were completely supported by our 

experimental findings (Table 1). For H1, in which moths show a fixed preference for 

humidity, we predicted that moths should simply prefer humid flowers irrespective of 

nectar reward, which would reflect a somewhat extreme (and potentially exploitable) 

preference. Indeed, moths strongly preferred humid flowers whenever they were 

rewarding (Fig. 5d-g), or when neither humid nor ambient flowers were rewarding 

(Fig. 4). However, moths showed no preference in the ñnegative associationò 

treatment, when the ambient flower was rewarding but the humid flower was empty, 

presenting a conflict between the mothôs innate bias and its expectation of a reward 

(Fig. 5c, h, i). For H2, in which moth innate preference is modified by experience, we 

predicted that moths should lose preference for humid flowers in response to the 

uninformative ñno associationò treatment and should learn to prefer rewarding, 

ambient flowers in the ñnegative associationò treatment (Table 1). Neither of these 

predictions were upheld (Fig. 5d-i), underscoring the need to test additional 

hypotheses addressing contextual or multimodal aspects not tested here. 

These results suggest a potential avenue for plants to use floral RH as a deceptive 

signal to exploit pollinator preference. For example, rare (nectar-less) mutant Datura 

plants might benefit by cutting nectar costs while exploiting hawkmoth preference for 

humid flowers, if they remain equally attractive to moths (Fig. 5h, i). Although the 
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humid flowers of Datura (and Oenothera) species generally offer copious nectar 

rewards to hawkmoth pollinators(Raguso et al., 2003), there is always potential for 

incomplete honesty where flowers could signal high humidity but present low volumes 

of nectar(Carazo and Font, 2014). However, our findings predict that (food-deceptive) 

hawkmoth-pollinated plant species, which always lack nectar (e.g., Plumeria rubra, 

Brassavola nodosa), would benefit by adding humidity gradients to their visually 

conspicuous, fragrant flowers(Schemske, 1980, Haber, 1984).  

Returning to the criteria by which signals are defined(Laidre and Johnstone, 2013), we 

have characterized the magnitude, spatial-temporal dynamics, efficacy, and 

physiological sources responsible for the production of a super-normal humidity 

gradient in the flowers of Datura wrightii as a sender, satisfying the first criterion. 

Conversely, we have shown that the receiver and primary pollinator, Manduca sexta, 

respond to changes in floral humidity through highly sensitive antennal sensilla and 

demonstrate an innate preference for humid flowers, satisfying the third criterion.  

Moths benefit by reducing their flower handling cost on humid flowers (Fig. 5j-l), 

whereas, from the plant perspective, multiple entries of moths into Datura flowers 

increase pollen loading(Smith et al., 2022), promote siring success(Bronstein et al., 

2009), and cross-pollination(Bronstein et al., 2009, Elle and Hare, 2002), satisfying 

the fourth criterion.  Indeed, reduced probing by Manduca sexta due to low nectar 

presence (and likely lower humidity) has been shown to lower seed set and impact 

plant fitness in related Petunia plants(Brandenburg et al., 2012). The functional role of 

floral humidity in this interaction fits best with that of a mutually beneficial signal, 

especially given that Datura nectar is refilled over time(Guerenstein et al., 2004). The 
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only requirement not addressed in our study is the second criterion, which demands 

evidence that a signal ñhas evolved for the purpose of conveying information to the 

receiverò(Laidre and Johnstone, 2013). This is the most difficult criterion to satisfy 

without the benefit of trait-independent phylogenetic hypotheses for both sender and 

receiver lineages(Bradbury and Vehrencamp, 2011), onto which the kinds of 

mechanistic data outlined here (e.g., magnitude of floral humidity gradients, 

sensitivity of moth hygrosensory response) can be mapped for sister taxa of Datura 

plants and Manduca moths(Bye and Sosa, 2013, Kariñho-Betancourt et al., 2015, 

Kawahara et al., 2013), a task that is beyond the scope of the present study. Such 

information would allow us to distinguish between alternative evolutionary pathways, 

such as the ñsignaler precursor routeò, in which signals originate from informative 

cues provided by the signaler and are honed by selection to convey information more 

effectively, vs. the ñrecipient precursor routeò, in which signalers evolve to match 

strong pre-existing receiver biases that arose under contexts independent of 

communication(Smith and Harper, 1995, Laidre and Johnstone, 2013). From the 

receiver end, we know that Manduca sexta moths live longer and imbibe higher sugar 

concentrations under humid conditions(Contreras et al., 2013), prefer to fly towards 

more humid air in wind tunnel bioassays(Wolfin et al., 2018) and that a distantly 

related hawkmoth species (Hyles lineata) also shows innate preference for modestly 

humid artificial flowers (ȹRH 5-6%) in the absence of nectar(von Arx et al., 2012). 

Thus, the innate preference of M. sexta moths for humid flowers connects to deeper 

physiological imperatives independent of flower foraging and may be plesiomorphic 

among hawkmoths. 
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Our findings suggest a broader set of roles for the significance of floral humidity to 

flower-visiting animals. One possibility is that floral humidity serves as an inviting 

stimulus prompting pollinators to enter a flower. This ñmicrohabitatò hypothesis may 

also be relevant for the many smaller arthropods that utilize flowers for mating, 

breeding, and protection without necessarily benefiting the plant(Cardoso et al., 2016). 

Another possibility is that floral humidity indicates either the presence or the location 

of nectar. A similar role has been implied for visual nectar guides in bumblebee-

pollinated flowers(Leonard and Papaj, 2011). Additionally, floral humidity may 

indicate larger nectar volumes and better nectar quality (sugars, amino acids, 

micronutrients)(Nicolson, 2022) ensuring that, on average, pollinators benefit from 

attending to this signal. Maynard-Smith and Harper(Smith and Harper, 1995) suggest 

that signals whose information content is similar or related to the associated resource 

should be called ñiconsò whereas signals that are mechanistically removed from the 

resource (e.g., floral scent or color) would be regarded as ñsymbolsò. Hence, the 

enormous, sustained ȹRH in Datura flowers could be considered an icon of the 

plantôs capacity to offer copious floral nectar in a severe desert environment. Our data 

most closely approximate this distinction because although ȹRH and nectar standing 

crops are decoupled, RH may indicate the Datura plant's capacity to offer rich nectar 

rewards despite the high cost of water stress. Future studies should test whether 

variation in floral RH is, in fact, predictive of nectar standing crops or secretion rates 

in the wild.  

Finally, we suggest that floral humidity could have evolved as a communication 

channel between plants and pollinators in the earliest stages of plant-pollinator diffuse 
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coevolution, in which brood sites or mating sites are proposed to have been more 

important than energetic rewards(Pellmyr and Thien, 1986). This notion that floral 

humidity might be an ancient communication channel in plant-pollinator interaction is 

in line with the evidence that Ionotropic receptor genes (IR) that mediate 

hygroreception(Enjin et al., 2016, Knecht et al., 2016, Knecht et al., 2017) are 

conserved across arthropods and appear to have preceded the evolution of olfactory 

receptors(Croset et al., 2010). Collectively, the efficacy of high floral RH in Datura as 

a trait, the salient behavioral and physiological responses that it evokes from moth 

pollinators, the non-trivial costs to the plantôs water budget in a desert environment, 

and the fitness advantages accruing to both sender (Datura) and receiver (Manduca) 

reveal an unexpected signaling channel in plant-pollinator interactions. 
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CHAPTER 2 

 

FLORAL HUMIDITY AT TINBERGENôS LEVELS OF ANALYSIS2 

 

ABSTRACT 

While floral scent and color pigments are known to attract pollinators from a distance, 

other traits play a role in enticing pollinators when they are in close proximity to the 

flowers. In a previous study, we demonstrated that floral humidity in the night-

blooming flower Datura wrightii can act as a short-range attractive signal for its 

primary hawkmoth pollinator, Manduca sexta. In this case, study focusing on Datura 

wrightii , our aim is to investigate whether floral humidity can honestly signal nectar 

rewards. To achieve this, we adopt a Tinbergen approach, examining floral humidity 

across four levels of analysis. In terms of mechanisms, we find that floral stomatal 

conductance shows modulated activity, while leaves consistently exhibit low 

conductance throughout the night. The floral humidity of D. wrightii remains 

consistently 25% higher than the ambient humidity level, indicating its persistent 

nature. In terms of ontogeny, floral humidity is influenced by the water status of the 

plant. Flowers from drought-stressed plants exhibit low humidity signals and provide 

less nectar compared to flowers from well-watered plants. To assess its functionality 

beyond pollinator attraction, we investigate whether alterations in floral humidity 

affect the viability of pollen and stigma. Manipulated humidity levels in flowers have 

no discernible impact on fruit and seed sets, suggesting that humidity, at least in the 

greenhouse setting, does not affect the viability of pollen or stigma. Finally, at the 

 
2 Dahake, A., Tomaszewski, M., Raguso, R.A., (2023) Floral humidity at Tinbergenôs levels of analysis 

(In Prep) 
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phylogenetic level of analysis, we compare the humidity signal of D. wrightii with its 

three closely related sister species. All Datura flower species exhibit a significant 

humidity gradient and possess stomates on the corolla. Taken together, floral humidity 

represents a costly signal to produce, with a strong correlation between signal intensity 

and the underlying quality of the flower, implying its potential for honest signaling. 
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INTROD UCTION  

The elaborate floral display is multimodal (Raguso, 2004) and accrues significant 

carbon and water costs to the plant (Galen et al., 1993; Galen, 1999). Pollinators are 

enticed by floral displays coupled with rewards (ex. Pollen, nectar, oil) and pollinator 

visitation increases outcrossing rates and plant fitness. Among the various floral traits 

that attract pollinators, honest floral signals such as scent, color, and size have 

received generous attention from pollination biologists (Gervasi & Schiestl, 2017; 

Ortiz et al., 2021). Among these investments in flowers, the water cost is particularly 

high and often overlooked (Nobel, 1977a; Nobel, 1977b; Galen et al., 1999). To 

maximize visibility, flowers often exist in the most exposed locations, usually high in 

the canopy where desiccating conditions (high winds, solar radiation, low humidity) 

are the strongest. Unlike leaves, flowers are heterotrophic and rely on other vegetative 

parts of the plant for energy and resources. Thus, plants need to balance maximizing 

floral attractiveness to pollinators while minimizing resource allocation, such as water 

(Galen et al., 1999; Roddy, 2019). The constant supply of water required to maintain 

floral and leaf turgidity, cell division, temperature regulation, and the supply of 

nutrients must trade off with a high degree of floral attractiveness for pollinators 

(Galen, 2005; Roddy et al., 2021). The water allocation to flowers can vary 

enormously from a few grams per flower in some species to up to 25 kg per 

inflorescence in the semelparous succulent, Agave deserti (Nobel, 1977b). 

The lost water from the large surface area of flowers through stomatal conductance or 

cuticular transpiration constitutes its microclimate (Corbet et al., 1979a; Patiño & 

Grace, 2002; Galen, 2005; Harrap et al., 2020; Dahake et al., 2022; Harrap & Rands, 
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2022). The floral microclimate may delay desiccation risk and maintain the rate of 

nectar equilibration (Corbet et al., 1979a; Corbet et al., 1979b). More recently, it has 

been shown that the loss of water vapor from floral surfaces (floral humidity) can 

function as a nectar presence cue for generalized pollinators (von Arx et al., 2012; 

Harrap et al., 2021). Floral architecture can impact the floral microclimate through 

boundary layer effects. For example, flat, curved, or trumpet-shaped flowers can 

influence the intensity of headspace humidity (von Arx et al., 2012; Harrap et al., 

2020; Dahake et al., 2022) and the temperature of the flowers (Kevan, 1975; Patiño & 

Grace, 2002; van der Kooi et al., 2019). The function of the primary metabolites like 

humidity, CO2, temperature etc. is far less understood than the well-represented 

secondary metabolites such as scent, floral pigments, toxins etc. 

While many floral cues, including floral humidity, have been shown to attract 

pollinators, the benefit of these cues is often one-sided, i.e., it helps the pollinators to 

be choosy but conflicts with the plantôs interest of attracting multiple visits. Using a 

nocturnal pollination mutualism example, we recently showed that the floral humidity 

of the night-blooming flower, Datura wrightii, serves as an attractive short-distance 

trait for its nocturnal hawkmoth pollinator, Manduca sexta (Dahake et al., 2022). D. 

wrightii flowers show an enormous humidity gradient of ~30% RH above ambient 

(ȹRH) which is a consequence of stomatal conductance and cuticular transpiration 

(Dahake et al., 2022). Despite the flowers being visited frequently for nectar meals by 

their hawkmoth pollinators, the floral humidity of Datura wrightii does not completely 

dissipate to background levels. Instead, it reconstitutes to its baseline level within 30 

seconds of the mothôs departure, suggesting a constant emission of water vapor. 
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Stomata are present on the entire surface on the outer side (abaxial) of the flower, 

however, on the inner surface (adaxial) they are distributed along a pattern such that 

the corolla tips have none, but the corolla base, leading to the nectary, exhibit a high 

density of stomates. Manduca shows an innate attraction towards humid artificial 

flowers over that of ambient humidity flowers and their attraction persists even in the 

absence of nectar. Moths forage efficiently when humid flowers are paired with 

rewards as opposed to when ambient flowers are paired with rewards, suggesting that 

floral humidity is an informative trait for nectar presence. However, because recently 

emptied D. wrightii flowers remain humid for the entire night, the dissociation 

between the signal and reward presents a conflict in plant-pollinator interaction, 

presenting the possibility for floral humidity to function as a deceptive signal when the 

reward has been depleted. Therefore, floral humidity in this system seems 

complementary to the other conspicuous floral signals like scent and color pigments, 

but its potential for signal honesty has not been tested before in a plant-pollinator 

system.  

Within the field of floral physiology, the current findings on flower hydraulics are 

especially relevant when considering floral humidity as a signal for pollinators. Floral 

water supply in basal angiosperms is proposed to rely on the xylem (Feild et al., 2009) 

but in eudicots and monocots, it is primarily through the phloem (Galen, 2005). It is 

proposed that the loss of stomata from monocot and eudicot flowers may be a strategy 

for recently diverged plants to reduce floral water loss compared to the basal 

angiosperms. Additionally, the high hydraulic capacitance (water storage capacity) of 

flowers has been proposed as a mechanism for maintaining turgidity (Chapotin et al., 
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2003; Roddy et al., 2016; Roddy et al., 2018) while minimizing water loss. As plant 

organs, flowers need to balance attractiveness (color, volatiles, size) and physiological 

costs (water, carbon) in order to maintain fitness within their pollinator niche. While 

the tradeoff of costs and reproductive success in flowers can vary dependent on the 

functional space of the floral syndrome, the reaching of the ñpayback thresholdò, 

where enough offspring are produced to pay back flower production and maintenance 

costs, is necessary for achieving sufficient floral fitness (Roddy et al., 2021).  

Historically, the field of animal communication has shown tremendous interest in 

questions pertaining to signal honesty and has gained traction in the field of plant-

pollinator interactions (Dawkins & Guilford, 1991; Smith & Harper, 1995; Lunau & 

Maier, 2004; Schaefer et al., 2004; Wright & Schiestl, 2009; Bradbury & 

Vehrencamp, 2011; Leonard & Masek, 2014; Knauer & Schiestl, 2015). How does 

plant quality correlate with signal quality? Can water stressed, diseased, or plants 

under herbivore attack afford showy flowers? Within plant-pollinator context, these 

questions have been addressed for floral scent, color, and size which can function as 

honest signals for nectar presence (Carroll et al., 2001; Knauer & Schiestl, 2015; 

Gervasi & Schiestl, 2017; Rering et al., 2020; Knauer et al., 2021). The potential for 

signal honesty has not been explored for floral humidity. We use Tinbergenôs four 

levels of analysis as a framework to investigate the floral humidity signal of Datura 

wrightii. Below we frame specific questions for each level of analysis and note the 

measurements or tests we perform to answer those questions.  

Table 2.1 Outlining questions about floral humidity at Tinbergenôs four levels of analysis 

 Levels of 

analysis 

Questions  Tests/measurements 
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Proximate 

Mechanism How is floral humidity 

produced in Datura 

flowers? 

¶ Stomatal conductance and 

transpiration of flowers vs. leaves 

¶ Water potential of flowers vs leaves 

¶ Overnight floral humidity 

¶ Stomatal distribution 

Ontogeny How does the plant 

condition during flower 

development impact its 

headspace humidity? 

¶ Floral humidity of drought vs. well-

watered plants 

¶ Correlation of plant water status, 

floral humidity, and nectar volume 

Ultimate 

Function What is the function of 

floral humidity 

¶ Fitness effect of floral humidity on 

fruit and seed set 

Phylogenetic How does floral humidity 

compare with related 

Datura sp.  

¶ Floral humidity of three closely 

related species 

¶ A comparison of floral 

morphometrics and humidity signal. 

¶ A comparison of moth behavior 

toward all Datura flowers. 

To understand the mechanism behind generation of floral humidity we monitor bud 

development, compare water potential of Datura wrightii leaves and flowers in 

drought vs. well-watered condition and track stomatal conductance, transpiration, and 

overnight humidity of the flowers. We address the ontogenetic level of analysis by 

studying how plant condition (well-watered vs drought) during flower development 

affects floral humidity, and how it compares with other flower parameters. We address 

the functional level of analysis by manipulating floral humidity and hand pollinating 

flowers to test its impact on fruit and seed set. Finally, we test the phylogenetic level 

of analysis by comparing floral humidity of Datura wrightii with its closely related 

species- D. inoxia, D. discolor, and D. stramonium. We collected data on flower 

morphology, humidity in floral tubes, nectar volume and concentration to investigate 

whether traits are allometric or isometric. 
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MATERIALS AND METHODS:  

Plants 

To study the comparative aspects of floral humidity, four species of Datura were 

grown in the Corson-Mudd greenhouse. Eight Datura wrightii plants, two D. discolor 

plants, and four D. stramonium plants were grown from seeds collected from Tucson, 

Arizona. Five Datura inoxia plants were grown in the greenhouse from seeds collected 

in Pune, Maharashtra state, India. Plants were gradually up-potted to 3-gallon pots 

with a 3:1 Lambert: perlite soil mixture. The greenhouse was maintained at a 

photophase of 15 hours (05:00 - 20:00 hours), with a mean day temperature of 24±2°C 

and a mean night temperature of 22±2°C. The relative humidity varied between 30-

75% throughout the year.  

Soil water content  

To test how ontogeny affects floral humidity, we manipulated the soil water content of 

the plants. For experiment 1, a Fieldscout TDR-3000 moisture probe with 7.6 cm rods 

was used to measure relative water content (RWC) (volume water/volume soil). The 

RWC measurements range from 0-100%. 

For experiment 2, a Hydrosense II (Campbell Scientific) moisture probe with a 12 cm 

rod length was used to measure volumetric water content (%VWC). Three 

measurements were taken across the pot and averaged to obtain a representative value 

for the volumetric soil water content. The device was calibrated using deionized water 

prior to the experiment. The VWC measurements typically range from 0-50% with 0% 

representing completely dry soil and 50% as completely water saturated soil. 

Floral humidity  
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To measure a vertical transect of floral humidity, we used an Omega HH314A 

Humidity Temperature Meter and a modified KD Scientific syringe pump (Also 

see(von Arx et al., 2012; Dahake et al., 2022)). A metal rod (0.5 cm diam) was 

screwed to the syringe pump, serving as an extended arm, at the end of which the 

humidity probe was attached (Supplementary figure 1). The metal rod with the 

hygrometer attached was inserted into the corolla tube making sure the anther and 

stigma filaments are intact. Humidity was recorded every second from the base of the 

corolla to 14cm above, with the syringe pump moving vertically at 0.2 mm/sec, as 

described by Dahake et al. (2022). A second humidity meter measured ambient 

humidity concurrently as a control. During the experiments ambient humidity of the 

room was 50 ± 5%RH and the temperature was 23 Ñ 2ęC.  

To measure overnight floral humidity of Datura wrightii, Ellitech data loggers were 

used. The probe was inserted in the floral tube and placed next to where the anthers 

attach to the corolla. A separate datalogger served as a control for the ambient 

humidity which was placed at the same height as that of the flower but 10-20 cm 

away. The humidity and temperature data were stored on the logger once every minute 

and downloaded on to a laptop the following morning. To plot ȹRH, the ambient 

humidity was subtracted from the floral humidity. During the experiments ambient 

humidity of the greenhouse was 50 Ñ 5%RH and the temperature was 23 Ñ 2ęC.  

Stomatal counts 

Stomatal peels were taken at four locations on the flowerôs inner surface (adaxial) 

from the floral limb to the corolla base (see details in(Dahake et al., 2022) and Fig. 5). 

Peels were suspended in dilute safranin stain for 1 min, washed briefly in water, and 
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transferred to a microscope slide with a coverslip over the samples. Slides were 

viewed at 10x magnification under a Nikon Eclipse 80i microscope. We took photos 

of the peels where stomates were visible with an iPhone XR attached to the 

microscope eyepiece. Stomates were counted within a 1mm2 area drawn on the image 

using the Image J software.  

Fruit weight and seed count 

Flowers were subjected to 3 treatments consistent with our previous study (Dahake et 

al., 2022) and were compared with a control (intact) floral condition. The treatments 

were as follows: blocking the inner (adaxial) corolla surface stomates with Vaseline, 

blocking the outer (abaxial) corolla surface with Vaseline (control for the previous 

condition), and a corolla absent condition where the corolla was removed leaving the 

androecium and gynoecium intact but exposed to ambient air in the greenhouse. 

Flowers were hand pollinated the following morning, in which one of the anther 

thecae of the same flower (self-pollination) was swiped over the stigma five times as 

done previously in a study comparing the seed set of a self vs cross pollinated D. 

wrightii flower (Bronstein et al., 2009). Pollinated flowers were tagged with a unique 

ID and the date of pollination. The ambient RH of the greenhouse ranged between 30 

to 50% RH and the temperature between 20 to 30ęC during the experiment. Fruits 

were excised after 5 weeks, weighed (Mettler and Toledo) to 0.01 g (fresh mass), 

dissected, with seeds spread out on a blank A4 paper. Seeds were counted using the 

ñCount thisò app (Appstore). Finally, fruits were oven dried at 50ęC for 7 days to 

record their dry weights.  

Nectar volume and sugar concentration 
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Flowers were excised from the plant, cut horizontally at the nectar tube base near the 

ovaries and held straight over 1.5ml Eppendorf tubes. The nectar tubes were gently 

squeezed for the nectar to extrude through the cut part of the tube. Eppendorf tubes 

were spun down on a microcentrifuge (at X,000 G) and the volume was measured 

using a 10-100 µl or 100-1000 µl pipette. Nectar sugar concentration was inferred 

from the % dissolved solids (brix) using a hand-held refractometer (Bellingham + 

Stanley Eclipse, 0 ï 50 brix). 

Fresh and dry floral masses  

Fresh flower weights were recorded immediately after nectar was extracted on a 

digital balance (Mettler and Toledo) accurate up to 0.01g. Flowers were subsequently 

labelled and placed in a drying oven at 40ęC for at least 48 hours before recording dry 

weights.  

Xylem water potential (ɊX)  

A Scholander pressure bomb was used to measure the water potential (MPa) of the 

leaf and flower xylem (described in (Tyree & Hammel, 1972)). After floral humidity 

was recorded, the flowers were cut with a razor at the base of the pedicel and placed 

into the pressure chamber. Likewise, leaves were cut at the petiole and placed into the 

pressure chamber. The pressure slowly increased until xylem sap extruded from the 

cut pedicel/petiole. Due to the low solute concentrations of the xylem sap, the 

balancing pressure of the xylem sap can be inferred as the inverse of the xylem water 

potential (Tyree & Hammel, 1972). 

Stomatal conductance and transpiration 

For flower and leaf conductance and transpiration measurements, a LICOR 6400 
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attached with a 6cm2 cuvette was used. The plants were moved from the greenhouse to 

a laboratory room one hour before anthesis. During the experiment, room lights were 

turned off, the temperature was 21 Ñ 2ęC, and ambient relative humidity ranged from 6 

to 38%. The respirometer was turned on and the IRGAs were matched several times 

before the experiment began. Air was drawn from hallways of Mudd Hall, Cornell 

University, Ithaca. A flower bud was gently opened, and the cuvette was clamped to 

the corolla without damaging it. The data were recorded every minute from thirty 

minutes before anthesis until the following morning. The total duration of the 

experiment was 675 minutes and provided us with 674 data points per sample. The 

measurements for the leaves were conducted in the same manner as the flowers.  

Plant water status and floral humidity signal experiment 

Soil water content was monitored daily for the duration of the experiment. Well-

watered plants were at, or near, the field capacity of the soil for that plant. Field 

capacity was achieved by saturating the soil when the surface began to appear dry, 

about every other day. Drought stressed plants were considered to have roughly half of 

the mean relative volumetric water content (46.06 ± 12.68%) of the field capacity of 

each plant. All measurements were taken on the day of flowering. Plants with mature 

buds were brought from the greenhouse to the laboratory at 4:30 pm and placed in a 

dark room until anthesis occurred. Flowers fully opened 45 minutes to 2 hours after 

being placed in the dark room. Once opened, soil RWC was recorded, and the 

headspace humidity gradient was measured. Next, the xylem water potential of the 

flower and a subtending leaf was measured.  

To evaluate the relation between nectar volume and floral RH, a separate set of plants 
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were monitored for their VWC when the plants were flowering. The plants with buds 

were set aside to undergo drought stress and were watered approximately 100 ml 

daily. The remaining plants were watered twice a day until full saturation. Peak floral 

humidity was measured at the base of the floral tube during anthesis, and ambient RH 

was measured a few centimeters away from the flower. Flowers were excised the 

following day to measure nectar volume, nectar sugar concentration, fresh and dry 

floral masses. 

Floral morphometrics 

Every evening plants were checked for flowers. Flowers that had freshly opened were 

sampled for humidity first, then excised from the plant and brought to the lab for fresh 

mass, flower depth, diameter, nectar and flower volumes, nectar concentration, anther 

and stigma length, and flower surface area. For surface area measurements, flowers 

were fileted lengthwise and flattened using an herbarium press. Pressed flowers were 

photographed with a scale and analyzed for surface area using image J software. For 

flower volume measurements, floral tubes were filled to the corolla brim with tap 

water, which was decanted into plastic tubs and measured (to the nearest 1 ml) using 

graduated cylinders. 

Manduca foraging behavior 

Moths were obtained from the laboratory of Goggy Davidowitz, University of 

Arizona, Tucson, AZ and shipped to Cornell University for experiments (See 

Davidowitz et al. (2003) for animal care details). Groups of 10 moths were isolated 

from the breeding cage and transferred to small 35 × 35 × 60 cm experimental nylon 

mesh cages (BioQuip). Moth age was not tracked. A freshly cut flower of any one of 
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the Datura species was introduced to the flight cage in a conical flask with tap water. 

Two response variables were scored, time to first proboscis contact with the flower as 

a measure of attractiveness, and time to contact with nectary after the first contact as a 

measure of flower handling ability. A Mandevilla macrosiphon flower was used as an 

outgroup control for general attractiveness and handling (see (Smith et al., 2022)). A 

different set of moths was used for different trials.  

Statistical analysis 

The RStudio (R 4.1.1) program was used for all statistical analyses unless stated 

otherwise. All data were tested for normality using the Shapiro-Wilk test. A paired t-

test was used to test for significant differences in the water potential between the well-

watered and drought groups. Pearsonôs test for correlation was used to test all the 

correlation plots shown in Fig 3. Floral humidity gradients were analyzed using a 

nonlinear mixed effect exponential decay model of the form: 

ῳὙὌ  ώπὩ  

Here, ȹRH is the floral humidity above ambient, y0 is the intercept, or the initial value 

of the humidity curve, i is the treatment and Ŭ is the decay rate by distance. The model 

predictions improve the fit with the treatment i as the fixed effect and individual 

flowers as the random effect.   

The fruit weight, seed count, and moth foraging data were analyzed using ANOVA. 

No post hoc test was necessary because we failed to reject the null hypothesis. The 

moth foraging data and the floral before and after moth visits were plotted and 

analyzed in GraphPad Prism 9. 
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RESULTS 

Bud length and Water potential 

Datura wrightii  flower buds grow linearly until they are approximately 10 cm in 

length. Once the corolla exceeds the fully-grown sepal length, bud growth is 

exponential during the last 2 days before anthesis. The water potential of the leaves is 

consistently more negative than that of the flowers. In the well-watered condition, this 

difference is not significant (Mann-Whitney U: 69.5, z= -1.75, P=0.073), however, 

under drought conditions, leaves show more negative potential compared with the 

flowers (Mann-Whitney U= 4, z= -3.59, P= 0.0002). Therefore, drought stress 

impacted the water potential of leaves by making it more negative, but the water 

potential of flowers remained consistent across the two treatments.  

Next we tested for stomatal conductance of the flowers and compared them with the 

leaves. Flower conductance doubles from a baseline of 10 mmol H2O m-2 s-1 to 20 

mmol H2O m-2 s-1 from thirty minutes before anthesis until 4 hours after anthesis. Soon 

after the peak stomatal conductance starts decreasing and reaches baseline levels by 

the following morning. The conductance of the leaves stayed consistent at 15 mmol 

H2O m-2 s-1 throughout the entire night. The transpiration rate of the flowers peaked at 

0.62 mmol H2O m-2 s-1 and at 0.6 mmol H2O m-2 s-1 for the leaves (Supplementary 

Fig.S2). The floral humidity of D. wrightii from anthesis to the following morning was 

found consistently much higher than the ambient. Floral ȹRH peaked minutes after 

anthesis 33.63 ± 2.79 % (mean ± SEM) and decreased steadily to 26.02 ± 3.83% RH. 

The floral temperature was slightly below ambient until 8 hours after anthesis, after 

which it was the same as the ambient until the early morning. 



 

101 

 

 

Fig. 2.1 The mechanism behind floral humidity generation. Bud length expansion 

of Datura wrightii (a) until the day of anthesis. Solid black line shows the mean, and 

the purple shaded area shows the standard error of the mean (SEM). (b) Water 

potential of leaves and flowers of drought stressed and well-watered plants. Horizontal 

and vertical black lines show the mean±SD overlaid on a violin plot showing 

individual datapoints. P-values of Mann-Whitney U test are shown at the top. The 
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stomatal conductance of the flowers (c) and leaves (d) from 30 mins before anthesis 

until 11 hours after. (e) Floral delta RH (humidity above ambient) and temperature (f) 

of D. wrightii flowers from anthesis to senescence. The arrows indicate artifacts of the 

heater turning on and off in the greenhouse where the experiments were conducted. 

 

Effect of plant water status on floral headspace humidity. The soil relative water 

content (RWC) of the well-watered plants was significantly higher than that of the 

drought condition plants (63.18 ± 14.43% vs. 19.67 ± 15.99% mean ± SD; Mann-

Whitney U= 8, z=-3.33, P=0008) (Fig. 2a). Plant water status affected the floral 

headspace humidity gradient of D. wrightii. The mean relative humidity above 

ambient (henceforth ȹRH) at the corolla base was 28.79 Ñ 4.82% (mean Ñ SD) for the 

well-watered flowers and 20.94 ± 3.11% for the drought-stressed flowers (t= 4.53, 

P=0.0001; Fig. 2b inset). Soil water content, and water status, was a strong predictor 

of the relative humidity above ambient at the base of the corolla tube. A Pearsonôs test 

for correlation showed a significant correlation between the two variables (r = 0.68, P 

< 0.05) (Supplementary Fig. S3). The floral humidity curves were fitted with non-

linear exponential decay models and compared between treatments for the decay rate 

(Ŭ) and intercept (y0) (as described in detail by (Dahake et al., 2022), Supplementary 

Fig. S3). The intercept (y0) of the floral humidity for well-watered plants was 

significantly higher than for drought condition plants (y0: t=5.02, P<0.0001). The 

drought stressed flowers reached ambient relative humidity faster than well-watered 

ones. In other words, the decay rate for floral ȹRH was significantly higher under 

drought conditions than when plants were well-watered (Ŭ: t=-2.5, P= 0.0121).  
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Fig. 2.2 Soil relative water content (RWC) of Datura wrightii plants and its 

impact on floral delta RH, in well-watered vs.  drought stress conditions. Panel (a) 

shows a violin plot for the soil RWC with individual datapoints overlaid. Horizontal 

and vertical black lines show the mean ± SD and sample sizes are indicated above the 

figures. (b) Vertical gradient of above ambient floral RH of Datura wrightii flowers of 

well-watered (blue) and drought condition (purple) plants. Inset figures shows the 

peak ȹRH extracted from these curves (b). Solid lines show the mean, and the shaded 

area shows the SEM around the mean. Sample sizes are indicated at the top of panel, 

and individual color-coded RH curves are shown in the background. 

 

Plant water status and potential for signal honesty  

The plant water status was monitored by measuring the soil volumetric water content 

(VWC) of each plant for two months. Flower wet weight is used as a proxy for flower 

size since weight showed strong and positive correlation with corolla length (R2= 0.73, 

F=74.53, df=1,28, P<0.0001, Supplementary Fig. S4) and flower diameter (R2 = 0.87, 

F=184.7, df=1,28, P<0.0001, SI Appendix FigS3b). There was strong evidence for a 

positive correlation between the soil VWC and the floral ȹRH (R2=0.54, F=75.23, 

df=1,65, P<0.0001, Fig. 3a) suggesting that well-watered plants produce more humid 

flowers than the drought stressed plants. Soil VWC also correlated positively with 
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flower size (assessed as flower weight; R2=0.27, F= 24.2, df= 1,65, P<0.0001, Fig. 3b) 

and the % water content of the flowers (R2=0.44, F=52.23, df=1,65, P<0.0001, Fig. 

3c) indicating that well-watered plants produce flowers that hold more water than 

drought stressed plants. However, VWC did not correlate with floral dry weight 

(R2=0.00046, F=0.02, df=1,65, P=0.86, Fig. 3d) and nectar concentration (R2=0.044, 

F=2.97, df=1,65, P=0.089, Fig. 3e) suggesting that the plantôs carbon investment is 

not affected by its water status.  

Floral ȹRH correlated significantly and positively with nectar volume (R2=0.45, 

F=46.17, df=1,65, P<0.0001, Fig. 3f) but showed no relation with nectar concentration 

(R2=0.04, F= 2.97, df=1, 65, P=0.08, Fig. 3g) suggesting that flowers that signal high 

humidity are more likely to offer more nectar volume but not nectar sugar. Flower size 

also correlated positively with nectar volume (R2=0.27, F=24.2, df=1,65, P<0.0001, 

Fig. 3h) and ȹRH (R2=0.31, F=28.56, df=65, P<0.0001, Fig. 3i). In summary, floral 

humidity and floral size are both honest indicators of nectar volume but not nectar 

concentration.  
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Fig. 2.3 Relationships between plant condition (assessed by soil VWC %), floral 

humidity (ȹRH%), and floral resource allocation such as nectar volume, nectar 

sugar concentration, flower size (flower wet weight), and flower dry weights. 

Panels with purple dots show a significant correlation and gray dots show insignificant 

correlations. Regression lines are shown in black with shaded area indicating the 95% 

confidence intervals. Regression coefficients and equations are indicated in each 

panel.  

 

Impact of floral hu midity on fruit and seed set 

Our previous findings show that the floral humidity of Datura wrightii is an attractive 

trait for its nocturnal pollinator Manduca sexta (Dahake et al., 2022). Naïve moths 

preferred visiting humid artificial flowers more frequently and probed them for longer 

duration than ambient flowers, indicating a possible communication channel between 
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plants and pollinators. Here, we tested an alternate hypothesis that floral humidity is 

crucial for flowers to ensure pollen and stigma receptivity. Flowers of well-watered 

plants were subjected to 4 different treatments to manipulate their floral humidity. 

Irrespective of the treatment, the plants produced fruits of similar weights (ANOVA, 

Df=3, F= 0.043, P=0.98) and the same number of seeds (ANOVA, Df=3, F= 0.052, 

P=0.98) indicating that at least under greenhouse conditions, floral humidity does not 

impact fruit and seed set of Datura wrightii.  

 

Fig. 2.4 Impact of floral humidity on pollen and stigma viability. Treatments are intact 

control, inner-side corolla coated with Vaseline, outer-side corolla coated with 

Vaseline, and corolla removed. Panels show individual data points for seed set (a) and 
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fruit dry mass (b) with overlaid mean ± SD (black lines). n.s indicates no significant 

difference between groups (ANOVA). 

 

Floral humidity and stomatal distribution of related Datura species 

An appreciable floral humidity gradient is not limited to Datura wrightii but also 

observed in its three related species tested here ï D. inoxia, D. discolor, and D. 

stramonium (Fig. 5a-c). Despite the differences in morphology, all three species 

showed the same pattern of stomatal distribution: high density in floral tubes at 

locations 1 and 2, and sparse at the flower limb at locations 3 and 4 (Fig. 5d-f). The 

shapes of the floral humidity curves are well correlated with the volume and stomatal 

density of the flower (Fig. 5g, h). Table 2 summarizes the flower parameters of all 

four species.  

Table 2.2 A summary of flower parameters (mean ± SD) of the four Datura species used in this study. 

Numbers in parentheses indicate the sample size.  

Flower parameters Datura wrightii Datura discolor Datura inoxia Datura 

stramonium 

Fresh mass (g) 6.18 ± 0.74 (15) 3.12 ± 0.57 (13) 4.11 ± 0.41 (19) 1.13 ± 0.18 (12) 

Dry mass (g) 0.92 ± 0.16 (6) 0.24 ± 0.07 (6) 0.32 ± 0.06 (15) 0.04 ± 0.01 (20) 

% water weight 89.78 ± 0.94 (6) 91.26 ± 2.69 (5) 88.48 ± 1.96 (15) 91.43 ± 1.48 (20) 

Diameter (cm) 11.22 ± 1.01 (19) 9.30 ± 0.96 (20) 7.92 ± 0.72 (28) 3.92 ± 0.62 (32) 

Depth (cm) 18.00 ± 1.34 (19) 17.42 ± 1.14 (20) 18.53 ± 0.78 (28) 7.61 ± 0.67 (30) 

Volume (cm3) 68.80 ± 12.78 (18) 25.20 ± 7.18 (12) 29.02 ± 5.21 (24) 8.58 ± 2.50 (18) 

Surface area (cm2) 149.28 ± 21.17 (17) 80.81 ± 13.96 (16) 78.27 ± 6.72 (13) 22.53 ± 2.52 (11) 

Anther height 

(cm) 

14.96 ± 0.93 (13) 14.23 ± 0.79 (16) 15.03 ± 0.78 (17) 5.19 ± 0.26 (16) 

Stigma height 

(cm) 

17.38 ± 1.82 (13) 13.68 ± 1.06 (16) 15.11 ± 0.88 (17) 4.73 ± 0.30 (16) 

Herkogamy (cm) 

[Stigma ï Anther] 

2.41 ± 0.87 (13) -0.55 ± 0.27 (16) 0.08 ± 0.10 (17) -0.46 ± 0.04 (16) 

Nectar volume 

(µl) 

121.58 ± 60.13 (17) 71.61 ± 26.26 (17) 75.25 ± 26.66 (22) 10.02 ± 5.49 (13) 

Nectar 

concentration (%) 

27.25 ± 2.91 (6) 23.73 ± 1.33 (13) 26.5 ± 1.53 (19) 21.03 ± 3.83 (13) 

Floral ȹRH in 

nectar tubes (%) 

31.13 ± 6.53 (16) 27.22 ± 3.98 (13) 19.75 ± 5.79 (16) 19.18 ± 5.82 (24) 
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Fig. 2.5 Floral humidity of D. discolor, D. inoxia, and D. stramonium (a-c) with 

stomatal distributions on the inner surface of the flower (d-f). Floral ȹRH are 

shown as mean (blue line) ± SEM (shaded blue region). For stomatal density, lines 

show the mean ±SD and dots show individual datapoints for 4 locations sampled 

across the inner side corolla (shown in opened flower images). Sample sizes are 

shown at the top of each panel. The area under the floral humidity curve regressed 

against flower volume (g) and stomatal density at location 2 on the corolla (h). The 

icons depict what is being regressed. Color-coded data points represent the means for 

each species. Dotted lines represent a slope of 1. 
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Evolutionary allometry of four Datura species 

 

Fig. 2.6 Evolutionary allometry of floral humidity and flower parameters across 

four Datura species. Panels (a-f) show individual datapoints color and shape-coded 

for each Datura species. Solid black line depicts the allometric relationship and the 

shaded region indicates 95% confidence interval. The dashed line indicates a slope of 

1. Each panel mentions the allometry equation and the correlation coefficient. The top 

half of panel (g) shows scaled Datura flower images, and the bottom half shows a D. 

stramonium enlarged to match the size of D. wrightii and a D. wrightii miniaturized to 

match the size of D. stramonium.  
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We tested for allometric relationships between log-transformed peak floral humidity 

versus different flower parameters of the 4 Datura species. A null prediction is that all 

Datura species are equally humid and therefore the signal does not scale with the 

different flower parameters (slope=0). However, the evolutionary allometric 

relationships were positive across the four Datura species for floral humidity vs. 

different flower parameters (Fig. 6). Table 3 summarizes the allometric slopes and 

intercepts for the different relationships shown in Fig. 6. We found no evidence for 

isometry (slope=1, dashed line) for either of the relationships. Instead, all slopes were 

<1 suggesting that floral humidity is a hypoallometric trait within this clade. However, 

the allometric slopes and the intercept were significantly greater than zero for all the 

traits regressed against ȹRH (Table 3). Within the four species, traits for D. inoxia 

were consistently below the regression line, whereas D. discolor and D. wrightii were 

above the line and D. stramonium distributed on both sides of the regression line.  

Table 2.3 Summary statistics of the log transformed floral humidity (ȹRH) regressed against 

different flower parameters 

comparison Intercept 

(mean ± SE) 

P Slope F D.F P 

ȹRH vs. flower surface 

area 

0.86 ± 0.11 <0.0001 0.27 ± 0.06 20.12 1,46 <0.0001 

ȹRH vs. flower volume 0.99 ± 0.07 <0.0001 0.24 ± 0.05 23.93 1,52 <0.0001 

ȹRH vs. nectar volume 1.08 ± 0.08 <0.0001 0.17 ± 0.04 13.50 1,38 0.0007 

ȹRH vs. flower length 0.99 ± 0.12 <0.0001 0.31 ± 0.10 8.72 1,59 0.0044 

ȹRH vs. flower diameter 0.99 ± 0.07 <0.0001 0.42 ± 0.08 24.05 1,61 <0.0001 

ȹRH vs. flower weight 1.24 ± 0.04 <0.0001 0.24 ± 0.06 12.65 1,45 0.0008 

 

Moth foraging behavior 

We presented moths with Datura flowers and Mandevilla sp. as an outgroup control to 

infer their attractiveness and handling efficiency toward each species. Moths were 
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scored for their latency to first contact and first contact to nectar discovery time. 

Moths were equally interested in visiting all flower species. There was no evidence for 

a difference in time to first contact (ANOVA; P = 0.21) or nectar discovery (ANOVA; 

P=0.66) for any flower species.  

Floral humidity was measured before and after moth visitation. There was no 

difference in floral humidity between moth visits. Flowers showed the same intensity 

of ȹRH, indicating that floral humidity reconstitutes after moth visits and is a 

persistent signal, present even when nectar is depleted.  
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Fig. 2.7 Time to first contact 

(a) and nectar discovery (b) 

by M. sexta hawkmoths 

visiting the four Datura sp. 

and Mandevilla as a control.  

(c) Floral delta RH was 

measured before (open bar) 

and after (filled bar) moth 

visitation to the flowers. 

Data show bar graphs with 

mean ± SD and individual 

datapoints overlaid on top of 

the bars. Datura sp. are color 

coded as in Fig. 6.  
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DISCUSSION 

Floral traits can be categorized as honest signals, dishonest signals, or cues (Cohen & 

Shmida, 1993; Leonard et al., 2011; Johnson & Schiestl, 2016). Honest signals must 

correlate with the quality of the information they represent are often costly to produce 

(Dawkins & Guilford, 1991; Smith, 1994; Smith & Harper, 1995). Floral scent, color 

pigments and the size of the flower have been shown to represent honest information 

about the underlying nectar, pollen rewards or other rewards offered by flower (Galen, 

1989; Armbruster et al., 2005; Gomez et al., 2008; Knauer & Schiestl, 2015). Here, 

using a Tinbergen approach, we present evidence for floral humidity as an honest 

signal in plant-pollinator interaction. For the mechanistic, functional, and ontogenetic 

levels of analysis we use Datura wrightii as a case study of the Datura genus.  Our 

findings suggest that the plant condition (watered vs drought-stressed) can directly 

influence floral humidity and nectar quantity. For the evolutionary level, we compare 

floral humidity of D. wrightii with three closely related Datura species: D. inoxia, D. 

discolor, and D. stramonium. All Datura flowers show a strong humidity signal which 

scales with respect to flower parameters. Below we discuss the implications of the 

proximate and ultimate questions pertaining to floral humidity as a signal in plant-

pollinator interactions.  

 

Proximate mechanisms 

Floral humidity in Datura wrightii is a persistent signal, similar to floral scent (Knauer 

& Schiestl, 2015), and unlike the ephemeral nature of floral CO2(Guerenstein et al., 

2004; Goyret et al., 2008). When subjected to drought stress, the floral headspace 
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humidity gradient is significantly reduced compared to well-watered flowers (Fig. 2b). 

It has been established that floral stomata contribute significantly to the headspace 

humidity of Datura wrightii (Dahake et al., 2022). On the inner surface of the corolla, 

the density of floral stomata increases closer to the nectar tube. In this study, we 

documented the stomatal conductance of D. wrightii flowers and compared it with the 

leaves of the same plant. Interestingly, the stomatal conductance of the flower exhibits 

modulation throughout the night, increasing up to four hours after anthesis and 

returning to baseline by the following morning, while the leaf conductance remains 

unchanged (Fig. 1c and d). The stomatal conductance of Datura flowers is comparable 

to that of giant Southern Magnolia flowers (Feild et al., 2009) but lower than that 

reported for Calycanthus occidentalis (Roddy et al., 2018). However, it's important to 

note that these comparisons involve diurnal flowers, whereas Datura is a nocturnal 

flower. Studies on water relations of nocturnal flowers are limited. The water potential 

of the leaves consistently exhibits more negative values compared to the flowers. 

Surprisingly, the water potential of the flowers remains unaffected under drought 

conditions, while the leaf potential becomes even more negative, indicating that plants 

prioritize the sexual organs over vegetative organs in stressful conditions. However, 

this is true only if drought-stressed plants receive at least some water (~100 ml) daily 

to sustain flowering. Plants that are not watered for several days frequently abort buds 

(personal observation) and never reach flower maturation. Datura flowers exhibit both 

xylem and phloem water supplementation (Supplementary Fig. S5A), similar to giant 

Magnolia flowers (Feild et al., 2009).  
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To assess the honesty of floral humidity as an indicator of nectar availability, we 

conducted a comparison between drought-stressed and well-watered plants. Our 

findings revealed a strong correlation between floral humidity and nectar volume, 

indicating that humidity can honestly convey a message about nectar quantity. Our 

finding supports previous investigations on other flower species (Carroll et al., 2001; 

Rering et al., 2020). The overall impact of drought on flower parameters was recently 

reviewed (Descamps et al., 2021). Additionally, floral size showed a positive 

correlation with nectar quantity, which aligns with observations in other flowers 

(Knauer et al., 2021; Ortiz et al., 2021). Furthermore, both floral humidity and size 

exhibited a correlation with each other, implying that larger flowers also present 

higher humidity levels. Thus, both floral humidity and size directly depend on water 

availability. The impact of water limitation was evident in various flower parameters, 

including wet weight, headspace humidity, nectar volume, and herkogamy (Elle & 

Hare, 2002). However, dry mass and nectar concentration remained unaffected, 

suggesting that carbon investment in the flower is not influenced by water limitation, 

while water investment is significantly reduced. Such water costs can be particularly 

pronounced for plants growing in arid environments. In one of our observed plants, 

water limitation resulted in altered flower shape. The flowers exhibited a reduced 

corolla flare, negligible nectar production, and negative herkogamy (Supplementary 

Fig. S5 B,D). Notably, the same plant produced normal flowers when adequately 

watered. Similar examples can be found in bee-pollinated flowers, such as the alpine 

skypilot Polemonium viscosum, which lacks stomata or trichomes yet experiences 

sufficient water loss to incur a photosynthetic cost for the plant. To offset this cost, 
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plants regulate flower size, producing smaller flowers during dry periods and larger 

flowers during humid periods (Galen et al., 1999). A similar trend has been observed 

in the self-pollinating flowers of Leptosiphon bicolor, where flower size positively 

correlates with moisture levels (Lambrecht, 2013). Under dry conditions, the leaves of 

L. bicolor close their stomata to compensate for water loss from the flowers. In the 

case of the barrel cactus, each flower requires 46.4g of water (Nobel, 1977a). In the 

extreme example of the giant semelparous succulent, Agave deserti, a single 

inflorescence can require 25 kg of water to facilitate the climactic flowering event 

(Nobel, 1977b). 

 

Ultimate mechanisms 

In our previous study (Dahake et al., 2022), we investigated the hypothesis that floral 

humidity serves as an attractive signal to pollinators. Through lab assays with the 

hawkmoth pollinator Manduca sexta, we found that the moths preferred to visit humid 

artificial flowers more frequently and for longer durations compared to ambient 

flowers. This preference suggests that floral humidity may provide fitness benefits to 

the plant by promoting pollen export and increasing outcrossing rates. However, in the 

present study, we explored an alternative hypothesis that floral humidity has no 

signaling function, instead, it impacts pollen or stigma viability. Our results provided 

no evidence for the effect of humidity on the fruit and seed set of Datura wrightii. 

Pollen of wilted flower successfully germinated in laboratory conditions (Brewbaker 

& Kwack, 1963), indicating that humidity did not significantly affect pollen viability 

(Supplementary Fig. S5D). One possible explanation for this lack of effect is that 
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floral humidity is crucial for preventing the drying of the stigma in the arid habitat of 

D. wrightii, where daytime temperatures can reach 40°C with low ambient humidity. 

It is worth noting that the greenhouse environment where we conducted our 

experiments had lower temperatures ranging from 23-30°C, which may have 

influenced the outcomes. Another possibility is that floral humidity represents an 

example of exaptation, where it evolved primarily to protect the floral sexual organs 

from drying but also has an impact on pollinator behavior and is subject to selection 

mediated by pollinators. However, resolving this question would require phylogenetic 

analysis, ancestral state reconstruction, and behavioral evidence of plant-pollinator 

interactions in close relatives of Datura. 

To further explore the relationship between floral humidity and related species, we 

compared the floral humidity of D. wrightii with three closely related species. In all 

three species, floral humidity within the floral tubes was significantly higher than 

ambient levels. However, the humidity curves varied among the species, 

corresponding to differences in flower morphology. D. stramonium reached ambient 

humidity levels more quickly than D. inoxia and D. discolor (Fig. 5). This observation 

was supported by the correlation between the area under the floral humidity curve, 

flower volume, and stomata. All three related species exhibited a similar pattern in the 

distribution of stomata on the inner surface of the corolla. D. stramonium had fewer 

dense stomata compared to D. inoxia, but it still presented a comparable humidity 

intensity, suggesting that the presence of stomata alone is not sufficient, and stomatal 

conductance might be crucial.  

To understand the evolution of floral humidity in Datura, we performed regression 
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analyses on several flower parameters of the four Datura species, using the peak floral 

relative humidity (RH). Our results showed that floral humidity is a hypoallometric 

trait in all cases. In allometry, both the slope and the intercept of the regression are 

informative (Emlen & Nijhout, 2000). The intercept for floral RH was significantly 

higher than zero, indicating that even in the smallest flower species, such as D. 

stramonium, the floral humidity is considerably high. In comparison to other flower 

species of similar size and weight outside of the Datura genus, which exhibit only 2-

7% ȹRH (von Arx et al., 2012; Harrap et al., 2020), the floral humidity in Datura 

appears to be a shared derived trait. 

In summary, we evaluated the floral humidity signal of Datura by addressing 

questions at Tinbergen's four levels of analysis. Floral humidity is influenced by the 

plant's condition, as drought-stressed plants exhibited lower humidity signals, 

indicating that the production of floral humidity is costly for plants. The ȹRH of 

flowers serves as an honest signal for nectar volume. However, the relationship 

between floral humidity and nectar volume is not isometric or hyperallometric, 

suggesting the existence of constraints in signaling. For example, the largest flower in 

our study, D. wrightii, had only 1.5 times the humidity intensity compared to the 

smallest flower, D. stramonium, but it offered 12 times the nectar volume. Similarly, 

D. discolor and D. wrightii had comparable humidity signals, but D. wrightii provided 

twice the amount of nectar compared to D. discolor. This suggests that floral 

humidity, in combination with other cues, may create a landscape for pollinators 

where the humidity of flowers predicts the amount of available nectar. Through 

experiential learning, pollinators may be able to associate floral humidity with flower 
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morphology and nectar rewards. 
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A pinned museum specimen of Manduca sexta 
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CHAPTER 3 
DYING OF THIRST: OSMOREGULATION BY A HAWKMOTH POLLINATOR 

IN RESPONSE TO VARIABILITY IN AMBIENT HUMIDITY AND NECTAR 

AVAILABILITY 3 

 

Abstract:  

Climate-induced alterations in flowering phenology can lead to a temporal mismatch 

between pollinators and the availability of floral resources. Such asynchrony may be 

especially impactful in desert ecosystems, where flowering time and pollinator 

emergence are sensitive to rainfall. To investigate the osmoregulation of a desert-

living hawkmoth pollinator Manduca sexta, we sampled hemolymph osmolality of 

over 1000 lab-grown moths held at 20%, 50%, and 80% ambient humidity. Under 

starvation, the hemolymph osmolality of moths remained within a healthy range from 

days 1-3, regardless of ambient humidity. However, osmolality levels increase steeply 

from a baseline of 360-370 mmol/kg to 550 mmol/kg within 4-5 days in low and 

intermediate humidity and after 5 days in high humidity. Starved moths exposed to 

low humidity conditions died within 5 days, whereas those in high humidity 

conditions lived twice as long. Moths experienced significant water loss through 

cuticular evaporation and respiration. Moths fed either synthetic Datura wrightii 

nectar, synthetic Agave palmeri nectar, or water, maintained osmolality within a 

healthy baseline range of 350-400 mmol/kg. The same was true for moths that fed on 

authentic floral nectars. However, moths consumed higher amounts of synthetic 

nectar, likely due to the non-sugar nectar constituents in the authentic nectar. Finally, 

simulating a 4-day mismatch between pollinator emergence and nectar availability, we 

 
3Dahake, A., Persaud, S., Jones, M. N., Goyret, J., Davidowitz, G., & Raguso, R. A. (2023). Dying of thirst: Osmoregulation by a hawkmoth 

pollinator in response to variability in ambient humidity and nectar availability. bioRxiv, doi:10.1101/2023.06.27.546736 
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found that a single nectar meal can mitigate osmotic shock in dry ambient conditions. 

Our findings indicate that hemolymph osmolality provides a rapid and accurate 

biomarker for assessing both the health and relative hydration state of insect 

pollinators. 
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Introduction  

A rising concern among scientists and policymakers alike is whether pollinators can 

cope with fluctuations in climate and consequent changes in the availability of floral 

rewards (nectar and pollen) due to plant blooming time (phenology) (Willmer, 2012; 

Straka & Starzomski, 2014; Cohen et al., 2018; Soroye et al., 2020; Stout & Dicks, 

2022). These observed seasonal shifts not only alter floral phenology but also temporal 

aspects of pollinator biology, from emergence to migration (Forrest, 2016; Luder et 

al., 2018; Satterfield et al., 2020). While some studies report that both plant and 

pollinator phenologies have advanced by 6-10 days over the last few decades, 

(Bartomeus et al., 2011; Willmer, 2012; Forrest, 2015; Duchenne et al., 2020) others 

have documented a mismatch in flower-pollinator phenology due to changes in 

snowmelt time (Kudo & Ida, 2013; Kudo & Cooper, 2019). Therefore, climate change 

is predicted to impact plant-pollinator synchrony on a global scale, leading to re-wired 

plant-pollinator networks, with implications for management practices, ecosystem 

services, conservation, and habitat restoration (Burkle & Alarcon, 2011). Ongoing 

studies address such impacts on large, long-lived vertebrate pollinators such as 

migratory hummingbirds and bats (Fleming et al., 1993; Morales-Garza et al., 2007; 

Ayala-Berdon et al., 2011; Ayala-Berdon & Schondube, 2011). Here we focus on 

shorter-lived insects, for whom lifetime reproductive success is generally limited to a 

few weeks, with the potential for increased vulnerability to climate instability. 

Of the several aspects of climate change that can influence plant-pollinator phenology, 

shifting precipitation is considered a crucial driver (Cohen et al., 2018; Henry et al., 

2022). Regions that are currently dry are projected to experience more severe droughts 
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(Trenberth, 2011) and wildfires, resulting in pollinator declines (Banza et al., 2019). 

Pollinators in arid habitats are especially affected by changes in precipitation because 

their arrival or emergence is often linked to precipitation events (Danforth, 1999; 

Contreras et al., 2013). The greatest natural stressors on small insects in arid climates 

are high temperatures and the lack of moisture or low relative humidity (RH) 

(Henschel & Seely, 2008). Due to their high surface area to volume ratio (Kühsel et 

al., 2017), insects are susceptible to water loss and must find appropriate 

microenvironments and sufficient food resources to guard against desiccation 

(Willmer, 1982; Chown et al., 2011). Unlike small insects that can inhabit humid 

flowers (Harrap et al., 2020; Dahake et al., 2022), cycad cones (Salzman et al., 2023), 

or the boundary layers of leaves (Ramsay et al., 1938; Potter et al., 2009; Woods, 

2010; Potter et al., 2011; Potter et al., 2012), large insects must find alternative ways 

to avoid desiccation. Earlier studies show that smaller xerophilic bees (Chalicodoma 

sicula; 143 ï 233 mg, Xylocopa sulcatipes; 376 - 422 mg) experience a water deficit 

during the hot and dry summer months (Willmer, 1986). In contrast, larger bees 

(Xylocopa pubescens; 536-632 mg, Xylocopa capitata; 1.2-1.5 g) experience water 

excess exacerbated by their high metabolic activity (Nicolson & Louw, 1982; 

Willmer, 1988; Nicolson, 1990). Therefore, the strategies used by small and large 

pollinators to prevent desiccation, avoid osmotic shock, and modify foraging behavior 

in unpredictable conditions is a topic of interest, especially with respect to monitoring 

pollinator health. 

Recently, several papers have reviewed the theme of ñpollinator healthò with domestic 

and wild bees as focal taxa (Lopez-Uribe et al., 2020; Parreno et al., 2022). Non-
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destructive observation-based markers of pollinator health include monitoring body 

size, body weight, and foraging activity using radio frequency identification (RFID) 

tags, lifespan, and fecundity (Perry et al., 2015; Lopez-Uribe et al., 2020). In contrast, 

destructive sampling methods include sacrificing pollinators to monitor their lipid 

content, immunological response (immune gene expression levels), oxidative stress, 

Cytochrome P450 gene expression (pesticide exposure), and qPCRs for pathogen 

abundance, among other markers (Alaux et al., 2010; Traver & Fell, 2011; Evans et 

al., 2013; López-Uribe et al., 2016; Simone-Finstrom et al., 2016; Smart et al., 2016; 

Alaux et al., 2017; Schurr et al., 2017; Ricigliano et al., 2019; Lopez-Uribe et al., 

2020). While these sampling techniques work well for social insects with large 

populations and a central place foraging strategy, it has been a challenge to monitor 

similar indices of health for insects that have solitary lifestyles, forage, or disperse 

over long distances. Although much attention has been given to bees, the health 

impacts on other insect pollinators, including moths (Lepidoptera) are less commonly 

addressed (Stevenson et al., 2022).  

Moths outnumber bees by an order of magnitude in species richness but likely go 

unnoticed due to their public connotation as agricultural or stored product pests, as 

well as their predominantly nocturnal niche. Despite this, moths serve as valuable 

pollinators and outcrossing agents (Devoto et al., 2011), especially to guilds of night-

blooming flowers (MacGregor et al., 2015; Hahn & Brühl, 2016). Among the best-

studied group of moths as pollinators are the sphinx moths or hawkmoths 

(Sphingidae), most of which are large-bodied animals (1-3 g) that can be highly 

effective pollinators (Oliveira et al., 2004; Johnson et al., 2017), especially over 
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distances not traversed by most bees (Skogen et al., 2019). The Carolina Sphinx 

(tobacco hornworm) moth, Manduca sexta is a large nocturnal hawkmoth (2 g) found 

in many different habitats across the Americas. The ecology of Manduca sexta has 

been extensively studied in the Sonoran Desert of Arizona, USA (Raguso & Willis, 

2005; Bronstein et al., 2007; Alarcón et al., 2008; Riffell et al., 2008; Bronstein et al., 

2009; Wilson et al., 2018; Wilson et al., 2019; Johnson et al., 2021). The Sonoran 

Desert spreads over 300,000 sq. km and spans 2 countries and 5 states (Comus et al., 

2015). In arid southwestern USA, annual precipitation is projected to decrease, with 

concomitant projected increases in droughts and wildfires (Easterling, 2017; Overpeck 

& Udall, 2020; IV, 2021). Recent efforts have elucidated the major role that ambient 

humidity plays in the life histories of these nocturnal pollinators. Light trap data 

collected from the Santa Rita Experimental Range (SRER) near Tucson, AZ show that 

hawkmoth occurrence peaks with the onset of monsoon rains (July and August) in the 

Sonoran Desert (Contreras et al., 2013). In this otherwise dry habitat, the arrival of 

monsoon rains can increase relative humidity (RH) from 20 to 80%. Thus, increased 

ambient humidity is tracked by hawkmoth abundance, through synchronized adult 

emergence or immigration (Contreras et al., 2013), as shown previously for desert 

bees (Danforth, 1999).  

Lab experiments show that moths survive twice as long in a background RH of 60-

80% than in a background of 20-40% RH. Thus, there should be a strong selection for 

moths to perceive differences in ambient RH. Indeed, the antennae of M. sexta are 

equipped with specialized hygrosensory sensilla, the underlying neurons of which 

respond to tiny fluctuations in ambient humidity. Minute rates of change 
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(0.23%RH/sec and 0.30%RH/sec) are sufficient to trigger a spike in the antennal 

moist- and dry- sensing neurons, respectively (Dahake et al., 2022). Accordingly, 

moths should be equipped to show clear behavioral responses to differences in 

ambient RH. In wind-tunnel choice assays, M. sexta moths significantly favor the 

more humid air stream of the tunnel, even if the difference between the two sides is 

less than 8% RH (Wolfin et al., 2018). Moreover, adult moths regulate their 

consumption of nectar in different ambient humidity levels by showing a preference 

for dilute nectar (12% sucrose) or water (0% sucrose) in low RH and concentrated 

nectar (24% sucrose) in high RH (Contreras et al., 2022). However, despite different 

preferences, moths appear to use compensatory feeding to maintain a constant overall 

energy intake (Contreras et al., 2013), emphasizing the physiological balance between 

sometimes competing caloric and osmoregulatory demands. Clearly, ambient 

conditions can modify pollinator behavior and affect their survivorship.  

Field sampling studies provide snapshots of pollinator health during specific 

environmental conditions or periods. What is needed are longitudinal studies that track 

pollinator physiology under variable environmental conditions, establishing baseline 

performance data that can lead to a more predictive framework for tracking pollinator 

health (Brochu et al., 2020).  How do we go beyond monitoring seasonal changes in 

community structure and population dynamics, to quickly monitor the physiological 

state of pollinators? What is the degree of physiological plasticity shown by 

pollinators and how does their internal physiological state reflect the choice of flowers 

they visit? We address some of these questions using Manduca sexta as a model 

organism. Earlier work on large bees suggested that larger pollinators, such as 
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hawkmoths, might experience water excess due to their intense metabolic activity 

(Heinrich & Raven, 1972; Heinrich, 2013). Instead, we found that Manduca sexta, 

despite being one of the largest insect pollinators, experiences severe water loss in dry 

conditions. We employed a laboratory osmometer to establish baseline hemolymph 

concentrations of starved and well-fed moths held in dry (20% RH, vapor pressure 

deficit (VPD) = 2.4 kPa), intermediate (50% RH, VPD = 1.5 kPa), and humid 

environments (80% RH, VPD= 0.6 kPa). Although hemolymph osmolalities of some 

desert insects have been documented previously, there is a lack of systematic baselines 

as a reference to compare individuals between different ages and physiological states 

(Nicolson, 1980, 1990). We evaluate the osmoregulatory capacity of M. sexta hand-

fed with two nectar diets (Agave palmeri, Datura wrightii) and water, which are 

available in their natural habitat in the Sonoran Desert. We compare the differences in 

feeding amounts of authentic vs. synthetic nectar and their impact on moth 

hemolymph osmolality. Finally, we test the impact of an experimentally simulated 4-

day mismatch between pollinator emergence and nectar availability on mothsô ability 

to rescue themselves from osmotic stress. Our findings suggest that hemolymph 

osmolality could serve as a rapid and accurate biomarker for the health (dehydrated vs. 

satiated state) of pollinators in their natural habitats.  
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Materials and methods 

Animals 

Continuously breeding laboratory colonies of M. sexta (Contreras et al., 2022) were 

maintained in parallel in the Raguso lab at Cornell University and the Davidowitz lab 

at the University of Arizona, Tucson. Larvae were reared to maturity on an artificial 

diet, under conditions described by Davidowitz et al. (2003). Pupae were separated by 

sex and were transferred to incubators with different experimental treatments for 

relative humidity (RH) so that adult moths could eclose directly into the assigned RH 

treatment.  

Experimental setup for the three humidity levels 

Three environmental incubators (Thermo Scientific, Inc.)  were maintained at 24°C and 

programmed to a 16:8 light: dark cycle. The incubators were set to operate at 20%, 50%, or 

80% RH (with corresponding vapor pressure deficits of air in kPa [VPD] of 2.4, 1.5, and 0.6, 

respectively). At Cornell, the following steps were taken to produce stable differences in 

incubator RH. To maintain 80% RH, a 2L humidifier (Vicks, Inc.) was placed inside the 

incubator, with an electronic relay controlled using a Raspberry Pi device that received 

instantaneous RH values from an Adafruit SHT31 temperature and humidity sensor also 

placed inside the incubator. This created a closed-loop system to maintain a stable RH of 

80±2% (mean ± SD). For 50% RH, two water buckets with approximately 2L water each were 

placed inside the incubator, and for 20% RH, an automatic dehumidifier from YouFu, Inc. set 

at 20% RH level was used. At Arizona (with drier ambient RH conditions in the laboratory), 

to achieve 80% RH, we used small humidifiers connected to the incubators through hoses, 

which remained engaged without any feedback device. The humidifier was refilled twice a 

day (morning and night). For 50% RH, we placed a small tray of water, enough to fully cover 
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the bottom, in the incubator (this was usually done every morning and night). There were no 

alterations done to maintain 20% RH because the ambient RH typically ranged between 20 - 

25%.  For the rescue experiment a Percival (Model number) automatic incubator was used and 

set at 24  and 80% RH. All other humidities were maintained using the methods described 

above. 

Hemolymph osmolality 

Appropriately aged moths were removed from the incubator and anesthetized in a -

20ęC freezer for 5-10 mins. Anesthetized moths were weighed (fresh mass to 0.001g) 

and taken to the fume hood for descaling the ñneckò of the moth (the intersegmental 

membrane between head and thorax), using pressurized air and/or a kitchen scouring 

pad (3M, Inc.). The dorsal surface of the neck was punctured roughly at the midline 

with an insect pin. The mothôs neck was stretched ventrally, and pressure was applied 

to the thorax with the thumb to collect 10µl of oozing hemolymph in a 10ul 

microcapillary glass tube (Fisherbrand, Inc.). In cases where the neck did not yield 

enough hemolymph, pressurized air was blown through the hole in the neck such that 

hemolymph accumulated in the last abdominal segment, which was then punctured as 

described, using the insect pin. Hemolymph solute concentration for the same animal 

did not differ between the neck and abdomen (results not shown). The hemolymph 

sample was pipetted onto a small filter paper disc, then placed within the sample 

holder of a Wescor 5600 Vapor Pressure Osmometer for analysis. Osmolality is a 

measurement of the number of solute particles in a kg of solvent (In this case moth 

hemolymph) and is independent of temperature. Osmolality can be expressed as 

mOsmol/kg of solvent or the SI unit mmol solute/kg solvent. Seawater is on average 
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1000 mmol/kg, human blood ranges between 275-295 mmol/kg and deionized water is 

0 mmol/kg. The osmometer was calibrated either once each week or after every 5-10 

readings using Opti-mole osmolarity standard solutions of 100 mmol/kg, 290 

mmol/kg, and 1000 mmol/kg provided by Wescor. Osmolality data were collected for 

as long as 10 µl hemolymph could be extracted from moths under the different 

ambient humidity environments. Moths were only used once for osmolality 

measurements and the same methods were followed for the following experiments 

described in this manuscript. After hemolymph extraction, moths were stored within 

glassine envelopes and were euthanized in a -20C freezer.  

Water loss experiment 

Insects are particularly prone to desiccation risk (Chown et al., 2011). The fresh mass 

of adult moths was used as a proxy to determine active vs passive water loss from 

adult moths. Pairs of male and female Manduca sexta pupae were isolated from the lab 

colony and placed in separate nylon mesh cages (35 x 35 x 60 cm; Bioquip Products, 

Inc.) inside climate-controlled incubators. On the day when moths eclosed from the 

pupae, one individual of each sex was immediately freeze-killed and returned to the 

cage. The dead moth served as a control to account for passive evaporation occurring 

in the living moth. Both the dead and the living moths were weighed daily to 0.01g 

using a digital balance (Mettler Toledo) from the day of eclosion (day 0) for as long as 

moths survived at each ambient RH level. We used 10 moths each (living and dead) 

for the three ambient RH levels. Accounting for both sexes, a total of 120 moths were 

used in this experiment. 

Starvation experiment 
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To establish baseline values for hemolymph osmolality under different ambient RH 

levels, male and female pupae were placed in separate nylon mesh cages in climate-

controlled incubators. All emerging moths were starved (unfed) in this experiment. 

Moths that still had wet wings (freshly eclosed) were considered 1 day old the 

following day. At a specific age (days post-eclosion), moths were removed from the 

incubator to draw hemolymph samples. New pupae were introduced into the cage until 

a sample size of 10 moths per day was achieved. Although half of the total number of 

moths survived beyond the day at which 50% mortality was reached, these moths 

rarely yielded enough hemolymph for a reliable osmolality reading. Reliable 

osmolality data were obtained up to days 5, 6, and 8 for moths held at 20%, 50%, and 

80% RH, respectively. 

The liquid diet used in the feeding experiments 

   

 
Fig. 3.1 An outline justifying the use of the three diets and the ambient humidity 

used in our experiments throughout this study (A) shows the overlapping timeline 

between Monsoon, Manduca sexta activity, and the flowering period of two plants that 

serve as major sources of nectar meals in the Sonoran Desert during the months of 
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July-Sept. The ambient humidity during Monsoon season in Tucson, Arizona, USA 

ranges between 20% to 80% RH (See fig. 1 in Contreras et al. (2013)). (B-D) Pie 

charts show the nectar composition of the three liquid diets as total dissolved solids: 

synthetic Datura wrightii nectar, synthetic Agave palmeri nectar, and deionized water. 

The proportions of the different sugar combinations are color coded.  

 

The flight activity of Manduca sexta in the Sonoran Desert overlaps with the monsoon 

season and the flowering phenology of Agave and Datura plants, which are their 

primary nectar sources (Fig. 1A) (Raguso et al., 2003; Alarcón et al., 2008; Bronstein 

et al., 2009; Contreras et al., 2013). To investigate the ability of male M. sexta moths 

to maintain hemolymph osmolality under different diets and relative humidity (RH) 

conditions, two synthetic nectar mixtures were created. The first synthetic mixture 

replicated the nectar sugar composition of Datura wrightii flowers, consisting of 337.5 

mg/ml of glucose, 276.79 mg/ml of fructose, and 1589.29 mg/ml of sucrose (Riffell et 

al., 2008). This mixture was the first of three diets and had a sugar concentration of 

approximately 22% with a high proportion of sucrose (Fig. 1B). The second synthetic 

mixture replicated the nectar sugar composition of Agave palmeri flowers, consisting 

of 651.29 mg/ml of glucose, 547.56 mg/ml of fructose, and 1.95 mg/ml of sucrose 

(Riffell et al., 2008). This mixture was the second of three diets and had a sugar 

concentration of approximately 12% with a high proportion of hexose sugars (Fig. 

1C). The last diet consisted of deionized water and therefore had 0% sugar (Fig. 1D). 

Ad Libitum Feeding of Moths 

Each climate-controlled incubator consisted of three nylon mesh cages, where moths 

eclosed separately and were fed one of three diets ad libitum. Feeding was conducted 

on laboratory benchtops outside of the incubators. Three separate feeding experiments 

were conducted: one with synthetic nectar, one with authentic nectar, and a rescue 
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experiment in which moths were fed synthetic nectar or water. Males and females did 

not differ in their osmolality curves; therefore, the feeding experiments were only 

conducted on males. The same feeding protocol was followed for all subsequent 

experiments. Droplets of the appropriate liquid diet (50µl) were pipetted onto Parafilm 

wells. Moths were removed from the incubators and held by hand along the strongly 

reinforced costal vein of the forewing. The moth's proboscis was extended using an 

insect pin and placed into a liquid droplet. Once a droplet was fully consumed, the 

proboscis was moved to a second droplet, and this process was repeated until the moth 

was fully satiated. Any remaining liquid was pipetted up and measured (to 1 µl). Each 

moth's proboscis was extended and placed into the droplet at least three times to 

ensure it was fully satiated. Fed moths were returned to their respective incubators and 

maintained at the different RH levels. Moths were fed every day except for the day of 

hemolymph extraction, to prevent recently imbibed liquid from confounding 

osmolality values taken on that day. 

For the synthetic nectar feeding experiment, male M. sexta pupae were placed in the 

incubators maintained at 20%, 50%, or 80% RH. Moths were fed ad libitum as 

described above from day 1-7 post-eclosion, and their osmolality was measured each 

day until day 8. However, these are not repeated measures because once osmolality 

was recorded, the moth was sacrificed, and a new moth was introduced to the 

treatment-appropriate cage. We aimed for a sample size of 5-8 moths for each day 

post-eclosion. Thus, the data shown in Fig. 4 required us to destructively sample 374 

moths across the three diets and ambient RH levels. Although nectar-fed moths 

typically survive beyond day 8, we terminated the experiment here to compare 
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osmotic concentrations with the starved moths that had survived a maximum of 8 

days.  

For the authentic nectar feeding experiment, moths were fed either Datura wrightii 

flower nectar (with a sugar concentration of approximately 24%) or Agave palmeri 

nectar (sugar conc. ~12%). This nectar was previously collected from newly opened 

flowers and was frozen for storage at -20C. Datura wrightii nectar was collected from 

greenhouse-grown plants at Cornell University and Agave palmeri nectar was 

collected from natural populations growing in the SRER (see above) in Arizona. In 

this experiment, moths were fed ad libitum for 4 days, and their hemolymph was 

extracted on day 5. Day 5 was selected as a single time point for measurement because 

in the starvation experiment hemolymph osmolality of moths reached lethal levels at 

this point (see Fig. 2C, D). Osmolality values of 5 to 9 moths were obtained for each 

combination of RH and diet, with each moth being 5 days old.  

For the rescue experiment, we evaluated whether a single meal could restore water 

balance in moths. We starved newly eclosed moths for three days, fed the moths ad 

libitum on day four, and measured hemolymph osmolality on day five. As a control, 

we had a separate group of moths that were left unfed, and their hemolymph samples 

were taken on either day 3 or day 5. The experiment with the authentic Agave nectar 

and the rescue experiment were conducted at the University of Arizona, in the 

Davidowitz lab. All other experiments were conducted at Cornell University, in the 

Raguso lab. 

Statistics 

All statistics were performed in either GraphPad Prism (version 9.5.1) or R Studio 



 

141 

 

(version 4.1.1) The osmolality curves of the starved moths in Fig. 2 were compared 

using a two-way ANOVA with fixed effects for day, ambient RH, and their 

interaction. Model effects were tested with an F-test, followed by post hoc multiple 

comparisons using Tukey's method using the ñemmeansò package in R. The Kaplan-

Meier survival curves for moths in the different ambient RH levels were compared 

using the log-rank Mantel-Cox test. Linear regressions were used to analyze the data 

from the water loss experiment and the synthetic nectar-feeding experiment, with an 

F-test conducted across the different humidity levels. For a comparison between the 

osmolality of starved vs fed moths, we hypothesized that the fed moths would show 

lower osmolality (less dehydrated) compared with the starved moths based on the 

results of previous experiments. We performed individual comparisons using an 

unpaired t-test with Welch correction. The authentic nectar-feeding experiment and 

the feeding amounts in the rescue experiment were analyzed using either a one-way 

ANOVA or a Kruskal-Wallis test depending on data distribution and variance 

structure. These tests were followed by Fisherôs LSD test for individual comparisons. 

The rescue experiment feeding amounts were tested using an ANOVA, followed by a 

t-test for individual comparisons. The osmolality data were compared with a one-

tailed one-sample t-test where the mean osmolality for each treatment was tested 

against the mean baseline osmolality.  
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Results 

The osmolality of starved moths 

 
Fig. 3.2 The effect of starvation on the hemolymph osmolality and longevity of 

Manduca sexta held at 20%, 50%, and 80% ambient RH. (A&B) Starvation-

induced impact on blood osmolality (mmol/kg) of n=10 males and females each held 

at three different levels of ambient RH. Data points are fitted with a 4-knot smoothing 

cubic spline curve. Note that male moths yield hemolymph by day 5 in 20% RH and 

day 6 in 50% RH, while females in 20% and 50% RH yield hemolymph only until day 

6 post eclosion. (C &D) Kaplan-Meier survival curves of male and female moths held 

at the three ambient RH levels. The dashed line indicates a 50% survival rate. Lines 

are color-coded to represent the ambient humidity level.  

 

We predicted that hemolymph osmolality should increase as the moths become more 

dehydrated. Our results are consistent with this prediction. The hemolymph osmolality 

of male and female moths increases with age when they are starved, but the rate of 

increase depends on the ambient humidity. Initially, the average hemolymph 
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osmolality of moths on the first and second day after eclosion, regardless of humidity 

level, is around 350-360 mmol/kg (Fig. 2A & B). However, starting from the third day 

of starvation, the osmolality of moths in 20% and 50% relative humidity (RH) 

increases rapidly and deviates significantly from the moths in 80% RH (Table 1). This 

difference in osmolality is maintained on the fifth and sixth day of starvation for both 

males and females. Moths in 80% RH experience a gradual increase in osmotic 

concentration. By the fifth day of starvation, the hemolymph osmolality of moths held 

at 20% RH exceeds 500 mmol/kg, followed by moths held at 50% RH at around 500 

mmol/kg, and moths in 80% RH at around 450 mmol/kg. The moths in 20% RH and 

50% RH die by the sixth day after eclosion when the hemolymph concentration peaks 

over 550 mmol/kg. However, the moths held at 80% RH never exceed 550 mmol/kg, 

even by the eighth day, but fail to yield enough hemolymph for further analysis 

beyond day 8 (Fig. 2A & B).  

Table 3.1 Multiple comparisons of the two-way ANOVA followed by Tukeyôs post hoc 

test for osmolality of starved moths in the three ambient humidity levels. P-values for 

days 1 and 2 are not shown because none of the combinations (ANOVA) were 

statistically significant.  

Day Multiple comparisons 

between different levels of 

RH 

Sex d.f. t ratio P-value 

3 20% vs 50% M 135 -0.840 0.6789 

F 168 -0.022 0.9997 

50% vs 80% M 135 2.785 0.0168 

F 168 1.555 0.2682 

20% vs 80% M 135 1.945 0.1303 

F 168 1.533 0.2780 

4 20% vs 50% M 135 -0.311 0.9481 

F 168 0.451 0.8940 

50% vs 80% M 135 4.324 0.0001 

F 168 4.734 <0.0001 

20% vs 80% M 135 4.013 0.0003 

F 168 5.205 <0.0001 

5 20% vs 50% M 135 3.548 0.0015 

F 168 2.150 0.0831 



 

144 

 

50% vs 80% M 135 4.431 0.0001 

F 168 3.854 0.0005 

20% vs 80% M 135 7.979 <0.0001 

F 168 6.029 <0.0001 

6 20% vs 50% F 168 0.766 0.7243 

50% vs 80% F 168 6.038 <0.0001 

20% vs 80% F 168 6.822 <0.0001 

 

Manduca sexta lifespan (males and females) was significantly impacted by the 

ambient humidity at which they were held (Fig. 2C & D; Log-rank Mantel-Cox test 

for males: ɉ2=28.80, d.f.=2, P<0.0001; females: ɉ2=33.99, d.f.=2, P<0.0001). In 

general, moths died at a younger age when kept at lower levels of humidity when 

compared with higher levels (Table 2), and there is strong evidence of a difference in 

lifespan among the three levels of ambient relative humidity (RH) (Table 2). The order 

of moth lifespan, for both males and females, was as follows: 20% RH < 50% RH < 

80% RH.  

Table 3.2 Comparison of lifespan of starved male and female M. sexta held at different ambient 

RH levels  

Ambient 

RH 

Sex Lifespan in 

days  

(mean ± s.d.) 

50% 

mortality 

(days) 

Lifespan comparisons 

between different levels 

of RH 

d.f. Mantel-

Cox test 

ɉ2 

P-value 

20%  M   5.7 ± 0.8 5 20% vs 50% 1   9.72 0.0018 

F   6.4 ± 0.8 6 1 15.65 0.0001 

50%  M   7.6 ± 1.3 7 50% vs 80% 1   9.54 0.0020 

F   8.9 ± 0.9 10 1   8.34 0.0039 

80%  M 10.4 ± 1.4 10 20% vs 80% 1 21.00 0.0001 

F 10.2 ± 0.9 11 1 18.31 0.0001 

 

Active vs passive weight loss in adult moths 
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Fig. 3.3 Weight loss in fresh mass to 0.01g of starved adult moths in 20%, 50%, 

and 80% ambient RH. The weight loss of active vs. passive males (A-C) and females 

(D-E) M. sexta weight loss is compared with passively evaporating paired dead moths 

in the three ambient RH levels. Data are color-coded by the ambient RH and the 

condition of the moth (living vs. dead). Points show the mean and error bars show the 

SD for each day and are fitted with linear regression lines. Data are repeated measures 

from n=10 moths for both conditions (living and dead) for each ambient RH. * 

Indicates a significant difference in the slope of the two linear fits. 

 

We investigated the impact of ambient relative humidity (RH) levels (20%, 50%, and 

80% RH) on weight loss in male and female Manduca sexta. To determine whether 

weight loss is primarily due to passive evaporation or active metabolic processes, we 

compared the weight loss of living moths with that of equally aged dead moths. The 

results showed that living moths lost more weight compared to their paired dead moths 

undergoing passive evaporation, regardless of the ambient humidity level (Fig. 3). 

However, a significant difference in weight loss was observed for both male and 

female moths held at higher ambient humidity (Table 3). Moths in dry condition did 

not show significant differences in weight loss compared to the passively evaporating 

dead moths. Moths held at 20%, 50%, and 80% RH lost weight in the order of 20% 

RH > 50% RH > 80% RH. The slopes of the regression lines for weight loss were not 
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significantly different among males at different RH levels (F=0.9131, d.f.=2 and 191, 

P=0.4030), but were among females (F=4.111, d.f.=2 and 98, P=0.0178).  

Table 3.3 Summary statistics of the linear regression fit for weight loss in the living and the dead 

M. sexta in the three ambient RH levels 

Ambient 

RH 

Sex Living moths Passively evaporating 

dead moths 

F 

statistics 

d.f P-value 

Slope ± s.e. R2  Slope ± s.e. R2  

20% M -0.17 ± 0.02 0.51 -0.13 ± 0.01 0.52 2.09 1 and 114 0.1506 

F -0.18 ± 0.01 0.57 -0.13 ± 0.02 0.39 2.89 1 and 124 0.0916 

50% M -0.11 ± 0.01 0.61 -0.09 ± 0.02 0.21 1.39 1 and 151 0.2388 

F -0.15 ± 0.007 0.83 -0.08 ± 0.008 0.52 39.01 1 and 174 <0.0001 

80% M -0.10 ± 0.009 0.54 -0.06 ± 0.008 0.33 11.08 1 and 204 0.0010 

F -0.12 ± 0.007 0.70 -0.06 ± 0.009 0.34 18.48 1 and 200 <0.0001 

 

The osmolality of moths fed on synthetic nectar or water. 

 

 
Fig. 3.4  A comparison between the dehydrated and synthetic nectar-fed moths. 

(A-C) the amount of synthetic nectar or water imbibed (mean ± SE) by moths in the 

three different ambient RH levels. (D-F) the corresponding osmolality of moths fed on 

either of the three diets (shown above). A single day represents a sample size of n=5-7 

moths. Data points show the mean and error bars show S.D. and both are color-coded 

to represent the ambient humidity level. Points are fitted with linear regressions. (G-H) 
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Comparisons of the osmolality of starved moths from Fig. 2 and combined osmolality 

of all nectar-fed moths (n=15-17) from panels (D-F). * Indicates a significant 

difference within a group (P<0.05). This and the following experiments are performed 

only on the males.  

 

Since the trends in osmolality were similar between males and females (Fig. 2), we 

conducted this experiment exclusively on males. As moths age, their consumption of 

synthetic nectar or water increases 2- to 4-fold from days 1 to 7 after eclosion. This 

consumption pattern remained consistent across the three humidity levels, with the 

following order: water < synthetic Datura nectar < synthetic Agave nectar (Fig. 4A-

C). However, the amount of synthetic nectar consumed did not differ among moths in 

different ambient RH levels (Fig. 4A-C). Nevertheless, moths in 20% RH consumed 

significantly higher amounts of water than did moths in 50% RH (F=5.318, d.f.=1 and 

305, P=0.021) and in 80% RH (F=12.22, d.f=1 and 311, P<0.001). The hemolymph 

osmolality of fed moths remained within the range of 350-400 mmol/kg, which was in 

stark contrast to the osmolality ranges observed in the starvation experiment (Fig. 2). 

Furthermore, there was no evidence of a difference in the osmolality ranges for moths 

that fed on different diets (Fig. 4D-F). However, there were several occurrences of the 

moths in water-fed group that either did not yield enough hemolymph or died before 

day 8. This was prominent in 20% ambient RH (Fig. S1). None of the nectar-fed 

moths died before day 8. The dead moths were replaced by introducing new pupae to 

achieve sufficient sample sizes for each treatment group.  

Comparisons between the osmolality of starved (Fig. 2) vs. nectar-fed moths 

(combined across diets) showed clear effects of animal internal state on hemolymph 

osmolality (Fig. 4G-I). In general, during days 1 to 3 post eclosion, moths did not 
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differ in their hemolymph osmotic concentration between the starved vs. satiated state 

(Table 4). Osmolality difference on day 4 and beyond between the two internal states 

was drastic and consistent across the three ambient RH levels (Table 4).  

Table 3.4 Summary statistics of hemolymph osmolality comparisons between starved 

and nectar-fed moths across days post eclosion. Comparisons are conducted using 

unpaired t tests with Welch correction. 

Ambient 

RH 

Days 

post 

eclosion 

Starved moth 

osmolality 

(mmol/kg) 

Nectar-fed moth 

osmolality 

(mmol/kg) 

t ratio df P-value 

Mean ± s.d N Mean ± s.d N 

20% RH 1 360.8 ± 11.27 10 368.7 ± 21.05 15 1.220 22.23 0.2351 

2 363.0 ± 17.70 10 370.7 ± 30.09 15 0.807 22.77 0.4277 

3 397.5 ± 16.60 10 377.7 ± 23.00 15 2.494 22.79 0.0203 

4 440.9 ± 19.82 10 385.4 ± 18.74 15 7.000 18.66 <0.0001 

5 541.8 ± 38.35 10 384.4 ± 28.04 15 11.14 15.31 <0.0001 

50% RH 1 354.3 ± 12.79 10 362.6 ± 18.09 15 1.343 22.86 0.1924 

2 362.8 ± 14.86 10 361.8 ± 28.85 15 0.113 21.95 0.9106 

3 405.7 ± 18.49 10 367.5 ± 24.73 15 4.408 22.60 0.0002 

4 445.4 ± 39.74 10 360.3 ± 27.32 16 5.944 14.35 <0.0001 

5 497.1 ± 30.65 10 377.0 ± 16.06 15 11.39 12.33 <0.0001 

6 540.1 ± 41.11 11 381.8 ± 31.51 15 10.68 18.08 <0.0001 

80% RH 1 365.1 ± 10.85 10 372.6 ± 22.65 15 1.106 21.36 0.2811 

2 372.7 ± 16.74 10 363.0 ± 24.49 15 1.176 22.96 0.2516 

3 379.4 ± 18.03 10 371.7 ± 20.86 15 0.977 21.31 0.3394 

4 400.5 ± 23.64 10 363.1 ± 20.62 17 4.155 16.95 0.0006 

5 447.2 ± 34.12 10 366.1 ± 17.37 15 6.937 12.15 <0.0001 

6 472.5 ± 21.63 10 372.7 ± 19.22 16 11.93 17.51 <0.0001 

7 505.1 ± 27.15 11 386.3 ± 37.90 16 9.493 24.92 <0.0001 

8 501.0 ± 47.69 13 369.4 ± 27.84 15 8.741 18.73 <0.0001 

 

The osmolality of authentic nectar-fed moths 
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Fig. 3.5 Osmolality and feeding amounts of authentic nectar-fed moths. The 

amount of Datura (A) and Agave nectar (B) fed by n=5-9 moths from day 1 through 4. 

Points show the mean and error bars show S.E. The linear regressions for feeding 

amounts are compared between the different RH levels for the same diet. (E, F) The 

osmolality of Datura and Agave nectar fed moths on day 5 post eclosion. An ANOVA 

is used to compare the osmolality of moths within the different RH levels on the two 

nectar diets. n.s indicates no significant difference among groups. Individual color-

coded data points for each ambient RH level with overlaying mean (black horizontal 

line) and S.D have been shown. (G, H) Comparison of hemolymph osmolality on day 

5 post eclosion between the authentic nectar-fed moths, synthetic nectar-fed moths 

(from Fig 4) and starved moths (from Fig. 2). Different letters above the figures 

indicate significantly different groups identified using a Fisherôs LSD test. Common 

letters indicate no significant difference. Data show individual color-coded data points 

for each condition and ambient RH and horizontal black lines show the mean with 

color-coded S.D. 
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A different set of moths were fed either authentic Datura wrightii or Agave palmeri 

nectar from days 1 through 4, and their osmolality were measured on day 5. Consistent 

with the previous experiment using synthetic Datura nectar, moth consumption 

increased by approximately two-fold with age. There was no evidence of differential 

consumption of Datura nectar among the three ambient RH levels (slope: F=0.1756, 

d.f.=2&6, P=0.8431). For the Agave nectar-feeding group, moths in 50% RH 

consumed the highest amount of Agave nectar on day 1, which gradually decreased as 

the moths aged. Moths in 20% RH gradually consumed more nectar as they aged, 

while moths in 80% RH consumed less as they aged. 

There was a significant difference in the hemolymph osmolality of the Datura nectar-

fed moths in the different ambient RH levels (One-way ANOVA, F=3.678, P=0.045). 

Specifically, the osmolality of Datura nectar-fed moths in 20% RH was higher than 

that of moths in 50% RH (Fisherôs LSD test: t=2.27, d.f=18,  P=0.035) and 80% RH 

(Fisherôs LSD test: t=2.26, d.f=18, P=0.036). In the Agave nectar-feeding group, there 

was no evidence of a difference in the hemolymph osmolality of moths among 

different ambient RH levels (One-way ANOVA, F=0.2972, P=0.7461). 

We compared the day 5 osmolality of the authentic nectar-fed moths with the day 5 

osmolality of the starved and synthetic nectar-fed moths (shown in Figs. 2 & 4). In all 

cases, irrespective of the diet, moth hemolymph osmolality of fed moths was 

significantly lower than that of starved moths (Fig. 4G, H and Table A1). In 

conclusion, these data suggest that moths can maintain blood-water homeostasis with 

both high sucrose-rich (Datura) and high hexose-rich nectar (Agave). 
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Rescue experiment 

 

 
Fig. 3.6 Results from the starvation-rescue experiment. Moths were fed only on 

day 4 to evaluate whether one nectar meal can rescue moths from osmotic stress at 

different ambient RH levels. As a control, the hemolymph osmolality of unfed moths 
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was measured on days 3 and 5. Panel A shows the feeding amounts and panel B shows 

the corresponding hemolymph osmolality. The dashed horizontal line represents a 

baseline osmolality of 359.6 mmol/kg which is the average of day 3 unfed moths 

across all ambient RH levels. Data are separated and color-coded by the ambient RH 

level at which moths were held. Black horizontal lines represent the mean and error 

bars show S.E. * indicates P<0.05 and ** P<0.01, n.s. indicates no significant 

difference compared to the baseline osmolality. 

 

To evaluate whether a single nectar meal of any of the three diets can restore 

hemolymph osmotic concentration to baseline (as observed in Fig. 4), we starved 

moths for 3 days, fed them on day 4, and took blood samples on day 5. As a control, 

we had a separate group of moths that were starved for 2 or 4 days and osmolality 

measurements were taken on days 3 and 5, respectively. As opposed to the trends 

observed in the synthetic nectar feeding experiment (Fig. 4), here moths ingested 

higher amounts of synthetic Datura nectar than the dilute synthetic Agave nectar. 

However, this difference was not significant in either of the ambient RH levels (t-tests; 

20%RH: t=1.70, P=0.11; 50%RH: t=0.55, P=0.58; 80%RH: t=0.07, P=0.93). Moths 

did feed high amounts of Datura nectar compared to water in 20% RH (t-test, t=2.79, 

P=0.01). No other significant differences in feeding amounts were observed between 

the different diets. For the osmolality of unfed moths on day 3, the trends were 

consistent with our previous experiment (Fig. 2). In all three humidity levels, the 

osmolality of day 3 unfed moths was well within the baseline range of 350-400 

mmol/kg observed in figures 4 and 5 (Fig. 6, Table 5). The mean osmolality of moths 

in other conditions was compared against a baseline mean of 359.6 mmol/kg (an 

average of the day 3 unfed controls). Day 5 starved moths showed significantly higher 

than baseline hemolymph concentration in only 20% ambient RH (Table 5). A single 

meal of synthetic Datura nectar was sufficient to restore osmotic balance in 20% RH 
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ambient conditions, but synthetic Agave nectar and water were not. Nevertheless, 

nectar or water fed moths showed significantly lower osmolality compared with day 5 

starved moths (One-tailed t-test: synthetic Agave-fed: t= 1.98, P=0.032; synthetic 

Datura-fed: t=3.10, P=0.007; water-fed: t=2.01, P=0.032). Starved moths held at 50% 

and 80% RH were able to maintain osmolality within a baseline range (Fig. 6, Table 

5), implying that they did not need to be rescued. In summary, a single ad-libitum 

nectar meal can mitigate osmotic shock in desiccating environments. 

Table 3.5 One-tailed one-sample t-test of moth osmolality compared against the baseline mean 

osmolality of 359.6 mmol/kg (average of day 3 unfed control across the different RH levels).  

Ambient RH Individual comparisons t d.f P-value 

20% RH 

 

Starved day 5 unfed control 4.11 7 0.0022 

Starved day 3 unfed control 1.54 7 0.0833 

Synthetic Datura nectar-fed 0.72 7 0.2453 

Synthetic Agave nectar-fed 2.05 7 0.0397 

Water-fed 2.67 7 0.0159 

50% RH Starved day 5 unfed control 1.79 7 0.0578 

Starved day 3 unfed control 0.67 7 0.2592 

Synthetic Datura nectar-fed 1.61 7 0.0751 

Synthetic Agave nectar-fed 0.78 7 0.2288 

Water-fed 0.66 7 0.2637 

80% RH Starved day 5 unfed control 1.25 7 0.0807 

Starved day 3 unfed control 0.67 7 0.2596 

Synthetic Datura nectar-fed 0.64 7 0.2709 

Synthetic Agave nectar-fed 0.68 7 0.2577 

Water-fed 1.14 7 0.1458 
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Discussion   

There is growing concern over the ability of pollinators to cope with climate change 

and the resulting shifts in floral phenology (Willmer, 2012; Scaven & Rafferty, 2013; 

Vanbergen & Initiative, 2013; Straka & Starzomski, 2014). The rapid decline in insect 

populations due to both human activity and natural factors has emphasized the 

importance of monitoring the health of pollinators (Janzen & Hallwachs, 2019; 

Sánchez-Bayo & Wyckhuys, 2019; Wagner, 2020). One potential driver of insect 

declines is an ecological asynchrony between flower-visiting insects and their 

preferred floral hosts. This phenological mismatch is especially detrimental to the 

survival of migrating insects that rely on food sources at stopover sites or the arrival of 

monsoon rains and new leaf flush at their final destinations (Srygley et al., 2010; 

Srygley et al., 2014; Saunders et al., 2019). In this light, it is critical to establish 

measurements of pollinatorsô internal state as a baseline to compare starved vs. 

satiated or healthy vs. diseased conditions.  

Here, we employed an osmometer to track the blood-water homeostasis of the 

nocturnal hawkmoth pollinator Manduca sexta, at various ambient relative humidity 

(RH) levels under both fed and starved conditions. The impact of dehydration stress 

on starved Manduca sexta is reflected in hemolymph osmolality measurements. 

Within 5 days, the osmolality of moths increased by 50%, for moths in 20% or 50% 

RH environments and by 39% in 8 days for those in 80% RH. At such high osmotic 

concentrations, moths show impaired motor control. They walk more slowly than 

normal, and their wings are arrested at an upstroke, indicating an imbalance of 

electrolytes, like muscle cramps in humans (personal observation). Moths exposed to 
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humid environments (80% RH) survived twice as long as those in dry environments 

(20% RH, Fig. 2 C, D) consistent with our previous findings (Contreras et al., 2013; 

Contreras et al., 2022). In contrast with the starved condition, nectar or water-fed 

moths were able to osmoregulate by keeping hemolymph concentration within the 

350-400 mmol/kg range. Our findings suggest that hemolymph osmolality could serve 

as an indicator of whether pollinators are food-deprived or satiated. Below we 

compare our findings with the hemolymph osmolalities of other insects while drawing 

attention to the need for establishing systematic baselines for different internal states 

as reference points. 

There is limited research on the baseline hemolymph osmolality of pollinators. A 

study conducted in central Saudi Arabia tracked the hemolymph osmolality of 

honeybee workers (Apis mellifera) from day 1 to 25 in the spring and summer seasons 

(Ali et al., 2017). In a span of 25 days, the hemolymph concentration increased from a 

baseline of 330-360 mmol/kg to 490-540 mmol/kg in fed individuals, suggesting a 

shift in the baseline. Similar findings were observed for Apis mellifera drones, where 

the osmolality of 1-day-old drones was 334 ± 41 mmol/kg, but increased to 532 ± 38 

mmol/kg for 25-day-old individuals (Leonhard & Crailsheim, 1999). These studies 

attribute the change in osmotic concentration to the insects' changing behavior. The 

worker bees typically stay within the colony for the first 15 days after which they 

begin foraging outside the colony (Seeley, 1995; Ali et al., 2017). Similarly, the 

increase in the osmolality of the drones corresponds with their exploratory and mating 

flights (Leonhard & Crailsheim, 1999). In our feeding experiment, we did not find 

evidence of a shift in osmolality across the 8 days for M. sexta, which is expected as 
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moths do not change their roles with age the way social insects do (Fig. 4). Despite the 

shift in baseline osmotic concentration of the honeybees sampled in Saudi Arabia, the 

authors concluded that the bees' osmolality in the summer season was significantly 

higher than in the spring season, which indicates that in addition to the changes in age, 

desiccation stress is also reflected in their physiology (Ali et al., 2017). The 

importance of baselines is furthermore apparent in one study where wild-caught 

insects were sampled in the field and subsequently in a controlled lab environment 

(Riddle, 1986). The osmotic concentration of the Red milkweed beetle (Tetraopes 

tetrophthalmus) was 549.3 ± 16.1 mmol/kg (mean ± 95% confidence interval) in the 

field but decreased to 398.9 ± 29 mmol/kg after 12-16 hours of rehydration in the lab 

on wet paper towels. For the dogbane beetle (Chrysochus auratus) field measurements 

were 494.7 ± 10.4 which decreased to 397.8 ± 50.2 after rehydration in the lab 

(Riddle, 1986). Therefore, osmolality measurements can provide a physiological 

readout for the dehydrated vs. hydrated state of insects, whether or not they serve as 

pollinators.  

In Table 6, we summarize the findings on the hemolymph osmolality of other insects 

where information about their internal state was available. The insect species in this 

list differ in weight over 2 orders of magnitude and present a wide range in their 

baseline osmolality (325 to 722 mmol/kg). Evidently, there is enormous variation in 

the capacity of different insects to tolerate an increase in hemolymph osmotic 

concentration. For example, in the Namib Desert, the beetles Onymacris plana and O. 

unguicularis show an increase of only 16% and 25% respectively, from baseline 

osmolality post several days of severe desiccation stress (Nicolson, 1980). On the 
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other hand, the osmolality of the Protea beetle (Trichostetha fascicularis) in South 

Africa increased by 63% from a baseline of 474 to 772 mmol/kg during a six-day 

period of dehydration, corresponding to a 26% decrease in body weight (Fielding & 

Nicolson, 1980).  Species from two genera of South African hide beetles (Trogidae) 

show much-elevated baseline hemolymph concentration compared with other insects 

(Le Lagadec et al., 1998). The desert-living species Omorgus freyi and O. asperulatus 

lost 50% of their body weight with a corresponding increase of 86% and 70% in 

osmolality, respectively, from baseline. In contrast with the desert beetles, their close 

relatives from arid and semi-arid habitats, O. squalidus and O. radula lost 30-50% of 

their body weight with a corresponding increase of 22% and 30% over baseline 

osmolality, respectively. For smaller insects (<5 mg), such as the fruit fly and the 

yellow fever mosquito, an increase of only 13% and 18% over baseline osmolality 

reflects a stressed state. As such, the ability of insects to tolerate a large difference in 

osmolality is not merely a reflection of their body weight, or their habitat. Hemolymph 

osmolality is likely influenced by many factors, among which, water loss rates, 

metabolic rates, diet, and behavioral adaptations are discussed below with examples. 
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Table 3.6  A literature review summarizing the hemolymph osmolality of adult insects in decreasing body weight for 

satiated and desiccated states. The desiccation conditions in the different studies are summarized using vapor pressure 

deficit (VPD) as a metric to account for the differences in temperature. When the data were not explicitly mentioned, they 

were inferred from the text and figures in the manuscript and are indicated below with an asterisk * 

Insect Mean 

fresh 

mass 

(mg) 

 VPD 

(kPa) 

No. of 

days 

dehydra

ted 

Reported mean osmolality 

in different physiological 

conditions (mmol/kg) 

% increase 

in osmolality 

from 

baseline 

Reference 

Satiated Starved and 

desiccated 

Manduca sexta 

(Tobacco 

hawkmoth) 

2000 2.4 5 360 541 50 Present study  

(Data shown for 

males in 20% RH) 

Megetra 

cancellate 

(Black and red 

blister beetle) 

1000* 3 1 417 447 7 (Cohen, 1984) 

Tricostheta 

fascicularis 

(Protea beetle) 

864 2.95 6 474 772 63 (Fielding & 

Nicolson, 1980) 

Onymacris 

plana 

(Darkling 

beelte) 

864 2.95 12 429 498 16 (Nicolson, 1980) 

Periplaneta 

americana 

(Cockroach) 

825 1.30 8 413 459 11 (Hyatt & Marshall, 

1977) 

Teleogryllus 

oceanicus 

(Black field 

cricket) 

624 1.30 3 391 572 46 (Hyatt & Marshall, 

1978) 

Omorgus freyi 

(Hide beetle) 

550 3.4 10 568.5 1059 86 (Le Lagadec et al., 

1998) 

Onymacris 

unguicularis 

(Fog basking 

beetle) 

500 Outdoor 

study 

5* 467 586 25 (Cooper, 1982) 

Omorgus 

squalidus 

(Hide beelte) 

420 3.4 3.5 722 939 30 (Le Lagadec et al., 

1998) 

Omorgus 

asperulatus 

(Hide beetle) 

400 3.4 10.5 635 1082 70 (Le Lagadec et al., 

1998) 

Omorgus radula 

(Hide beetle) 

200 3.4 5 670 820 22 (Le Lagadec et al., 

1998) 

Eleodes 

hispilabris 

(Desert stink 

beetle) 

Not 

provided 

Outdoor 

study 

3 432  554 28 (Riddle et al., 1976) 

Aedes aegypti 

(Yellow fever 

mosquito) 

2.5 0.89 18 

hours 

~325 

(blood-fed) 

~380 18 (Holmes et al., 

2023) 

Drosophila 

melanogaster 

(Fruit fly) 

0.5 3.1* 8 hours 353 400 13 (Albers & Bradley, 

2004) 
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There are several ways in which insects maintain water balance (see OôDonnell 

(2022)). While water can be lost through processes such as excretion, respiration 

(Chown, 2002), and cuticular evaporation (Gibbs, 2011), it can be gained through 

feeding, absorption of dew and fog (Broza, 1979; Seely, 1979), and metabolic 

processes (Willmer & Stone, 1997). Some insects have adaptations that allow them to 

lose less water through cuticular evaporation than they gain through their high 

metabolic processes, resulting in minimal water deficit (Nicolson & Louw, 1982). 

Evidence for this comes from contrasting studies on small and large carpenter bees 

where the smaller bees experience water deficit during foraging, but the larger bees 

produce excess water through their high metabolic activity (Willmer, 1988). A field 

study in Israel reports that the osmolality of the smaller carpenter bee Xylocopa 

sulcatipes (376-422 mg) was 483 mmol/kg before leaving the nest for foraging, and 

501 mmol/kg while visiting the flowers, indicating that bees experience a water 

deficit. The osmolality of the larger carpenter bee Xylocopa pubescens (536-642 mg), 

however, was 529 mmol/kg before leaving the nest, and 526 mmol/kg during foraging, 

indicating no water deficit. In fact, the larger bees were often found excreting on 

flowers just before takeoff (Willmer, 1988; Nicolson, 1990).  

Given the large size (10 cm wingspan) , weight (2000 mg), and high metabolic activity 

of Manduca sexta it was predicted that they may experience little water deficit 

(Heinrich & Casey, 1973). On the contrary, the water loss rate for living moths was 

found to be high, with over 50-60% of their body weight lost from eclosion to 

senescence, even when ambient RH is high (Fig. 3). This suggests that cuticular 

evaporation and respiration, combined, constitute a major pathway for water loss in M. 
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sexta, despite anatomical adaptations to prevent water loss. Such massive loss of water 

during their energetic flight must be compensated by drinking enough nectar to 

maintain blood-water homeostasis. An average size M. sexta can drink 1/3 of its body 

weight in aqueous fluid (~600 µl) per day (Contreras et al., 2013). However, feeding 

on nectar types of different sugar concentrations poses other osmoregulatory demands 

for pollinators.  

Nectar is not merely a blend of different sugars, but can also contain amino acids, 

polyamines, salts, free ions, alkaloids, and phenols (Baker & Baker, 1973; Raguso, 

2004; González-Teuber & Heil, 2009; Nicolson, 2022) as well as a rich microbiome 

(von Arx et al., 2019). Manduca sexta moths exhibit an inherent preference for sugar 

laced with amino acids and visit artificial flowers with amino acid-augmented sugar, 

when those nectars also satisfy their caloric needs (Broadhead & Raguso, 2021). It is 

well-documented that wild-caught M. sexta in the Santa Rita Experimental Range near 

Tucson, Arizona, use both Datura and Agave flowers as major nectar sources (Alarcón 

et al., 2008; Riffell et al., 2008; Alarcón et al., 2010). Datura wrightii's nectar sugar 

concentration is nearly twice that of Agave palmeri, and both nectars differ 

significantly in their sugar composition (Fig. 1). In our previous lab-based study 

(Contreras et al., 2013), we had only used sucrose to model the nectar sugar 

concentration of the sucrose-rich Datura wrightii (22% w/w) and the hexose-rich 

Agave palmerii (12% w/w) nectar. In this study we prepared synthetic blends to match 

not only the sugar concentration but also the different sugar compositions (Fig.1). The 

difference in hexose:sucrose ratio of the two nectars likely imposes different osmotic 

stress on moths. The authentic nectar of Datura wrightii has an osmolality of 1421.50 
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± 391.26 mmol/kg (n=8), whereas its synthetic sugar mix is 1158.20 ± 100.97 

mmol/kg (n=5). Similarly, the osmolality of Agave palmeri nectar is 924.20 ± 7.83 but 

its synthetic sugar mix is 818.75 ± 5.53 mmol/kg (n=4). The higher osmotic potential 

of authentic nectar is likely due to its amino acid, polyamine, and free ion composition 

(G.T. Broadhead, W. Kandalaft, R.A. Raguso, unpublished data). In our experiment, 

moths consumed twice as much authentic Agave nectar as Datura nectar, but overall, 

they consumed less authentic nectar than the synthetic sugar solutions. This disparity 

in consumption likely reflects the qualitative difference between the two types of 

nectar (authentic vs. synthetic) and mothsô osmoregulatory needs. In addition to 

nectar, we also fed moths with water (0% sugar). While nectar is high in osmotic 

concentration, water is a null solution (0 mmol/kg), posing, instead, a hypo osmotic 

challenge. Moths in the 20% RH condition consumed significantly more water than 

those in the other two ambient humidity levels, which supports previous observations 

of insects drinking from water puddles on dry hot days or starved moths extending 

their proboscis to humid air (Janzen, 1987; Raguso et al., 2005). However, water 

consumption itself was not sufficient for moths to maintain longevity. This was noted 

by the increased mortality observed within the water-fed group of moths, which was 

especially prominent beyond day 5 post eclosion (Fig. S1). Despite differences in 

nectar composition (including osmotic pressure), and the amounts consumed, well-fed 

moths maintain osmolality within a healthy range (350-400 mmol/kg; Fig. 5). Our 

findings, along with previous research on the behavioral flexibility of wild-caught 

moths feeding on the two nectar types (Riffell et al., 2008), highlight the physiological 

capacity of this large, nocturnal pollinator to balance osmotic and caloric imperatives 
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in a semiarid habitat. 

Water balance extends throughout the lifetimes of all pollinators, but what if preferred 

floral resources are not available for long periods of time? A forensic analysis of 

proboscis-borne pollen loads of M. sexta performed in the SRER in southeastern 

Arizona suggests that up to 73% of wild-caught moths may not have fed from their 

preferred host D. wrightii, 34% did not feed from their alternative host A. palmeri, and 

15% did not feed from any flower (Levin et al., 2016). Can single bouts of nectar or 

water meals rescue pollinators if there are mismatches in plant-pollinator phenology? 

(Hegland et al., 2009; Forrest, 2015; Gerard et al., 2020). Studies predict that 

generalist pollinators may be better equipped than specialists to deal with mismatches 

in phenology (Forrest & Thomson, 2011; Kudo & Ida, 2013; Vazquez et al., 2023). In 

our study, we investigated the impact of an experimental 4-day mismatch between 

moth emergence and food availability, and whether a single nectar meal could restore 

osmotic balance in moths. The osmolality curves of starved moths (Fig. 2A, B) 

indicated an inflection point on day 4, as evidenced by the rapid increase in osmotic 

concentration in moths exposed to 20% and 50% RH compared to 80% RH. This 

increase in osmolality is particularly steep for male moths in dry environments. 

Therefore, day 4 is a critical point when moths must obtain a nectar meal to prevent 

osmotic shock. Previous work has shown that M. sexta flight muscle ultra-structure 

reaches peak maturity on day 3 (Wone et al., 2018) which coincides with their need to 

fly and find nectar on day 4. Our results demonstrate that a single nectar meal, or even 

water alone, can restore osmotic balance in moths, although we did not test its effects 

on longevity or fecundity. However, one or two more days of starvation could result in 
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the death of moths if the ambient humidity is below 50% and no other food source is 

available. This estimate of a 4-day critical period is conservative for a habitat like the 

Sonoran Desert where normal daytime temperature can reach 40ęC accompanied by 

very low RH (10% RH; VPD= 6.63 kPa) 

The different ways in which insects deal with dehydration has been recently reviewed 

in depth (Benoit et al., 2022). An abrupt decrease in hemolymph volume or a change 

in electrolyte balance can cause osmotic stress and result in transcript level changes in 

many genes. Several hormones have been implicated in maintaining homeostasis in 

insects (see book chapter by Schooley et al. (2012). For example, in Drosophila 

melanogaster flies, the neuroendocrine peptide Corazonin has been shown to inhibit 

the release of CAPA, a diuretic hormone originally identified in M. sexta, which acts 

on the principal cells of the Malpighian tubules of flies and affects water balance 

(Davies et al., 2013; Terhzaz et al., 2015; Zandawala et al., 2021). In the mosquito 

Aedes aegypti, dehydration led to significant changes in the expression levels of a 

conserved water channel gene aquaporin 2 in the insect midgut (Holmes et al., 2023). 

Such findings call for proteomic or metabolomic studies of insects that are well-

adapted to desiccating conditions and compare with the less adapted insects to identify 

novel pathways involved in desiccation resistance.  

One limitation of our study is that it only focuses on virgin M. sexta. It is important to 

note that feeding rates and hemolymph osmolality may change post-mating, which 

represents a different internal state, especially for females. Nectar feeding significantly 

increases longevity and fecundity in hawkmoth females (von Arx et al., 2013), and a 

significant amount of body water is allocated to the developing oocytes (Nijhout & 
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riddiford, 1979). In a study by Riddle (1986), gravid beetles showed higher 

hemolymph osmolality  than non-gravid beetles. Our experimental design restricted 

moths to a specific diet, but a previous experiment with similar treatments allowed 

freely foraging moths to choose between all three diets simultaneously (Contreras et 

al., 2013). Moth activity in the different humidity levels was not documented, but 

wing wear and tear indicated that moths likely remained quiescent in the low (20%) 

and high (80%) RH environments, whereas at intermediate RH (50%), they appeared 

to show substantial wing damage (not quantified). In a desiccation experiment 

comparing the activity of D. melanogaster and the cactophilic D. arizonae, the 

common fruit fly showed increased activity within the first 5 hours of desiccation and 

no activity after 10 hours of desiccation (Gibbs, 2002). In contrast, the cactophilic 

Drosophila showed no activity during the initial hours of the experiment but became 

active between 10-20 hours from the start of the experiment.  

Such observations highlight the different behavioral strategies used by xeric vs mesic 

habitat-dwelling insects. Light trapping studies in Costa Rica suggest that hawkmoths 

show long-distance dispersal flights, leaving the lower-elevation dry forest habitats for 

rainforest and cloud forest habitats (Janzen, 1987). Janzen (1986, 1987) considered 

various factors that could trigger such dispersal events, including seasonal shifts in 

host plant quality and predator pressure. Initially, we considered that plunging ambient 

humidity might compel moths to leave a drying habitat. However, our findings suggest 

that M. sexta moths respond to low ambient RH by becoming quiescent, as if to 

conserve energy until conditions improve, rather than showing increased activity that 

might indicate a dispersal drive (also see(Contreras et al., 2013; Contreras et al., 
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2022)). Such conditions inevitably led to early death. The question of which additional 

ecological factors, including floral nectar availability or increased perception of 

predation risk (Janzen, 1987), trigger hawkmoth dispersal out of dry habitats will 

require both field and lab assays to address. 

Our results demonstrate the physiological resilience of a nocturnal pollinator 

inhabiting an environment with high desiccation stress. To evaluate the impact of 

anthropogenic stressors on pollinator health, standardized biomarkers have been 

established (reviewed in(Lopez-Uribe et al., 2020)). However, some of these 

techniques require molecular approaches, costly reagents, and complex post-

processing for data interpretation. Hemolymph osmolality has been employed to 

assess the physiological status of insects, yet studies that systematically establish 

baseline osmolality levels for insect pollinators under different conditions are scarce. 

Similar data on baseline hemolymph osmotic concentrations for insects affected by 

parasites (Jones et al., 2022), fungal pathogens (Evison & Jensen, 2018), or exposed to 

pesticides and insecticides (Goulson et al., 2015), in comparison to healthy control 

populations, would provide valuable resources to track pollinator health . Therefore, 

controlled lab experiments could serve as a reference to rapidly monitor the health of 

wild insect pollinators in their natural habitats. Such resources can inform 

policymakers and conservationists to implement quick and appropriate restoration 

efforts.  
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A Manduca sexta female preparing to oviposit on a Datura flower highlighting a 

different context.  
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CHAPTER 4 

 

CONTEXT AND THE FUNCTIONAL USE OF INFORMATION IN INSECT 

SENSORY ECOLOGY4 

 

Abstract 

Context-specific behaviors emerge from the interaction between an animalôs internal 

state and its external environment. Although the importance of context is 

acknowledged in the field of insect sensory ecology, there is a lack of synthesis on this 

topic stemming from challenges in conceptualizing ñcontextò. We address this 

challenge by gleaning over the recent findings on the sensory ecology of mosquitoes 

and other insect pollinators. We discuss internal states and their temporal dynamics, 

from those lasting minutes to hours (host-seeking) to those lasting days to weeks 

(diapause, migration). Of the many patterns reviewed, at least three were common to 

all taxa studied. First, different sensory cues gain prominence depending on the 

insectôs internal state. Second, similar sensory circuits between related species can 

result in different behavioral outcomes. And third, ambient conditions can 

dramatically alter internal states and behaviors. 

  

 
4 Dahake, A., Raguso A. R., Goyret J., Context and the functional use of information in insect 

sensory ecology, Curr Opin Insect Sci, 2023,101058, ISSN 2214-5745, 

https://doi.org/10.1016/j.cois.2023.101058 (In press) 
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Highlights 

1. Context emerges from the interaction between an animalôs internal state and its 

external environment. 

2. Internal states can last from minutes to weeks. 

3. Environmental conditions can impact internal states that drive context-specific 

behaviors. 

4. Differences in behaviors between related animals highlight a phylogenetic 

context. 
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Introduction  

Despite widespread awareness that animals show context-dependent behaviors, 

contextual information rarely takes center stage in sensory ecological research. There 

is a push in the field of neuroscience to understand the cellular and molecular 

mechanisms underlying context-dependent behaviors, including neural circuits that 

contextualize predation risk, foraging behavior, and sexual/social interactions[1]. 

Nevertheless, conceptual and technical challenges have limited our understanding of 

the role of context in animal behavior. One of these challenges emerges from the 

difficulties in defining ñcontextò.  

In this review, context serves as an umbrella term that encompasses an animal's 

external environment from which relevant stimuli interact with the animalôs internal 

state as a filter through which such sensory information is processed to generate 

context-specific behaviors (Fig. 1). Here, the internal state is a behavioral condition 

emerging from physiological processes within the animal. Ontogeny (e.g., sexual 

development), physiology (e.g., nutritional/mating condition), and relevant sensory 

information from the environment may adaptively set internal states so that an animal 

may deploy specific motor outputs (courtship, exploratory dispersal, chemotactic 

responses, etc.) elicited and guided by specific ñdriving stimuliò (Fig. 1). Context-

dependent behaviors thus deal with uncertainty, increasing probabilities of 

accomplishing a task under a particular space-time reality out of an almost infinite 

number of possible outcomes. An animal can be in multiple states simultaneously and 

may or may not have autonomy over each state [2,3]. As Oram and Card[1] outline, 

context can be explicitly defined via treatments in well-controlled behavioral 
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experiments, in which specific information alters the valence of sensory stimuli, such 

as the role of visual looming stimuli or CO2 for fruit flies. 

Here we focus our discussion of context on the sensory ecology of insect behavior 

governed by the internal state, ranging from minutes to weeks on temporal scale (Fig. 

2b).  We highlight examples in which an insectôs internal state and the spatial scale of 

the relevant stimuli have been documented (Fig. 2c-f), while at the same time drawing 

attention to the paucity of information needed to reach a synthetic understanding of 

how context affects behaviors in the field of sensory ecology. Advances on this front 

will improve our understanding of decision-making by insects across many relevant 

spatial scales, from targeting individual flowers or blood hosts to navigating habitats 

or landscapes. 

 

Figure 4.1 The emergence of context-dependent behaviors. Context emerges as the 
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reciprocal interaction between an animalôs internal state and the relevant external 

stimuli transduced into sensory information, which results in context-specific 

behaviors (motor outputs). The perception of sensory stimuli can change the internal 

state of an animal and conversely, depending on the internal state of the animal, 

specific stimuli may drive behavioral responses. This figure is created using 

biorender.com. 

 

Overview: converting external stimuli to internal states 

As an insect prepares to take flight, its motivation is guided by its internal state and the 

sensory information from the environment. Imagine a newly eclosed, strictly nocturnal 

moth, for whom otherwise salient stimuli fail to evoke responses during daytime. 

After sunset, as ambient light and temperature plummet, unmated females emit 

pheromones in a ñcalling behaviorò, whereas unmated males enter a ñmate-seekingò 

state, responding with stereotypical, anemotactic casting flights once they perceive 

female pheromones. However, essential reproductive behaviors can be modified or 

suppressed for minutes to hours when moths perceive echolocation calls by bats, 

representing predation risk [4]. Once mated, female moths can experience an olfactory 

shift that reduces sensitivity to floral volatiles but increases sensitivity to host plant 

odorants, a reversible shift away from nectar feeding that can last several days [5]. 

Finally, not all moth species are sexually mature at pupal eclosion, including noctuid 

species that migrate as sexually immature adults, which do not call or respond to 

pheromones during the migratory stage (reproductive diapause) [6]. 

Figure 2 provides examples of the themes discussed in this review. In a foraging 

context, animals are in a state of hunger or thirst, which may last for minutes to hours, 

until they are satiated (Fig. 2b). The salience of specific sensory information in this 

appetitive context is high while the animal is hungry or thirsty, but may drop quickly 
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upon satiation. For example, a well-fed pollinator may ignore floral signals until there 

is an energetic demand, upon which, even faint floral signals may attract the pollinator 

(Fig. 2c). If the pollinator experiences hyperosmotic stress, it may seek dilute nectar or 

water to achieve osmotic balance [7]. Similarly, a blood-fed mosquito is not attracted 

to host cues, instead, it is attracted to oviposition sites which demand attention to very 

different stimuli compared to the host-seeking context (Fig. 2e). Also, insect foraging 

preferences can be sex-dependent where males and females show preferences for 

different food sources [8]. In addition to these ephemeral states, insects can enter 

states that last for days to weeks. As ambient conditions deteriorate (low humidity and 

temperature, shorter daytime, lack of food), insects can migrate to better habitats, or 

enter a state of diapause (Fig. 2f). In this context, the sensory information used by 

insects could be celestial cues, photoperiod, magnetic compass, wind speed, and 

direction, or other environmental conditions [9]. 
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Figure 4.2 Examples of context-dependent behaviors emerging from the 

interaction between an animalôs internal state and the relevant sensory stimuli 

experienced in its environment as shown in Fig. 1 and (a) here. (b) The temporal 

scale of different internal states. Some states last on the order of minutes to hours, 

others on the order of hours to days, whereas a few last from days to weeks. (c) 

Examples of flower-foraging mosquitoes and pollinators seeking nectar sources, (d) a 

mated mosquito female seeking blood from human hosts (e) A blood-fed gravid 

mosquito seeking water for oviposition, (f) A gravid female mosquito entering a 

diapause state, or a North American Monarch butterfly migrating long-distance to the 

Mexican Oyamel fir tree forest using internal magnetic compass cues, the sun, and 

landmark cues to maintain a heading. This figure is created using biorender.com. 

 

  



 

188 

 

Mechanisms underlying the different internal states in mosquitoes 

There are noteworthy examples of context-dependent behaviors of mosquitoes that 

elucidate transitions in the internal state from nectar-feeding to blood-feeding to 

oviposition or diapause. Both male and female mosquitoes feed on nectar sugar for 

carbohydrates, but only female mosquitoes seek a blood meal.  Like other pollinators, 

mosquitoes use multimodal cues such as scent, color, CO2, etc. to locate flowers 

[10,11]. Phytophagy in mosquitoes is thought to be the ancestral condition whereas the 

switch to other hosts (insects, amphibians, mammals, birds) for nutrition is probably a 

more derived trait, mediated through changes in their sensory systems (see 

review[12]). Field capture of Aedes albopictus in New York state, USA, showed that 

over 40% of both male and female mosquitoes had consumed a nectar meal in the last 

24 hours [13]. In the same study, a positive relationship was found between feeding 

rates and saturation deficit. A similar observation was made for blood-feeding A. 

aegypti whose biting frequency increased as they became more dehydrated [14].   

Within days after eclosion and feeding on sugar meals, mosquitoes court mates using 

auditory signals, which can be perceived at meters distance [15]. Mating induces a 

refractory period in females in which she rejects remating with future males. A study 

implicates the role of a male-specific neuropeptide HP-I, likely passed on to females 

during copulation ensuring the siring success of the first male [16]. Post mating, the 

internal state of the female mosquito switches to blood-seeking behavior (fig. 2). 

While mating induces transcriptional changes in 121 genes in the spermathecae, 

blood-feeding induces changes in 152 transcripts [17,18]. During the blood-seeking 

state, mosquitoes are sensitive to exhaled CO2 [19] and volatiles from the skin of hosts 
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[20-22]. which serve as long-range cues, whereas, visual [23-25], thermal [26], and 

moisture cues [27] can act as short-range attractants. Remarkably, mosquitoes will 

continue to pursue a host for at least 10 minutes after perceiving a brief pulse of CO2 

indicating the persistence of the host-seeking internal state [28]. After a blood meal, 

female mosquitoes are satiated for at least 3 days. The neuropeptide Y-like receptor 7 

has been suggested to regulate the satiated state of female A. aegypti [29].   

Major changes in gene regulation are observed 72 hours post-blood feeding in a mated 

mosquito [17,18]. Post-blood meal, it takes mosquitoes over 3 days for vitellogenesis 

[30], during which substantial transcriptional changes occur in the ovaries and fat 

bodies [17,18]. In this intermediate quiescent state, mosquitoes lose their attraction 

towards host cues [28] and instead are attracted to moisture cues [27,31,32] for 

oviposition. This is reflected in recent findings where non-blood-fed mosquitoes 

tracked moving bars in the presence of CO2 in a tethered flight arena. However, 72 

hours after a blood meal, mosquitoes lost their ability to track visual targets, while 

(intriguingly) sugar-fed mosquitoes continued tracking these targets [25]. 

Water vapor and visual properties of standing water likely serve as long-distance 

attraction cues for female mosquitoes seeking oviposition sites. Upon approaching 

water, A. aegypti land on wet surfaces, assessing water salinity with specialized 

channels in their tarsal sensory neurons [30]. Typically, females can tolerate brackish 

water (NaCl) up to 150 mOsm/kg (seawater is 1000 mOsm/kg) as larval viability is 

limited beyond this concentration. In addition, mosquitoes are sensitive to the 

microbial volatile Geosmin, which is an aversive odorant for Drosophila melanogaster 

as it is an indicator of the presence of toxin-producing molds and bacteria [33]. This 
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same odorant, released by bacteria in moist conditions, can act as an attractive cue for 

mosquitoes seeking water. As was documented for D. melanogaster, the olfactory 

receptor responses to Geosmin map to a single glomerulus in the Aedes aegypti 

antennal lobe, suggesting a behavior-specific pathway [34]. A similar example is the 

Ionotropic receptor Ir21a, which is involved in the detection of cooling and heat 

avoidance in Drosophila flies, suggesting a circuit for aversive behavior. In contrast, 

for the mosquito Anopheles gambiae the same receptor (and perhaps the associated 

neural pathway) is repurposed for attraction to a blood-meal host  [26]. These 

examples of shared sensory-neural pathways with opposing perceptual and behavioral 

valence highlight another level of context ï phylogenetic ï that extends beyond 

ephemeral changes in internal states.   

Internal states can persist for weeks, instead of days, such as female A. albopictus 

entering a diapause state triggered by changes in day length and temperature [35]. In 

this state, females showed normal feeding rates, but drastic upregulation of 

vitellogenin genes and downregulation of metabolic processes were observed [36]. In 

Culex pipiens however, mosquitoes entering a diapause state transition from blood-

feeding to exclusively sugar-feeding, also suggesting gross physiological changes that 

alter the animalôs internal state [37]. Moderate levels of artificial light pollution (4 lux) 

are sufficient to trigger gene expression changes in the circadian clock genes, averting 

C. pipiens females from undergoing diapause [38,39]. It can take up to 2 weeks for A. 

albopictus to enter a diapause state and it is unknown whether this state is reversible 

[35,36]. Finally, several studies have documented changes in mosquito behavior 

during the extended period when they are infected with Plasmodium, and these 
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behaviors differ between the transmissible (sporozoite) and non-transmissible stages 

of the parasites. These behavioral changes affect flight activity, biting duration and 

frequency, enhanced attraction to hosts, and electrophysiological responses [40]. 
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Mechanisms underlying the different internal states in insect pollinators 

Recent advances embracing context and nuance in pollinator attraction stem from a 

new set of hypotheses framing how multi-modal floral traits interact to mediate 

pollinator behavior [41]. One important hypothesis is efficacy backup, the idea that 

floral signals representing different modalities can substitute for one another 

depending on ambient conditions external to the pollinator. Initial support for efficacy 

backup was provided by a study in which bumble bees (Bombus terrestris) were 

shown to use color vision to find scented artificial flowers when the foraging 

landscape was either chemically noisy or windy [42]. A more recent study reveals how 

efficacy backup can occur among alternative channels within the same modality. 

Nocturnal hawkmoths (Manduca sexta) demonstrated different innate visual 

preferences between blue and white artificial feeders, in relation to differences in 

ambient lighting conditions, which were possibly mediated by shifting between the 

use of chromatic and achromatic assessment [43].  

Another aspect of efficacy is the growing concern that anthropogenic conditions, such 

as ozone or diesel pollution, or light pollution, may interfere with flower-finding and 

learning by bees and moths [44,45]. It will be important to test whether pollinators can 

adjust foraging and learning flexibly to cope with changing ambient conditions [46].  

Ambient conditions affect not only the sensory capabilities of pollinators during 

foraging but also translate into internal states (starvation or osmotic balance) that can 

impact foraging decisions by pollinators at longer (hours to days) time scales [47]. 

One paradox for metabolically active pollinators is how to balance sugar (energy) vs. 

water uptake, especially in xeric environments [48]. Surprisingly few studies have 
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explored this dilemma. In one recent study, Manduca sexta moths held at 20% relative 

humidity imbibed more water and died sooner than moths held at higher (40, 60, or 

80%) ambient humidity [49]. It remains to be tested whether moths or other insects 

respond to drying conditions (as experienced through osmotic stress) by migrating 

away from them.  

A related question is whether pollinators that are infected with parasites alter their 

foraging biology, as suggested by an early study demonstrating impaired motor 

learning (and handling time) of artificial flowers by Bombus impatiens bees infected 

with gut protozoans (Crithidia bombi;[50]). Remarkably, a field study showed that 

parasitized bees forage longer and return more frequently to flowers (e.g. Chelone 

glabra; Plantaginaceae) whose nectars have high iridoid glycoside concentrations 

[51]. This apparent ñself-medicationò makes sense not in a calorically optimal 

foraging context but considering the evidence that iridoids from Chelone nectar reduce 

Crithidia bombi infection rates in B. impatiens bees [52]. In a similar vein, callunene, 

a natural product in the nectar of wild heather (Calluna vulgaris; Ericaceae) has been 

shown to prevent infection by Crithidia in Bombus terrestris bees by detaching the 

parasiteôs flagellum [53]. This apparent ñde-wormingò effect is not limited to nectar 

metabolites, as a survey of pollen diets revealed that the spiky pollen grains of asters 

(Helianthus and Solidago spp.) also show strong prophylactic effects against Crithidia 

in bees [54]. Taken together, these findings suggest that early autumn bumble bee 

foraging preferences for Chelone nectar and aster pollen reflect a parasite-infected 

internal state, rather than one devoted primarily to caloric acquisition.  

Autumn-blooming asters play another important role in pollinator biology, as they 
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represent the dominant nectar source fueling the migratory flights of monarch 

butterflies (Danaus plexippus) in eastern North America [55]. Decreasing day length 

and fluctuating temperatures trigger ñmigratory syndromeò in late summer-emerging 

monarchs, with modifications to wing shape, juvenile hormone titers, and reproductive 

diapause [56]. The use of sensory cues during migration is now well understood at the 

neural level in monarchs, thanks to studies of a time-compensated sun compass, 

magnetic compass, and circadian clocks located in the antennae [57,58].  Like 

monarchs, the true armyworm moth (Pseudaletia unipuncta) shows seasonal 

migrations in North America triggered by day length and temperature. Under cold, 

short-day conditions, both male and female migrant armyworm adults are 

reproductively immature (neither producing nor responding to sex pheromone), in 

conjunction with differences in juvenile hormone and associated neuropeptides 

mediated by the corpora allata [59]. The accumulation of lipid reserves in both sexes 

during the transition to migration implies either increased levels of nectar feeding or 

changes in the metabolic processing of nectar meals.  
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Why context? 

We have briefly covered systems in which internal and external conditions have 

consequential effects on an organismôs behavior and the information it utilizes. It may 

be a female mosquito shifting from nectivorous to hematophagous feeding after 

mating and thus responding to different constellations of stimuli involving different 

behaviors. It may be a pollinator responding to different guiding stimuli while 

foraging, due to parasitism, light conditions, or its osmotic demands. Disparities aside, 

these are goal-seeking behaviors, evolutionarily molded in relation to their efficiency, 

and therefore, emerging from the relationship between the animal and its environment. 

Their adaptive value depends on the use of information in a way that is specific to the 

taxon (its shared internal states), and reflective of the statistical order within the 

uncertain environment in which they evolve. We believe these considerations may be 

helpful to study sensory ecology in nuanced ways that, albeit more complex, consider 

the evolutionary histories of the animals and their functional use of information, which 

may go beyond ña driving stimulusò measured under reduced experimental setups. 

Recent advances at the level of the neural substrates encoding the translation of 

external stimuli into internal states and into specific behavioral responses in insects are 

extremely valuable for our field of sensory ecology in insects. 
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Annotations for papers of outstanding interest. 

*special interest 

**outstanding interest 

 

**2. Flavell SW, Gogolla N, Lovett-Barron M, Zelikowsky M: The emergence and 

influence of internal states. Neuron 2022, 110:2545-2570. 

In this review, the authors define internal state and synthesize the literature on this 

topic while proposing alternative mechanisms underlying persistent internal 

states. In the field of neuroscience, the topic of ñinternal statesò in animals has 

gained traction in recent years, facilitated by novel tools such as sophisticated 

behavioral quantification programs, cellular manipulations, and access to 

underexplored brain regions. 

 

*13. Fikrig K, Peck S, Deckerman P, Dang S, St Fleur K, Goldsmith H, Qu S, 

Rosenthal H, Harrington LC: Sugar feeding patterns of New York Aedes 

albopictus mosquitoes are affected by saturation deficit, flowers, and host 

seeking. PLoS Negl Trop Dis 2020, 14:e0008244. 

Fikrig et al. report that over 40% of field-captured females and almost 50% of male 

Aedes albopictus had consumed a nectar meal within the 24 hours preceding 

the capture around Long Island, New York, USA. This finding was leveraged 

by the use of the cold anthrone test, which preferentially detects fructose (over 

glucose or trehalose) at room temperature, thus distinguishing between sugars 

acquired through nectar or honeydew vs. sugars present in host blood. The 

authors found that dry weather led mosquitoes to sugar-feed more often.  

 

*14. Hagan RW, Didion EM, Rosselot AE, Holmes CJ, Siler SC, Rosendale AJ, 

Hendershot JM, Elliot KSB, Jennings EC, Nine GA, et al.: Dehydration 

prompts increased activity and blood feeding by mosquitoes. Sci Rep 2018, 

8:6804. 

The authors show how ambient conditions (relative humidity) impact physiology and 

behavior of mosquitoes. Dehydrated mosquitoes from low ambient humidity 

increased carbohydrate metabolism and prompted a trehalose to glucose shift 

in Culex pipiens. This shift in physiology increased the proportion of blood 

feeding in mosquitoes which was confirmed by suppressing trehalase activity 

using RNA interference. 

 

**22. Zhao Z, Zung JL, Hinze A, Kriete AL, Iqbal A, Younger MA, Matthews BJ, 

Merhof D, Thiberge S, Ignell R, et al.: Mosquito brains encode unique 

features of human odour to drive host seeking. Nature 2022, 605:706-712 

Zhao et al show that human vs. animal odorants activate different glomeruli in the 

antennal lobe of Aedes aegypti suggesting that sensory information of the host 

is parsed already at the primary brain center. The authors present captivating 

graphics on the different dimensions of chemical space occupied by human vs. 

animal odors.  
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**26. Greppi C, Laursen WJ, Budelli G, Chang EC, Daniels AM, van Giesen L, 

Smidler AL, Catteruccia F, Garrity PA: Mosquito heat seeking is driven by 

an ancestral cooling receptor. Science 2020, 367:681-684. 

Greppi et al show that Ir21a mediates heat-seeking response in Anopheles gambiae. 

The same receptor is involved in heat avoidance behavior in drosophila 

suggesting that in mosquitoes it is repurposed for a blood-seeking behavior.  

 

**28. Sorrells TR, Pandey A, Rosas-Villegas A, Vosshall LB: A persistent 

behavioral state enables sustained predation of humans by mosquitoes. 

eLife 2022, 11:e76663. 

The authors ask an underexplored question in the field of internal states: how long do 

behavioral states persist? Using the context of blood-seeking, the authors show 

that female Aedes aegypti can continue to show host-seeking behavior for up to 

14 minutes gated by only a brief initial pulse (5 sec) of CO2. The authors show 

that the mosquito behavior is replicable to a fictive stimulation of the CO2 

sensitive neurons using optogenetic methods.  

 

*12. Peach DA, Matthews BJ: Sensory mechanisms for the shift from phytophagy 

to haematophagy in mosquitoes. Curr Opin Insect Sci 2022, 52:100930. 

This noteworthy review highlights the less appreciated behavior of mosquitoes, that of 

phytophagous feeding. The authors review literature that provides examples of 

mosquitoes feeding on nectar, plant sap, honeydew, etc. The authors point out 

that phytophagy is likely the ancestral trait in mosquitoes while hematophagy 

is the derived trait. Several odors are shared between vertebrates and plants, 

thus suggesting the role of ancestral olfactory receptors being repurposed in 

seeking blood hosts. 

 

*23 Alonso San Alberto D, Rusch C, Zhan Y, Straw AD, Montell C, Riffell JA: The 

olfactory gating of visual preferences to human skin and visible spectra in 

mosquitoes. Nature Communications 2022, 13:555. 

Alberto and Rusch et al demonstrate how CO2 gates the visual attractiveness of 

mosquitoes towards different colors. They show that mosquitoes are attracted 

to longer wavelengths such as orange and red which are the dominant spectra 

in human skin.   
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CONCLUSION 

A TALE OF SCALE: HUMIDITY FROM MICRO TO MACRO HABITAT 

My thesis addresses a fundamental question on signal evolution in the context of 

plant-pollinator interactions. Throughout my thesis I have implemented approaches 

from the fields of animal behavior, plant physiology, and sensory neurobiology.  

In the context of plant-pollinator interactions, the decisions made by pollinators are 

influenced by their internal state and the relevant information they receive from the 

environment. Pollinators are attracted to flowers using different information at 

different scales (Fig. 2, Introduction). While olfaction and vision have received 

significant attention in the study of plant-pollinator interactions, I have learned that 

flowers offer more than just scent and bright colors. The experience of a pollinator that 

arrives early at a flower may be completely different from a pollinator that visits last 

because the flowers present different information at different times. While floral scent 

and color pigments are persistent and (mostly) honest signals, floral CO2 has been 

shown to function as a cue indicating freshly opened flowers. Similarly, the role of 

floral humidity was previously considered an honest ephemeral cue, the intensity of 

which was shown to depend on the volume of nectar in the flower. However, the 

nuances in this trait between the previously studied Oenothera sp. and the other flower 

species reported by Harrap et al, and my study system Datura wrightii, prompted me 

to take on this journey.  

The first chapter of my thesis delves deeply into the role of floral humidity as an 

attractive trait for pollinators (Dahake et al., 2022). One surprising finding was that 

floral humidity is not solely a passive outcome of nectar evaporation, but rather, 
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flowers actively produce humidity through stomata. The floral humidity of Datura 

was found to be 30% above ambient levels, which is at least 10-fold higher than 

previous reports on floral humidity. Through single sensillum electrophysiology, I 

demonstrated that moth hygrosensory receptors respond to subtle changes in humidity. 

By employing behavioral, neurophysiological, and plant physiological analyses, I 

concluded that floral humidity plays a role akin to a signal in plant-pollinator 

interactions. Further support for this idea comes from another manuscript, led by 

Shayla Salzman and to which I was fortunate to contribute, which shows that in an 

obligate pollination mutualism between a Gymnosperm (Cycads) and its weevil 

pollinator, cone humidity is as attractive as scent at close distances (Salzman et al., 

2023). These findings suggest that humidity may have played a crucial role even in 

ancient pollination systems predating the evolution of flowering plants. 

During the publication process of Chapter 1, most reviewer queries revolved around 

whether floral humidity should be classified as a signal or a cue. Addressing these 

queries motivated the focus of Chapter 2. We adopted a Tinbergen approach to 

investigate floral humidity across four levels of analysis. Surprisingly, all Datura 

flowers were significantly more humid than the ambient environment, even in self-

compatible flowers. The distribution of stomata on the corolla surface exhibited 

consistency across species, with low density on the flower limb and high density in the 

nectar tube closer to the nectar reward. This pattern not only guides pollinators to the 

floral reward but also creates a microclimate within the flower that facilitates insect 

resting, hiding, or mating. Importantly, the limitation of water resources for the plant 

affects its floral humidity signal, which positively correlates with the quantity of 
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nectar offered by the flowers. In other words, floral humidity can genuinely convey 

information to pollinators about the underlying nectar rewards in this pollination 

system. This manuscript is currently being prepared for publication. 

In Chapter 3, I shift focus from floral microhabitats to broader macrohabitats. At the 

landscape scale, ambient humidity can influence the activity levels of pollinators, their 

internal states, and their nectar consumption. To investigate this, we utilized an 

osmometer to track the hemolymph osmolality of moths exposed to different levels of 

ambient humidity. Our findings demonstrate that the hydration state of the pollinator is 

reflected in its hemolymph osmotic concentration. Therefore, the osmolality of moths 

can serve as a reliable biomarker for assessing pollinator health (manuscript is at the 

submission stage). 

Lastly, in Chapter 4, I present a mini review on the role of context in insect sensory 

ecology and behavior (Dahake et al., 2023). At times, the behavior of animals may 

appear idiosyncratic, but it is only when viewed through the lens of context that it 

begins to make sense. Although the importance of contextual role is acknowledged in 

the study of animal behavior, it rarely takes center stage. In this chapter, I provide a 

definition of context and review the examples of context-dependent behaviors in 

mosquitoes and insect pollinators.  

A broader question that I will continue to explore in my future research is how context 

emerges and what molecular mechanisms contribute to the formation of different 

contexts. 
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APPENDIX A 

 

CHAPTER 1 APPENDIX 

 

a 

 

b 

 
c 

 

d  

 

Supplementary Fig. A.1 a Floral humidity measured along a horizontal transect 0.5 

cm above the flower opening. The inset image of a Datura wrightii flower with the 

arrow shows a typical transect trajectory. The black solid line shows the mean and the 

shaded area (gray) shows the SEM. The sample size is indicated in the top-right 

corner. b Stomatal counts across 4 locations, same as Fig. 1e in the manuscript, but on 

the outer surface of the flowers (abaxial) from greenhouse-grown plants (magenta) and 

flowers collected from Tucson, AZ, USA (olive green). Dot plots show stomatal 

counts of individual flowers. Black lines show the mean (horizontal) ± SD (vertical). 

Sample sizes are indicated in parentheses. c Floral humidity of the artificial flower (as 

shown in d) with either 200 µl of Datura nectar or water in the nectar tube if it were 

an inadvertent cue for nectar presence in this system as shown previously for 

Oenothera cespitosa(von Arx et al., 2012). Solid lines show the mean of n=5 transects, 

and the shaded region (gray) shows the SEM d An artificial flower constructed from a 

15 ml falcon tube and a 10 cm diameter plastic funnel. Flower dimensions roughly 


