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My PhD research explores a broad question: Hopwldots and pollinators

communicate with each other and what is their communication language? | address
thisinterdisciplinaryguestion using general principles in animal communicaptant
physiology,and information theory.

Information available to pollinators can be catézga intosignals 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 totgitseential 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 theirypigysttrait has no
apparent fitness benefit for humaiiiis signal/cue communication framework is also
observed in insegtlant interactions and serves as an engine for the spectacular
diversity of plants and pollinators.

Insect pollinatorgiather infomation using floral signals/cues to locate flowers in a
noisy environment. Insects use color pigments and floral scents adisbagce

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



additional information about thencealed floral rewards. In my Ph.D. research, |
discovered that floral humidity functions as a stistance communication signal
between plants and pollinators. Floral humidity guides pollinators to the nectar
rewards and increases the reproductiveefithof 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
pollinationmutualism between a hawk mottignduca sextaand its preferred flower
(Datura wrightii), | demonstrate that nectar evaporation and humidity are not directly
linked. Instead, flowers actively produce humidity through stomata, resulting in an
enormous humitly gradient in the flower. Surprisingly, the contribution of nectar
evaporation to the floral humidity of Datura is minuscule. Floral humidity has positive
fithess consequences for both the flower and the pollinator and therefore serves as a
signal, not aue, in this interaction.

In summary, | have discovered a previously unappreciated signal between plants and
pollinators, adding to the multimodal information landscaqgganisms utilize to

communicate
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INTRODUCTION

LIFE OF A NOCTURNAL FLOWER: THE TEMPORAL DYNAMICS OF

SIGNALS AND CUES ODATURA WRIGHTII

Natural History and cultural significanoé DaturaandManduca

Fig. 0.1 The natural history of Datura wrightii T Manduca sextanteraction
(A) The matching lengtManduca sext@roboscis and the nectar tubeDatura wrighti.
(B) A moth crawls inside the flower to access the nectar that is concealed deep witr
nectar tube.
(C) A vertically filetedD. 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 wrightiiis a perennial shrub native to Mexico but its raegendgo the arid
and semarid habitas of the Southwestern United States where it is common along
roadsides and wash@slle & Hare, 2002; Ragsoet al, 2003; Bronsteirt al, 2009)

The plant produces massive, white, strongly scented flowers which bloom at sunset



and wilt by the following morning. It is one of the largéstvers in North America

and is primarily visited and pollinated by the nocturnal hawkrvtdahduca sexta
(Raguscet al, 2003; Raguset al, 2005; Bronsteirt al, 2009)

Datura holds significant cultural value among Native Americans. The plant contains
tropane alkaloids, such as atropine and scopola(Kiaiho-Betancouret al, 2015)
which have powerful hallucinogenic effects on humans. In the indigenous community
of SouthCentral California, it was customary to consume various pafsfraas

part of a comingpf-age celebratiofRobinsoret al, 2020) It was ingested either as a
quid or as toloache, a tea made from plant roots. "Following the puberty ceremony,
Daturacould be used throughout a person's lifetime for multiple purposes, such as
gaining supernatal 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 ailmeri®@bbinsonet al, 2020) Analysis of

Datura quids found in the pinwheehves of California suggests that the caves were
inhabited between AD 1360800. However, the significance Daturain indigenous
culture dates back even further, to AD 8BIb50, among the prehistoric indigenous
community of the Mimbres Valley in whatimow New Mexico(Berlant & Maurer,

2018; VanPooktt al, 2023) A characteristic feature of Mimbres &tthe depiction of
Daturaseed pods, buds, flowers, and its hawkmoth pollinators in classic black and
white paintings on ceramic bowls (Berlant & Maurer, 2018). As a result,Dettira

and its hawkmoth pollinators hold deep historical and cultural neéevamong Native
American communities, including the Apache, Chumash, and Tubatulabal.

Datura-Manducainteraction



In the field of ecology and evolution, the interaction betwdanduca sextand

Datura wrightii has been widely studied as a model system for examining-pisedt
mutualism(Adler & Bronstein, 2004; Bronstekt al, 2007; Bronsteiret al,, 2009;
Smithet al, 2019; Johnsoatal., 2021) While Daturais capable of selpollination,

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

2002; Bronsteiret al, 2009) Manduca sextathe primary pollinator obatura, has a
proboscis length that closely matches the nectar tube lenBthnofghtii (Raguscet

al., 2003)~9-12 cm; Fig. 1A). To extract the nectar fraatura flowers, moths dive
inside he 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 aandtee (Fig. 1C and D).

During this process, moths become loaded with pdi&mithet 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 fitheBaifra

plants, making this interaction an ideal model system for studyhayduotion.

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.



4) It must have evolved for the purpose of communication.

Cues on the other hand, are unintentional and an inadvertent consequence of necessary
biological processg$Smith & Harper, 1995; Schaefet al, 2004; Bradbury &
Vehrencamp, 2011; Leonaed al, 2011; Laidre & Johnstone, 2013herefore, a cue
might benefit an eavesdropper, but it has no positive fithess consequence to the emitter
of the cue.

While it is widely recognized that flowers employ multiple signals and cuetsréact
pollinators(Raguso, 2004; Raguso, 2008)ere is a lack of documentation on the
temporal dynamics of those signals and cues for any flower species. Understheding
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 pollinatonake
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, | illustrate using a spatial scale the poteaital t
Manducamay experience as it approachd3auraflower. The strong scent bouquet

of Daturaand the bright floral pigments serve as signals for the moths attracting them
at the scale of mete(Raguso & Willis, 2002; Raguset al, 2005; Raguso & Willis,

2005; Goyrett al, 2007) At a centimetescale proximity, moths perceive the CO2

cues emitted by the freshly opened breathing flo{@terensteiret al, 20044a;



Guerensteiret al, 2004b; Thonet al, 2004; Goyret, 2008; Goyret al, 2008) At

the threshold of the flower, moths perceive the floral humidity in the flower headspace
(von Arxet al, 2012; Dahaket al, 2022) followed by mechanosensory and

gustatory cues upon contd@oyret, 2010)While longdistance attraction of

pollinators has been wedtudied, the factors influencing pollinator decisions at short
ranges have received relaly less attention. To understand the potential information
that pollinators receive from flowers at different times of the day, we conducted a case

study usingDatura wrightii and documented its various signals and cues.

Signals Signals/Cues?
] 1
[ 1 [ 1
Scent + Color pigments +CO, + Humidity P N
meters centimeters N "‘“\

Fig. 0.2 Pollinators can usedifferent sensory information to orient themselves at
different spatial scalesSignals like floral scent and color pigments at meters scale, cues
floral CO,and humidity at centimeters scale, and taste and mechanosensory cues upon
with flowers (0 cm). The plus sign denotes that the signals/cues are experienced incrern
in addition to the previous ones.

Based on findings from other pollination studies, we hypothesized that the emission of
floral scent fronD. wrightii would peak at anthesis (when the flower opens) and

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

dynamcs. Interestingly, flowers contained a substantial amount of nectar even before



opening (62.14 + 20 pl), and the quantity increased consistently overnight to a final
volume of 151.81 £+ 31 ul (mean £ SD).

Since anthesis requires metabolic energy, we exp&iie levels to be highest during
this stage. Previous research@atura suggested that GQevels returned to ambient
levels within two hours after anthe¢Suerensteiret al, 2004a) Our observed data
aligned precisely with this prediction and the previous study. Regarding humidity, we
hypothesized that the dynamics would closely resemble thosepi® a rapid
increase during anthesis followed by a return to ambient levels. A previous study on
evenng primrose Oenothera cespitosaupported this predictigivon Arx et al,

2012) However, the observed humidity dynamicaftura flowers were

unexpectedly different. We observed a rapid increase in humidity during ianthes
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 thekbses 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 @atura wrightii. The left side
of the figure dets the predicted dynamics of the signals and cues based on published
Daturaand other flower species. The riggitle shows observed data. The images at the
bottom show (left to right): anthesis (dusk), fully bloomed flower (30 mins post antlaesls)
a faded flower in the morning (post dawn). The purple box highlights the unexpected
dynamics of floral humidity oD. wrightii which is investigated further in the subsequent
chapters.
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A pencil sketch oManduca sext@robing freshly openeBatura wrightii flowers
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CHAPTER 1
A SIGNAL-LIKE ROLE FOR FLORAL HUMIDITY IN A NOCTURNAL

POLLINATION SYSTEM!

Abstract

Previous studies have considered floral humidity to heaavertent consequence of
nectar evaporation, which could be exploited as a cue by rssetking pollinators.

By contrast, our interdisciplinary study of a nigitboming flower,Datura wrightii,

and its hawkmoth pollinatoManduca sextareveals thatlbral relative humidity acts

as a mutually beneficial signal in this system. The distinction betweemdeignal
based functions is illustrated by three experimental findings. First, floral humidity
gradients irDaturaare nearly teriold greater thamhose 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, implysudpstantial physiological

costs to these desert plants. Second, the water balance doatarmare

compensated through increased visitatiotManducamoths, with concomitant
increases in pollen export. We show that moths are innately attracted t humi
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

Dahake, A., Jain, P., Vogt, C. C., Kandalaft, W., Stroock, A. D., & Raguso, R. A. (2022). A
signatlike role for floral humidity in a nocturnal pollination systelkat Commun, 13),
7773. doi:10.1038/s4146122-353538
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preference for humid flowers benefits hawkmoths by reducing the energetic costs of
flower handling during nectar foraging.aken together, these findings suggest that
floral humidity may function as a signal mediating the final stages of floral choice by
havkmoths, complementing the attractive functions of visual and olfactory signals

beyond the floral threshold in this nocturnal ptpotlinator system.
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Introduction

The spatial scale at which pollinators are attracted by floedls has important
consequences for pollinator foraging efficie(i¢ylahci et al., 2008) resource
partitioning Goldshtein et al., 2020and plant gene flo@@kogen et al., 2019, Deng et

al., 2020) Although floral scent and color can attract pollinators at a scale of
metergGalizia et al., 2004, Gibernau et al., 1998, Kapustjansky et al., 2010, Hempel
de Ibarra et al., 2015, Boff et al., 202fh)ey cease to be informative once pollinators
arrive at a flowerds threshold (mm to
information, such as contrasting nectar gujdesnard and Papaj, 20113cented
pollenlDobson and Bergstrém, 200@y nectafRaguso, 2004b)Recentlyforaged
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
pollinatorsreject some flowers upon inspection, without lanfiGaybet 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 thegatava patch of
flowering plantg§Stout et al., 1998, Howell and Alarcén, 200Fpr instance, floral
primary metabolism and transpiration produce gradients in carbon dioxidg (CO
concentration and relative humidity (RH) withihe headspace of a newly opening
flower (mm to cm distance), which more reliably indicate neatamilability before
pollinators commit to probing or visiting a flowgon Arx, 2013, Goyret, 2008)

All animals utilize cue$ the sensory information available in their environmerits
navigate and survive. When cues are produced inadvertently by the movement or

metabolism of other org@gsms, they can be exploited by eavesdrop(iradbury and
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Vehrencamp, 2011)In the context of communication, when aspiging animal
(sender) exhales GQOit alerts nearby mosquitoes (receivers) to a potential blood meal,
with detrimental consequences for the sender of th@vimMeniman et al., 2014)n
contrast, signals mediate communication between senders and receivers that results,
on average, in fitness benefits to both pafBesdbury and Vehremenp, 2011, Smith

and Harper, 2003) Despite longstanding debate on signal classification and
evolutionNSmith and Harper, 1995, Laidre and Johnsto2013) behaviorists
distinguish signals from cues using the following criteria: 1) senders provide clear,
measurable information, that 2) has evolved for the purposernmunication with
receivers, which 3) elicits a distinctive (e.g. staltering) response from the recipient,
resulting in 4) fitness consequences that are favorable, on average, to both
partiegBradbury and Vehrenoap, 2011, Laidre and Johnstone, 2013, Smith and
Harper, 1995) In addition, although exceptions exist, most signals incur significant
metabolic, social or healthrelated costs that are thought to ensure evolutionary
stability against cheatiri§mith, 1994) In plantpollinator communication, floral
signals may evolve asdices(form and content are physically conneg¢teakicons
(form is similar to the content but can be decoupled), @yawolgform and content

are arbitrarily or statistically linked).

Current evidence suggests that floral2@Ca cue by which pollinators can assess

nectar presence and profitabilityight-blooming flowers such a3atura wrightii
accumulate and release g@pon anthesis when nectar is most available, but floral
COzdecays to ambient levels soon after anth@siss, abovembient floral CQ

alerts pollinators to the presence of newly opened, profitable flgeesenstein et
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al., 2004) Flowers with abov@ambient CQ are more attractive to hawkmoths

(Manduca sextethan those with ambient G@oyret et al., 2008)but in the absence of a
sustained difference in profitability, hawkmoth preference for highdd®@inishes to
chance over subsequent floral vi€lisom et al., 2004 Hawkmoths (as receivers) can
utilize aboveambient floral CQas an ephemeral pradhility cue for freshly opened
flowers, due to its correlation with unexploited floral rewattieemains unclear

whether plants benefit by furnishing floral €&s a cue, as they might derive greater
fitness benefits by withholding nectar profitability informati@iibert et al., 1991)

Unlike CQO, 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 @Qloral humidity may therefore alert pollinators to
flowers that refill nectar after anthesis. The evening primrose flo@endthera
cespitosa)presents4-6% aboveambient RH in its headspace, which decays to
ambient levels within 30 mins after anth¢gm Arx et al, 2012) Floral
manipulations revealed that nectar evaporation accounts for half of the floral humidity
in O. cespitosastrongly suggesting function as a cue. A recent s(iHayap et al.,
2020)of floral humidity from 42 plant species in a common garden reported a range of
0.053.7% abovea mbi ent RH ( h efloral bdadspatehinclgdihél 9peciesn
that lack floral nectdHarrap and Rands, 2022 the laboratory Hyles lineata a
common pollinator ofO. cespitosaprefers probing nerewarding artificial flowers

with aboveambient B4 over flowers with ambient RH, despite the absence of sugar
rewardgvon Arx et al., 2012)Finally, the generalist bumblebdg@ombus terrestris

has been shown to discriminate @®@RH on

16
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rewards in a lab settifigarrap et al., 2021)Together, these findings indicate that
floral humidity influences pollinatdioraging 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 argeveral 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, respectivélyaidre and Johnstone, 201¥ome of these
gaps include the physiological sources of floral RH, the efficacy (physical robustness)
of floral RH gradients in the face of environmental n@iebets and Papaj, 200%)nd

the mechanisms of pollinator perceptual and behavioral respomseslistic RH
gradients in space and time. In contrast to the rapid dissipation (~30 mins) of floral
RH from the narrow ectar tube and open petals@f cespitos@von Arx et al., 2012)

we hypothesized that larger, trumysbiaped corollas (e.g., &fatura flowers) might
sustain humidity gradients beyond anthesis (also(Hseeap et al., 2020)
Furthermore, if abovambient floral RH persists after nectar has been extracted by an
earlier visior, the disconnect between floral humidity and nectar status may present
conflicting information to subsequent floral visitotsfloral 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 faramtent 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 orniensity of the trait with an attendant increase in receiver
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respons@radbury and Vehrencamp, 2011)n the case of icons, increased signal
magnitude often incurs a sizable cost to the sender, which can be offset by the fithess
benefits of a concomitant increase in responsiveness by the réBeaddury and
Vehrencamp, 2011)

We evaluate the role of floral humidity in the wstudied mutualistic reteonship
betweenDatura wrightii, a nightblooming plant with large, trumpshaped flowers,

and Manduca sexta,a nocturnal hawkmoth that is the primary pollinator of
Datura(Bronstein et al., 2009, Johnson et al., 2024 show thaDatura flowers
present unusually high floral humi dity (:
reported for angiosperm flowdven Arx et al., 2012, Harrap et al., 202§) a factor

of 10. We find thatDatura floral humidity is not a passive consequence of nectar
evaporation but, instead, is a persistéaral trait that results from gas exchange
through floral stomates. Neurophysiological responses fiManduca antennal
hygrosensing neurons confirm that moths perceive minute differences in floral
humidity, and experimental occlusion of the hygrosensiegsillum 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 functidtewdbhumidity: an
uninformative trait, an informative trait positively associated with nectar, or an
informative trait negatively associated with nectar. Our results show that floral
humidity benefitsDatura plants through increased pollinator visitetiand benefits
Manducamoths by reducing energetic expenditure related to flower handling time.

Mot hsd strong i nnat e preference for h umi
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presence or absence of nectar in the artificial flowers. Furthermore, themaaicg of
unusually high ®@RH in a desert/ grassland
balance suggests that floral RH Datura is a costly sexual signal, evocative of an
overstated animal courtship displ@ark, 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 complesntary 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 iis a cue for the presence of nectar.
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Methods:

Manduca sextaolony

We raisedManduca sextdrom egg to adult in a laboratory waik growth chamber
maintained at 24°C and 8D% RH with a 16:8 light: dark cycle. Caterpillars were fed

a cornmealbased artificial diet prepared in the lab. Latage caterpillars were
transferred to individual cavities in wooden pupation blocks. Aftd0 7days of
pupation in the wooden blocks, pupae were transferred to the greenhouse to a moth
breeding cag 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
Datura wrightii plants

Datura wrighii 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 @& 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 #gdllon plastic pots and placed in the greenhouse
facility at Mudd Hall, Cornell Universyt under a 16:8 light: dark cycle. As necessary,
plants were rgotted in a allon plastic pot, trimmed as needed, and regularly
watered with 235-20 fertilizer (nitrogerphosphatgpotash). Plants continued
flowering throughout the year.

Vertical and hazontal gradients of floral humidity

For floral humidity measurements, floweringatura 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+2°C and background RH
varied flom 12% to 68%. Typically, the background humidity was high in summer
months (4660% RH) and low in winter months (BD% RH). In preparation for
measuring vertical or horizontal humidity gradients, flowers were held straight using
bamboo sticks and metalines. The Omega, Inc. hygrosensor probe (model 314A)
was screwfixed to a syringe pump (kdScientific model 100) to move the sensor
gradually but continuously in either vertical or horizontal transectgy@edé\rx et al.,
2012).The starting point for theertical 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 peobead 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 equilibratds 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 place@@@m away from the flower at the same
height as the flower opening. Output from thggtosensors was compiled in the
software provided by Omega. The humidity and temperature data were stored for
every second of t he transect, amounting
calculated by subtracting the ambient RH from floral RH, and thevekta 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@dtura flowers growing in natural sétigs 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 pifiojuniperboulder habitat at the upper elevational limitstofet pl ant 6 s
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 tenperature 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 wid to reduce the boundary layers of the flower surface. To test that, w
generated an artificial breeze of approximately 0.4 m/s over the flower usingaanclip
fan (15 cm diameter) in a | aboratory sett
was plaed between the fan and the flower to reduce airspeed and create a laminar
flow. The distance between the fan and the flower was roughB01&n. If the floral

RH gradient is an outcome of passive nectar evaporation, we would expect nectar
removal during Bwkmoth visits to reduce floral Ribn 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 ofDedicta

flower before initiatingthe 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 freereztelbe tirleat ment . Next, the nectar
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
Abr eeze+nedcot atrr eeaxttnreanctt. e

Floral nectary and stomate blockage

Another way to test the contribution of nectar diffusion to floral RH is to occlude the
floral nectar tubes (séeon Arx et al., 2012) Accordingly, each of the five individual
nectaries of th®atura 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), ratherath (or complementary to) diffusion from nectar (a
physical mechanism). To block the stomate®afura flowers, petroleum jelly was
smeared on the inner (adaxial) surface of the corolla as shown in figure 1d (also see
(Harrap ad 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 suface 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 asham 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 jeligoated 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 Breura 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. 1le). The corolla surface was peeled off by hand at these four
locations to expose the thin epidermis on the inner serfEpidermal 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 peelsagh 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 1mn? area drawn on the images using image J.

Simultaneous measunents 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
71 122 c¢cm) wi t hiymalemothawe® used irothisyexpermenin. On
and were isolated from the lab colony on the day of eclosion. Moths were trained to
visit and handleDatura flowers at least one night before the experiment was
conducted. The SHT3D hygrosensor (Adafruit) was @d for this experiment. The
hygrosensor was connected to an Arduino Uno that was connected to a computer and
operated through a custenritten Matlab code. The sensor was programmed to
collect 10 data points per sec (upper limit) and was left runningliectaolata for 3

minutes while a moth was introduced to the insect cage. The background RH was

24



noted at the start of every trial. Light intensity in the room was 0.1 lux, measured
using a light meter (Reed 1-:X102). Moth visits were filmed using a CanonLBS
camera (EOS Rebel T6i) at 60 frames/sec for thmirRite duration the sensor
recorded floral humidity for each trial. The video data were aligned with the floral
humidity data using a custom Matlab sdffifdhake, 2022fsee Supplementary video

1).

To measure the floral humidity experienced by moths as they enter and exit flowers,
the hygrosensor was inserted in the flowers férdec and rema@d for approximately

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

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

Floral surface area and volume measurements

For surface area measurements3 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=ab 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 meesd 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 watedale

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 50eC to recc
Two choice behavior assays

2-4 pupae of both sexes were isolated from dffseclolony and placed in separate nylon

mesh insect cages 40 40 60 crddyBi oQui
old, starvedmoths for the experiment. Moths were released in the experimental lab
room 3 6 m (widt h xnorflewering Dafura @ants wletes k. T w
placed in the center of the room with two white funnels (Bluchner funnels, 9 cm
diameter) covered with a white paper towel attached to the plants, to Dahica

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 intensityhiass t

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 flovenggtin

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 wdtled beaker resulting in a 0:3.4 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 authematura flowers. A cotton

tipped swab was glued to the center of the plunger to occupy the space taken up by the
stamtens and style in an authentic flower (S
bergamot oil was added to the cotton swabs of both artificial flowers to provide a

standardized, surrogate floral scent. A motsemsitive 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 mieg® card and were saved on a hard
drive under appropriate treatment folders. Tiatura plants were replaced and cycled
through the 10 plats 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 flomave 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).7ndividual pipette tips were

filled with ~50 pl of 22% sucrose solution, amounting to 200 pl in each flower (upper
limit of nectar offered by th®. wrightii flowers in greenhouse conditions), only once

at the start of the experiment. Depending on thatient, 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 animgdose tracking software SLEAFto track preselected 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 ti p o fbasedhamalyse® onhvitlens b o dy
obtained by the motieeensing camera (Supplementary Fig. 8a). We labeled 1669

frames across 137 videos representing different behavioral trial sessions. A neural
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network was trmed using SLEARPereira et al., 2019y1.1.5 installed on a PC
equipped with a GefoecRTX 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 beha o r a | vi deos. To derive n
body positions around the artificial flowers, we used Siriisson et al., 20200

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 mothdés antenna and thus the hygro
subsguently analyzed in R (v.4.1.1). Videos with tracking anomalies (<5%) were
handcorrected 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 gater i e s : Abef oreo and
discovery. he handling time on either flower was scored manually by noting the time

until moths discovered the reward. Once moths contact the néthaheir proboscis

after landing on the artificial flowershey shaov 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 rewdrd.cumulative

handling time per night was the sum of all tmelpng 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 Ounreliable traitoé exp
each for the Orekriadablteait &i e &opthenbdhaioh € a b n g\
anal ysis of mot hs HfAaftero nectar was di s
vari abl es: Aprobing durationo and the fnu
assay (Fig 4).
Net-energy calculations
To calalate total energy expenditure, we used the formula:

QE QI0QW0 £ 0 WQQ  "YQ4&IQQ )
For power input values (W Ky we referred to Casey (1976psey, 1976)whose
data show that a 1.2+0.08 g md¢thean + SEM) requires 0.237+0.01 W gpwer 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 yeeamended (J) in
handling flowers from the energy gained (J) from consuming 200 ul oD#tera
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 pl solution.
Therefore, the energy gain would be 0.0443 g x 4 kcal= 0.1772 kcal/flower (1 g sugar
= 4 kcal), whichconverts to 741.4 J, because 1 kcal = 4184 J.
Occlusion of the hygrosensing sensillum and sham control
3-day old moths were coldnesthetized in a20°C freezer for 10 mins. Once
anesthetized, moths were viewed under a dissection microscope ventral side up
dorsal side placed over a cold metal block. A UV ligbtivated glue (Riverruns) was

used to occlude the hygrosensors on the moth antennae (Supplementary Fig. 6b&d).

29



The glue bottle opening was attached with a2@0 pl pipette tip for localized
appication 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-R mins. For sham control, onlyH segments at the base

of each atenna were coated with the glue (beyond the spadeel joint), leaving

the rest intact. After the occlusion, moths were returned to the greenhous2 day4

to recover from the handling stress, before using them for the behavior experiment.
The morring 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 excludedrom 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 airtgeated with water vapor served as input to two
dewpoint generators (D@ 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 higity of RH1 = 11% andRH2 = 90%
corresponding to the temperature of the area adjacent to the moth antBnmnae,
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 mtor (28BYJ48 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 contrding the valve opening position, motor speed, and motor
acceleration. The valves were regulated such that the air outlets from the two dewpoint
generators were arpphase as shown (see Fig. 2e). The air streams mixed and passed
through a Function connear and delivered locally with an air speed of-0.8

m/sec at the recording site on the moth antenna. We placed temperature and humidity
sensors (AdaFruit SHT3D) near the antennae (within less than ~2 cm) to
simultaneously measure the temperature amaidiity of the delivered airstream. This
apparatus allowed us to control the rate of the sinusoidal humidity stimulus as well as
offer stationery or stepke stimuli. We partially programmed the humidity stimulus
through MATLAB and viewed it as a reaine MATLAB figure simultaneously with

the instantaneous electrophysiology outpahake, 2022)

Single sensillum recordings and spike sorting

We immobilized 2 3-day old moths in a 15 ml falcon tube. The falcon tube base was
cut off just enough for the mothds head ar
was prevented from moving by fixing it to the tube base with a collar of dental wax.
Themoh6s proboscis was extended and fixed
prevent proboscis movement from interfering with the electrodes. Moths were placed
ventr al side up under the microscope on a
The antenna wsaadhered 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 electrophysiolfy, a sharp 2.5 cm weacoated tungsten microelectrode

( Mi cr oPr ob e sresistarica amd a2simbar rélerence electrode was attached
to a headstage (M systems, model 1800) fixed on a micromanipulator (Narishige).
All electrical components of the ekeophysiology 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 talmannelhigh impedance amplifier (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 US&211). The data acquigin device was connected to a
computer and the signal was visualized using the -aparce software Spike Hound
v1.2(Lott et al.,, 2009) The samphg rate was set at 20,000 Hz and the individual
recording sessions-@ min each were saved on the computer until further analysis.
Selected raw electrophysiology traces were spikéed using an opesource
Waveclus 3.0 toolbdXChaure et al., 2018 he stimulus and thspikes were aligned,
analyzed, and visualized in MATLAB (R2019a) using a custom $bD@ptake, 2022)

The micromanipulator was advanced tedrt 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 ofé¢berding electrode. Electrophysiology
was performed on moths of both sexes, and a new moth was used for every new
recording eventM. sextaantennae consist of one styliform sensillum on each segment

of the antenna, thus, during one recording event,tteenpated 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 35 individual sensing organs (papillae) located at the tip of the
ped Shields and Hildebrand, 200Iherefore, a high density of cell bodies is present
beneath the sensillum (see Fig. 2d). Many recording events pick uphaarerte 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 Hymid
decrease¥okohari and Tateda, 197.6)herefore, 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, tieé cel(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 fldemperature 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 thglaode 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 agiried antennal samples of both sexes under a Zeiss
Gemini 500 electron microscope. Samples were spottaied 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 shadedErrof@ampbell, 2022)
function in matlab. To evaluate statistical differences among flaralidity curves,
we used R v.4.1.1 o6nl med pack(@Baesettlo f it
2015) We started with a simple ndimear 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 @f dhifferent 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:
WYO wtQ 2
The best fitted model suggests thait @RH (
and decays exponentially from the initial vatirefor that treatment, to the final value
at decay rate of by distance. The model allows for separatercepts and decay rate
for each treatmentand includes random effects of individual flower transects on the
interceptcaytand the decay rate. Using package Oemmeanso6 w
estimated marginal means and 95% confidence intervalatand for each
treatment. We performed pairwiséests with poshoc Tukey adjustments to tpe
values in comparing thertand valuesbetween multiple treatments.
For the stomatal counts, we performed a Krusiallis test across the four locations
at which we counted stomatal density. For all the behavior data, we performed either
onesample ttests or Wilcoxon tests, depending on the distribution of the datahorm
vs. not normal)with thenull 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 Imetwee
humid and ambient flowers and visit both flowers equally. For comparisons between
the flower handling time and energetics (Fig-cdawe used a or@ay ANOVA
followed by a TukeyHSD post hoc test for comparisons between treatments.
We used MATLAB R2019H0 generate the 3D scatterplatscell impulse frequency
(y-axis) plotted against instantaneous Bébxis), and rate of change of RH&xis).
The MATLAB curve fitting app, cftool was used to fit the thaieensional
polynomial linear regressions toetklata of the form:

0 O VY'Y oYE)
where Ois the impulse frequency of the dry or the moist neusnis,the height of the
regression planepis the slope for the rate of change in RH, and c is the slope for

instantaneous RH.
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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 (B0% RH). See the
inset illustration of the vertical transect. Individuahfler transects are colooded by
the background humidity they were measured at. The solid black line shows the
+ SEM (gray shading) ai=38 individual flowers. (Some transects are pooled from
several experiments that are shown beldgloral humidty of n=37 naturally
growingDaturaflowers from Tucson, Arizona, USA, shows that it is not an artifac
greenhouse conditions. Floral RH is measured at two positions: flower opening (
mm) and at the tube base (0 mm). Gray dots show individual flamerne plots
show the mean and SD (blue shaded a=@pmparing the effect of breeze (~ 0.4
m/s) and/or nectar extraction on the floral humidity. Nectar extraction does not ir
the floral RH gradient; however, breeze affects the decay, but notténeept of the
humidity curve. The inset figure illustrates the method for the different treatment:
Treatments are colaroded showing mean (bold lines) + SEM (shaded area) with
sample sizes in parenthesegffect of nectary and stomatal blockage,|asirated
(inset), on the floral humidity curves. Nectary blockage does not impact the flora
gradient, but stomatal blockage halves the RH gradient. The mean (solid lines) -
(shaded) are colaroded by treatmenh€7 for each treatment.Stomat&counts
across 4 locations on the inner surface of the flower (see inset diagram) on
greenhousgrown plants (magenta) and field plants from Tucson, Arizona, USA
(olive green). Dot plots show counts from individual flowers, black line plots sho\
mean(horizontal) £ SD (vertical) with sample sizes in parentheses. Adiexl
MannWhitney test is performed on the stomatal counts between the same locati
the flower withP-values shown on top. Dasaiggest that the stomatal distribution i<
not speciic to where the plants growwExemplary trace of floral humidity (solid blue
line) measured continuously in the flower tube while moths interact with the flow
(orange shading) or enter the flower tube multiple times while probing (black tria
with the entry number). Floral humidity reconstitutes within seconds when the m
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 bera@levant stimulus, and for how long after

flowers open?lowers of Datura wrightii exhibit an appreciable vertical humidity
gradient (@RH) within the floral tube, wi
the flower tube (= 0 mm) (mean + SEM, 31.01.2QL%, 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 tt
oRH (Fi g. la). Hor i zont aling $howed388 £1.48 %t ak e n
®RH at -pdientmi dconsi stent with the ®@®@RH reco
same location (Supplementary Fig. 1a). At 140mm above the flower tube, floral

humi dity was only marginally hackgrduedr (0. 4
Within the floral tube, the highest PRH
ambient RHwas 2 0 %, whil e the | owest ®@RH (24.16
when ambient RH was 580%. We compared the floral humidity curves across
background RHevels using two model parameters: decay rdt@f the curve and the

interceptyO (see Methods). Multiple comparisons suggested that the interg@pt (

differs across the range of background humidity but that the decayyaieds not
(Supplementary i§. 2 & Supplementary Tables 1, 2). Specifically, floral humidity
measured when background RH was6b06 was much lower than when background

RH was 1620% (=3.92,P=0.001), 2630% ¢=3.50,P=0.004), and 3@0% ¢=4.32,

P=0.0001). No other differences wdnd for floral humidity at any other levels of
background RH.

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

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

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

204 0% ambient RH we recorded 26.58 N 6.71%

and 2.64 N 4. 02 %enmpdgR(FAg. bt& Supplemeritarydabke 8). o p

FI or al RH persists despite ambient distur

How robust are floral humidity gradients to wind and other disturbances? We
performed a series of floral manipulations to testdffieacy of floral humidity under
natural settingsWe 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 aitated the vertical gradient of floral
humidity ((tt= -6.60,P<0.0001; Supplementary Table 4), but had no impact within the
floral tube §0: t=0.72, P=0.88; Supplementary Table 5). We then extracted floral
nectar to simulate moths probing and emptyingfibeers. 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 rdfiegnd the intercepy() of the

floral humidity gradient were statistically indisguishable between the still air and
still air + nectar extracted treatmentst = -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 tecay rateor theinterceptin comparison to the

flowers in the breeze with nectar preseldt 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 titeserved floral RH gradients.

We hypothesized that floral humidity 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 conigahiéecture of the flower.
Accordingly, we predicted that a mot hos
humidity due to the rapid (~25 HxYillmott and Ellington, 1997wing fanning of a
hovering moth. To test this guiction, 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 (intéyaor 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 soe of humidity inDaturaflowers? We conducted

a separate experiment to evaluate the relative contributions of nectar evaporation and
floral transpiration to floral humidity iDatura. We first blocked the nectary with
petroleum jelly and compared thertb 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 notecrfr the fited model predictiond}¢= -0.10,
P=0.99; yO. 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, t he ma.dd).iThethdmedityacctirvegsmR H wa s
the flowers with their nectary and stomates blocked showed a significantly smaller
interceptthan the other two treatmentgO{ t= 5.60, P<0.0001; & yO: t= 5.34,

P<0.0001; Supplementary Table 7), but thdid not differ significantly {} t=-0.52,

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

only standing nectar pool s taturafnéctamroa | h umi
water to an artificial flower and measured humidity transects. Peak floral humidity
through nectar or water evaporation was o0
nectar and only 3.16N0.61% @RH for water |
the flower tube These results, combined with the nectar removal experiments above,
demonstrate that transpiration is likely the major source of floral humidiBatara

wrightii.

Floral stomatal distribution aligns with the humidity gradient

Do flowers contain stomateon 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 Higdensity near the tube base but were scarce to absent
towards the distal limb (Fig. 1e). This pattern was consistent between flowers of
greenhousgrown and wild plants. Stomates were observed across all four zones
sampled on the outer (abaxial) corollaface, and mean stomatal density was greater

for wild plants than for greenhougeown plants (Supplementary Fig. 1b). These data

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

is responsible for the steep floralrhidity 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 flore
humidity presented by Datura flowers. a Zoomed view sequence of electr
microscopy images of the styliform complex sensillumManduca sextantenna.
Scale bar is shown at the bottom right corner of each image. Image shov
segments of a female antenna and white squares show the locatien styliform
complex sensilla on the leading edge of the antebnéoomed view of the entir
styliform sensillum surrounded by trichoid sensitaZzoomed view of the tip of th
styliform sensillum. Black arrow points towards one of the papillde.A

representation of the longitudinal section of the styliform sensillum showing
underlying dendrites and cell bodies based on [&ENelds and Hildebrand, 200
Lee and Strausfeld, 1998hd cryosections of the orgasmSchematic of the stimulu
delivery setup. Water vapor saturated air at room temperature is sent to two d
dewpoint generators, outputting air with fixed relative humidRH1 and RH2,

corresponding to the ambient temperatUig,, measured adjacemo the moth. Twc
electric valves (EV) operated by motors at the outlet of the dewpoint gene
regulate the mass flow rate in an antiphase synchronized manner (as shown), \
sent to a thermostatic mixing valve to deliver air with a sinusoidaltying humidity
airstream, like the fictive stimulus in (j). Temperature and RH were measured
sensors placed adjacent to the moth antennae. Tungsten electrode was insert
sensillum base for electrophysiology. Electrical wirings are denateed, and blacl
arrows denote the direction of airflow (see Methods for det&aifshumidity stimulus
generated by dipping the hygrosensing probe in and ouDatwara flower (see inse
illustration) to mimic the humidity experience of moths probing anteringDatura
fl ower s. The blue | i ne s h ogvExempegyRstigle
sensillum recording of the styliform sensillumdiashowing simultaneously record:
extracellular activity of moist and dry neurons (arrows) within a single kensih

An overlaid raster plot of the spikes sorted from the raw trace in (g) showin
activity of the moist sensing neuron (blue) and the dry sensing neuroni (val)ing

average of the impulse frequency of the moist (blue) and dry (red) sensiogsneL
A fictive stimulus of floral RH matching the experience of moths proliadura
(shown in f) with the amplitude ranging from 30% to 50% RH and a peric
approximately 30 se& Continuous rate of change in RH across the recording pe
| A consant temperature (°C) 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 lhygesmosensory sensilla on both male and
female antennae dManducdShields and Hildebrand, 1999, Lee and Strausfeld,
1990) The coeloconic type B is a small (2 um) peeit sensillum not easily
visualized with microscopy. In contrast, the styliform complex is a larget@30m),
flexible-peg type sensillum on the leading edge of each antennal annulus and is easily
distingushable from other sensory pegs (Fig. 2a). The styliform complex is the largest
sensillum on femalédMlanduca antennae, whereas it is surrounded by many large
(pheromoneletecting) trichoid sensilla on maManducaantennae (Fig. 2b, also
sed€Shields and Hildebrand, 20Q1)The tip of each sensillum houses Japillae

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

1 lamellate type, as one unit enclosed within a dendritic sheath, typical of- hygro
thermo sensory function (geéee and Strausfeld, 1990, Tichy and Loftus, 1996)
Thus, 915 dendrites innervate each putative humidity sensiggm 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 proBatura flowers, thehygrosensing 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
approachingand probing aDatura flower. At 40% background RH, the sensor

measured a rapid increase of 15% @RH whi ct

when removed from the flower.
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a Dry sensing neuron b Moist sensing neuron
Imp. freq (F) = 9.09 - 3.32 ARH/AT + 0.28 RH Imp. freq (F) = 56.27 + 4.24 ARH/AT - 0.8 RH
R?= 0.86 R?=0.82
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Figure 1.3 Response properties of the hygrosensory neurons are tunedtbe rate
of change in humidity. 3D surface curve fitted scatterplots of the impulse frequer
of the dry &) and moistlf) neuron plotted against the rate of change in RH and th
instantaneous RH. The fitted equation for the polynomial linear regressibavis at
the top of each panel along with their goodrafsit measure (R.
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Singlesensillum electrophysiology

How can we design a fictive humidity stimulus for moths? In neuroethology, a fictive
stimulus captures the essence of a senstimyulus experienced by an animal in its
natural environment and presents it in a controlled laboratory expetihesns et

al., 2013) We fashioned an experimental stimulus that temporally matches hdw mot
might perceive RH as they enter and depeatiuraflowers (Fig. 2f). The custorbuilt
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
hygros@sors 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 fAmoi st o, Acol do, or idr
neurons ¢old 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 nerons 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 wetirrelated with the shape and phase of the rate
of change of RHFig 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 othe hygrosensory neurons previously demonstrated for other

arthropod@_acher, 1964, Waldow, 1970, Yokohari and Tateda, 19#%hyTi2003)
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Figure 1.4. Moths are innately attracted to humid flowers in a binarychoice
behavior assay. é&etup for the twachoice behavior assay using artificial flowers
mounted on two neflowering Datura plants. Chemical structures indicate the
addition of scent (bergamot oil) to both artificial flowers (funnels) at the start of tf
experiment. Air was pugld through the base of the funnels using an air pump (blt
For humid flowers, the air was pushed via Teflon tubes into a water beaker to ge
saturated air, whereas, for ambient flowers, the air was pushed through an empt
beaker. Overnight moth visiwere video recorded using a motsensing IR camera
(see Methodsh Measurement of the vertical gradient of floral humidity of the
artificial humid flower used in the behavioral experiment. Data are showrri6r
transects as mean (solid line) £ SEdday shading)c & d Representative images
from the videos stored by the motisansing camera show moths interacting with
flowers. Circles around the flower show the region of interest we drew for positit
analysis of the moth proboscry @nd headd) during probing or entering flower
headspaces-| Behavioral responses of male (slate blue) and female (pale purple]
naive moths for the indicated treatments towards releaslambient and humid
flowers except for the sidaias test where both flowers pented were ambient
humidity. Dots show differences in the duration of proboscis contact and the nur
of entries in each flower. Red line plots show the mean + SD. Numbers in paren
indicate the number of videos in which the labeled body part aggbeathe region of
interest (c & d) for further analysis. The number of trials for each treatment was .
follows: (e & f) Side bias tegt= 12 nights for both sexefy & h) Unmanipulated
moths:n=11 nights for both sexes,& j ) Hygrosensor blocked mathn=10 nights
for both sexes;k(& I') Sham control moth$=12 nights for males)=13 nights for
females. For each night of the experimer4, Raive moths were released in the
behavior room. A twdailed onesample Wilcoxon signethnk test against zemas
performed on the data.
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The few studied cases of insect hygrosenswmeyrons 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 RHrat® of change in RH, whereas the

dry sensing neurons respond antagonisti€ithy, 2003, Tichy et al., 2017)lo
evaluate the response properties Manduca hygrosensory neurons to these
parameters, we fitted the data points with a polynomial linear regression of the form
F= a + b @R, hegeF is the impulBeHrequency of the neurans the

height of the regression plarieis the slope for the rate of change in RH, anslthe

slope for the instantaneous RH. For both moist and dry sensing neurons, the slope for
the rate of change in Rb] was larger than the slope for instantaneous RH, suggesting
higher sensitivity to rate of change +4% RH/sec, Fig. 2k & Fig. 3a & bpeaosd to
instantaneous RH (380%). For a rate of change of +1% RH/sec, this amounts to a
decrease 0f3.32 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 instantRkebys

1%, this amounts to a sensitivity of +0.28 imp/s for the dry sensing neuror).80d
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% instansaRH

if the rate of change is constant, or by a rate of change of -OrBp%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, orrbgsimg

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

Manducaare 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 othe
insects where the slope parametavas found positive for instantaneous RH for the
moist sensing neuron and negative for the dry sensing n@icby, 2003, Tichy et

al., 2017, Tichy and Kallina, 2010yWe conclude thaMa n d u stydiférme 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 niYVolfin et al., 2018)or traverse different habitats at the scale of a
landscape (m to km).

Flowernaive hawkmoth preference for unrewarded artificial flowers

Do moths show an innate preference for humid flowers? We presented-flaiver

adult Manduca with a choice between empty flowers with ambient humidity
(henceforth, Aambiambi dhntowbumodi vy . ( admwe
fl ower so) (hFu ngi.d 4fal)oweTlse presented a rang
humidity measured fror@atura 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 vigror 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 o flabeted) crosbed thenftoweh s (regon 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, beyaentral tendencies such as their

first choice (Supplementary Fig. 9). Neither males nor females showed side bias for
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probing duration (malesZz=0.29, P=0.76; femalesZ=1.86, P=0.06; Fig. 4e) or the
number of entries (maleg=0.39, P=0.69; femalesZ=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 (mZe3:85,
P=0.0001; femalesZ=8.25, P<0.0001; Fig. 4g) and entered humid fens more
frequently (malesZz=5.08,P<0.0001; femalesZ=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 withakdéned gle

to block the styliform sensillum from contact with ambient air. Hygrosebkemked

moths approached flowers less frequently as noted from the small humber of visits
shown in Fig. 4i & 4j. Nevertheless, the moths that did visit the flowers entered both
ambient and humid flowers equally (males=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 hygrosesation could not differentiate between humid and ambient flowers.
To account for unintended effects of glue on moth antennae, we included a sham
treatment where -80 annuli of the antennae were coated with the glue
(Supplementary Fig. 6b, d). Using racerii@lool 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 tretitments retain olfactory
sensitivity to linalool (Supplementary Fig. 6a, c). Sham control moths retained a

probing preference for the humid flowers (mal&s4.04,P<0.0001; femalesZ=3.43,
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P=0.0005; Fig. 4k) and entered humid flowers more frequejuig,as unmanipulated
moths do (malesZ=3.48, P=0.0004; femalesZ=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 flm&ére Manducashow innate
preferences for humid flowers. Their preference for empty humid flowerstsead

night, despite the absence of nectar rewards as positive reinforcement.

Moth preference for sugaewarded artificial flowers

Do moth preferences change in the presence of nectar? We modified the artificial
flowers used in our binary choice assayelectively 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 (k) that moths ignore Rhvhen foraging for nectar would be rejected.
Instead, we evaluated whether khoths show a fixed preference for floral humidity
that cannot be overridden by experience, o) fHoth preference can be modified in

the case of differential profitability (§i 5ac). 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 preslictresponses of moths
consistent with Ior Hy are outlined in Table 1. As in the previous experiment, for all
treatments, moths visited both flowers in equal proportions throughout the night
(Suppl ementary Fig. 10) . F o r prokirg ddratianr e at me
(sec) and the number of entries in both flowers, which would benefit plants through

increased pollen export and therefore male siring su@asth 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 edgeare (J) during floral visits as
surrogates for moth fitne@saverkamp et al., 2016)

| n t haes sibrcd ati on treatment o, floral humi di
both ambient and humid flowers present sugar rewards. Nevertheless, moths showed

a strong, persistent preference for the humid flower supporting the prediction for H

but not B (Table 1 and Fig. 5a). Moths probed longer on the humid flo#re2.73,

P=0.006; Fig. 5d) and entered humid flowers more frequett.§9,P=0.008; Fig.

5e) resulting in a potential fitness advantage to plants with humid flowers.

I n the fApositive associationo treatment,
positive @sociation between humidity and nectar, because humid flowers have sugar
rewards and ambient flowers are empty. Consistent with botméil H, we predicted

the humid flower would receive more visits by moths because their preference for
humidity and the mesence 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; entre t=4.6,P<0.0001, Fig. 5g).

Finally, i n the finegative associationo tr
for moths, but for the absence, rather than the presence, of nectar, because a sugar
reward was present in the ambient flower, but tin@ild flower was empty. For Hve

predicted that moths will continue to show a strong preference for the humid flower,
whereas for B we predicted that flowers with ambient humidity would experience

(and benefit from) increased visitation by moths becawse time insects can learn
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trait combinations with rewards, as shown for bumblebees associating dry flowers
with nectar presen@darrison and Rands, 202¢jable 1 and Fig. 5c). Contrary to the
predictions for both hypotheses, moths did not show a strong preference for either
flower (probing durationZ=0.75,P=0.45, Fig. 5h; entriesZ=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 intriggimesult is analogous to the responses of

a related hawkmothiviacroglossum stellatarunthat shows a strong innate preference
for blue flowers, which can be overridden, but only partially, by training moths to visit

the less preferred yellow flowdkselber, 2010)
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Table 11 Experimental treatments decoupling floral humidity and nectar presence with
alternative hypotheses and predicted effects on flowehoice. + indicates the presence (

sugar solution in the artificial fl owe

Treatments a. No-association b. Positive c. Negative
association association

Flowers with or Ambient | Humid Ambient | Humid | Ambient | Humid

without rewards + + T + + T

Information content | Humidity is Humidity is Humidity is

of floral humidity uninformative for informative for a (+)| informative for a {)

nectar presence association with association with

nectar nectar

Hi: Moths show a
fixed preference for

floral humidity Prefers humid flower Prefers humid Prefers humid flowe
Predicted: flower
Observed: Yes Yes No

H2: Moth

preference can be

modified by

experience Loss of preferenc&® | Reinforcement of Learns to prefer

(Thom et al.2004) preference ambientsee
Predicted: (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 (Fid). Gjhe 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 rewdkruskaltWallis oneway ANOVA:
F=6.97, Df=2,P=0.004; Fig. 5j). Calculations show that moths expend significantly
more energy to find nectar in the negatassociation treatment (Fig. 5j, k), in which

the ambient flower is rewarding but the humid flower is empty, suggesting that it is
costly for moths tdoehave against innate preference. Since a fixed amount of nectar
reward (200 ul) 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)n 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-associatn and the positivassociation treatments, but significantly lower for the
negative associ at i o R®=00072 kig. Belmdumniaddy,uléra v 6 s
humidity facilitates nectar discovery when it reliably informs nectar presence,
ultimately resuing in higher fithess benefits to moths via shorter handling time.

Taken together, the enhanced cost of the overstated floral humidiptwfa (Fig. 1),

which exceeds that of a nectar evaporation cue by a power of ten (Supplementary
Figure 1c), combinedvith 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 (reeivers; Fig. 5j, k), strongly suggests a role of floral humidity as a

signal, not a cue, in this nocturnal pkadilinator interaction.
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Figure 1.5 Moth responses to floral humidity decoupled with rewards reveal the
signaltlike role of floral humidity. a - ¢ Qualitative predictions outlined for
hypotheses Hand H for each treatment regarding moth preference for plants witl
humid and ambient flowensith the sugar rewards presented in either one or both
flowers (see table 1 for details). Panels shmiWNp association treatment where bott
ambient and humid flowers provide nectar rewabd3psitive association treatment
where humid flower is rewardingut the ambient flower is empty, andNegative
association treatment where ambient flower is rewarding but the humid flower is
empty.d- i Experimental results of the three treatments outlined above. Respons
variables are the same as in Fig. 4. Data shdwidual visits (light blue dots) with
mean x SD (red lines) for each indicated hypothesis. Note that only males were
in this experiment. Numbers in parentheses indicate the number of videos analy
The number of trials for each treatment wafollews- (d & €) No associationn=9
nights;(f & g) Positive associatiom=9 nights;(h & i) Negative associatiom=7
nights. A twatailed onesample Wilcoxon signethnk test against zero was
performed on the data and thesalues are mentioned nexteach plot(j-I) Analysis
of moth interactions with flowers for each experimental treatment before establis
contact with the nectar reward. Panels shjaatal flower handling time until nectar
discovery k Energy expenditure in Joules calculatedrfrine hovering duration
shown in (j),| Net energy gain calculated by subtracting the energy spent shown
from the total energy obtained by consuming the offered sugar reward. Dashed |
represents data derived from the handling time values shopangi (j). Dot plots
show values for individual nights and line plots show the mean = Si-fbeach for
the no association and the positive association treatment groups afal the
negative association treatment. Red line plot indicates a signijichfierent
treatment group from the other tw®values are shown on top for a tialed 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 sdaldhis
Aadvertisingo context, conspicuous floral
foraging pdlinators 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 ofOenothera cespitosave demonstrated that floral humidity resulting
from nectar eaporation can serve as a cue for nectar presence to foraging pollinators
at the f | o(wos Ardetal.f2012)Blsmerouls studies outline how cues can
evolve into signals if they benefit both senders and receivers and incur signaling costs
that are offset by fithess benefi&mith and Harper, 1995, Laidre and Johnstone,
2013) Senders must produce signals that are efficacious under most conditions and
can be processed reliably by receiyeebets and Papaj, 2005, Bradbury and
Vehrencamp, 2011)Our study shows that floral humidity can be physiologically
decoupled from nectar mencein the trumpesshaped flowers dbatura wrightii and

is present at a tefold greater intensity than that of a nectar evaporation cue
(Supplementary Fig. 1c). Thus, floral humidityDmatura 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 irDéeira-Manduca
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pollination system, but is most spatially relevant at the threshold of the flower.
Regardng 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 dynamidsiebets and Papaj, 2005, Riffell et al., 201Fhe humidity
gradi ent s Datp&floywers greatly exceed background noise (plant or leaf
headspace) or the calibration errors of most measuring probes (x2%
RH)(Schellenberg, 2002)The finding that humidity is replenished rapidly after a
pollinatords visit (owts prasance foBsdbsex@ent visitdrs, g . 11
suggests that it is a persistent physiological signature, much like scent, rather than an
ephemeral evaporation cue in this sygRRoddy 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 sefson Arx etal., 2012, Harrap et al., 2030)Sucha local stimulus will be
encountered by moths at a fl oweroés threshc
the flower, like scerfRiffell et d., 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, 20aBaly 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 khasextamoths 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 humidityplfin et al., 2018) The available
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evidence supports the conclusion that floral RH is a alasge attractant in the
Datura-Manducasystem.

We used a custoiuilt stimulus delivery setup (Fig. 2e) to reveal the mechanism by
which a pollinator can perceive floral humiditylanduca sextgossess at least two
putative hygrosensing sensilla on eacteanal segment: the coeloconic type B fpeg
in-pit) and the styliform complex sensillum (large peg, Fig-cf&hields and
Hildebrand, 1999, Lee and Strausfeld, 19%gctrophysiological recordings showed
antagonistic devity between the dry and moist sensing neurons (Fig. 2h), a
stereotypical feature of hygthermo sensing sensi{laacher, 1964, Waldow, 1970,
Yokohari and Tateda, 1976, Yokohari, 1978, Loftus, 19'B%)th 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-6830% RH/sec and +0.23% RH/sec were
sufficient to trigger spike frequency changes of 1 imp/sec in dry and s®ising
neurons, respectively, whereas, for instantaneous RH, the dry sensing neuron required
-3.56% @RH and the moi st sensing neur on
frequency change of 1 imp/sec Manduca moths. These findings reveal that
pollinator hygosensory 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 honeybgdschy and Kallina, 2014)and supports the
observed behavioral preferences of the smaller hawkkigits lineatawhich could
differentiate artificial flowers presenting8 % q{®H Arx et al., 2012)and the
evidence thabumblebeesBombus terristrisy can di scr i miHaasone onl vy

and Rands, 2022) I n t hi s c o atwaflowers tohsatutegp R Bupeo f

63



normal sensory stimulus.

Regarding ultimate questions related to plaoitinator communication, we now
consider the potential signaling function(s) of floral hunyidin 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 signaléSmith and Harper, 1995)The mechanisms of floral humidity
production inply physiological costs with potential fithess consequences to the plant.
For example, if floral humidity weran inadvertent nectar evaporation cuBatura,

then the intensity % (SqgpRlémentagy diguck 1) E mer el
presence of stomates on the corolla suggestdidtaira 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 natu(Rbddy et al., 2016, Galen et al.,
1999) In the case obatura wrightii, these costs may be especially high owing to the
large surface area (164.49 + 12.28 sq. cm, n=8; Supptametable 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% (Supplementaley 93 Such an
enormous water budget for flowers, along with nearly constant gas exchange through
corolla stomata, predicts that drougitessed plants should produce fewer flowers.
Indeed, Datura wrightii plants that are watetressed produce shortendafewer
flowers that yield fewer viable seeds, at a direct cost to reproductive (Etlesst al.,

1999, Elle and Hare, 20Q02)hese physiological costs, like the energetic demands or

predation risks associated with vigorous courtship disfégder and Ryan, 1996,
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Bernal et al., 2006)mply that floral humidity must confer significant benefits in the
currency of reproductive success. Hoatura, those benefits accrue with repeated
visitation by Manducapollinators. 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 entryshows commitment to nectégeding, increasing the chances

of pollen deposition and export, via dedependent pollen loading on moth body
partgSmith et al., 2022)

Plantpollinator communication often is multimo@Riaguso, 2004jeach etal. 2019, Riffell

and Alareon, 2013) jncluding traits associated with primary metabolism. Apart from floral
RH, moths also experience floral @€lerenstein et al, 2004, Thom et al., 20040 OUr
experiments, moth preference for humid flowers persisted throughout the night. This
finding differs from moth preference for floral Ghich diminishes to chance level
after the first choicein the absence of differential rewéftiom et al., 2004)The
variable preference of moths towards floral primary metabolites is consistent with the
temporal dynamics of COand humidity inDatura flowers. Floral CQ in Datura
flowers dissipates to background levels within the first two hours after
anthesi§Guerenstein et al., 20Q4\vhereas floral humidity remains consistently high
throughout the evening, in parallel with floral scent and color (personal obsejvatio
The multimodal interplay between primary and secondary metabolites in shaping
pollinator behavior is widespre@@n der Kooi et al., 2019ut is rarely addressed.
Manipulative experimental studies of thecag cones oMacrozamia lucidaand their

thrips pollinator§Terry et al., 2014yevealed that thrips are neaitto CQ but are
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repelled strongly by high temperature, humidity, and cone volatile production. Such
studies reveal the temporal dynamics of signhals and cues in conjunction with
pollinator behavior, advancing our knowledge of plpollinator communicatio
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 thébaidre and Johnstone, 2013 plantpollinator
mutual i sms, it is in the plantédés interest
cost, whereas pollinators aim to maximize fithess (energy gain) per flower
visit(Bronstein et al., 2006 he evidence presented here confirms that floral humidity
is not an uninformative trait for pollinators, but also compels us to examine other
possible functions and conditionalitcomes. 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 phenonom that is not uncommon in plants exploiting
olfactory and visual biases in insg@shaefer and Rian, 2009) It is plausible that

floral humidity may have nepollinator functions such as preventing pollen
desiccatiofFranchi et al., 2014)ensuring stigma receptiv{fgafavian et al., 2014)

and promoting pollen tube grow®hivanna and Cresti, 1989Ve could imagine a
scenario in which floral RH is an exploitable cue for neotébing animals that
puncture floral tubes, which consequently reduces plant reproductivesgicleman

et al., 2021)

In Datura wrightii, floral humidity is physiologically decoupled from nectar,
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presenting potentially conflicting information to its hawkmoth pollind#anduca

sexta To explore the potential for plgpollinator conflict in the use of humidity

gradients as a signal, we experimentally decoupled the presence of nectar with floral
®@RH in artificial fl owers (Fig. 5) . Ther
concerning hawkmoth response, neither ofclwhwere completely supported by our
experimental findings (Table 1). For.,Hn 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 somewhateme (and potentially exploitable)
preference. Indeed, moths strongly preferred humid flowers whenever they were
rewarding (Fig. 5€jy), or when neither humid nor ambient flowers were rewarding

(Fi g. 4) . However, mot hs showeslocnoat ppab
treatment, when the ambient flower was rewarding but the humid flower was empty,
presenting a conflict bet ween the mothos
(Fig. 5c, h, i). For H, in which moth innate preference is modifieddxperience, we

predicted that moths should lose preference for humid flowers in response to the
uninformative ino associationo treat ment
ambi ent flowers in the fAnegative a@ssociat
predictions were upheld (Fig. g 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 pllinator preference. For example, rare (net¢as) mutanDatura

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 ofDatura (and Oenothera species generally offer copious nectar
rewards to hawkmoth pollinatgRaguso et al., 2003}here is always potential for
incomplete honesty where flowers could signal high humidity but present low volumes
of necta(Carazoand Font, 2014)However, our findings predict that (foalgceptive)
hawkmothpollinated plant species, which always lack nectar (€lymeria rubra,
Brassavola nodoga would benefit by adding humidity gradients to their visually
conspicuous, fragrd flower{Schemske, 1980, Haber, 1984)

Returning to the criteria by which signals are def(hadire and Johnstone, 2018)e

have characterized the magnitude, spaéiaiporal dynamics, efficacy, and
physiological sources responsible for the production of a sugenal humidity
gradient in the flowers obatura wiightii as a sender, satisfying the first criterion.
Conversely, we have shown that the receiver and primary pollif#orgduca sexta
respond to changes in floral humidity through highly sensitive antennal sensilla and
demonstrate an innate preference fioimid flowers, satisfying the third criterion.
Moths benefit by reducing their flower handling cost on humid flowers (Fi), 5j
whereas, from the plant perspective, multiple entries of mothsDatara flowers
increase pollen loadii§mith et al., 2022)promote siring succe&ronstein et al.,
2009) and crosgollinationBronstein etal., 2009, Elle and Hare, 200%atisfying

the fourth criterion. Indeed, reduced probing Mgnduca sextalue to low nectar
presece (and likely lower humidity) has been shown to lower seed set and impact
plant fitness in relateBetuniaplantgBrandenburg et al., 2012)he functional ole of

floral humidity in this interaction fits best with that of a mutually beneficial signal,

especially given thdDatura nectar is refilled over tin{&uerenstein et al., 2004)he
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only requirement not addressed in our study is the seaaedian, which demands
evidence that a signal Afhas evolved for t
r e ¢ e(Lawde= rarid Johnstone, 2013)his is the most difficult criterion to satisfy
without the benefit btrait-independent phylogenetic hypotheses for both sender and
receiver lineagéBradbury and Vehrencamp, 2011dnto 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 tBeducd

plants andManducamothgBye and Sosa, 201Xarifiho-Betancourt et al., 2015,
Kawahara et al.,, 2013n taskthat is beyond the scope of the present study. Such
information would allow us to distinguish between alternative evolutionary pathways,
such as the ndAsignaler precursor rout eo,
cues provided by the signaler arré &doned by selection to convey information more
effectively, VS. the fArecipient precursor
strong preexisting receiver biases that arose under contexts independent of
communicatio@Smith and Harper, 1995, Laidre and Johnstone, 20ER)m the
receiver end, we know thdanduca sextancths live longer and imbibe higher sugar
concentrations under humid conditi¢@entreras et al., 2013prefer to fly toward

more humid air in wind tunnel bioass@lfin et al., 2018)and that a distantly
related hawkmoth specieblyles lineata also shows innate preference for modestly
humi d arti fi c i-6&) in thel absenca of nedtagqnRArk etSal., 2012)

Thus, the innate preference Mt sextamoths 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 af flamidity to

flower-visiting animals. One possibility is that floral humidity serves as an inviting

stimulus prompting pollinators to enter a

also be relevant for the many smaller arthropods that utilize flofeersnating,

breeding, and protection without necessarily benefiting the (ptapt et a-. 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 flonerdLeonard and Papaj, 2011Additionally, floral humidity may

indicate larger nectar volumes and better nectar quality (sugars, amino acids,
micronutients)Nicolson, 2022)ensuring that, on average, pollinators benefit from
attending to this signal. Mayna&mith and HarpéBmith and Harper, 1995uggest

that signals whose information content is similar or related to the associated resource
should be called Aiconsodo whereas signal s
resource (e.g., floral scemt r col or) would be regarded
enor mous, s u sDatara floweals capld He considered an icon of the
plantés capacity to offer copious floral
most closely approximate this distttmbe cause alt hough ®@RH and
crops are decoupled, RH may indicate Bratura plant's capacity to offer rich nectar

rewards despite the high cost of water stréagure studies should test whether
variation in floral RH is, in fact, predive 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 epplamator diffuse
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coevolution, in which lyod sites or mating sites are proposed to have been more
important than energetic rewa(Bellmyr and Thien, 1986)This notion that floral

humidity might be an ancient communication channel in giafitnator interaction is

in line with the evidence that lonotropic receptor genes (IR) that mediate
hygroreceptio(Enjin et al.,, 2016, Knecht et al.,, 2016, Knecht et al., 2(dre)

conserved across arthropods and appear to have preceded the evolution of olfactory
receptorfCroset et al., 2010ollectiwely, the efficacy of high floral RH iDaturaas

a trait, the salient behavioral and physiological responses that it evokes from moth
pollinators, the nott r i vi al costs to the plantdés wate
and the fitness advantages acoguin both senderatura) and receiverNMlanducg

reveal an unexpected signaling channel in paniinator interactions.
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CHAPTER 2

FLORAL HUMIDITY AT TINBERGEN&S LEVELS

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 proxintitg to
flowers. In a previous study, we demonstrated that floral humidity in the night
blooming flowerDatura wrightii can act as a sherange attractive signal for its

primary hawkmoth pollinatoiylanduca sextaln this case, study focusing &atura
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
conducance shows modulated activity, while leaves consistently exhibit low
conductance throughout the night. The floral humiditipofvrightii remains

consistently 25% higher than the ambient humidity level, indicating its persistent
nature. In terms of ontogg, floral humidity is influenced by the water status of the
plant. Flowers from drougtdtressed plants exhibit low humidity signals and provide
less nectar compared to flowers from weltered plants. To assess its functionality
beyond pollinator attrdion, 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 settingpds not affect the viability of pollen or stigma. Finally, at the

(

2Dahake, A., Tomaszewski, M., Ragy R.A, (2023 H or al humi dity at Tinbergen

(In Prep
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phylogenetic level of analysis, we compare the humidity sign@l efrightii with its

three closely related sister species.Pditura flower species exhibit a significant

humidity gradientaind 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 multimod&aguso, 2004and accrues significant

carbon and wateagosts to the plar(Galenet al, 1993; Galen, 1999pollinators are
enticed by floral displays coupled with rewards (ex. Pollen, nectar, oil) and pollinator
visitation increases outcrossing rates and plant fithess. Among the various floral traits
that attract pollinators, honest floral signals such as scent, color, and size have
received generous attention from pollination biologi&srvasi & Schiestl, 2017;

Ortiz et al, 2021) Among these investments in flowers, the water cost is particularly
high and ofén overlookedNobel, 1977a; Nobel, 1977b; Galenal, 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 egletative

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
(Galenet al, 1999; Roddy, 2019)he 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 liglegree of floral attractiveness for pollinators

(Galen, 2005; Roddgt 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 succuldggve deseriiNobel, 1977b)

The lost water from the large surface area of flowers through stomatal conductance or
cuticular transpiratiomonstitutes its microclimateorbetet al, 1979a; Patifio &

Grace, 2002; Galen, 2005; Harretpal, 2020; Dahaket al, 2022; Harrap & Rands,
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2022) The floral microclimate may delay desiccation risk and maintain the rate of
nectar equilibratioffCorbetet al, 1979a; Corbett 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 polliatorsArx et al, 2012;
Harrapet al, 2021) Floral architecture can impact the floral midimate through
boundary layer effects. For example, flat, curved, or trurapaped flowers can
influence the intensity of headspace humidityn Arx et al, 2012; Harrp et al,

2020; Dahaket al, 2022)and theemperature of the flowe(&evan, 1975; Patifio &
Grace, 2002; van der Koet al, 2019) The function of the primary metabolites like
humidity, CO2, temperature etc. is far less understood than theepetisented
secondary metabolites such as scent, [ffoganents, toxins etc.

While many floral cues, including floral humidity, have been shown to attract
pollinators, the benefit of these cues is often-sided, i.e., it helps the pollinators to

be choosy but confl i ct s ngwmnultipke visith gsingd ant 6 s
nocturnal pollination mutualism example, we recently showed that the floral humidity
of the nightblooming flower,Datura wrightii, serves as an attractive shdistance

trait for its nocturnal hawkmoth pollinatdvlanduca sex (Dahake et al., 2022p.

wrightii flowers show an enormous humidity gradient of ~30% RH above ambient
(@@RH) which is a consequence of stomat al
(Dahakeet al, 2022) Despite the flowers being visited frequently for nectar meals by
their hawkmoth pollinators, tHéoral humidity of Datura wrightii does not completely

dissipate to background levels. Instead, it reconstitutes to its baseline level within 30

seconds of the mothbés departure, suggestir
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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 stomateddanducashows 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
emptiedD. wrightii flowers remain humid for the entire night, the dissociation

between the signal and reward presents a conflict in-plahbator interaction,

presenting th possibility for floral humidity to function as a deceptive signal when the
reward has been depleted. Thereffiogal humidity in this system seems
complementary to the other conspicuous floral signals like scent and color pigments,
but its potential fosignal honesty has not been tested before in a-ptdlnator

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 gykdldet al, 2009)

but in eudicots and monocots, it is primarily through the phi@@aten, 2005)It is
proposed that the loss of stomata from monocot and eudicot flowers may be a strategy
for recently dierged 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 tui@tiyotinet al,
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2003; Roddyet al, 2016; Roddyet 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 fithess within their pollinator niche. While

the tradeoff of costs aneéproductive success in flowers can vary dependent on the
functional space of the floral syndr ome,
where enough offspring are produced to pay back flower production and maintenance
costs, is necessary for achievingfieient floral fitness(Roddyet al, 2021)

Historically, the field of animal communication has shown tremendous interest in
guestions pertaing to signal honesty and has gained traction in the field of-plant
pollinator interactiongDawkins & Guilford, 1991; Smith & Harper, 1995; Lunau &

Maier, 2004; Schaefet al, 2004; Wright & Schiestl, 2009; Bradbury &

Vehrencamp, 2011; Leonard & Masek, 2014; Knauer & Schiestl, 2Bithy does

plant quality correlate with signal quality? Can water stbsdiseased, or plants

under herbivore attack afford showy flowers? Within plamitinator context, these

guestions have been addressed for floral scent, color, and size which can function as
honest signals for nectar presefCarroll et al, 2001; Knauer & Schiestl, 2015;

Gervasi & Schiestl, 2017; Rerirgg al,, 2020; Knaueet al, 2021) The potential for
signal honesty has not been explored for
levels of analysis as a framework to investigate the floral humidity sigidtafa

wrightii. Below we frame specific questions for eaclelesf analysis and note the

measurements or tests we perform to answer those questions.

Table2.1Out |l i ni ng questions about fl oral humi di
Levels of Questions Tests/measurements
analysis
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Mechanism How is floral humidity I Stomatal conductance and
produced irDatura transpiration of flowers vs. leaves
flowers? 1 Water potential of flowers vs leave

1 Overnight floral humidity
Proximate 1 Stomatal distribution

Ontogeny How does the plant 1 Floral humidity of drought vs. well
condition during fbwer watered plants
developmentimpactits | § Correlation of plant water status,
headspace humidity? floral humidity, and nectar volume

Function What is the function of 1 Fitness effect ofloral humidity on
floral humidity fruit and seed set

Phylogenetic | How does floral humidity | 1 Floral humidity of three closely

) compare witlrelated related species
Ultimate .
Datura sp 1 A comparison of floral
morphometrics and humidity signa
1 A comparison of moth behavior
toward allDatura flowers.

To understand the mechanism behind generation of floral humidity we monitor bud
development, compare water potentiaDatura wrightii leaves and flowers in

drought vs. welwatered condition and track stomatal conductance, transpiration, and
overnight hunidity of the flowers. We address the ontogenetic level of analysis by
studying how plant condition (weltatered vs drought) during flower development
affects floral humidity, and how it compares with other flower parameters. We address
the functional leel 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 Blatura wrightii with its closely related
speciesD. inoxia D. discolor, andD. stramoniumWe 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 speciBainfra were

grown in the CorsoiMudd greenhouse. EigbBtatura wrightii plants, twaoD. discolor
plants,andfour D. stramoniunplants were grown from seeds collected from Tucson,
Arizona.Five Datura inoxiaplants were grown in the greenhouse from seeds collected
in Pune, Maharashtra state, India. Plants were gradualhptied to 3gallon pots

with a 3:1 Lambert: perlite soil mixture. The greenhouse was maintained at a
photophase of 15 lus (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 manipulateddtilevater content of
the plants. For experiment 1, a Fieldscout TBI®0 moisture probe with 7.6 cm rods
was used to measure relative water content (RWC) (volume water/volume soil). The
RWC measurements range frori00%.

For experiment 2, a Hydrosensd@ampbell 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 deweas calibrated using deionized water
prior to the experiment. The VWC measurements typically range ff6@%®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 hdiy, we used an Omega HH314A

Humidity Temperature Meter and a modified KD Scientific syringe pump (Also

sedvon Arx et al, 2012; Dahaket al, 2022). A metal rod (0.5 cm diam) was

screwed to the syringe pump, serving as an extended arm, at the end of @hich th

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 tol4cm 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 thee mper at ure was 23 N 2eC.

To measure overnight floral humidity Dfatura 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 atraldor the ambient

humidity which was placed at the same height as that of the flower {2t ¢

away. The humidity and temperature data were stored on the logger once every minute

and downloaded on to a | aptop amnbest f ol | owi r
humidity was subtracted from the floral humidity. During the experiments ambient

humi dity of the greenhouse was 50 N 5%RH ¢
Stomatal counts

St omat al peels were taken at fadaxiall | ocati or
from the floral limb to the corolla base (see detai{®ahakeet 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 mioope. We took photos

of the peels where stomates were visible with an iPhone XR attached to the
microscope eyepiece. Stomates were counted within & &nem drawn on the image
using the Image J software.

Fruit weight and seed count

Flowers were subjected to 3 treatments consistent with our previouq Balugkeet

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 (contrahi® 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 (selbllination) was swiped over the stigma five times as
done previously in a study comparing the seed set of a self vs cross pollinated
wrightii flower (Bronsteinet 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 t
were excised after 5 wegkweighed (Mettler and Toledo) to 0.01 g (fresh mass),
dissected, with seeds spread out on a blank A4 paper. Seeds were counted using the
ACount thiso app (Appstore). Finally, frui
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 cubptre tube. Eppendorf tubes

were spun down on a microcentrifuge (at X,000 G) and the volume was measured
using a 16100 pl or 1001000 pl pipette. Nectar sugar concentration was inferred

from the % dissolved solids (brix) using a hdreld refractometeiBellingham +

Stanley Eclipse, D 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
labelledandplace i n a drying oven at 40eC for at
weights.

Xyl em waterx)potential (Q

A Scholandepressure bomb was used to measure the water potential (MPa) of the
leaf and flower xylem (described {fiyree & 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 6¢cfreuvette 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 N 2ecC,
to 38%. The respiromet 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. Thiata 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 sanner 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
capady 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%) dielldecapacity of

each pant. 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 placedn 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, eagegat 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 mi
daily. The remaining plants were watered twice a day until full saturdeak 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 flowmumes, 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 sarfaea 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

Mothswere obtained from the laboratory of Goggy Davidowitz, University of

Arizona, Tucson, AZ and shipped to Cornell University for experiments (See
Davidowitzet al. (2003)for animal care details). Groups of 10 moths were isolated
from the breeding cage and transferred to small 35 x 35 x 60 cm experimental nylon

mesh cages (BioQuip). Moth age was not tracked. A freshly cut flower of any one of
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theDatura species was introaded 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 halling ability. AMandevilla macrosiphoflower was used as an
outgroup control for general attractiveness and handling $eithet al, 2022). A
different set of moths was used for different trials.
Statistical analysis
TheRStudio (R 4.1.1) program was used for all statidtanalyses unless stated
otherwise. All data were tested for normality using the Shapitk test. A pairedt
test was used to test for significant differences in the water potential between the well
watered and drought g ratouveasused®odestralstten 6 s t est
correlation plots shown in Fig 3. Floral humidity gradients were analyzed using a
nonlinear mixed effect exponential decay model of the form:
WYO wtQ
Here, oRH is t he fiengyOes the itarcept, drithe ipitialvalleey e a mk
of the humidity curveii s t he treat ment and U is the de
predictions improve the fit with the treatmeris the fixed effect and individual
flowers as the random effect.
The fruit weight, seed count, and moth foraging data were analgaegl 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 fglpwn sepal length, bud growth is

exponential during the last 2 days before anthesis. The water potential of the leaves is
consistently more@egative than that of the flowers. In the waltered condition, this
difference is not significant (MarwhitneyU: 69.5, z=1.75,P=0.073), however,

under drought conditions, leaves show more negative potential compared with the
flowers (ManAWhitney 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 flevaaed compared them with the
leaves. Flower conductance doubles from a baseline of 10 my@oirid s*to 20

mmol KO n? s1from thirty minutes before anthesis until 4 hours after anthesis. Soon
after the peak stomatal conductance stigtseasing and reaches baseline levels by
the following morning. The conductance of the leaves stayed consistent at 15 mmol
H.O mi? s1throughout the entire night. The transpiration rate of the flowers peaked at
0.62 mmol HO m? stand at 0.6 mmol 0 m? s for the leaves (Supplementary
Fig.S2). The floral humidity oD. wrightii from anthesis to the following morning was
found consistently much higher than the ar
anthesis 33.63 + 2.79 % (mean + SEM) and decresteadily 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.
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Fig. 2.1 The mechanism behind floral humidity generationBud length expansion
of Datura wrightii (a) until the day of anthesis. Solid black line shows the mean, ¢
the purple shaded area shows the standard error of the mean (SEM). (b) Water
potential of leaves and flowers of drought stressed andwatdired phnts. Horizontal
and vertical black lines show the meanzSD overlaid on a violin plot showing
individual datapointsP-values of ManfWhitney U test are shown at the top. The
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stomatal conductance of the flowers (c) and leaves (d) from 30 mins beforesanth
until 11 hours after. (e) Floral delta RH (humidity above ambient) and temperatu
of D. wrightii flowers from anthesis to senescence. The arrows indicate artifacts
heater turning on and off in the greenhouse where the experiments were ednduc

Effect of plant water status on floral headspace humidityThe soil relative water

content (RWC) of the wellvatered plants was significantly higher than that of the

drought condition plants (63.18 + 14.43% vs. 19.67 = 15.99% mean + SD: Mann

WhitneyU= 8, z=3.33,P=0008) (Fig. 2a). Plant water status affectedflibral

headspace humidity gradientDf wrightii. The mean relative humidity above

ambient (henceforth @RH) at the coroll a be
well-watered flowers and 20.94 + 3.11% for the drowgjhegssed flowerd%£ 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
for correlation showed a significant correlation between the two variab#e8.68,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

(U and intercept @) (as described in detail fpahakeet al, 2022) Supplementary

Fig. S3). The intercept ¢y of the floral humidity for weHwatered plants was

significantly higher than for drought condition plants. {¥5.02,P<0.0001). The

drought stressed flowers reached ambient relative humidity faster thawatefed

ones. In other words, the decay rate forffl a | RH was significant/

drought conditions than when plants were wek t e r te-8.5 RF=0.0121).
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Fig. 2.2 Soil relative water content (RWC) ofDatura wrightii plants and its

impact on floral delta RH, in well-watered vs. drought stress conditionsPanel (a)
shows a violin plot for the soil RWC with individual datapoints overlaid. Horizont:
and vertical black lines show the mean + SD and sample sizes aaeddabove the
figures. (b) Vertical gradient of above ambient floral RHDatura wrightii flowers of

well-watered (blue) and drought condition (purple) plants. Inset figures shows th
peak ®@RH extracted from t hes endthe shadec
area shows the SEM around the mean. Sample sizes are indicated at the top of
and individual coloicoded RH curves are shown in the background.

Plant water status and potential for signal honesty

The plant water status was monitotgdmeasuring 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 lenigtid (F3,

F=74.53, df=1,28, P<0.000%upplementary Fig. S4) and flower diametet £F.87,

F=184.7, df=1,28, P<0.0001, SI Appendix FigS3b). There was strong evidence for a
positive correlation betweé&%054RFe.230i | vV WC
df=1,65,P<0.0001, Fig. 3a) suggestinggat wellwatered 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:®27, F= 24.2, df= 1,6%<0.0001, Fig. 3b)

and the % water content of the flower$£R.44, F=52.23, df=1,6%<0.0001, Fig.

3c) indicating that wellvatered plants produce flowers that hold more water than
drought stressed plants. However, VWC did not correlate with floral dry weight
(R?=0.00046, F=0.02, df=1,65, P=0.86, Fig. 3d) and mexiacentration (R=0.044,
F=2.97,df=1,65P=0. 08 9, Fig. 3e) suggesting that
not affected by its water status.

FI or al ®RH correlated signifid®s%ly and
F=46.17, df=1,65P<0.0001, Fjy. 3f) but showed no relation with nectar concentration
(R?=0.04, F=2.97, df=1, 68%=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 positivelyith nectar volume (R=0.27, F=24.2, df=1,65<0.0001,

Fi g. 3h) 208X F=8856| df£6B2<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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Impact of floral humidity on fruit and seed set

Our previous findings show that the floral humidityQtura wrightii is an attractive

trait for its nocturnal pollinatoManduca sextéDahake et al., 2022Naive moths

preferred visiting humid artificiflowers more frequently and probed them for longer

duration than ambient flowers, indicating a possible communication channel between

105



plants and pollinators. Here, we tested an alternate hypothesis that floral humidity is
crucial for flowers to ensure pelh and stigma receptivity. Flowers of welatered

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= 0.043P=0.98) and the saemnumber 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 Dfatura wrightii.

600

400

seeds/fruit

200

n.s.

9

fruit dry weight (g)

) Control Inner-side Outer-side Corolla
blocked blocked removal

i \
* £y ‘}’
Treatment

Fig. 2.4 Impact of floral humidity on pollen and stigma viabilifjreatments are intac
control, innerside corolla coated with Vaseline, outgde corolla coated with
Vaseline, and corolla removed. Panels show individual data points for seed set (
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fruit dry mass (b) with overlaid mean + SD (black lines). ndscettes no significant
difference between groups (ANOVA).

Floral humidity and stomatal distribution of related Datura species

An appreciable floral humidity gradient is not limitedQatura wrightii but also

observed in its three related species testedihBrenoxia, D. discolor, andD.

stramonium(Fig. 5ac). 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 (FjgThé

shapes of the floral humidity curves are well correlated with the volume and stomatal

density of the flower (Fighg, h). Table2 summarizes the flower parameters of all

four species.

Table 2.2 A summary of flower parameters (mean + SD) of the foatura species used in this study.
Numbers in parentheses indicate the sample size.

Flower parameterg

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 (9)

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 (cnd)

68.80 + 12.78 (18)

25.20 £ 7.18 (12)

29.02 £ 5.21 (24)

8.58 +2.50 (18)

Surface area (cth

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)
[Stigmai Anther]

2.41+0.87 (13)

-0.55 + 0.27 (16)

0.08 + 0.10 (17)

-0.46 + 0.04 (16)

Nectar volume

()

121.58 + 60.13 (17)

71.61 + 26.26 (17

75.25 + 26.66 (22

10.02 + 5.49 (13)

Nectar 27.25+2.91 (6) 23.73+£1.33(13) | 26.5+1.53 (19) | 21.03 £3.83(13)
concentratior(%)
FIl oral | 3113+6.53(16) 27.22 £3.98 (13) | 19.75+5.79 (16) | 19.18 + 5.82 (24)

nectar tubes (%)
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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 (ef). F| or al PR
shown as mean (blue line) + SEM (shaded blue region). For stomatal density, lir
show the mean +SD and dots show individual datapoints for 4 locatimmesh
across the inner side corolla (shown in opened flower images). Sample sizes ar¢
shown at the top of each panel. The area under the floral humidity curve regress
against flower volume (g) and stomatal density at location 2 on the corolla (h). T
icons depict what is being regressed. Caloded data points represent the means |
each species. Dotted lines represent a slope of 1.
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Evolutionary allometry of four Datura species

y=087+0.27x
R*=03

®

y=1+025x
R?=032 ‘

©,

y=11+018x
R?=026 /
V]

1256 150 175

2.00

log,, flower surface area (cm?)

(@

y=099+0.31x
R*=0.13

©,

225 05 1.0
log,, flower volume (cm?®)

y=1.2+0.25x
R?=022

1.5 20

05 10 15 20 25

log,, nectar volume (pl)

y=099-+042x
R?=0.28

0.8 1.

A 3
- B
L -~ L
B -
L a !
-
-
0 1.2 1.4

log,, flower length (cm)

0 025

050 0.75 1.0

log,, flower weight (g)

0.4 0.6 0.8 1.0 1.2

log,, flower diameter (cm)

Datura stramonium
Datura discolor
Datura inoxia

Datura wrightii

Fig. 2.6 Evolutionary allometry of floral humidity and flower parameters across
four Datura speciesPanels (&) show individual datapoints color and shaypeled
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We tested for allometric relationships betweentiagsformed peak floral humidity
versus different flower parameters of thBdtura species. A nlliprediction is that all
Daturaspecies 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 fDatura species for floral humidity vs.

different flower parameters (Fig. 6). Tal@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 iretahips. 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 regr ess e3dllWihig the fous specigsRidits (DTimokid e
were consistently below the regression line, whebBeatiscolorandD. wrightii were

above the line anB. stramoniundistributed on both sides of the regression line.

Table 2.3 Summary statistics of the logtras f or med f | or al humi di
different flower parameters
comparison Intercept P Slope F DF | P

(mean = SE)

®RH vs. f 1 0/086+0.11 |<0.0001| 0.27 +0.06 | 20.12 | 1,46 | <0.0001
area

RH S f I 0] 0.99+0.07 | <0.0001| 0.24 +£0.05 | 23.93 | 1,52 | <0.0001
PRH S . nec|l08+0.08 |<0.0001|0.17+0.04 |13.50 | 1,38 | 0.0007
®RH vs. f1l 0/099+0.12 | <0.0001|0.31+0.10 |8.72 | 1,59 | 0.0044
PRH vs f I 0] 0.99+0.07 | <0.0001| 0.42 +£0.08 | 24.05 | 1,61 | <0.0001
PRH vs f 1 o/1.24+0.04 | <0.0001| 0.24+0.06 | 12.65 | 1,45 | 0.0008

Moth foraging behavior
We presented moths witbatura flowers andviandevillasp. 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 sjps. There was no evidence for

a difference in time to first contact (ANOVAR,= 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 @RH, indicating that fl oral humi di ty r e

persistent sigal, present even when nectar is depleted.
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Fig. 2.7 Time to first contact
(a) and nectar discovery (b)
by M. sextahawkmoths
visiting the four Datura sp
and Mandevillaas a control.
(c) Floral delta RH was
measured before (open bar)
and after (filledbar) moth
visitation to the flowers.
Data show bar graphs with
mean £ SD and individual
datapoints overlaid on top of
the bars. Datura sp. are colo
coded as in Fig. 6.



DISCUSSION

Floral traits can be categorized as honest signals, dishonest signals, (@ahers &
Shmida, 1993; Leonaret al, 2011; Johnson & Schsd, 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, 1999pral 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 offgréalwer (Galen,
1989; Armbrusteet al, 2005; Gomeet al, 2008; Knauer & Schiestl, 2013)ere,

using a Tinbergen approach, we present evidence for floral humidity as an honest
signal in planpadlinator interaction. For the mechanistic, functional, and ontogenetic
levels of analysis we ugeatura wrightii as a case study of tiaturagenus. Our
findings suggest that the plant condition (watered vs drestggssed) can directly
influence floralhumidity and nectar quantity. For the evolutionary level, we compare
floral humidity of D. wrightii with three closely relateDatura speciesD. inoxia, D.
discolor, andD. stramoniumAll Datura flowers show a strong humidity signal which
scales with repect 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 inDatura wrightiiis a persistent sigh, similar to floral scenfKnauer
& Schiestl, 2015)and unlike the ephemeral nature of floral @G2erensteiret al,

2004; Goyretet al, 2008) When subjected to drought stress, the floral headspace
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humidity gradient is significantly reduced compared to wwdtered flowers (Fig. 2b).

It has been established that floral stomata congibignificantly to the headspace
humidity of Datura wrightii (Dahakeet 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 conductancP .ofvrightii flowers and compared it with the
leaves of the same plant. Intereslinghe 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 stomataiductance obaturaflowers is comparable

to that of giant Southern Magnolia flowdFeild et al, 2009)but lower than that
reported forCalycanthus occidentali®Roddy et al., 2018 However, it's important to
note that these comparisons involve diurnal flowers, whé&atasgais a nocturnal
flower. Studies on water relations of nocturnal flowers aréduin 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 negatdieating that plants
prioritize the sexual organs over vegetative organs in stressful conditions. However,
this is true only if droughstressed plants receive at least some water (~100 ml) daily
to sustain flowering. Plants that are not watered for sédawys frequently abort buds
(personal observation) and never reach flower maturddatura flowers exhibit both
xylem and phloem water supplementation (Supplementary Fig. S5A), similar to giant

Magnolia flowerqFeild 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 drotgilessed and wellatered 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 spéCagoll et al, 2001;
Reringet al, 2020) The overall impact of drought on flower parameters was recently
reviewed(Descampet al, 2021) Additionally, floral size showed a positive
correlation with nectar quantity, which aligns with observations in other flowers
(Knaueret al, 2021; Ortizet 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 lirtation was evident in various flower parameters,
including wet weight, headspace humidity, nectar volume, and herkoddla

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-pekinated flowers, such as the alpine
skypilot Polemonium \@cosumwhich lacks stomata or trichomes yet experiences

sufficient water loss to incur a photosynthetic cost for the plant. To offset this cost,

115



plants regulate flower size, producing smaller flowers during dry periods and larger
flowers during humid peods(Galenet al, 1999) A similar trend has been observed
in the selfpollinating flowers ofLeptosiphon bicolgrwhere flower size positively
correlates with moisture levelsambrecht2013) 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 (iubel, 1977a)In the
extreme example ohe giant semelparous succulent, Agave deserti, a single
inflorescence can require 25 kg of water to facilitate the climactic flowering event

(Nobel, 1977h)

Ultimate mechanisms

In our previous stud{Dahakeet 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 flowersmore frequently and for longer durations compared to ambient
flowers. This preference suggests that floral humidity may provide fithess benefits to
the plant by promoting pollen export and increasing outcrossing rates. However, in the
present study, we plored 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 d@atira wrightii.

Pollen of wilted flover successfully germinated in laboratory conditiiBrewbaker

& Kwack, 1963) indicating that humidity did not significantly aéfiepollen 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 withalmvient humidity.

It is worth noting that the greenhouse environment where we conducted our
experiments had lower temperatures ranging fro @&, which may have

influenced the outcomes. Another possibility is that floral humidity represents an
exampleof 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
analyss, ancestral state reconstruction, and behavioral evidence epplinator
interactions in close relatives Datura.

To further explore the relationship between floral humidity and related species, we
compared the floral humidity @. 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 morpholoDy stramoniun reached ambient
humidity levels more quickly tha. inoxiaandD. 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 exhibitediispattern in the
distribution of stomata on the inner surface of the corbllatramoniurmhad fewer
dense stomata compareddoinoxig but it still presented a comparable humidity
intensity, suggesting that the presence of stomata alone is noesitffand stomatal
conductance might be crucial.

To understand the evolution of floral humidityDatura, we performed regression
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analyses on several flower parameters of the Datura species, using the peak floral
relative humidity (RH). Our resdtshowed 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, sDch as
stramoniumthefloral humidity is considerably high. In comparison to other flower
species of similar size and weight outside ofldiatura genus, which exhibit only-2

7 % o@®dh Arxet al, 2012; Harraget al, 2020) the floralhumidity in Datura
appears to be a shared derived trait.

In summary, we evaluated the floral humidity signaDatura by addressing

guestions at Tinbergen's four levels of analysis. Floral humidity is influenced by the
plant's condition, as droughtresed plants exhibited lower humidity signals,
indicating that the production of fl oral
flowers serves as an honest signal for nectar volume. However, the relationship
between floral humidity and nectar volume is isoimetric or hyperallometric,
suggesting the existence of constraints in signaling. For example, the largest flower in
our studyD. wrightii, had only 1.5 times the humidity intensity compared to the
smallest flowerD. stramoniumbut it offered 12 timgthe nectar volume. Similarly,

D. discolorandD. wrightii had comparable humidity signals, utwrightii provided
twice the amount of nectar comparedtodiscolor. This suggests that floral

humidity, in combination with other cues, may create a leequis 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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CHAPTER 3
DYING OF THIRST: OSMOREGULATION BY A HAWKMOTH POLLINATOR
IN RESPONSE TO VARIABILITY IN AMBIENT HUMIDITY AND NECTAR
AVAILABILITY 3

Abstract:
Climateinduced 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
emergene are sensitive to rainfall. To investigate the osmoregulation of a-desert
living hawkmoth pollinatoManduca sextave sampled hemolymph osmolality of
over 1000 lalgrown moths held at 20%, 50%, and 80% ambient humidity. Under
starvation, the hemolymplsmolality of moths remained within a healthy range from
days 13, regardless of ambient humidity. However, osmolality levels increase steeply
from a baseline of 36870 mmol/kg to 550 mmol/kg within-8 days in low and
intermediate humidity and after 5 day 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 eidlyatheticDatura wrightii
nectar, synthetidgave palmernectar, or water, maintained osmolality within a
healthy baseline range of 3800 mmol/kg. The same was true for moths tedton
authentic floral nectars. However, moths consumed higheuats of synthetic

nectar, likely due to the nesugar nectar constituents in the authentic nectar. Finally,

simulating a 4day mismatch between pollinator emergence and nectar availability, we

SDahake, A., Persaud, S., Jones, M.®byret, J., Davidowitz, G., & Raguso, R. A. (2023). Dying of thirst: Osmoregulation by a hawkmoth
pollinator in response to variability in ambient humidity and nectar availatblityRxiy; doi:10.1101/2023.06.27.546736
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found that a single nectar meal can mitigate osmotic shaily iambient conditions.
Our findings indicate that hemolymph osmolality provides a rapid and accurate
biomarkerfor 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 (pheno{@gifiner, 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 migratiamrest, 2016; Ludest

al., 2018; Satterfield et al., 2020)/hile some studies report that both plant and
pollinator phenologies have advanced bi06days over the last few decades,
(Bartomeus et al., 2011; Willmer, 2012; Forrest, 2015; Duchenne et al., @026

have documented a mismatch in flovpailinator phenology due to changes in
snowmelt timgKudo & Ida, 2013; Kido & Cooper, 2019)Therefore, climate change

is predicted to impact plaimollinator synchrony on a global scale, leading tavired
plantpollinator networks, with implications for management practices, ecosystem
services, consertian, and habitat restoratiqgBurkle & Alarcon, 2011)Ongoing

studies address such impacts on large,-loragl vertebrate palhators such as
migratory hummingbirds and batsleming et al., 1993; MoraleSarza et al., 2007,
Ayala-Berdon et al., 2011; AyalBerdon & Schondube, 2011Hlere we focus on
shorterlived 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 influencepalinator phenology
shifting precipitation is considered a crucial drig€ohen et al., 2018; Henry et al.,

2022) Regions that are currently dry are projected to experience more severe droughts
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(Trenberth, 2011and wildfires, resulting in pollinator declin@@anza et al., 2019)
Pollinators in arid habitats are especially affected by changes in precipitation because
their arrival or emergence is often linked to precipitation ev@udsforth, 1999;

Contreras et al., 2013)he greatest natural stressors on smakcts in arid climates

are high temperatures and the lack of moisture or low relative humidity (RH)
(Henschel & Seely, 2008Pue to their high surface area to volume réidhsel 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)nlike small insects that can inhabit humid
flowers(Harrap et al., 2020; Dahake et al., 2023)cad coneéSalzman et al., 2023)

or the boundary layers of leav@damsay et al.,9438; Potter et al., 2009; Woods,

2010; Potter et al., 2011; Potter et al., 201&ge insects must find alternative ways

to avoid desiccation. Earlier studies show that smaller xerophilic Géedidodoma

sicula 14371 233 mg,Xylocopa sulcatipes376- 422 mg) experience a water deficit
during the hot and dry summer mon{k¢illmer, 1986) In contrast, larger bees
(Xylocopa pubescens536:632 mg,Xylocopa capitatal.2-1.5 g) experience water
excess exacerbated by their high metabdalividy (Nicolson & Louw, 1982;

Willmer, 1988; Niolson, 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 respetindoring
pollinator health.

Recently, sever al papers Gdnrvikealetvh @ weidt h hd

and wild bees as focal tagaopezUribe et al., 2020; Parreno et al., 2022pn
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destrutive observatiorbased markers of pollinator health include monitoring body
size, body weight, and foraging activity using radio frequency identification (RFID)
tags, lifespan, and fecundifi?erryet al., 2015; Loperibe et al., 2020)In contrast,
destructive sampling methods include sacrificing pollinators to monitor their lipid
content, immunological response (immune gene expression levels), oxidative stress,
Cytochrane P450 gene expression (pesticide exposure), and qPCRs for pathogen
abundance, among other markgkkaux et al., 2010; Traver & Fell, 2011; Evans et

al., 2013; LopezJribe et al., 2016; SimonrEinstrom et al., 2016; Smart et al., 2016;
Alaux et al., 2017; Schurr et al., 2017; Ricigliano et2019; LopezUribe et al.,

2020) While these sampling techniques work well foziabinsects 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 beemdivbees, the health

impacts on other insect pollinators, including moths (Lepidoptera) are less commonly
addresse(Stevenson et al., 2022)

Moths outnumber bees by an ordémagnitude 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 agefiBevoto et al., 2011especially to guilds of night
blooming flowerdMacGregor et al., 2015; Hahn & Bruhl, 2018)nong the best

studied group of moths as pollinators are the sphinx moths or hawkmoths
(Sphingidae), most of which are largedied animals (B g) that can be highly

effective pollinatorgOliveira et al., 2004; Johnson et al., 2QXe8pecially over
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distances not traversed by most bisogen et al., 2019The Carolina Sphinx

(tobacco hommworm) moth Manduca sext#s a large nocturnal hawkmoth (2 g) found

in many different habitats across the Americas. The ecoloifjaatluca sexthas

been extensively studied in the Sonoran Desert of Arizona, B&guso &Willis,

2005; Bronstein et al., 2007; Alarcon et al., 2008; Riffell et al., 2008; Bronstein et al.,
2009; Wilson et al., 2018; Wilson et al., 2019; Johnson et al., 20B&)Sonoran

Desert spreads over 300,000 sqg. km and spans 2 countries and &states et al.,
2015) In arid southwestern USA, annual precipitation is projected to decrease, with
concomitant projected increases in droughts and wildfigasterling, 2017; Overpeck

& Udall, 2020;1V, 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 peakstiwthe onset of monsoon rains (July and August) in the
Sonoran DesefContreras et al., 2013 this otherwise dry halait, 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 immigratigiContreras et al., 201,3as shown previously for desert
beegDanforth, 1999)

Lab experiments show that moths survive tvasdong in a background RH of 60

80% than in a background of-20% RH. Thus, there should be a strong selection for
moths to perceive differences in ambient RH. Indeed, the anteniaesektaare
equipped with specialized hygrosensory sensilla, therlymig 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, respectivélyahake et al., 2022Accordingly,

moths should be equipped to show clear behaviesglonses to differences in

ambient RH. In windunnel choice assay®l. sextamoths significantly favor the

more humid air stream of the tunnel, even if the difference between the two sides is
less than 8% RKWolfin et al., 2018)Moreover, adult moths ratate 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 RBontreras et al., 2022)lowever, despite different
preferences, moths appear to use compernsteding to maintain a constant overall
energy intakgContreras et al., 201,33mphasizing the physiological balance lesw
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 greriods. 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? Wt is the degree of physiological plasticity shown by
pollinators and how does their interqddysiological state reflect the choice of flowers
they visit? We address some of these questions dmgluca sextas 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, 2013hstead, we found thddanducasexta

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 widtl moths held in dry (20% RH, vaporegsure

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 refeence to compare individuals between different ages and physiological states
(Nicolson, 1980, 1990)WVe evéuate the osmoregulatory capacityMf sextahand

fed with two nectar dietsAQave palmeri, Datura wrighdiiand water, which are

available in their natural habitat in the Sonoran Desert. We compare the differences in
feeding amounts of authentic vs. dyetic nectar and their impact on moth

hemolymph osmolality. Finally, we test the impact of an experimentally simulated 4
day mi smatch between pollinator emergence
to rescue themselves from osmotic stress. Ourrfgedsuggest 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 coloniedwbfsexta(Contreras et al., 202%)ere
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 bavidowitz 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 coeltlose 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 tate¢r20%, 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 RHTo maintain 80% RH, a 2L humidifi€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 createdbsedioop 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 &Zdna (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.humidifier was refilled twice a

day (morning and nigh For 50% RH, we placed a small tray of water, endadhlly cover
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the bottom, in the incubatg@ihis was usuallgone every morning and night). There were no
alterations done to maintain 20% RH because the ambient RH typically ranged Hiween
25%. For the rescuexperiment 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 fromitieeibator and anesthetized ir a

20e C f r el miest Andsthatized moths were weighed (fresh mass to 0.0019)

and taken to the fume hood for descaling t
membrane between head and thorax), using pressurizaadaor a kitchen scouring

pad (3M, Inc.). The dorsal surface of the neck was punctured roughly at the midline

with an insect pin. The  audtpresswse wasappkedwas st
to the thorax with the thumb to collect 10ul of ocozingneéymph 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 themned 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 salent or the Sl unit mmol solute/kg solvent. Seawater is on average
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1000 mmol/kg, human blood ranges between29% mmol/kg and deionized water is

0 mmol/kg. The osmometer was calibrated either once each week or after-@@ery 5
readings using Optnole osnolarity standard solutions of 200 mmol/kg, 290

mmol/kg, and 1000 mmol/kg provided by Wescor. Osmolality data were collected for
as long as 10 pl hemolymph could be extracted from moths under the different
ambient humidity environments. Moths were onlycdueace 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-20€ freezer.

Water loss exggriment

Insects are particularly prone to desiccation (@kown 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 femilanduca sext@upae were isolated from the lab
colonyand placed in separate nylon mesh cages (35 x 35 x 60 cm; Bioquip Products,
Inc.) inside climatecontrolled incubators. On the day when moths eclosed from the
pupae, one individual of each sex was immediately fr&ileel and returned to the

cage. The dmd 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 surwed 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 osmolaiitgter 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 considdreday old the
following day. At a specific age (days peastlosion), 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 thauothaer 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

= Manduca sexta activity =
. Datura flowers }
- [ ]
EAgave flowers E
- Monsoon .
x : '
June July Aug Sept Oct
Synthetic Datura nectar (22% sugar) Synthetic Agave nectar (12% sugar) Water (0% sugar)
1 77.98% Water [ 88.00% Water 1 100% Water
El 1589% Sucrose BN 6.51% Glucose
I 3.37% Glucose 1 5.47% Fructose
1 2.76% Fructose Il 0.02% Sucrose

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 timelin
between MonsooriManduca sextactivity, and the flowering period of two plants tt
serve as majorasirces of nectar meals in the Sonoran Desert during the mon
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July-Sept. The ambient humidity during Monsoon season in Tucson, Arizona,
ranges between 20% to 80% RH (See fig. Lontreras et al. (2018)(B-D) Pie
charts show the nectar composition of the three liquid diets as total dissolved
syntheticDatura wrightii nectar, synthetié\gave paineri nectar, and deionized wate

The proportions of the different sugar combinations are color coded.

The flight activity ofManduca sextan the Sonoran Desert overlaps with the monsoon
season and the flowering phenology Ajave and Datura plants, whch are their
primary nectar sources (Fig. 1fgaguso et al., 2003; Alarcon et al., 2008; Bronstein
et al., 2009; Contreras et al., 201Bp investigate the ability of maM. sextamoths

to maintain hemolymph osmolality under different diets and relative humidity (RH)
conditions, two synthetic nectar mixtures were crealdn: first synthetic mixture
replicated the nectar sugar compositioiDatura wrightii flowers, consisting of 337.5
mg/ml of glucose, 276.79 mg/ml of fructose, and 1589.29 mg/ml of sugRiféell 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 compositiodg@ve palmerflowers, 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 deionizeater and therefore had 0% sugar (Fig. 1D).

Ad Libitum Feeding of Moths

Each climatecontrolled 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 bechtops 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 theirosmolality 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 (50ul) were pipetted onto Parafilm
wells. Moths were removefilom 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 secatrdplet,and this process was repeated until the moth
was fully satiatedAny remaining liquid was pipetted up and measured (to 1 pl). Each
moth's proboscis was extended and placed into the droplet at least three times to
ensure it was fully satiated. Fenoths 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 feedingxperiment, malé/l. sextapupae were placed in the
incubators maintained at 20%, 50%, or 80% RH. Moths were fed ad libitum as
described above from day7lposteclosion, 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
treatmemndappropriate cage. We aimed for a sample size-&fndoths for each day
posteclosion. Thus, the data st in Fig. 4 required us to destructively sample 374
moths across the three diets and ambient RH levels. Although -festtanoths

typically survive beyond day 8, we terminated the experiment here to compare
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osmotic concentrations with the starved mothat thad survived a maximum of 8
days.

For theauthentic nectar feedingxperiment, moths were fed eithBatura wrightii
flower nectar (with a sugar concentration of approximately 24%Agave palmeri
nectar (sugar conc. ~12%). This nectar was previotahected from newly opened
flowers and was frozen for storage-20C. Datura wrightii nectar was collected from
greenhousgrown plants at Cornell University anfigave palmerinectar was
collected from natural populations growing in the SRER (see abiow&)izona. 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 letietd bt

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 therescueexperiment, we evaluated whether a single meal could restore water
balance in mothsWe starved newly eclosed moths for three days, fed the radths
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@ day 5. The experiment with the authemigavenectar

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
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(version 4.1.1) The osmolality curves of the starved moths in Fig. 2 were compared

using a tweway ANOVA with fixed effects for day, ambient RH, and their
interaction. Model eficts were tested with antést, followed by post hoc multiple
comparisons using Tukey's method using th
Meier survival curves for moths in the different ambient RH levels were compared

using the logrank MantelCox test Linear regressions were used to analyze the data

from thewater lossexperiment and theynthetic nectafeedingexperiment, with an

F-test conducted across the different humidity levels. For a comparison between the
osmolality of starved vs fed mothsgevinypothesized 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 ttest with Welch correction. Thauthenticnectarfeedingexperiment and

the feeding amounts in tlrescueexperiment were analyzed using either a-wag

ANOVA or a KruskalWallis test depending on data distribution and variance
structure. These tests wer e daloconparisoasd by F
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 onesample #test where the mean osmolality for each treatment wasdteste

against the mean baseline osmolality.
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Results

The osmolality of starved moths
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Fig. 3.2 The effect of starvation on the hemolymph osmolality and longevity o
Manduca sextaheld at 20%, 50%, and 80% ambient RH (A&B) Starvation
induced impact on blood osmolality (mmol/kg) of n=10 males and females eac
at three different levels of ambient RH. Data points are fitted wittkrzott smoothing
cubic spline curve. Note that male moths yield hemolymph by day28% RH and
day 6 in 50% RH, while females in 20% and 50% RH yield hemolymph only unti
6 post eclosion. (C &D) KaplaNeier survival curves of male and female moths t
at the three ambient RH levels. The dashed line indicates a 50% survival na®
are colorcoded 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

increag 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 35360 mmol/kg (Fig. 2A & B). However, starting from the third day

of starvation, lhie 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. dths 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 armi450 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 hemelyrior further analysis

beyond day 8 (Fig. 2A & B).

Table 3.1 Multiple comparisons of the twoway ANOVA f ol | owed
test for osmolality of starved moths in the three ambient humidity levelsP-values for
days 1 and 2 are not shown becausmeone of the combinations (ANOVA) were
statistically significant.
Day Multiple comparisong Sex | d.f. t ratio P-value
between different levels @
RH
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
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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 sextalifespan (males and females) was significantly impacted by the
ambient humidity at which they were held (Fig. 2C & D; kragk MantelCox test

for males:j >=28.80, d.f.=2,P<0.0001; femalesj >=33.99, d.f.=2,P<0.0001). In
general, moths diedt 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, foboth males and females, was as follows: 20% RH < 50% RH <

80% RH.

Table 3.2 Comparison of lifespan of starved male and femalkl. sextaheld at different ambient
RH levels

Ambient Sex| Lifespanin 50% Lifespan comparisons | d.f. | Mantel | P-value
RH days mortality | between different level Cox test
(mean 1s.d.) | (days) of RH j?
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 76+13 7 50% vs 80% 1 9.54 0.0020
F 8.9+0.9 10 1 8.34 0.0039
80% M [104+14 10 20% vs 80% 1 [21.00 0.0001
F 10.2+£0.9 11 1 /1831 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%, 500

and 80% ambient RH.The weight loss of active vs. passive males))fand females
(D-E) M. sextaweight loss is compared with passively evaporating paired dead 1

in the three ambient RH levels. Data are caloded by the ambient RH and t
condition of the moth (living &. dead). Points show the mean and error bars sho

SD for each day and are fitted with linear regression lines. Data are repeated m

from n=10 moths for both conditions (living and dead) for each ambient R
Indicates a significant difference 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 fem8anduca sextaTo determine whether
weight loss is primarily due to passive evaporation @év@anetabolic 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 ambienidity 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 thévphssvaporating

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 levéls@.9131, d.f.=2and 191,

P=0.4030), but were among femal&s§.111, d.f.=2 and 9&=0.0178).

Table 33 Summary statistics of the linear regression fit for weight loss in the living and the dea
M. sextain the three ambient RH levels

Ambient | Sex | Living moths Passively evaporating| F d.f P-value
RH dead moths statistics
Slope +s.e. | R? Slope +s.e. | R?
20% M -0.17+0.02 | 0.51 | -0.13£0.01 | 0.52 | 2.09 1and 114 | 0.1506
F -0.18+ 0.01 | 0.57 | -0.13£0.02 | 0.39 | 2.89 1and 124 | 0.0916
50% M -0.11+0.01 | 0.61 | -0.09+£0.02 | 0.21 |1.39 1and 151 | 0.2388
F -0.15+0.007 | 0.83 | -0.08 £ 0.008| 0.52 | 39.01 1land 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.
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Fig. 34 A comparison between the dehydrated and synthetic nectded moths

(A-C) the amount of synthetic nectar or water imbibed (mean + SE) by moths
three different ambient RH levels. {B) the corresponding osmolality of moths fed
either of the threeidts (shown above). A single day represents a sample size -of
moths. Data points show the mean and error bars show S.D. and both acodett
to represent the ambient humidity level. Points are fitted with linear regressied$.
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Comparisons offte osmolality of starved moths from Fig. 2 and combined osmol

of all nectarffed moths (n=187) from panels (EF). * Indicates a significan
difference within a group (P<0.05). This and the following experiments are perfc

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 increasest@ 4-fold from days 1 to 7 after eclosion. This
consunption pattern remained consistent across the three humidity levels, with the
following order: water < synthetiDatura nectar < synthetid\gavenectar (Fig. 4A

C). However, the amount of synthetic nectar consumed did not differ among moths in
different amleent RH levels (Fig. 4AC). Nevertheless, moths in 20% RH consumed
significantly higher amounts of water than did moths in 50% R¥5(318, d.f.=1 and

305, P=0.021) and in 80% RHFE12.22, d.f=1 and 31FR<0.001). The hemolymph
osmolality of fed moths renaed within the range of 35000 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 dietd=ig. 4D-F). However, there were several occurrences of the
moths in wateffed 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 +iedtar
moths died before day 8. The deadths were replaced by introducing new pupae to
achieve sufficient sample sizes for each treatment group.

Comparisons between the osmolality of starved (Fig. 2) vs. rectamoths

(combined across diets) showed clear effects of animal internal sthientiymph

osmolality (Fig. 4Gl). 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 twoahstates

was drastic and consistent across the three ambient RH levels (Table 4).

Table 34 Summary statistics of hemolymph osmolality comparisons between starve
and nectarfed moths across days post eclosion. Comparisons are conducted ug
unpaired t tests with Welch correction.

Ambient | Days Starved moth Nectarfed moth | tratio | df P-value
RH post osmolality osmolality
eclosion (mmol/kg) (mmol/kg)
Mean + s.d N | Mean £ s.d N

20% RH 360.8 +11.27| 10| 368.7 £21.05| 15 | 1.220| 22.23 | 0.2351
363.0+17.70| 10 | 370.7 + 30.09| 15 | 0.807 | 22.77 | 0.4277
397.5+16.60| 10 | 377.7 +23.00| 15 | 2.494 | 22.79 | 0.0203
440.9+19.82| 10| 385.4+18.74| 15 | 7.000 | 18.66 | <0.0001

541.8+38.35| 10 | 384.4 +28.04| 15 | 11.14| 15.31 | <0.0001

50% RH 354.3+12.79| 10| 362.6 £+18.09| 15 | 1.343 | 22.86 | 0.1924
362.8+14.86| 10 | 361.8+28.85| 15 | 0.113 | 21.95 | 0.9106
405.7 +18.49| 10 | 367.5+24.73| 15 | 4.408 | 22.60 | 0.0002
4454 +39.74| 10| 360.3+27.32| 16 | 5.944 | 14.35 | <0.0001
497.1 +30.65]| 10| 377.0+16.06 | 15 |11.39 | 12.33 | <0.0001

540.1+41.11]11)381.8+31.51| 15 |10.68| 18.08 | <0.0001

80% RH 365.1+10.85| 10| 372.6 +22.65| 15 | 1.106 | 21.36 | 0.2811
372.7+16.74| 10| 363.0+24.49| 15 | 1.176 | 22.96 | 0.2516
379.4+18.03| 10| 371.7+20.86| 15 | 0.977 | 21.31 | 0.3394
400.5 +23.64| 10| 363.1 +20.62| 17 | 4.155| 16.95 | 0.0006
447.2+34.12]1 10| 366.1+17.37| 15 | 6.937 | 12.15 | <0.0001
472.5+21.63| 10| 372.7+19.22| 16 | 11.93 | 17.51 | <0.0001
505.1 £27.15| 11 | 386.3+37.90| 16 | 9.493 | 24.92 | <0.0001

501.0+47.69| 13| 369.4+27.84| 15 |8.741| 18.73 | <0.0001
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The osmolality of authentic nectarfed moths
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Fig. 3.5 Osmolality and feeding amounts of authentic nectafed moths. The
amount ofDatura (A) andAgavenectar (B) fed by n=% moths from day 1 through -
Points show the mean and error bars show S.E. The linear regressions for
amounts are compared between the different RH levels for the same diet. (E,
osmolality ofDaturaandAgavenectar €d moths on day 5 post eclosion. An ANO\
is used to compare the osmolality of moths within the different RH levels on th
nectar diets. n.s indicates no significant difference among groups. Individual
coded data points for each ambient RH levith overlaying mean (black horizont
line) and S.D have been shown. (G, H) Comparison of hemolymph osmolality ¢
5 post eclosion between the authentic nefgdrmoths, synthetic nectéed moths
(from Fig 4) and starved moths (from Fig. 2). Differdetters above the figure
indicate significantly different gr
letters indicate no significant difference. Data show individual ecdoled data point.
for each condition and ambient RH and horizontal bllaoés show the mean wit
color-coded S.D.
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A different set of moths were fed either authematura wrightii or Agave palmeri
nectar from days 1 through 4, and their osmolality were measured on day 5. Consistent
with the previous experiment using syeiiic Datura nectar, moth consumption
increased by approximately twold with age. There was no evidence of differential
consumption oDatura nectar among the three ambient RH levels (sl6p®.1756,
d.f.=2&6, P=0.8431). For theAgave nectarfeeding grop, moths in 50% RH
consumed the highest amountAgfavenectar 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 dérence in the hemolymph osmolality of thatura nectar

fed moths in the different ambient RH levels (@vay ANOVA, F=3.678,P=0.045).
Specifically, the osmolality oDatura nectarfed moths in 20% RH was higher than

t hat of mot hs i n té&st0t23.27R =18, P50.63b)eandd86% RHS D
( Fi sher 686226,3B18Ps0936). In theAgavenectarfeeding group, there
was no evidence of a difference in the hemolymph osmolality of moths among
different ambient RH levels (Ongay ANOVA, F=0.2972,P=0.7461).

We compared the day 5 osmolality of the authentic néethmoths with the day 5
osmolality of the starved and synthetic ned&t moths (shown in Figs. 2 & 4). In all
cases, irrespective of the diet, moth hemolymph osmolality of fed me#ss
significantly lower than that of starved moths (Fig. 4G, H and Table Al). In
conclusion, these data suggest that moths can maintain-ktted homeostasis with

both high sucrosech (Datura) and high hexosech nectar Agave.
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Rescueexperiment

A Amount fed on day 4

20% RH 50% RH 80% RH
8004 *

s n.s
700+
600
500+
400+
3004

200 4 }
1004 -I- i T

n.s

Nectar imbibed (ul)

B Osmolality on day 5
20% RH 50% RH 80% RH

ns n.s

600

500+ «}

400

Osmolality (mmol/kg)

300-

Treatments
Fig. 3.6 Results from the starvationrescue experiment.Moths were fed only or
day 4 to evaluate whether one nectar meal can rescue moths from osmotic ¢
different ambient RH levels. As a control, the hemolymph osmolality of unfeldsn
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was measured on days 3 and 5. Panel A shows the feeding amounts and panel

the corresponding hemolymph osmolality. The dashed horizontal line repres
baseline osmolality of 359.6 mmol/kg which is the average of day 3 unfed I
across all mbient RH levels. Data are separated and exdoled by the ambient RI

level at which moths were held. Black horizontal lines represent the mean an

bars show S.E. * indicates P<0.05 and ** P<0.01, n.s. indicates no signi
difference compared tihe 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 sepate 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 synthetDatura nectar than the dilute synthethkgave nectar.
However, this difference was not significant in either of the ambient RH levielst$t
20%RH:t=1.70,P=0.11; 50%RH:=0.55, P=0.58; 80%RH1=0.07,P=0.93). Moths

did feed high amounts @atura nectar compared to water in 20% RHdst,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 tnepds
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 04380
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 synthet Datura nectar was sufficient to restore osmotic balance in 20% RH
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ambient conditions, but synthetidgave nectar and water were not. Nevertheless,
nectar or water fed moths showed significantly lower osmolality compared with day 5
starved moths (Ontiled ttest: synthetic Agawvéed: t= 1.98, P=0.032; synthetic
Daturafed: t=3.10,P=0.007; wateffed: 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 ot need to be rescued. In summary, a singkibétdm

nectar meal can mitigate osmotic shock in desiccating environments.

Table 3.5 Onetailed onesamplet-test of moth osmolality compared against the baseline mea
osmolality of 359.6 mmol/kg (average aflay 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
SyntheticDatura nectarfed 0.72 7 0.2453
SyntheticAgavenectarfed 2.05 7 0.0397
Waterfed 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
SyntheticDatura nectarfed 1.61 7 0.0751
SyntheticAgavenectarfed 0.78 7 0.2288
Waterfed 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
SyntheticDatura nectarfed 0.64 7 0.2709
SyntheticAgavenectarfed 0.68 7 0.2577
Waterfed 1.14 7 0.1458
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Discussion

There is growing concern over the ability of pollinatorsépe with climate change

and the resulting shifts in floral phenolo@illmer, 2012; Scaven & Rafferty, 2013;
Vanbergen & Initiative, 2013; Straka & Starzomski, 20T4)e rapid decline in insect
populations due to both human activity and natural factors has emphalseed
importance of monitoring the health of pollinatofdanzen & Hallwales, 2019;
SancheBayo & Wyckhuys, 2019; Wagner, 2020pne potential driver of insect
declines is an ecaoffical asynchrony between floweisiting 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 neieaf flush at their final destinationSrygley et al., 2010;
Srygley et al., 2014; Saunders et al., 2018)this light, it is critical to establish
measurements opol I i nat orsdé6 internal state as
satiated or healthy vs. diseased conditions.

Here, we employed an osmometer to track the bleatkr homeostasis athe
nocturnal hawkmottpollinator Manduca sextaat various ambient relag humidity

(RH) levels under both fed and starved conditidifee impact of dehydration stress

on starvedManduca sextais 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 mude 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 findii@entreras et al., 2013;
Contreras et al., 2022)n contrast with the starved condition, nectar or whddr
moths were able to osmoregulate by keeping hemolymph concentration within the
350400 mmol/kg range. Our findings suggest that hemolymph osmolality could serve
as an indicator ofwhether pollinators ardood-deprived or satiated Below we
compare our findings with the hemolymph osmolalities of other insects while drawing
attention to the red 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
honeybe workers Apis melliferd from day 1 to 25 in the spring and summer seasons
(Ali et al., 2017) In a span of 2Blays, the hemolymph concentration increased from a
baseline of 3360 mmol/kg to 4940 mmol/kg in fed individuals, suggesting a
shift in the baseline. Similar findings were observedApis melliferadrones, where

the osmolality of iday-old drones was 334 + 41 mmol/kg, but increased to 532 + 38
mmol/kg for 25day-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 1ysafter which they
begin foraging outside the colonpeeley, 1995; Ali et al.,, 20175imilarly, the
increase in the osmolality of the drones corresponds with their exploratory and mating
flights (Leonhard & Crailsheim, 1999)n our feeding experiment, we did not find

evidence of a shift in osnality across the 8 days fdfl. sexta which is expected as

155



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 thdlhe 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 physiol¢gly et al., 2017) The
importance of baselines is furthermore apparent in one study wherecauiyht
insects were sampled in the field and subsequently ion&radled lab environment
(Riddle, 1986) The osmotic concentration of the Red milkweed beéiktréopes
tetrophthalmupwas 549.3 + 16.1 mmol/kg (mean £ 95% confidence \matgin the

field but decreased to 398.9 + 29 mmol/kg afterl&zhours of rehydration in the lab

on wet paper towels. For the dogbane be&laysochus aurat)dield measurements

were 494.7 + 10.4 which decreased to 397.8 + 50.2 after rehydration iabthe
(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 Table6, 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 ranteim
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 be@tigmacris planandO.
unguicularis show an increase of only 16% and 25% respectively, from baseline

osmolality post several days of severe desiccation s(Misslson, 1980) On the
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other hand, the osmolality of the Protea bee€flechiostetha fascicular)sin South
Africa increased by 63% from a baseline of 474 to 772 mmol/kg during-dagix
period of dehydration, corresponding to a 26% desgan body weightFielding &
Nicolson, 180). Species from two genera of South African hide beetles (Trogidae)
show muckelevated baseline hemolymph concentration compared with other insects
(Le Lagadec et al., 1998)he desefliving speciesOmorgus freyandO. asperulatus

lost 50% of their body weight with a corresponding increase of 86% and 70% in
osmolality, respectively, from baseline. In contragth the desert beetles, their close
relatives from arid and serarid habitatsO. squalidusandO. radulalost 3050% of

their body weight with a corresponding increase of 22% and 30% over baseline
osmolality, respectively. For smaller insects (&g), 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 theindy 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 melymph osmolality of adult insects in decreasing body weight
satiated and desiccated states. The desiccation conditions in the different studies are summarized using vap
deficit (VPD) as a metric to account for the differences in temperaiMhen the data were not explicitly mentioned, tl
were inferred from the text and figures in the manuscript and are indicated below with an asterisk *

Insect Mean VPD No. of Reported mean osmolality % increase | Reference

fresh (kPa) days in different physiological | in osmolality

mass dehydra| conditions (mmol/kg) from

(mg) ted . baseline

Satiated Starved and
desiccated

Manduca sexta | 2000 2.4 5 360 541 50 Present study
(Tobacco (Data shown for
hawkmoth) males in 20% RH)
Megetra 1000 3 1 417 447 7 (Cohen, 1984)
cancellate
(Black and red
blister beetle)
Tricostheta 864 2.95 6 474 772 63 (Fielding &
fascicularis Nicolson, 1980)
(Protea beetle)
Onymacris 864 2.95 12 429 498 16 (Nicolson, 1980)
plana
(Darkling
beelte)
Periplaneta 825 1.30 8 413 459 11 (Hyatt & Marshall,
americana 1977)
(Cockroach)
Teleogryllus 624 1.30 3 391 572 46 (Hyatt & Marshall,
oceanicus 1978)
(Blac field
cricket)
Omorgus freyi | 550 3.4 10 568.5 1059 86 (Le Lagadec et al.,
(Hide beetle) 1998)
Onymacris 500 Outdoor | 5 467 586 25 (Cooper, 1982)
unguicularis study
(Fog basking
beetle)
Omorgus 420 34 3.5 722 939 30 (Le Lagadec et al.,
squalidus 1998)
(Hide beelte)
Omorgus 400 3.4 10.5 635 1082 70 (Le Lagadec et al.,
asperulatus 1998)
(Hide beetle)
Omorgus radula| 200 34 5 670 820 22 (Le Lagadec et al.,
(Hide beetle) 1998)
Eleodes Not Qutdoor | 3 432 554 28 (Riddle et al., 1976)
hispilabris provided | study
(Desert stink
beetle)
Aedes aegypti | 2.5 0.89 18 ~325 ~380 18 (Holmes et al.,
(Yellow fever hours (blood-fed) 2023)
mosquito)
Drosophila 0.5 3.1 8 hours | 353 400 13 (Albers & Bradley
melanogaster 2004)
(Fruit fly)
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There are several ways in which insects maintain water balanceO@eP o nne | |
(2022). While water can be lost through processes such as excretion, respiration
(Chown, 2002) and cuticular evaporatiofGibbs, 2011) it can be gained through
feeding, absorption of dew and fd@roza, 1979; Seely, 1979and metabolic
processe$Willmer & Stone, 1997)Some insects have adaptations thiaixathem to

lose less water through cuticular evaporation than they gain through their high
metabolic processes, resulting in minimal water defidicolson & 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 act{Vif{imer, 1988) A field

study in Israel reports that the osmolality of the smaller carpenteXpleeopa
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 bgdocopa pubescer(§36-642 mg),
however, was 529 mmolgkbefore 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 takeo{fVillmer, 1988; Nicolson, 1990)

Given the large size (10 cm wingspan) , weight (2000 mg), and high metabolic activity
of Manduca sextat was predicted that they may experience little water deficit
(Heinrich & Casey, 1973)0On the contrary, the water loss rate for living moths was
found to be high, with over 560% 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 waterNbss in
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sexta despite anatomical adaptations teyant water loss. Such massive loss of water
during their energetic flight must be compensated by drinking enough nectar to
maintain blooewater homeostasis. An average ditesextacan drink 1/3 of its body
weight in aqueous fluid (~600 pl) per dégontreras et al., 2013However, 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 phe(Bé&ker & Baker, 1973; Raguso,
2004; Gonzaledeuber & Heil, 2009; Nicolsorf022)aswell as a rich microbiome

(von Arx et al., 2019)Manduca sextanoths exhibit an inherent preference for sugar
laced with amino acids and visit artificial flowers with amino amigimented sugar,
when those nectars also satisfy their caloric néBdsadhead & Raguso, 2021) is
well-documented that wildaughtM. sextain the Santa Rita Experimental Range near
Tucson, Arizona, use bofbaturaandAgaveflowers as major nectar sourdédarcon

et al., 2008; Riffell et al., 2008; Alarcon et al., PQIDatura wrightii's nectar sugar
concentration is nearly twice that dkgave palmeri and both nectars differ
significantly in their sugar composition (Fig. 1). In our previous-dabed study
(Contreras et al., 2013we had only used sucrose to model the nectar sugar
concentration of the sucrosieh Datura wrightii (22% w/w) and thehexoserich
Agave palmeri(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 impaesedt osmotic

stress on moths. The authentic nectaDafura 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 &gave palmernectar is 924.20 #.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 oarirent,
moths consumed twice as much autheAg@avenectar adDatura nectar, but overall,

they consumed less authentic nectar than the synthetic sugar solutions. This disparity
in consumption likely reflects the qualitative difference between the twestyb
nectar (authentic vs. synt heti c) and mot
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
chdlenge. 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 probosis to humid air(Janzen, 1987; Raguso et al., 2008pwever, water
consumption itself was not sufficient for moths to maintain longevity. This was noted
by the increased mortality observed within the wétergroup of moths, which was
especially prominent beyond day 5 post eclosion (Fig. S1). Despfaredites in
nectar composition (including osmotic pressure), and the amounts consumdédwell
moths maintain osmolality within a healthy range (3®0 mmol/kg; Fig. 5). Our
findings, along with previous research on the behavioral flexibility of -ealdjht
moths feeding on the two nectar tygRsffell et al., 2008) highlight the physiological

capacity of this largenocturnal 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
proboscisborne pollen loads oM. sextaperformed in the SRER in southeastern
Arizona suggests that up to 73% of widldught moths may not have fed from their
preferred hosbD. wrightii, 34% did not feed from their alternative héstpalmeri,and

15% did not feed from any flowdtevin et al., 2016)Can single bats of nectar or

water meals rescue pollinators if there are mismatches ingdditator phenology?
(Hegland et al.,, 2009; Forrest, 2015; Gerard et al., 203@)dies 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)

our study, we investigated thepact of an experimentalday 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, asdanced 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 oldamectar meal to prevent
osmotic shock. Previous work has shown tilatsextaflight muscle ultrastructure
reaches peak maturity on dayWone et al., 2018)\hich coincides with their need to

fly and find nectar on day 4. Our results demonstrate that a single nectaonesan

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 othdrsimarce is
available. This estimate of aday critical period is conservative for a habitat like the
Sonoran Desert where nor mal dayti me tempe
very low RH (10% RH; VPD= 6.63 kPa)

The different ways in which insects dedth 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 Bchooley et al. (2012)For example, inDrosophila
melanogasteflies, the neuroendocrine peptide Corazonin has keewn to inhibit

the release of CAPA, a diuretic hormone originally identifiedlinsexta 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.,.202fl)e mosquito
Aedes aegyptidehydrationled to significant changes in the expression levels of a
conserved water channel gene aquaporin 2 in the insect nidigintes 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 arr study is that it only focuses on virdih sexta It is important to

note that feeding rates and hemolymph osmolality may changemadisty, which
represents a different internal state, especially for females. Nectar feeding significantly
increases logevity and fecundity in hawkmoth femal@sn Arx et al., 2013)and a

significant amount of body water is allocated to the developing oo¢Migwut &
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riddiford, 1979) In a study byRiddle (1986) gravid beetles showed higher
hemolymph osmolality than negravid beetles. Our experimental design restricted
moths to a specific diet, but a previous experiment with similar treatments allowed
freely foraging moths to choose fxelen all three diets simultaneougyontreras et

al., 2013) Moth activity in the different humidity levels was not documeel, 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
compaing the activity of D. melanogasterand the cactophilid>. arizonae the
common fruit fly showed increased activity within the first 5 hours of desiccation and
no activity after 10 hours of desiccatig@ibbs, 2002) In contrast, the cactophilic
Drosophilashowed no activity during the initial hours of the experiment but became
active between 20 hours from the start of the experiment.

Such observations highlight the diféet behavioral strategies used by xeric vs mesic
habitatdwelling insects. Light trapping studies in Costa Rica suggest that hawkmoths
show longdistance dispersal flights, leaving the lovedéevation dry forest habitats for
rainforest and cloud forest hidits (Janzen, 1987)Janzen (1986, 1987) considered
various factors that could trigger such dispersal events, including seasonal shifts in
host plant quality and pdator pressure. Initially, we considered that plunging ambient
humidity might compel moths to leave a drying habitat. However, our findings suggest
that M. sextamoths respond to low ambient RH by becoming quiescent, as if to
conserve energy until conditis improve, rather than showing increased activity that

might indicate a dispersal drive (also @entreras 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 desitioa stress. To evaluate the impact of
anthropogenic stressors on pollinator health, standardized biomarkers have been
established (reviewed (ipopezUribe et al., 2020) However, some of these

techniques require molecular approaches, costly reagents, and complex post
processing for data imgretation. 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 m®lymph osmotic concentrations for insects affected by
parasitegJones et al., 2022jungal pathogenEvison & Jensen, 2018)r exposed to
pesticides and insecticidéSoulson et al., 2015)n comparison to healthy control
populations, would providealuable 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 resourcemfam

policymakers and conservatiorsgb implement quick and appropriagstoration

efforts.
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A Manduca sextéemale preparing to oviposit orCatura flower highlighting a

different context.
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CHAPTER4

CONTEXT AND THE FUNCTIONAL USE OF INFORMATION IN INSECT
SENSORY ECOLOGY

Abstract

Contextspecific behaviors emerge from the interaction betweenian mal 6 s i nt er 1
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 isn concept.
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 (keseking) 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
insectdos internal state. Second, similar s
resultin different behavioral outcomes. And third, ambient conditions can

dramatically alter internal states and behaviors

4 Dahake, A., Raguso A. R., Goyret Context and the functional use of information in insect
sensory ecologyGurr Opin Insect S¢023,101058, ISSN 22153745,
https://doi.org/10.1016/j.c0is.2023.1010B8 press
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Highlights
1. Context emerges from the interaction Dbe
external environment.
2. Internal states caast from minutes to weeks
3. Environmental conditions can impact internal states that drive cesyexific
behaviors
4. Differences in behaviors between related animals highlight a phylogenetic

context
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Introduction

Despite widespread awareness that alsrslaow contextiependent 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 contedépendent behaviorsidluding neural circuits that
contextualize predation risk, foraging behavior, and sexual/social intergt}ions
Nevertheless, conceptual and technical challengeslinaited our understanding of

the role of context in animal behavior. One of these challenges emerges from the

di fficulties in defining Acontexto.

In this review, context serves as an umbrella term that encompasses an animal's
external environment fromwhih r el evant sti mul i i nteract
state as a filter through which such sensory information is processed to generate
contextspecific behaviors (Fig. 1). Here, the internal state is a behavioral condition
emerging from physiological pcesses 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 outputso(atship, exploratory dispersal, chemotactic
responses, etc.) elicited and gui-ded by sg
dependent behaviors thus deal with uncertainty, increasing probabilities of
accomplishing a task under a particular spaoe 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 $8388. As Oram and Cafl] outline,

context can be explicitly defined via treatments in welhtrolled behavioral

183



experiments, in which specifinformation alters the valence of sensory stimuli, such

as the role of visual looming stimuli or G€r fruit flies.

Here wefocusour discussion of context on the sensory ecology of insect behavior
governed by the internal state, ranging from minutegeteks on temporal scale (Fig.

2b) . We highlight examples in which an
the relevant stimuli have been documented (Fi¢f),2ehile at the same time drawing
attention to the paucity of information neededdaah a synthetic understanding of

how context affects behaviors in the field of sensory ecolagyances on this front

will improve our understanding of decisiomaking by insects across many relevant

spatial scales, from targeting individual flowers rdal hosts to navigating habitats

or landscapes.

Context

Animal's internal
state

Relevant external
stimuli

Interaction

Context-specific driving stimuli

Context-specific motor outputs

Context X
Context Y
Context Z

Figure 4.1 The emergence of contextlependent behaviorsContext emerges as the
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reciprocal i nteraction between an ani mal 6s
stimuli transduced into sensory information, which results in cosgatific

behaviors (motor outputs). The perception of sensory stimuli camgelihe 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 hsect 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 ficalling behaviserd&, nghher ec
state, responding with stereotypical, anemotactic casting flights once they perceive
female pheromorsee However, essential reproductive behaviors can be modified or
suppressed for minutes to hours when moths perceive echolocation calls by bats,
representing predation rig]. 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 severg]days
Finally, not all moth species are sexually mature at pupal eclosion, including noctuid
species that migrate as sexually immature adults, which do not cadpancto
pheromones during the migratory stage (reproductive diapgjse)

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 sensorynafion 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 widl pollinator may ignore floral signals until there

is an energetic demand, upon which, even faint floral signatsattr@ct the pollinator

(Fig. 2c). If the pollinator experiences hyperosmotic stress, it may seek dilute nectar or
water to achieve osmotic balar{@. Similarly, a blooefed mosquito is not attracted

to host cues, instead, it is attracted to oviposition sites which demand attention to very
different stimuli compared to the hesteking context (Fig. 2e). Also, insect foraging
preferences can lsexdependent where males and females show preferences for
different food sourcef8]. In addition to these ephemeradtsts, 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 contertsdnsory information used by

insects could be celestial cues, photoperiod, magnetic compass, wind speed, and

direction, or other environmental conditid®.
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Figure 4.2 Examples of contextdependent behaviors emerging from the

i nteraction bet we estate and therelevaniaséndosy stimalit e r n a |

experienced in its environment as shown in Fig. 1 and (a) hei@) 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, wherdasvdast from days to weeks. (c)

Examples of floweforaging mosquitoes and pollinators seeking nectar sources, (d) a

mated mosquito female seeking blood from human hosts (e) A-Bédagravid
mosquito seeking water for oviposition, (f) A gravid femalesqoto entering a
diapause state, or a North American Monarch butterfly migratingdastgnce 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 bisirepder.com.
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Mechanisms underlying the different internal states in mosquitoes

There are noteworthy examples of corté&pendent behaviors of mosquitoes that
elucidate transitions in the internal state from nefgading to blooefeeding 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, colere@Oto 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 oAedes albopictum New York state, USA, showed that

over 40% of both male and female mosquitoed consumed a nectar meal in the last
24 hourq13]. In the same study, a positive relationship was found between feeding
rates and saturation deficit. A similar observation was made for{é@atingA.
aegyptiwhose biting fregency increased as they became more dehydibtéd

Within days after eclosion and feeding on sugar meals, mosquitoes court mates using
auditory signals, which can be perceived at meters disfabgeMating induces a
refractory period in females in which she rejects remating with future males. A study
implicates the role of a makpecific neuropeptide HR likely pas&d on to females

during copulation ensuring the siring success of the first fhélePost mating, the
internal state of the female mosquito switches to bkemking behavior (fig. 2).

While mating induces transcriptional changes in 121 genes in the spermathecae,
bloodfeeding induces changes in 152 transciip¥s18] During the blooeseeking

state, mosquitoes arensgtive to exhaled C£)19] and volatiles from the skin of hosts
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[20-22]. which serve as longange cues, whereas, vis|28-25], thermal[26], and
moisture cuef27] can act as sherainge attractants. Remarkably, mosquitoes will
continue to pursue a host for at least 10 minutes after perceiving a brief pulsg of CO
indicating the persistence of the heseking internal staf{@8]. After a blood meal,
female mosquitoes are satiated for at least 3 days. The neuropetitidaéteptor 7
has been suggested to regulate the satiated state of fenaalgypt{29].

Major changes in gene regulation are observed 72 hoursdlout feeding in a mated
mosquito[17,18]. Postblood 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 cug28] and instead are attracted to moisture ¢aés31,32]for
oviposition. This igeflected in recent findings where nblood-fed mosquitoes
tracked moving bars in the presence oh@Ca tethered flight arena. However, 72
hours after a blood meal, mosquitoes lost their ability to track visual targets, while
(intriguingly) sugaffed mosquitoes continued tracking these tar{@h$.

Water vapor and visual properties of standing water likely serve aslistagnce
attraction cues for female mosquitoes seeking oviposition sites. Upon approaching
water,A. aegyptiand on wet surfaces, assessing water salinity with specialized
channels in their tarsal sensory neurf3t§. 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 additiongsquitoes are sensitive to the
microbial volatile Geosmin, which is an aversive odoranDi@msophilamelanogaster

as it is an indicator of the presence of tegnmeducing molds and bactelfig3]. 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 documente® fonelanogasterthe olfactory
receptor responses to Geosmin map to a single glomsarutheAedes aegypti

antennal lobe, suggesting a behax@pecific pathway34]. A similar example is the
lonotropic receptor Ir21a, which is involved in the detection of cooling and heat
avoidance irDrosophilaflies, suggesting a circuit for aversive behavior. In contrast,
for themosquitoAnopheles gambia@e same receptor (and perhaps the associated
neural pathway) is repurposed for attraction to a bloedl host[26]. These

examples of shared sensargural pathways with opposing perceptual and behavioral
valence highlight another level of contéxphylogenetid that extends beyond
ephemeral changes in interntdtss.

Internal states can persist for weeks, instead of days, such as feraldepictus

entering a diapause state triggered by changes in day length and temp@sgtime

this state, females showed normal feeding rates, but drastic upregulation of
vitellogenin genes and downregulation of metabolic processes were olS&jvéa
Culex pipiendiowever, mosquitoes entering a diapause state transition front blood
feeding to exclusively sugdieeding, also suggesting gross physiological changes that
alter the ani[8ThMdlerateilenels efrantif@idl ligst padiution (4 lux)
are sufficient to trigger gene expression changes in the circadian clock genes, averting
C. pipiensfemales from undgoing diapausg38,39] It can take up to 2 weeks fAr
albopictusto 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 Rldsmodiumand these
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behaviors differ between the transmissible (sporozoite) andransmisgle stages
of the parasites. These behavioral changes affect flight activity, biting duration and

frequency, enhanced attraction to hosts, and electrophysiological respiiYjses
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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 muftodal floral traits interact to mediate
pollinator behaviof41]. One important hypothesis is efficaogickup, 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 bBempus terrstris) were

shown to use color vision to find scented artificial flowers when the foraging
landscape was either chemically noisy or wifdy]. A more recent study reveals how
efficacy backup can occur among alternative channels within the same modality.
Nocturnal hawkmothalanduca sextademonstrated different innate visual
preferences between blue and white artifitgaders, in relation to differences in
ambient lighting conditions, which were possibly mediated by shifting between the
use of chromatic and achromatic assessiA&ijt

Another aspect of efficacy is the growing concern that anthropogenic conditions, such
as ozone or diesel pollution, or light pollution, may interfere with flefiveting and
learning by bees and motf#&4,45] It will be important to test whether pollinators can
adjust foraging and learning flexibly to cope with changing ambient condjdéhs
Ambient conditions affect not only the sensory capabilitigsotifnators 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 §téles

One paradox for metabolically actipellinators is how to balance sugar (energy) vs.

water uptake, especially in xeric environmgd®]. Surprisingly few studies have
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explored this dilemma. In orecent studyManduca sextanoths held at 20% relative
humidity imbibed more water and died sooner than moths held at higher (40, 60, or
80%) ambient humiditj49]. 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 finhtors 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 Bpmbus impatienisees infected

with gut protozoansQrithidia bombij[50]). Remarkably, a field study showed that
parasitized bees forage longer and return moruéetly to flowers (e.gChelone

glabra; Plantaginaceae) whose nectars have high iridoid glycoside concentrations
[51]. Thi s a pnpeadri ecnatt ifosnedl fma klerisallyom@imad e not i
foraging context but considering the evidence that iridoids fetvelonenectar reduce
Crithidia bombiinfection rates irB. impatiendeed52]. In a similar vein, callunene,

a natural product in the nectar of wild heatl@al(una vulgaris Ericaceae) has been
shown to prevent infection l@rithidia in Bombus terrestribees by detaching the
parasité s f | {bgl.eThidawpm ar ewotr nfidneg0 ef f ect 1 s not
metabolites, as a survey of pollen diets revealed that the spiky pollen grains of asters
(HelianthusandSolidagospp.) also show strong prophylactic effects agdinghidia

in beeqd54]. Taken together, these findingisggest that early autumn bumble bee
foraging preferences f@helonenectar and aster pollen reflect a parasitected

internal state, rather than one devoted primarily to caloric acquisition.

Autumnblooming asters play another important role inipatior biology, as they
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represent the dominant nectar source fueling the migratory flights of monarch
butterflies Danausplexippu3 in eastern North Amerid®5]. Decreasing day length
and fluctuating temperatures t+megmer nOmigr
monarchs, with modifications to wing slegpuvenile hormone titers, and reproductive
diapausg56]. The use of sensory cues during migration is now well understood at the
neural level in monarchs, thanks to studies of a-ttorapensated sun compass,
magnetic compass, and circadian clocks located in the antgha8] Like

monarchs, the true armyworm mofPsgudaletia unipuncjashows seasonal

migrations in North America triggered by day length and temperature. Under cold,
shortday conditions, both male and femahigrant 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 alld&8]. The accumulation of lipid reserves in betxes

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
consequentid f f ect s on an organi smés behavior an
be a female mosquito shifting from nectivorous to hematophagous feeding after

mating and thus responding to different constellations of stimuli involving different

behaviors. It mape a pollinator responding to different guiding stimuli while

foraging, due to parasitism, light conditions, or its osmotic demands. Disparities aside,

these are goaleeking behaviors, evolutionarily molded in relation to their efficiency,

and thereforeemerging 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
uncertainenvironment 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
maygolryond fAa driving stimuluso measured un
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 waluable for our field of sensory ecology in insects.
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**outstanding interest

**2. Flavell SW, Gogolla N, LovetBarron M, Zelikowsky M:The emergence and
influence of internal states Neuron2022,110:25452570.

In this review, the authors define internal state and synthesize the literature on this
topic while proposing alternativeechanisms underlying persistent internal
states. Il n the field of neuroscience,
gained traction in recent years, facilitated by novel tools such as sophisticated
behavioral quantification programs, cellularmpailations, 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 LB8ugar feeding patterns of New YorkAedes
albopictusmosquitoes are affected by saturation deficit, flowers, and host
seeking PLoS Negl Trop Di2020,14:e0008244.

Fikrig et al. report that over 40% of fiethptured females and almost 50% of male
Aedes albopictusad consumed a nectar meal within the @drk 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
acquiral through nectar or honeydew vs. sugars present in host blood. The
authors found that dry weather led mosquitoes to siegar more often.

*14. Hagan RW, Didion EM, Rosselot AE, Holmes CJ, Siler SC, Rosendale AJ,
Hendershot JM, Elliot KSB, Jennings EGnB GA, et al.Dehydration
prompts increased activity and blood feeding by mosquitoeSci Re2018,
8:6804.

The authors show how ambient conditions (relative humidity) impact physiology and
behavior of mosquitoes. Dehydrated mosquitoes from low amhiemidity
increased carbohydrate metabolism and prompted a trehalose to glucose shift
in Culex pipiensThis shift in physiology increased the proportion of blood
feeding in mosquitoes which was confirmed by suppresséhglaseactivity
using RNA interferace.

**22. Zhao Z, Zung JL, Hinze A, Kriete AL, Igbal A, Younger MA, Matthews BJ,
Merhof D, Thiberge S, Ignell R, et aMosquito brains encode unique
features of human odour to drive host seekingNature2022,605706-712

Zhao et al show that human asimal odorants activate different glomeruli in the
antennal lobe oAedes aegypsuggesting that sensory information of the host
is parsed already at the primary brain center. The authors present captivating
graphics on the different dimensions of cheahg&pace 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 PMosquito heat seeking is driven by
an ancestral cooling receptorScience2020,367:681-684.

Greppi et al show that Ir21a mediates h&a¢king response Anopheles gambiae.
The same receptor is involved in heat avoidance behavior in drosophila
suggesting that in mosquitoes it is repurposed for a bdee#ling behavior.

**28. Sorrells TR, Pandey, RosasVillegas A, Vosshall LBA persistent
behavioral state enables sustained predation of humans by mosquitoes
eLife2022,11:e76663.

The authors ask an underexplored question in the field of internal states: how long do
behavioral states persist?ibig the context of bloodeeking, the authors show
that femaleAedes aegyptian continue to show heseeking behavior for up to
14 minutes gated by only a brief initial pulse (5 sec) 0$.d@e authors show
that the mosquito behavior is replicable tiaciive stimulation of the C®
sensitive neurons using optogenetic methods.

*12. Peach DA, Matthews B&ensory mechanisms for the shift from phytophagy
to haematophagy in mosquitoesCurr Opin Insect Sc2022,52:100930.

This noteworthy revieviighlights 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 ancedttrait 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 Tihe
olfactory gating of visual preferences to human skin and visible spectra in
mosquitoes Nature Communication022,13:555.

Alberto and Rusch et al demonstrate how.G&es tle 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.

203



CONCLUSION

A TALE OF SCALE: HUMIDITY FROM MICRO TO MARO HABITAT
My thesis addressedandamental question on signal evolution in the context of
plantpollinator interactions. Throughout my thesis | have implemented approaches
from the fields of animal behavior, plant physiology, and sensory neurobiology.
In the context of plarpollinator 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 plapollinator interactions, | have learned that
flowers offer more than just scent and bright colors. The experience of a pollinator tha
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, florae€Been
shown to function as @ue indicating freshly opened flowers. Similarly, the role of
floral humidity was previously considered an honest ephemeral cue, the intensity of
whichwas shown to depend ¢ime volume of nectar in the flower. However, the
nuances in this trait between the previously stu@edotherasp. and the other flower
species reported by Harrap et al, and my study syStnra wrightii, prompted me
to take on this journey.
The first chapter of my thesis delves deeply into the roflol 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 flbwahidity of Datura

was found to be 30% above ambient levels, which is at legsid @igher than

previous reports on floral humidity. Through single sensillum electrophysiology, |
demonstrated that moth hygrosensageptors respond to subtle changes in humidity.
By employing behavioral, neurophysiological, and plant physiological analyses, |
concluded that floral humidity plays a role akin to a signal in giafitnator

interactions. Further support for this ideames from another manuscript, led by
Shayla Salzman and to which | 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 asdances (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 querieseevalound
whether floral humidity should be classified as a signal or a cue. Addressing these
gueries motivated the focus of Chapter 2. We adopted a Tinbergen approach to
investigate floral humidity across four levels of analysis. Surprisinglpatlira

flowers were significantly more humid than the ambient environment, even-n 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
necta 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 foramé p

affects its floral humidity signal, which positively correlates with the quantity of

205



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, | shift focus from floral microhabitats to broadacrohabitats. At the
landscape scale, ambient humidity can influence the activity levels of pollinators, their
internalstates, 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
reflectedin 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, | present a mini review on the role of contersirct 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 cargtbxtie is acknowkdged in

the study of animal behavior, it rarely takes center stage. In this chapter, | provide a
definition of context and review the examples of contiegiendenbehaviors in
mosquitoes and insect pollinators.

A broader question that | will continue @aplore in my future research is how context
emerges and what molecular mechanisms contribute to the formation of different

contexts.
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APPENDIXA

CHAPTER 1 APPENDIX
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Supplementary Fig.A.1 a Floral humidity measured along a horizontal transect
cm above the flower opening. The inset image &fadura wrightii flower with the
arrow shows a typical transecajectory. The black solid line shows the mean and
shaded area (gray) shows the SEM. The sample size is indicated in thghtc
corner.b Stomatal counts across 4 locations, same as Fig. 1e in the manuscript,
the outer surface of the flonge(abaxial) from greenhousggown plants (magenta) ar
flowers collected from Tucson, AZ, USA (olive green). Dot plots show ston
counts of individual flowers. Black lines show the mean (horizontal) £ SD (vert
Sample sizes are indicated in parestsc Floral humidity of the artificial flower (a:
shown in d) with either 200 pl ddatura nectar or water in the nectar tuibet were
an inadvertent cue for nectar presence in this system as shown previou:
Oenothera cespitogaon Arx et al., 2012)Solid lines show the mean of n=5 transe
and the shaded region (gray) shows the SEM artificial flower constructed from .
15 ml falcon tube and a 10 cm diameter plastic funnel. Flower dimensions rc
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