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ABSTRACT

Viscosity determines the resistance of hemolymph flow through the insect body. For flying
insects, viscosity is a major physiological parameter limiting flight performance by controlling
the flow rate of fuel to the flight muscles, circulating nutrients, and rapidly removing metabolic
waste products. The more viscous the hemolymph, the greater the metabolic energy needed to
pump it through confined spaces. By employing Magnetic Rotational Spectroscopy with nickel
nanorods, we showed that viscosity of hemolymph in resting hawkmoths (Sphingidae) depends
on wing size non-monotonically. Viscosity increases for small hawkmoths with high wingbeat
frequencies, reaches a maximum for middle-sized hawkmoths with moderate wingbeat
frequencies, and decreases in large hawkmoths with slower wingbeat frequencies but greater
lift. Accordingly, hawkmoths with small and large wings have viscosities approaching that of
water, whereas hawkmoths with mid-sized wings have more than twofold greater viscosity.
The metabolic demands of flight correlate with significant changes in circulatory strategies via
modulation of hemolymph viscosity. Thus, the evolution of hovering flight would require fine-
tuned viscosity adjustments to balance the need for the hemolymph to carry more fuel to the

flight muscles while decreasing the viscous dissipation associated with its circulation.
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INTRODUCTION

The enormous evolutionary diversity of insects is tied to special properties of their
hemolymph. Its functions range from tissue irrigation and materials transport to wound healing
and protection against microbial invasion. These functions are connected through physico-
chemical phenomena[1-5].

Hemolymph of butterflies and moths (Lepidoptera) typically contains fewer cells
(hemocytes) than that of their larvae; consequently, the transport properties of the hemolymph
of adults should be distinguishable from those of larvae[6,7]. Viscosity characterizes the
resistance of hemolymph to flow: the more viscous the hemolymph, the higher the pressure
gradient that must be applied to push it through confined spaces (e.g., the dorsal vessel) [8]. To
generate this pressure gradient, greater muscular action is demanded from the insect and, hence,
greater metabolic energy is needed to do this mechanical work. For flying insects, viscosity is
a major physiological parameter limiting flight performance by controlling the flow rate of fuel
to the flight muscles, circulating nutrients, and rapidly removing metabolic waste products[9—
12].

Insufficient fuel is stored in the flight muscles[13—15]. The main metabolic fuel in
migrating butterflies and hawkmoths, therefore, switches from carbohydrate to lipid soon after
the commencement of a long flight[16]. Lipid fuel is stored mostly in the fat body and has to
be chemically extracted and transported to the flight muscles[17-21]. In aqueous hemolymph,
hydrophobic lipids cannot be dissolved at high concentrations. Insects, therefore, have
developed special lipoprotein nanoparticles, lipophorins[20], that shuttle various lipids
between the fat body and the flight muscles[17-21]. These large lipoprotein nanoparticles,
together with other organic and inorganic constituents, occupy about 10% of hemolymph

volume[3,22]. Hemolymph, therefore, can be considered a colloidal suspension.
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The viscosity of any suspension is greater than that of the carrying liquid[23], water in
the case of hemolymph. Thus, the greater the concentration of lipoprotein particles, the greater
the expected viscosity. Hemolymph lipid and lipophorin levels increase significantly during
flight[20] in species such as Danaus plexippus[24] and Manduca sexta[25]. Butterflies and
moths with greater lipid and lipophorin levels and hence with greater viscosity must generate
stronger pressure gradients to pump hemolymph through the body, wings, and appendages by
generating stronger heart beats[26] or forcibly contracting and expanding hemolymph conduits
with their muscles. The dilemma for a required increase in concentration of fuel and a decrease
of viscous dissipation of circulating hemolymph by flying insects sets the scene for the

development of different physiological strategies in the evolutionary diversification of species.

Despite the importance of viscosity for insect function, data on viscous properties of
hemolymph are lacking. The lack of viscosity data hinders rigorous analysis of the energy
demands for flying insects. To fill this gap, we characterized hemolymph viscosity of the adults
of 14 species of Lepidoptera by applying Magnetic Rotational Spectroscopy (MRS) with
magnetic nanorods[7,27,28]. To put the viscosity data into the context of hemolymph
circulation, we used micro-computed tomography scans to characterize the structure of the
thoracic hemolymph pathways of hawkmoths. This characterization allowed us to couple
hemolymph transport properties to the morphology, providing an estimate of the size
constraints of available hemolymph pathways. Based on our data, we then formulated a
hypothesis suggesting that dissipation of energy for transporting hemolymph to the flight
muscles could limit development of large-winged hawkmoths. These larger hawkmoths must
address the need to maintain the required rate of fuel transport for flight by having thicker
hemolymph enriched with the fuel carriers and, therefore, more muscles in the thorax, which

would limit the permeability of flow.
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METHODS

Selection of species

Hawkmoths are known for their vigorous flight and remarkable ability to hover, with wingbeat
frequencies up to 20-50 Hz[29,30]. This large range of wingbeat frequencies suggests that in
different hawkmoth species the hemolymph viscosity affecting its circulation is subject to
different constraints. Our evaluation of adult hemolymph viscosity is based on 12 species of
hawkmoths. We sampled at least five individuals per species (except Xvlophanes tersa, which
had four individuals; Table S1). In addition to hawkmoths, the viscosities of two non-hovering
but long-distance flying butterflies, the Painted lady (Vanessa cardui) and Monarch (Danaus
plexippus) [31-33], were probed to provide more robustness to the method. In total, we
sampled the hemolymph of 78 individual hawkmoths and 23 individual butterflies (Table S1).
Eleven species of our hawkmoths with a long proboscis hover during feeding and are expected
to consume a significant amount of lipid during flight [14,25,32,34-36]. In contrast, Ceratomia
catalpae 1s a short-proboscis species of hawkmoth that does not hover over flowers. All of our
hawkmoths forage during the evening and night, except the diurnal Hemaris diffinis. Our taxon
sample includes some of the smallest species with the shortest wings (e.g., Paratrea plebeja)
and some of the biggest species with the longest wings (e.g., Manduca rustica) in eastern North

America[37].

Insect collection and rearing

Two hawkmoth species (C. catalpae and Manduca sexta) and both species of butterflies (V.
cardui and D. plexippus) were reared in the laboratory, following our standard procedures[7].
We captured all other hawkmoths, using an aerial hand net, in the South Carolina Botanical

Garden (Clemson University) from August to October 2021 and 2022. Field-collected
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hawkmoths were refrigerated at 4 °C for at most two days before extracting their hemolymph.
For butterflies and M. sexta reared in the lab, we fed them a sucrose solution (0.5 g/ml) at room
temperature over a 2-week period and refrigerated them at 4 °C between feeding sessions.
During this period, hemolymph viscosity did not change, indicating that the insects were not
dehydrated (Fig. S1). Because adults of C. catalpae (putatively a non-feeding species) were

not fed, we extracted their hemolymph within 2 days after emergence from the pupae.

Characterization of hemolymph viscosity

Hemolymph extraction and body measurements. For hemolymph extraction, the insects
were restrained by the wings with a spring-type clothespin. A small incision was made in the
membrane at the wing base, which provided a minimally disruptive exit for hemolymph. A 5-
pl or 20-pl capillary tube (Drummond, 1-000-0050 or 3-000-210, respectively) was applied to
the wound and the hemolymph collected by capillary action as it exited the body (Fig. S2).
Once a meniscus formed, 0.5-3.0 pl of hemolymph were collected from butterflies within 5
seconds to several minutes. The collected hemolymph volume for hawkmoths varied from 25
ulto 130 pl. Hemolymph inside the capillary tube did not change its colour and viscosity within
the time of the experiment, suggesting that evaporation and oxidation were not significant. We
also evaluated hemolymph viscosity within 20 minutes after collection, which indicated that

no clotting occurred before 20 minutes (Fig. S3).

To measure body length and width, we photographed individuals of all species of
hawkmoths before hemolymph extraction. We then measured body length as the distance
between the distal end of the abdomen and the distal end of the head, and body width as the
distance between the wing bases. Given that hawkmoths have an almost uniformly cylindrical

body, we inferred their body volume as the volume of a circular cylinder, using body length
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and width measurements. From the same images, we measured forewing length from the wing
base to the outermost tip. We performed all measurements with ImageJ[38]. Measurements for

V. cardui and D. plexippus were taken from the literature[39,40].

Magnetic rotational spectroscopy. To measure hemolymph viscosity, nickel nanorods of
d~ 200nm — 400 nm diameter and Ly~7 um — 13 um length, with remanent magnetization
of M, = 224 kA/m[41], were dispersed in methanol by sonication. A droplet of the nanorod-
methanol suspension was placed on a glass slide and allowed to dry at 23 4+ 1 °C and 50 + 20%
humidity. Hemolymph was placed on the dried nanorod-methanol residue and stirred with a
glass rod to disperse the nanorods. Pure nitrogen gas pre-bubbled through deionized water to
saturate it with water vapor was passed through an environmental chamber[27] and over the
surface of the sample. Water evaporation was significantly slowed, and no oxidation occurred,
which was verified by the absence of colour change in the sample. In a series of additional
experiments, the hemolymph droplets were directly exposed to air (21-23 °C). To eliminate
any effects of the hemolymph-substrate and hemolymph-air interfaces on viscosity, only
nanorods inside the drop (6 um below the air-hemolymph interface and ~ 6 um above the
substrate) were used. The data show no influence of air on viscosity measurements within ~5 —
20 min (Fig. S3); therefore, to increase the processing time and minimize the effects of an
immune cascade reaction on viscosity[7], the majority of experiments were performed on free

droplets.

A rotating magnetic field of B = 30 — 200 uT in amplitude and w =1 —5Hz in
rotation frequency was applied to rotate the nanorods. This MRS methodology allowed us to
probe rheological properties of hemolymph at the natural loads generated by insect locomotion

and heart pumping. For example, a nickel nanorod 200 nm in diameter and 10 um in length in



150

151

152

153

154

155

156

157

158
159

160

161

162

163

164

165

166

167

168

water of 1 mPa - s viscosity senses the torque on the order of 10717 N - m. For comparison,
the torque measured by standard plate-cone viscometers with a gap thickness of about 200 um,
is many orders of magnitude larger (1073 N-m) (Viscometer manual available at:
https://www.brookfieldengineering.com/products/rheometers/-

/media/f8d571d827dc4efb8c097caf18efl lae.ashx), confirming that the hemolymph
constituents could be destroyed by using this instrument. Our measurements have high

accuracy, as shown with an example of a ~10 uL hemolymph droplet extracted from M. sexta

(Fig. 1).
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Figure 1. (a) Representative sequence of frames (~1 s) of a nanorod rotating inside
hemolymph, following magnetic field changes. (b) Schematic of a nanorod (grey bar)
orientation in a laboratory xyz system of coordinates. The angle 6 is taken between the x-axis
and the projection of the nanorod long axis onto the xy-plane; the angle ¢ is taken between the
z-axis and the nanorod long axis, which is coincident with the magnetic moment m
=md?Ly - M,. Anauxiliary angle, ) = wt - 0, is introduced to describe the relative direction
of xy projection of magnetic moment m with respect to the rotating field B. The actual physical
length L, of the nanorod-remains constant during 3D rotation, while the length L(t) is the
length of the nanorod projected onto a 2D plane at a given moment 7. L(t) might differ from

Lo when the nanorod is not parallel to the 2D plane. To know the difference between these
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measures, we calculated the angle ¢ by solving sin ¢ (t) = L(t)/L, for ¢). (¢c) Example of 2D
rotation data, ¢ = m/2, where the nanorod angle 6 is fitted with the model[42]. Green circles
show the experimental data retrieved from the sample, the dark solid line shows a function
fitted for 2D rotation, and the red line shows the line fitted through a function for 3D rotation.
This set can be fitted with both 2D and 3D rotation functions because angle 6 is projected on
the xy plane. (d) The same data, but with the angle ¢ as the projection on the z axis. Thus, only
3D rotation function can be applied[28]. The parameters of the fitted lines in (¢) and (d) were

used to estimate hemolymph viscosity.

The rotation was recorded and the nanorod length and direction were analysed using
Labview and MatLab algorithms that allowed us to track the nanorods and fit their trajectories,
using the models of 2D and 3D rotations of nanorods[27,28]. Both 2D and 3D motions of

nanorods were analysed, and a system of differential equations describing nanorod rotation[28]

nd?Lg *MyB

was numerically solved to extract the fitting parameter w, = ar

, where 71 is the

7TL03

————— is the nanorod form-factor.
3In(Ly/d)-2.4

hemolymph viscosity and I' =

We report only data collected over about 20 minutes when no change of relative
viscosity was observed (Fig. S3). Viscosity remained constant for about 20 minutes, then
rapidly increased, suggesting formation of clots or polymer aggregates[7]. This constant value
of viscosity over a 20-minute time frame was interpreted as the viscosity of hemolymph in the
insect body. The MRS calibration was performed by measuring viscosities of DI water and
30% glycerol solution at room temperature (23 °C) and comparing them with the reference
values. The volume of hemolymph extracted from individual insects varied significantly. Thus,
the number of nanorods used and the number of measurements for hemolymph droplets

differed (Table S1).



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

To obtain hemolymph viscosity for a given droplet, we averaged the data for different
nanorods in the same droplet. The average viscosity for an individual, thus, is the average
viscosity of all the droplets tested, and the average viscosity for a species is the average of the
viscosity of the individuals. We also used only the lowest measured values because nanorods
with greater viscosity values could be either rotating near the droplet surface or substrate,
aggregated in larger rod-like clusters, or embedded in a domain with a flake of tissue or

hemocytes. All these processes can increase viscosity.

The structure of hemolymph pathways in the thorax of hawkmoths

To study the structure of intermuscle space through which hemolymph flows, we imaged one
individual of each hawkmoth species in our sample using micro-computed tomography (micro-
CT) imaging. The hawkmoths were frozen at -76 °C the day after they were collected. To
minimize the dehydration effect, they were shipped overnight to North Dakota State University
Electron Microscopy Core Lab in Fargo, North Dakota, for micro-CT scanning. Freezing of
live tissue at -76 °C prevents dehydration and minimizes artifacts associated with chemical
treatment of tissues and is thus a good procedure to maintain tissue structure [43—45]. The
scanning was conducted within two days after receiving the specimens. Each sample was
placed at the top of a Kapton 40 tube with the head protruding. A GE Phoenix v|tome| x s X-
ray micro-CT equipped with a 180-kV high power nanofocus X-ray tube xs|180nf and a high-
contrast GE DXR250RT flat panel detector was employed to collect the micro-CT images. One
thousand projections of the sample at a voltage of 60 kV and a current of 240 uA were acquired
using a molybdenum target. Detector timing was 1500 ms and total acquisition time was 1 hour
and 40 minutes. Sample magnification was 55.22x with a voxel size of 2.4 um. We

reconstructed the acquired images into a volume data set, using GE datos[x 3D-computer
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tomography software version 2.2. To estimate the space between muscle fibres, we measured
the distance between the two halves of the longitudinal muscle fibres at five equidistant points
along the thorax of the moth (Fig. 2). We did not evaluate the gaps between dorsoventral muscle
fibres because the resolution was insufficient to make reliable measurements. Therefore, we
focused on the pore spaces of longitudinal muscle fibres to have robust and reliable measures.

To visualize, segment, and measure areas of the thorax, we used Slicer 3D v. 5.0.3[46].

Statistical analyses

Power requirements during hovering flight are typically estimated using the momentum theory
of helicopter aerodynamics. The only parameters necessary are forewing length and body
mass/volume. We used these parameters to evaluate their correlation with hemolymph
viscosity and used comparative phylogenetic methods to model the evolution of these traits.
For a proper comparative framework, we analyzed only hawkmoth species and excluded
butterflies. We used the available multigene, time-calibrated phylogeny of the Sphingidae[47]
as our phylogeny. The phylogeny contains 202 taxa with 10 species used as outgroups; all the
rest were members of the Sphingidae. The authors of Ref. [47] time-calibrated the molecular
tree using the available fossil record at the time, and the origin of Sphingidae was estimated as
~50 Myr (HPD: 55-40 Myr). We pruned the tree to match the 12 hawkmoth species in our
sample using the package ape[48]. Before proceeding with analysis, we visually inspected
scatterplots of hemolymph viscosity and body volume, and hemolymph viscosity and proboscis
length, to provide an unbiased first approximation of the data[49]. These inspections suggested
that the relationships might not be linear. Thus, we also built models with a quadratic

parameter.
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We built the phylogenetic linear regressions using the package ‘phylolm’ in R v4.1.1
[50,51] separately for body volume and forewing length. We used average body volumes and
average forewing lengths because the available package did not allow us to probe variations of
the body volume and forewing length. In one set of analyses, we used hemolymph viscosity as
our dependent variable, average body volume as our independent variable, and phylogeny as
our variance-covariance matrix[52]. In another set of analyses, we used hemolymph viscosity
as our dependent variable, average forewing length as our independent variable, and phylogeny
as our variance-covariance matrix. We also added the error associated with hemolymph
viscosity measurements to the variance covariance of the model, as described in [50]. Lastly,
we tested which evolutionary regimes best fit the models by fitting three different evolutionary
regimes to the models: Brownian motion (BM), a single optimum Ornstein-Uhlenbeck (OU)
model with an ancestral state estimated at the root (OUfixedRoot), and another lambda model

(lambda).

To handle the different possibilities of model building (e.g., linear or quadratic
parameters, evolutionary models), we adopted a stepwise rationale. In the first step, we tested
which evolutionary model fitted our data best. To do so, we built the most complex models
(i.e., with the quadratic parameter) and ran it with the three evolutionary models. We then used
Akaike’s Information Criterion (AIC) to select the best-fit model for each predictor. Models
with AAIC > 2 were considered poorly fit, and we used the model with the lowest AIC. When
models differed by no more than two units of AIC, we used those with the lowest number of
parameters as the best-fit models[53]. In the second step, we used the ‘phylostep’ function in
the phylolm package to do a stepwise selection in both directions. This algorithm starts from
the most complex model and decreases complexity while also doing the opposite: the algorithm
fitted the simplest model and added complexity. The ‘phylostep’ function compares the AIC

of the model with more parameters against the model with less parameters. Once the difference

12
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between the models becomes higher than 2 AIC units, the stepwise selection stops. When the
best solution is found, and when the solution from both directions matches, we have the best-
fit model. We used a bootstrap method with 10,000 replicates to calculate the confidence
interval of the parameters estimated on the best-fit model. If the confidence interval of the
parameters did not overlap zero, we considered that parameter to be significant. To evaluate
the influence of the largest species, M. rustica, on the results, we ran two additional sensitivity
analyses. First, we used raw data on hemolymph viscosity and forewing length and fitted these
data using the Excel “trendline” polynomial fit with and without M. rustica. Since the parabolic
dependence was still a good fit (based on Chi-square goodness of fit tests, see Supplementary
Material), we also excluded the second largest species, M. quinquemaculata, from the sample.
With the two largest species, the linear fit appears to be the best. This analysis suggested that
M. rustica is not an outlier and the two largest moths force the curve to bend. Second, we
considered phylogenetic correlations between species. We removed M. rustica from our sample
and ran the same phylogenetic model. Then, we compared the best fit to the data with and
without M. rustica, using goodness of fit metrics (e.g., R2, sum of squares). This method
confirmed a similar pattern that emerged from the first sensitivity analysis. The details of these
analyses and the results are described in Supplementary material (section “Sensitivity

analyses”).

RESULTS

Hemolymph is a Newtonian fluid more viscous than water

Analyses of the viscous drag on nanorods exerted by hemolymph of adult Lepidoptera, with its
small concentration of hemocytes, indicate that the hemolymph behaves as a Newtonian fluid

with constant viscosity [7,27,28,42,54]. Hemolymph viscosity of all butterflies and hawkmoths
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varied in the range 1.3 + 0.25mPa xs < n < 2.2 £ 0.5 mPa * s and was always greater
than that of DI water, n = 0.9 £ 0.1 mPa * s (Table S1). The twofold greater viscosity with
respect to water raises the question of what causes enhanced viscous dissipation of energy in
insects, especially during prolonged flight. Given that viscous dissipation is important for the
total energy budget, we evaluated the correlation of viscosity with additional morphological

parameters influencing the energy budget in our hawkmoths.

Internal structure of the thorax and mechanisms of hemolymph circulation

Fuel comes from the fat body in the abdomenand is guided to the flight muscles by the dorsal
vessel. When hemolymph exits the anterior portion of the dorsal vessel (i.e., aorta) and flushes
toward the head, it preferentially moves backward to the abdomen [55]. In the reverse pumping
[55], the hemolymph flows from thorax to aorta and back to the abdomen. The estimates given
in Supplementary material for small and large resting hawkmoths suggest that the cardiac flow
through thoraxes is mostly controlled by inertial forces. In resting hawkmoths, the flight

muscles are not activated, 1.e. the intermuscle distances remain unchanged.

In hovering hawkmoths, the heartbeat frequency increases[56,57] and the thoracic
contractions help to propel the hemolymph (Fig. 2¢, d). The internal thorax is composed
mainly of two sets of muscles. The longitudinal flight muscles, which contract to move the
wings down, and the dorsoventral muscles, which contract to move the wings up (Fig. 2). In
the upstroke, hemolymph is forced into intermuscle pores and in the downstroke it is squeezed
out from these pores. Again, the flow direction is dictated by the permeability gradient: the less
permeable head resists the flow and hence hemolymph moves preferentially toward the
abdomen [55]. Thus, against the background of unidirectional circulatory flow, these

contractions increase the flow through the porous thorax.
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All analyzed species presented the same overall conformation inside, the main
difference being the spaces (pores) between muscle fibers. Intermuscle pores in small
hawkmoths were somewhat wider (Fig. 2, S4 and Table S3) than in large hawkmoths. For
instance, Manduca rustica (Fig. 2a,e,f,g), a large hawkmoth, had little space between muscle
fibers. The maximum distance between the longitudinal muscle fibers for this species was
hmax = 0.09 mm, whereas the average distance between muscle fibers along the body axis
was hg, = 0.08 mm (£ 0.009 mm). The smaller Paratrea plebeja (Fig. 2b,h,1,j), on the other
hand, had more space between muscle fibers, which greatly increased the size of the pores
through which hemolymph could flow. The maximum distance between the longitudinal
muscle fibers of this species was h,,,, = 0.4 mm, whereas the average distance between
muscle fibers along the body axis was hg, = 0.25 mm (£ 0.07 mm). Thus, both species had
similar pore structure in their thoraxes, but the amount of space for hemolymph to flow through
differed between species. These pores represent the hemolymph pathways and, hence, their
sizes provide insight into the flow constraints and associated hemodynamic mechanisms of the

energy dissipation. The pore spaces for all the species can be found in Fig. S4 and Table S3.

The Reynolds number, Re, is an important parameter showing whether the hemolymph
inertia or viscous drag is a prevailing factor in the flow[58]. For the intermuscle pathways, one
can estimate the Reynolds number as Re = p - v - hy,/n, where p = 1000 kg/m3 is the
hemolymph density and v is its velocity. We need to distinguish the hemolymph flow caused
by the heart pumping from the flow caused by contraction and expansion of the intermuscle

pores.

When the intermuscle pore sizes change due to muscle contraction, the regime of
cardiac flow changes as well. Without measurements, the estimate of the Reynolds number for

cardiac flow is difficult to provide as some pores could be completely collapsed, thus blocking
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the flow at that moment. Given the background of forced cardiac flow, hawkmoths can develop

pulsatile flow by muscle contraction. This flow can be evaluated as follows.

The heartbeat frequency fjeq+ in hawkmoths is at least one order of magnitude smaller
than the wingbeat frequency f[30,55]: in the thorax, the insect could push its hemolymph in
and out ~ 20 times during one stroke of its dorsal vessel (heart). The upper estimate of
hemolymph velocity during muscle contraction is estimated as the rate of shutting off the
intermuscle pores, v~fhg,; accordingly, Re = p- f - h?,,/n. Taking as the wingbeat
frequency f = 20 Hz and data for viscosity from Table S1, we have Re = 0.8 for Paratrea
plebeja and Re = 0.09 for Manduca rustica. For small hawkmoths with wingbeat frequency
greater than 20 Hz, but the same pore dimensions, the Reynolds number may be somewhat

greater than 1.

Thus, for pulsatile flow at Re~1, inertial flow of hemolymph through intermuscle
pathways could be an important transport mechanism for fuel delivery to the flight muscles in
small-winged hawkmoths. At Re < 1, the hemolymph pulsatile flow is mostly controlled by
viscous drag and, hence, the mechanism of fuel delivery to the flight muscles in large-winged

hawkmoths is different.
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Fig. 2. (a) Manduca rustica and (b) Paratrea plebeja. (c) and (d) Schematic representations of
the flight muscle movement, exoskeleton deformation, and hemolymph flow between
intermuscle spaces. In (c), the longitudinal muscles are relaxed and the dorsoventral flight

muscles are contracted, pulling the thoracic tergum (dorsum) and sternum (venter) closer
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together and causing the wings to move upward. In (d), the dorsoventral muscles are relaxed
while the longitudinal muscles are contracted, pulling the anterior and posterior portions of the
thorax closer together and causing the wings to move downward (e)-(g). Different sections of
the thorax of M. rustica. (e) is a cross-section, (f) is a longitudinal section (dorsal view), and
(g) is a dorsoventral section (lateral view). Blue dots denote the dorsoventral flight muscles.
Thus, one muscle bundle can contain several dots, which are connected using dashed lines. For
instance, in (e) the three blue dots show the same muscle bundle connecting the tergum to the
sternum. In (f), all bundles of the dorsoventral flight muscles can be seen, whereas in (g), the
dorsoventral muscles cannot be seen. Because the muscles are axially symmetric, only one side
of the moth is marked with dots. Golden dots denote the longitudinal flight muscles. In (h), (1),
and (j) the sections are in the same orientations as (e), (f), and (g), respectively, but are of P.
plebeja, which has more space between the muscle bundles. In (h), the space between the

muscles is denoted with the letter h.

Does hemolymph viscosity correlate with body volume or forewing length in hawkmoths?

The Brownian evolutionary model provided the best fit among all models, regardless of
whether we correlated viscosity with the body volume or forewing length (Table S3). The
stepwise analysis showed that hemolymph viscosity was not correlated with body volume in
hawkmoths (Fig. 3a). The best model contained only the intercept (Table 1a). However,
hemolymph viscosity was associated quadratically with average forewing length (Fig. 3b,
Table 1b). Thus, species with short and long forewings had less viscous hemolymph when
compared to species with medium-length forewings (Table 1b). The confidence intervals
estimated for both linear and quadratic parameters did not encompass zero (linear: 1.338 [95%

CI: 0.363, 2.333], quadratic: -0.15 [95% CI: -0.265, -0.036], adjusted r-squared: 0.25). When
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the data were analyzed without phylogeny, parabolic viscosity dependence was the best least-
square fit for the whole dataset and the dataset with removed M. rustica. Linear dependence
was the best least-square fit only without M. rustica and M. quinquemaculata (Fig. S5). When
the phylogenetic correlations were included, the linear fit and a quadratic fit were
indistinguishable from each other based on their AIC and degrees of freedom (Table S4).
However, the linear approximation of viscosity versus mean forewing length had a worse fit to
the data when compared with the quadratic approximation (Fig. S5, Table S5). Thus, all

analyses yielded the quadratic approximation with a well-developed maximum as the best fit.

Members of the hawkmoth subfamily Macroglossinae had medium values of viscosity,
whereas those of the subfamily Sphinginae had a wider range of viscosity (Figure 3c, d). The
ancestral character reconstruction, performed using the function ‘contMap’ with the ‘phytools’
package [59] reinforced that pattern. Given that the Sphinginae had shorter branch lengths,
hemolymph viscosity changed more rapidly between sister taxa (e.g., C. catalpae and P.
plebeja), whereas the Macroglossinae had longer branches and the changes in viscosity were

not as fast or as pronounced as in the Sphinginae.
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Fig. 3. Body volume (a) has no correlation with hemolymph viscosity, but forewing length (b)
has a quadratic association. Each dot represents a species, and the line represents the best-fit
line estimated with phylogenetic linear regression. Orange dots represent species of the family
Sphinginae, and gray dots represent species of the family Macroglossinae. Whiskers represent
the standard deviation of the samples accounted for in the model. (c) A phenotypic diagram
with the phylogeny distorted to accompany changes in the mean phenotype (hemolymph
viscosity). Orange lines denote the subfamily Sphinginae, whereas gray lines denote the

subfamily Macroglossinae. (d) Ancestral reconstruction of hemolymph viscosity. Values along
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the branches of the phylogeny were calculated using the ‘contMap’ function of phytools

package in R [59]. We also used this phylogeny to model trait evolution in (a) and (b).

Table 1. Regressions between hemolymph viscosity and (a) body volume and (b) forewing
length, using different evolutionary models. We built full models (i.e., with all the parameters)
and used stepwise selection to find the best model. When AAIC > 2, the model was considered
a poor fit. If models tied with the same AIC value, we chose the model that added the fewest
parameters (fewest degrees of freedom, DF) to the data. Forewing length does not have an
‘intercept only’ model because the full model was better fitted than the others it was compared

with in the first round. Thus, no ‘intercept only’ model was needed to find the best solution.

MODEL AIC AAIC | DF
(a) Body volume

Intercept only 3.52883 | - 3

Intercept + quadratic relationship 453113 |1.00 |4

Intercept + linear relationship 487439 134 |4

Intercept + linear + quadratic relationship | 5.88718 | 2.35 5
(b) Forewing length

Intercept + linear + quadratic relationship | 1.59344 | - 5

Intercept + linear relationship 4.83302 |3.23 4

Intercept + quadratic relationship 5.12366 | 3.53 4

DISCUSSION
Physico-chemical regulators of hemolymph viscosity in hawkmoths

Aerodynamic requirements and physiological constraints

While hovering[60—62], a hawkmoth uncoils its proboscis, tethers itself to a flower, and is able

to fully balance its weight by the lift force generated by the flapping wings. With each flap, the
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thorax deforms and moves hemolymph through the body. The thorax is densely packed with
flight muscles[31,32]; thus, from a materials point of view, the thorax is a porous body. The

mean flow velocity through a slit-like pore of opening h,,, is proportional to the pore opening

squared, ha,,z, and inversely proportional to hemolymph viscosity[58]. Therefore, the denser
the muscle pack, the smaller the pore opening, and the stronger the pressure gradient needed to
move hemolymph through the thorax[10]. And the greater the hemolymph viscosity, the greater

the required pressure gradient.

Heavy hawkmoths must produce greater lift, and therefore, acrodynamically need larger
wings, which they flap less vigorously[30,63,64]. In contrast, lighter hawkmoths must flap
their wings faster to generate the lift needed to support their body[30,63,64]. Larger
hawkmoths, with their smaller pores in the thorax and larger body volume and wingspan, must
circulate hemolymph over a longer, more tortuous pathway through the intermuscle pores to
the abdomen and back to provide fuel to the muscles and remove waste. Smaller hawkmoths
must move hemolymph faster to refresh their more rapidly contracting muscles with new fuel
and remove the waste. Cardiac pulses establish a background hemolymph flow while the flight
muscle contractions generate pulsatile flow on this background. Intermuscle pores in small
hawkmoths are somewhat wider and the Reynolds numbers for pulsatile flow may be of the
order of 1, suggesting a different inertial flow mechanism of fuel transport. Low viscosity
supports both inertial cardiac flow and pulsatile flow of hemolymph through the thorax in
small-winged hawkmoths with large pore openings and a viscosity-controlled pulsatile flow

mechanism in small-winged and large-winged hawkmoths with smaller pore openings.

Metabolic requirements may conflict with functioning of hemolymph biopolymers and

dehydration
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For efficient combustion of fuel during flight, the flight muscles of insects must maintain high
temperature[ 15]. For example, the hemolymph temperature of M. sexta increases to more than
40°C during flight[15]. Viscosity of freshwater decreases with increasing temperature; for
example, at 10°C, viscosity of water is 1.31 mPa - s and at 40 °C it drops to 0.65 mPa - s.
Aqueous salt solutions are slightly more viscous than freshwater, but the change of their
viscosity follows the same pattern. Therefore, when the temperature of the flight muscles
increases, the circulating hemolymph, consisting of 90% water, is expected to warm up and
decrease its viscosity. As the velocity of hemolymph moving through the intermuscle pores is
inversely proportional to viscosity, this temperature rise would result in greater velocity at the
same pressure gradient. Therefore, the heat works in favour of the hovering moths: it decreases

its viscous dissipation.

During prolonged flight, hawkmoths are able to regulate their thoracic temperature,
maintaining it at a certain level, above which the moths cannot fly[15]. This critical temperature
increases with moth mass[15,64]. Thus, large moths producing large lift decrease their
hemolymph viscosity by raising the thoracic temperature, but then require more fuel and hence
more lipoprotein shuttles. Having a lower viscosity at room temperature would benefit the moth
during flight. Indeed, when more lipoprotein shuttles are generated, the associated increase of

their viscous drag at the lower base viscosity might not be particularly critical.

Thus, flying insects that rely on lipid fuel have to solve the physiological dilemma of
increasing the concentration of lipoproteins associated with shuttling lipid fuel from the fat
body to the flight muscles while decreasing the viscous dissipation associated with hemolymph
circulation through the body. This paradox is the main challenge for decreasing the cost of the
energetics of prolonged flight. Heinrich hypothesized that the thoracic temperature of large
hawkmoths cannot increase above a lethal threshold of 45 °C[15, 59]. This temperature could
be associated with denaturation of some biopolymers that circulate in the hemolymph or are
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present in the tissue. Data on thermophysical properties of hemolymph and tissue are not
available, and this hypothesis remains untested. Furthermore, viscosity of flying hawkmoths
cannot be directly measured with our technique, and we can only suggest that it would be
comparable to the viscosity of small flying hawkmoths, as the data on the room-temperature

analysis suggest.

For hovering moths, convective heat and mass transport are of great importance[65,66].
Therefore, the rise of thoracic temperature could significantly increase the evaporation rate of
water, potentially leading to dehydration. With water evaporating, but the demand of fuel
remaining the same, the concentration of lipoprotein shuttles increases and the hemolymph is
expected to become more viscous. This constraint also might influence the demand on
temperature regulation, allowing the insect to conserve water and ensuring that increased

hemolymph viscosity from evaporative water loss would not imperil the insect.

Evolutionary perspectives

Hawkmoth phylogeny informs viscosity—size relationships

The variation in hemolymph viscosity differs between the subfamilies Macroglossinae (e.g.,
Eumorpha) and Sphinginae (e.g., Manduca). The Macroglossinae possess medium hemolymph
viscosities, whereas the Sphinginae include a wide range of viscosity values. Although these
subfamilies demonstrate robust monophyly, small differences and apomorphies are not
trivial[67,68]. Ecologically, the subfamilies are similar, such as in their use of plant types, long
proboscises for acquiring nectar, and the ability to produce sounds to jam bat radar[47,69]. The
range of forewing length, however, differs: the Sphinginae have wider variation of forewing
length than do the Macroglossinae. Although our sample of Macroglossinae species includes

short to medium-length forewings and medium hemolymph viscosities, our sample of
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Sphinginae species covers the entire spectrum of forewing lengths (Fig. 3b). The broad range
of hemolymph viscosity in Sphinginae, tied to the range of forewing sizes, suggests that
viscosity is tied to the load the animal faces during flight. The third of the three subfamilies of
hawkmoths, the Smerinthinae, consists mostly of weaker fliers that neither hover nor feed from
flowers, except members of the tribe Ambulycini. Therefore, the Smerinthinae aecrodynamics
would not necessarily limit hemolymph circulation and, hence, their hemolymph viscosity

would not be constrained as much by their body and wing sizes.

Hemolymph viscosity and the evolution of insect flight

The internal circulating milieu is well-studied in the physiology of insects[11], but its physical
properties are typically not considered in the evolution of insect flight or size transformations,
either toward gigantism or miniaturization. Yet, as we have shown, hemolymph viscosity
imposes constraints on flight dynamics, particularly in relation to wing size. Given that
forewing length can influence flight energetics, the evolution of wings and flight should be
correlated with the evolution of hemolymph viscosity. Differences in the metabolic demands

of flight are probably related to the different strategies for modulating hemolymph viscosity.

Accordingly, hemolymph viscosity should track the evolution of insect flight from its
origins. Although an isometric change in body size might be an evolutionary mechanism for
generating functional change in a structure[70], in the case of wings for flapping flight, the
change at some point would require concomitant adjustments of hemolymph viscosity. The
most dramatic modifications of hemolymph viscosity would be expected in hovering insects
(e.g., hawkmoths and syrphid flies) and rapidly flying insects (e.g., blow flies, honey bees, and
bot flies). The fine-tuning of viscosity might be especially acute for diurnal insects operating

in full sunlight, which need to account not only for intrinsic heat production, but also for
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external heat in maintaining their water balance and, in tandem, their hemolymph viscosity.
Thus, hemolymph viscosities within and among species might also be sensitive to latitudinal

and elevation gradients as well as changes in climate.

Hemolymph characteristics associated with metamorphosis reflect responses to different
selection pressures. The hawkmoth M. sexta, for instance, experiences a marked reduction in
hemocyte numbers from larva to adult[6,7], beginning in the final-instar larva[71]. Larvae
experience intense selection pressure from wounding by parasitoids and predators and from
ingested pathogens, and the immune response is mediated by hemocytes[72]. As assaults from
parasitoids and pathogens decrease in the adult stage, hemocyte counts could be lowered to
accommodate the selection forces driving efficient hemolymph circulation, including its

viscous nature, during sustained or vigorous flight.

CONCLUSIONS

Comparative analysis of hemolymph viscosity in adult hawkmoths revealed a new
physiological paradox regarding energetic costs of flying insects and established a reference
for future studies. Although the lack of biochemical data on small amounts of hemolymph from
individual hawkmoths prevents predictive modelling of physiological flows, we were able to
show that viscosity of hawkmoth hemolymph is correlated with wing size in a quadratic, rather
than linear, pattern. The analysis demonstrated that small-winged hawkmoths with a high
wingbeat frequency and large-winged hawkmoths with a slower wingbeat frequency but
greater lift both have viscosities approaching that of water. The hawkmoths with mid-sized
wings have moderate wingbeat frequencies and wing sizes that would allow greater
hemolymph viscosity. Overall, we showed that the metabolic demands of flight correlate with

significant changes in circulatory strategies via modulation of hemolymph viscosity. Our
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analysis of the viscosity of two long-distance flying butterflies suggests that the tendency of
hemolymph viscosity to increase with respect to that of water is an expected feature for

intensively flying insects.
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