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a b s t r a c t 

Capture thread glue droplets retain insects that strike an orb web and are key to the success of over 4,600 

described spider species. Each droplet is a self-assembling adhesive system whose emergent biomechan- 

ical properties are centered on its viscoelastic, protein core. This bioadhesive is dependent on its sur- 

rounding hygroscopic aqueous layer for hydration and chemical conditioning. Consequently, a droplet’s 

water content and adhesive performance track environmental humidity. We tested the hypothesis that 

natural selection has tuned a droplet’s adhesive performance and material properties to a species’ for- 

aging humidity. At 55% relative humidity (RH) the adhesive properties of 12 species ranged from that 

of PEG-based hydrogels to that of silicone rubber, exhibiting a 1088-fold inter-specific difference in stiff- 

ness (0.02-21.76 MPa) and a 147-fold difference in toughness (0.14-20.51 MJ/m 

3 ). When tested over a 

70% RH range, droplet extension lengths per protein core volume peaked at lower humidities in species 

from exposed, low humidity habitats, and at higher humidities in nocturnal species and those found in 

humid habitats. However, at the RH’s where these species’ maximum extension per protein volume in- 

dices were observed, the stiffness of most species’ adhesive did not differ, documenting that selection 

has tuned elastic modulus by adjusting droplet hygroscopicity. This inverse relationship between droplet 

hygroscopicity and a species’ foraging humidity ensures optimal adhesive stiffness. By characterizing the 

humidity responsiveness and properties of orb spider glue droplets, our study also profiles the range of 

its biomimetic potential. 

Statement of significance 

Over 4,600 described species of orb weaving spider rely on tiny glue droplets in their webs to retain 

insect that the web intercepts. The aqueous layer that covers each droplet’s core allows this adhesive to 

remain pliable and to stretch as an insect struggles to escape. The aqueous solution also attracts wa- 

ter from the air, causing the glue droplet’s performance to change with humidity. By characterizing the 

droplet extensions and adhesive material properties of twelve species at relative humidities between of 

20 and 90%, this study examined how this unique adhesive system responds to its environment and how 

it is tuned to the humidity of a species’ habitat. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Soft matter is often characterized by “complex emergent behav- 

or, such as spontaneous pattern formation, self-assembly, and a 

arge response to small external stimuli” [1] . Few materials illus- 

rate this better than the viscous prey capture thread of a spider’s 

rb web. This thread is deposited on radial threads as a single spi- 

al extending from the web’s frame threads to its hub ( Fig. 1 A).
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ike the web’s non-adhesive threads, the capture thread’s support- 

ng flagelliform fibers and its viscoelastic core ( Figs. 1 B-C) [ 2 , 3 ]

re products of the spidroin gene family [ 4 , 5 ]. However, consistent 

ith their respective roles in prey capture, the material properties 

f these web elements differ. The stiff major ampullate fibers that 

orm the radial and frame threads absorb and dissipate the force 

f prey impact [ 6 , 7 ]. In contrast, the capture thread’s more exten-

ible flagelliform fibers and it’s even more pliable adhesive retain 

n intercepted insect until a sider can locate, run to, and subdue 

ts prey [8] . 
 Humidity mediated performance and material properties of orb 
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Fig. 1. Orb webs and their prey capture threads. A. Orb web frame, radial, and prey capture threads identified. B. Argiope aurantia capture thread span. C. Flattened A. 

aurantia droplet revealing its supporting flagelliform fiber pair, outer aqueous layer, and inner protein core. D. The same A. aurantia droplet photographed at three relative 

humidities, illustrating how absorbed atmospheric moisture increases droplet volume. E. Droplets of the same Neoscona crucifera individual extended to the point of pull-off

at three relative humidities (RH). 
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Three spinning spigots on each of a spider’s paired posterior lat- 

ral spinnerets produce a capture thread [9–11] . As a protein fiber 

merges from the flagelliform spigot, it is coated with aqueous so- 

ution from two flanking aggregate gland spigots. The coated fibers 

rom the two spinnerets merge to form a single strand. Plateau- 

ayleigh instability quickly reconfigures this strand’s initially cylin- 

rical aggregate coat into a series of regularly spaced droplets 

 Fig. 1 B) [12] . Within each droplet a core forms ( Fig. 1 C). This has

ften been termed a glycoprotein core to reflect its earliest iden- 

ified major component [ 3 , 13 ]. However, phosphorylated proteins 

ave recently been identified in the cores of the araneoid family 

heridiidae [14] . Therefore, we refer to this material simply as pro- 

ein. This material interacts with other droplet components to ad- 

ere a droplet to a surface. 

After these protein cores coalesce an aqueous layer com- 

rised of inorganic salts, organic low molecular mass compounds 

LMMCs), and amorphous proteins covers the droplet core and 

agelliform fibers, both within and between droplets [15-17] . This 

queous layer hydrates these thread components, maintains their 

xtensibilities, and solvates and conditions the protein core [18- 

1] . Therefore, droplet adhesion is likely the result of interaction 

mong the protein core, aqueous layer components, and a surface. 

oreover, largely as a result of its LMMCs, the aqueous layer con- 

ers thread hygroscopicity, causing both droplet volume and adhe- 

ive performance to respond to changes in environmental humid- 

ty ( Figs. 1 D and 1 E) [22-25] . An additional reconfiguration of a

apture thread occurs when force is applied to droplets that have 

dhered to a surface. The thread’s flagelliform fibers and its more 

xtensible core protein both extend to assume a suspension bridge 
2 
onfiguration [26] . This robust adhesion relies on the synergistic 

nterplay of flagelliform fibers and core protein to sum the adhe- 

ive forces of multiple thread droplets [ 27 , 28 ] and dissipate the 

orces of an insect’s struggles [29] . Thus, in contrast with the adhe- 

ives of barnacles and mussels, which form rigid anchors [30] , orb 

pider adhesive functions as a dynamic adhesive delivery system. 

The appearance of viscous prey capture threads is associated 

ith the success of the seven orb weaving Araneoidea families 

in order of decreasing number of species, Araneidae, Tetragnathi- 

ae, Anapidae, Mysmenidae, Theridiosomatidae, Symphytognathi- 

ae, and Synaphridae), which include over 4,600 described species 

n 329 genera [ 31 , 32 ]. An additional 2,800 described species in the

amilies Theridiidae and Nesticidae continue to include aggregate 

dhesive on the gumfoot lines of their derive webs [33] . Some 

embers of the family Linyphiidae, which is comprised of 4,700 

pecies, also produce aggregate adhesive, although the number of 

pecies that do this is poorly documented, as is the contribution of 

his glue to prey capture [34-36] . 

Because orb weavers occupy habitats ranging from arid grass- 

ands to rainforests, a crucial question that underpins an increas- 

ng number of studies of these capture threads is “How have the 

roperties and performance of droplets evolved to adapt a species 

o the humidity regime of its habitat?” The broad answer to this 

uestion has been framed by studies showing that the adhesion 

nd extension of a species’ glue droplets and thread are greatest 

t its foraging humidity [ 25 , 29 , 37 ], that, at this foraging humid-

ty, core material viscosity of diverse species is remarkably simi- 

ar [23] , and that differences in the composition and concentration 

f the aqueous layer’s LMMCs are largely responsible for tuning a 
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Fig. 2. Model of glue droplet extension as exhibited by L. venusta . As humid- 

ity increases, droplets absorb more atmospheric moisture, causing their protein 

cores to soften and the protein’s elastic modulus to decrease. This initially results 

in increased area of adhesive contact and decreased resistance to protein exten- 

sion. However, when the protein becomes oversaturated with water, which, in this 

species occurs at 55% RH, droplets pull-off at progressively shorter lengths. 
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hread’s performance to a species’ foraging humidity. This is docu- 

ented by differences in both the kinds and percentages of LMMCs 

n the aqueous layers of seven orb weaving species’ glue droplets 

 16 , 25 ]. 

Optimum droplet performance is achieved when adhesive vis- 

osity is low enough to allow spreading, which is necessary to 

stablish adhesive contact, but adhesive cohesion remains high 

nough to maintain the integrity of an extending core material fil- 

ment ( Fig. 1 E) [23] . A study comparing insect retention times by

imple orb web capture thread arrays documented that humidity 

mpacts prey retention time and that the material properties of 

oth a thread’s core material and its flagelliform fibers contribute 

o retention time [38] . Droplet core material elastic (Young’s) mod- 

lus was also a critical component of a biomechanical model that 

xplained the dynamics of capture thread suspension bridges [28] . 

s humidity increases and a glue droplet absorbs atmospheric 

oisture the volume of its core increases and this material softens, 

llowing the droplet’s adhesive to both establish a greater surface 

rea of adhesive contact and to extend a greater distance before 

ull-off ( Fig. 1 E, Fig. 2 ). However, at some point, the core absorbs 

xcess water and becomes over lubricated resulting in adhesive 

ailure and shorter droplet extension lengths ( Fig. 2 ) [ 29 , 37 ]. 

Thus, we currently view orb web glue droplets as performing 

ptimally at a species’ foraging humidity because, at this humid- 

ty, a droplet’s hygroscopic compounds attract an amount of wa- 

er sufficient to cause the core protein to flatten and establish ad- 

esive contact while ensuring that it remains stiff enough during 

xtension to contribute adhesive force to a capture thread span. 

he objective of our study was to test this hypothesis in the con- 

ext of humidities that twelve orb weaving species experience. We 

id this by characterizing these species’ foraging humidities to en- 

ure that our results were correctly interpreted and by comparing 

he performance and material properties of their adhesive droplets 

ver a 70% relative humidity (RH) range. At each of five humidi- 

ies we determined the extension per adhesive volume and the 

lastic modulus of these species’ protein cores. At 55% RH we also 

etermined protein toughness. The hypothesis predicts that, when 

ompared at each species’ foraging humidity, the elastic moduli of 

heir core proteins will be more similar than when compared at 

 common, mid-range humidity. We believe that this perspective 

ill increase the understanding of how orb weaving spider capture 

hreads operate under natural conditions and how the evolution 
3 
f this bioadhesive has contributed to the great diversity of this 

idely distributed group of spiders. The resulting profile of their 

ore proteins’ material properties may also make the biomimetic 

otential of this natural adhesive more attractive. 

We characterized the properties of these glue droplets’ small 

rotein cores while contained within their aqueous layers from 

mages of suspended and flattened glue droplets ( Figs. 1 B-D) and 

rom videos of droplets that were extended to pull-off ( Fig. 1 E). 

nowing the diameter and elastic modulus of a species’ flagelli- 

orm fibers, we used the deflection angle of the droplet’s support 

ine during extension to compute the force on the droplet’s protein 

lament and used this and the length of the filament to construct 

rue stress - true strain curves from which core material elastic 

odulus and toughness were derived. This was possible only at the 

5% RH test humidity because this humidity was similar to that at 

hich flagelliform fiber properties were determined. Therefore, we 

sed a species’ droplet extension per protein volume index to ad- 

ust the elastic modulus of its core protein determined at 55% RH 

o the four other test humidities. 

. Materials and methods 

.1. Collecting threads and preparing droplets for testing 

We used rings or rectangular frames surfaced with doubled 

ided tape to collected sectors of orb webs spun by 11-14 adult fe- 

ale spiders of twelve species ( Fig. 3 ; pruned tree based on [39] )

ound in habitats near Blacksburg, VA. Spiders were not collected, 

s the species and maturity of each could be easily identified in 

he field. Consequently, sample collecting had no more effect on a 

pider than did a rainy day that damaged its web. Voucher spec- 

mens of each species are deposited in the Smithsonian Institu- 

ion’s Natural History Museum. Web samples were kept in closed 

ontainers at approximately 50% RH until thread samples were 

repared for testing. Web samples from webs spun by nocturnal 

pecies were collected in the evening and tested by 16:00 on the 

ollowing day. Samples of other species were collected in the early 

orning and tested by 16:00 on the same day. After transferring 

n individual’s capture thread strand to supports of a microscope 

lide thread sampler, we isolated a focal droplet at the center of 

he 4800 μm thread span to ensure that a probe used to extend 

roplets contacted only a single droplet [ 37 , 40 , 41 ]. 

.2. Assigning foraging humidity categories 

The habitats and activity patterns of these species expose them 

o different humidities as they forage ( Fig. 4 ) and allow us to as-

ign species to three habitat humidity groups: 1. Exposed, weedy 

egetation characterized by low late morning and afternoon hu- 

idities, 2. Forest edge habitats characterized by intermediate day- 

ime humidity, and 3. Deep forest, adjacent to water, and nocturnal 

eb builders, all of which experience high humidity when forag- 

ng. Humidity recordings from these habitats document these dif- 

erences in foraging humidities ( Fig. 4 ). Populations of V. arenata 

nd L. cornutus that we studied construct webs soon after sunset, 

onitor them from a position at the hub during the night and con- 

inue to use webs during the following day unless webs are exten- 

ively damaged. However, during daylight hours members of both 

pecies monitor their webs form protected sites adjacent to their 

ebs. Verrucosa arenata typically selects a crevice or hole, whereas 

. crucifera usually rests in vegetation. Consequently, both species 

xperience a wider range of foraging humidities than most species, 

lthough this is dominated by high humidity. 
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Fig. 3. Relationships among the twelve study species, their habitats, and adult female masses. Phylogeny based on [38] , with T. elongate substituted for its congener T. 

versicolor . Spider masses are from [ 25 , 43 ]. 

2

c

i

T

P

W

D

W

u

a

S

i

b

c

h

T

2

t

t

n

p

T

s

h

c

g

t

t

t

w

w

s

m

a

p

f

D

a

b

w

v

m

v

p

d

a

2

w

d

t

m

w

1

p

.3. Establishing temperature and humidity 

The thread sampler was placed in a glass covered observation 

hamber that rested on the mechanical stage of a Mitutoyo FS60 

nspection microscope (Mitutoyo America Corp., Aurora IL, USA). 

emperature was maintained at 23 °C by a thermostat controlled 

eltier thermocouple attached to the aluminum chamber’s wall. 

e monitored chamber humidity with a Fisher Scientific® Instant 

igital Hygrometer, whose tip extended through the chamber wall. 

e established 20%, 37%, 55%, 72%, and 90% RH test conditions by 

sing a small dish of silica gel desiccant to lower humidity and 

 piece of distilled water moistened Kimwipe® to raise humidity. 

mall adjustments to humidity were made by drawing room air 

nto the chamber through a side port to lower humidity and by 

lowing gently into a tube that connected to the chamber by a 

ylinder packed with distilled water saturated cotton to increase 

umidity. These methods tightly controlled humidity, as shown in 

able S1. 

.4. Determining droplet and core protein volumes 

Amorphous proteins are present in the aqueous layer [15] , but 

he degree to which these proteins contribute to a droplet’s ex- 

ending protein filament is unknown. Therefore, because we could 

ot quantify these proteins, we base our calculations of a droplet’s 

rotein core volume on the protein core that we could visualize. 

o do this we photographed three droplets of a suspended thread 

trand from each individual’s web sample at each of the five test 

umidities. Droplets were then flattened by releasing an alcohol 

leaned glass coverslip onto the thread from a magnetically trig- 

ered device contained within the observation chamber, ensuring 

hat the humidity remained unchanged during this procedure. We 

hen identified and photographed the same three droplets; all of 
4 
his being done without opening the observation chamber and 

ithin one or two minutes after flattening occurred. This timing 

as consistent with that used to adhere droplets prior to exten- 

ion. In addition to ensuring consistency between procedures, this 

inimized post-contact protein adhesive creep. 

Using Image J [42] we measured the length (DL, dimension par- 

llel to the thread’s support lines) and width (DW) of each sus- 

ended droplet ( Fig. 1 D) and computed its volume (DV) using the 

ollowing formula [43] . 

V = 

2 π x D W 

2 x DL 

15 

We next measured the surface area of the flattened droplets 

nd of their protein cores ( Fig. 1 C). Dividing droplet volume 

y droplet surface area yields flattened droplet thickness, which 

e multiplied by protein surface area to determine protein core 

olume. From these three droplet’s measurements we computed 

ean individual- and humidity-specific protein core -to-droplet 

olume ratios. These ratios permitted us to infer the volume of 

rotein within an individual’s extended droplets without altering 

roplets prior to extension. Protein volumes of the twelve species 

re provided in Tables S3 – S14. 

.5. Extending droplets 

A single droplet from each A. aurantia and N. crucifera web 

as extended at each RH. For all other species we extended two 

roplets per web sample at each RH and in statistical analyses used 

he mean values determined from these two extensions to deter- 

ine an individual’s adhesive properties at each RH. A steel probe 

ith a polished 413 μm wide tip (cleaned before each test with 

00% ethanol on a Kimwipe®) was inserted through an articulated 

ort in the chamber’s side and aligned with a suspended droplet. 
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Fig. 4. Daily changes in relative humidity in low (orang), intermediate (green), and high (blue) humidity habitats where species included in this study were found. Each 

hour’s value is the grand mean ± 1 standard deviation of values recorded by Onset HOBO U23 temperature and humidity data loggers (Boume, MA) at 12 minute intervals 

during the 2016 time periods indicated in the lower left of each plot. 
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fter the shaft of the probe was locked into a stationary support, 

e advanced the mechanical stage’s X axis 500 μm to press the 

robe’s tip against the droplet to securely adhere the droplet be- 

ore engaging a stepping motor to move the X-axis in the oppo- 

ite direction at 69.6 μm s −1 , extending the droplet while a 60-fps 

ovie was captured. 

.6. Computing extension per protein core volume 

The droplets of some orb weaving species, particularly those 

ith very hygroscopic droplets, transition from Phase 1 extension, 

uring which the protein filament remains completely covered by 

queous material to Phase 2 extension, during which tiny drops 

f aqueous solution form on the filament, exposing unwetted re- 

ions of the protein filament [ 40 , 41 ]. Phase 1 performance corre-

ponds to the performance of droplet during normal suspension 

ridge formation ( Fig. 1 E) [26] when its protein is fully hydrated 

nd conditioned by the aqueous layer [ 16 , 25 ]. Therefore, we de-

ermined protein core properties only during Phase 1 extensions. 

e used an Onde Screen Ruler (OndeSoft, Minneapolis, MN) to 

easure a droplet’s length just prior to pull-off or at the end of 

hase 1 extension ( Fig. 1 E) and divided this length by the droplet’s

rotein core volume to produce an extension per adhesive volume 

ndex as μm/μm 

3 . 
5 
.7. Computing protein core elastic modulus and toughness at 55% 

H 

As described in a previous study [40] , we used flagelliform 

ber diameters and elastic moduli (taken from the literature for 

en species [44] and newly determined for two species; Table S2) 

n conjunction with measurements of the angular deflection of a 

roplet’s support line ( θ in Fig. 1 E) and droplet length to con- 

tructed true stress – true strain curves (Fig. S1) and from these 

etermined protein core elastic modulus and toughness. For T, 

longate we used the flagelliform fiber values reported for T. ver- 

icolor [44] . Nano Bionix® instruments were used to determine 

hese flagelliform fiber elastic modulus values (Table S2). These 

ests begin with a thread that is not under stress, allowing both 

he stress and strain axes of the resulting curve to originate at zero 

alues. In the case of viscous capture threads, this opens the possi- 

ility that the windlass mechanism [ 45 , 46 ], which in some species

s known to reel flagelliform fibers into a droplet when thread ten- 

ion is reduced, operated during a test. In these cases a thread’s 

tress – strain curve would include an initial, low stress phase dur- 

ng which these flagelliform fibers play out of the droplets be- 

ore the fibers begin to extend. Following this, stress would in- 

rease as these fibers extend and enter a liner phase, during which 

heir elastic modulus is characterized. This pattern was shown in 

he stress - strain curve of a species whose droplets exhibited the 

indlass mechanism (Movie S2 in [46] ). Consequently, for species 
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hose capture threads exhibited windlass flagelliform fiber reel- 

ng the resulting stress – strain curves would overestimate flagelli- 

orm fiber toughness. However, the elastic modulus of flagelliform 

bers is determined during the linear, higher stress phase that oc- 

urs later in fiber extension. Therefore, we do not believe that the 

peration of a windlass mechanism compromised the determina- 

ion of flagelliform fiber elastic modulus values that are used in 

his study. 

As explained previously, the protein core of droplets that we 

haracterized remained covered by their conditioning aqueous lay- 

rs. Consequently, our methods do not allow us to distinguish the 

echanical contributions of each component. However, given the 

ubstantial difference in viscosity of each component, we believe 

hat these droplets’ protein cores offered much greater resistance 

o extension than did their aqueous layers. This view is supported 

y the finding that the adhesive contribution of an orb weaver’s 

rotein core is two to three orders of magnitude greater than the 

apillary adhesion of its aqueous layer [2] . 

True stress – true strain curves were constructed from measure- 

ents taken at the initiation of a droplet’s extension and at five 

ntervals during its extension (Fig. S1). We established these inter- 

als by divided the time between the initiation of droplet exten- 

ion and droplet pull-off or the completion of Phase 1 extension 

nto the 20% intervals. At the initiation of droplet extension and at 

ach of these five positions we measured the angular deflection θ
f the droplet’s support line ( Fig. 1 E) and at each of the five exten-

ion intervals also the length of the droplet filament. Tables S3-14 

ive support line angular deflections and droplet extensions at the 

nitiation of droplet extension and at each 20% extension interval 

or each test RH. 

After using the deflection of a droplet’s support line to calcu- 

ate the extension of the 2400μm long segment of line on either 

ide of the droplet, we used the elastic modulus and diameters 

f the lines flagelliform fibers to determine the force this gener- 

ted as a droplet extended. The lines’ deflection angle was then 

sed to resolve these force vectors and calculate the force on an 

xtending droplet filament at each of the six extension intervals. 

e determined the true stress on a protein filament at each inter- 

al by dividing force on the droplet by protein cross sectional area 

CSA). At the initiation of droplet extension we determined CSA 

s the diameter of the protein core when configured as a sphere 

CoreDiam). At each of the following five intervals CSA was deter- 

ined by dividing protein core volume by droplet length. We ex- 

ress the true strain on a droplet’ protein filament as the natural 

og of droplet length divided by CoreDiam. The mean true stress 

nd true strain values of all individuals of each species were plot- 

ed (Fig. S1) and from each species’ plot the true strain range dur- 

ng which a slope was appropriate for determining elastic modulus 

as identified and subsequently used to calculate the elastic mod- 

lus of each individual’s protein core material at 55% RH. Because 

 droplet was under stress when extension began, we subtracted 

he area of a thin rectangle defined by the initial true stress on 

 droplet and total droplet true strain from the total area under a 

rue stress – true strain curve to determine protein core toughness. 

We determined the force on extending protein filaments com- 

utationally rather than by direct measurement, as studies of orb 

eaver major ampullate radial and capture thread flagelliform 

bers have done [44] . However, our construction of the true stress 

true strain curves shown in Figure S1 and our determination of 

lastic modulus from these curves conforms to that of this and 

ther studies [47-49] . Just as radial threads were much stiffer than 

apture thread support lines (grand means = 6.36 and 0.028 GPa, 

espectively), we anticipated that protein elastic modulus would 

e much less than that of the capture thread’s flagelliform fibers. 

owever, our determination of protein toughness differed in one 

ay. Because a droplet was attached to the probe by its own ad- 
6 
esion rather than being permanently affixed, when this adhesion 

ailed the test ended, as did the true stress – true strain cures de- 

ived from it (Fig. S1). The shapes of these curves indicated that 

his did not affect our measurements of elastic modulus because 

he linear phase of true stress had either been established be- 

ore droplet pull-off occurred or before phase 1 ended or because 

he stress on a filament had begun to decrease before measure- 

ents ended. However, as pull-off limits the protein’s extension 

hat might otherwise have been expressed, the value that we re- 

ort as protein toughness might better be regarded as realized 

oughness, which is perhaps less than the protein core’s inherent 

oughness. 

.8. Inferring protein core elastic modulus at another test humidities 

The procedures descried above appear reliable only for the 55% 

H test interval because this is similar to the laboratory humidity 

t which flagelliform properties were determined. Not surprisingly, 

hen a capture thread’s aqueous layer is removed the thread’s 

agelliform fibers stiffen [50] . However, there are no published ac- 

ounts of the response of coated flagelliform fibers to changes in 

umidity. A previous study that used the methods described above 

ssumed that the stiffness of coated flagelliform fibers did not 

hange with humidity [40] , leading these authors to conclude that 

he stiffness of protein cores of two of the four orb weaving species 

tudied increased as humidity increased. This is inconsistent with 

roperties of a viscoelastic material that absorbs water, increase in 

olume, and become more pliable as humidity increases ( Fig. 2 ; Ta- 

les S3 – S14). Therefore, we must conclude that flagelliform fibers 

ontained within an aqueous layer respond to changes in humidity, 

lthough probably not to the same degree as do major ampullate 

bers. Consequently, another method must be used to determine 

he material properties of orb web glue droplet core protein core at 

est humidities below and above the 55% RH test. Using a species’ 

ndex of droplet extension per protein volume at 55% RH as a ref- 

rence, we progressively increase protein elastic modulus values at 

umidities below 55% RH and proressively decreased elastic mod- 

lus values at humidites above 55% RH, resulting in a pattern of 

ecreasing protein elatic modulus from 20% to 90% RH ( Fig. 2 ). 

To acomplish this we used one formula to infer protein core 

lastic modulus at humidities equal to and lower than that at 

hich maximum extension per protein volume was registered 

EMIL) and another to infer protein elastic modulus at humidities 

reater than that at which maximum extensoin per protein volume 

ere registered (EMIH): 

 MIL = E M55% × ( EP V 55% ÷ EP V X % ) 

 MIH = E M55% × ( EP V X % ÷ EP V 55% ) 

here EM55% = elastic modulus determined at 55%, EPV55% = ex- 

ension per protein volume at 55% RH, and EPVX% = extension per 

rotein volume at test humidity X. Inferred elastic modulus was 

etermined relative to each individual’s maximum extension per 

rotein volume because a few individuals exhibited maximum ex- 

ension per protein volume at humidities different from that typ- 

cal of their species. When determined in this manner, the elastic 

odulus of V. arenata core protein at 20% and 37% relative humid- 

ty were very great (519 and 48 MPa, respectively). As we judged 

hese values to be excessive, we modeled reported values on the 

ncrease in elastic modulus from 72% to 55% RH. We did this by 

ividing elastic modulus at 55% by 72% elastic modulus and mul- 

iplying this scaling factor by the 55% RH elastic modulus value 

o estimate 37% elastic modulus and by then multiplying this ad- 

usted 37% RH elastic modulus value by the scaling factor to es- 

imate elastic modulus at 20% RH. The standard errors of V. are- 
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Fig. 5. Droplet extension lengths per protein core volume (μm/μm 

3 ), arranged in order of increasing humidity at which maximum values occur and identified by habitat 

humidity. The mean of each species’ maximum value is marked with a red dot in its box plot. Values above each box are mean ± 1 standard error. 
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ata 20% and 37% RH elastic modulus are proportional to those 

hat were initially determined. 

.9. Statistical analysis 

We used JMP (SAS Institute, Cary, N.C.) to perform statistical 

nalyses. Outliers, identified as any value less than (1.5 x the in- 

erquartile range) below the first quantile or more than (1.5 x 

he interquartile range) above the third quantile, were omitted be- 

ore analyses were performed and values were plotted. Anderson- 

arling tests for normal distribution of data showed that for all 

omparisons the means of one or more species or one or more hu- 

idity treatments within a species were not normally distributed 

 P < 0.05). Therefore, we used Wilcoxon / Kruskal-Wallis Chi 

quare tests and Wilcoxon each pair tests to compare means, con- 

idering differences with P ≤ 0.05 to be significant. We ranked 

pecies according to the three habitat humidity categories shown 

n Fig. 3 and used contingency analyses to test the hypothesis that 

ore protein properties were associated with habitat humidity, as 

upported by likelihood ratios P ≤ 0.05. 

. Results 

All high humidity species exhibited maximum extension per 

rotein core volume at either 72 or 90% RH ( Fig. 5 ). The edge
7 
pecies M. sagittata exhibited maximum extension per core protein 

olume at 72% RH like its sister forest species M. gracilis , rather 

han at 55% RH, as did the edge species L. venusta . The two most

otable deviations from this pattern were M. labyrinthea , a species 

hat builds its webs on exposed vegetation and registered maxi- 

um extension per protein volume at 90% RH and A. marmoreus , 

 forest edge species and the only species to exhibit maximum ex- 

ension per protein volume at 37% RH. When species were ordered 

y the humidity at which they expressed maximum extension per 

ore protein volume and divided into four, three-species groups, a 

ontingency analysis shows these groups to be associated with the 

hree habitat humidity categories identified in Fig. 3 (likelihood ra- 

io P = 0.0346). 

Wilcoxon each pair ranking tests ordered the twelve species’ 

ore protein elastic modulus values at 55% RH into five groups 

 Fig. 6 A) and their protein’s toughness at 55% RH into three groups 

 Fig. 6 B). However, neither property was associated with these 

pecies’ habitat humidity rankings (contingency analysis likelihood 

atio P = 0.1287 and 0.0922). Leucauge venusta, M. gracilis , and V. 

renata proteins exhibited the greatest elastic modulus and tough- 

ess. Intra-specific differences in inferred protein elastic modu- 

us across the 70% RH test range were considerable and differed 

reatly among species ( Fig. 7 ). Not only was V. arenata protein the 

tiffest, but it also exhibited the greatest range of elastic modulus 
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Fig. 6. Comparison of protein elastic modulus (A) and toughness (B) measured at 55% RH. Habitat designation, mean ± 1 standard error, and sample size are provided for 

each species. Wilcoxon P values are for comparisons of mean. Letters denote value rankings by Wilcoxon each pair tests. 

Fig. 7. Inferred protein core elastic modulus values at humidities below and above measured 55% RH values identified by species habitat humidity. Araneus marmoreus 

values are excluded because at all test humidities except 37% RH (mean 0.09 ± 0.10 MPa) a high proportion of negative values occurred and were judged unreliable. 

Neoscona crucifera 20% RH values are not given because droplets of most individuals did not adhere at this humidity. Values are mean ± 1 standard error. 

8 
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Fig. 8. Comparison of the percent reduction in inferred elastic modulus of core protein from 20% to 90% RH (A) and the measured or inferred elastic modulus at the RH for 

which maximum extension per protein volume (EPV) was observed ( Fig. 4 ). Habitat designation, mean ± 1 standard error, and sample size are provided for each species. 

Wilcoxon P values are for comparisons of means. Letters denote value rankings by Wilcoxon each pair tests. 
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alues, with its elastic modulus at 90% RH being only 3% of its 20%

H value ( Fig. 8 A). This contrasts with L. cornutus and M. gracilis

roteins, whose 90% RH elastic modulus values averaged 45% of 

heir 20% RH values. 

The hypothesis that a species’ core protein has been selected to 

erform optimally at its foraging humidity is most strongly sup- 

orted by the similarity of protein elastic modulus values when 

ompared at the humidity where each species’ maximum ex- 

ension per protein volume was observed ( Fig. 8 B). In contrast 

o 55% RH elastic modulus values, which comprise five groups 

 Fig. 6 A), Wilcoxon each pair tests identified only two elastic mod- 

lus groups, with the proteins of L. venusta, M. gracilis , and V. are- 

ata being much stiffer greater than those of other nine species. 

oreover, the mean absolute difference of all pairwise compar- 

sons of these twelve species’ elastic modulus values at 55% RH 

as 5.92 ± 0.85 MPa, but at the humidity of maximum extension 

er protein volume this difference decreased to 4.26 ± 0.63 MPa 

two-tailed, matched pairs test P < 0.0 0 01), denoting a conver- 

ence in protein core stiffness. This convergence occurred across 

he species, as documented by the correlation of elastic modulus 

t maximum extension per protein volume (Y) and elastic modu- 

us at 55% RH (X) (Y = 0.724 X – 0.023, R 2 adjusted = 0.96, P <

.0 0 01). 

Our study was not intended to provide a phylogenetic assess- 

ent of glue droplet properties, as the tree we present is highly 

runed and contains a small number of species ( Fig. 3 ). However, 

e find little evidence that phylogenetic position plays a major 

ole in the droplet properties that we observed. When arranged 

y the maximum true stress registered during droplet extension at 

5% RH, the values of the two Argiope species were adjacent, as 

v

9 
ere those of the two Araneus species (Fig. S1). These four species 

egistered the lowest true stress, although four branch lengths sep- 

rate the genera ( Fig. 3 ). Neither 55% elastic modulus nor tough- 

ess values for Araneus, Argiope , and Micrathena species pairs were 

ontiguous ( Fig. 6 ). With the exception of percent decrease in elas- 

ic modulus with increased humidity ( Fig. 8 A), all values of the two 

etragnathidae species were interspersed among Araneidae species 

alues. 

. Discussion 

In the course of testing the hypothesized association between 

roplet protein core properties and habitat humidity our study 

ocumented that, when surrounded by its conditioning aqueous 

ayer, orb weaver core protein exhibits a remarkable range of ma- 

erial properties. At 55% RH these ranged from those of PEG-based 

ydrogels to those of silicone rubber, exhibiting a 1088-fold inter- 

pecific difference in stiffness (0.02 - 21.76 MPa) and a 147-fold 

ifference in toughness (0.14 - 20.51 MJ/m 

3 ). Within a species, 

nferred elastic modulus decreased by 56 – 97% as humidity in- 

reased from 20 to 90% RH. 

Results support the study’s hypothesis that glue droplet prop- 

rties are tuned to an orb weaving species’ foraging humidity. As 

udged by extension per protein volume, the droplet performance 

f most species is optimized for humidities it encounters when for- 

ging ( Figs. 4 and 5 ). When measured at 55% RH, core protein elas-

ic modulus also tends to increase with the humidity of a species’ 

abitat ( Fig. 6 A), However, the most compelling support for this 

ypothesis comes from the observation that the elastic modulus 

alues of species core proteins were more similar when compared 
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Fig. 9. Model of the impact of humidity on core protein volume, elastic modulus, and droplet extension of A. aurantia , a species with highly hygroscopic droplets that 

is found in exposed habitats, and T. elongata , a species with lesser hygroscopic droplets that is found near water. Dimensions of protein length, width, and volume are 

proportional to the values that each species expressed at 20% RH. Elastic modulus is proportional to the darkness of the volume’s shading. 
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t the humidites of their maximum extension per protein volumes 

han when compared at 55% RH (cf. Figs. 6 A and 8 B). This is con-

istent with a previous study which found that, when measured at 

heir foraging humidities, the viscosities of five species core pro- 

eins were remarkably similar [23] . This association, which appears 

o be driven by an inverse relationship between droplet hygro- 

copicity and a species’ foraging humidity, ensures that the core 

roteins of species that construct webs on exposed vegetation re- 

ains pliable during hotter, drier parts of the day, whereas the 

roteins of species found in humid habitats resists over lubrication 

hat would lead to adhesive failure. 

The core proteins of L. venusta, M. gracilis , and V. arenata were 

istinguished both by greater elastic modulus and toughness at 

5% RH ( Fig. 6 ) and by greater elastic modulus at the humidity

here maximum extension per protein volume occurred ( Fig. 8 B). 

here are no distinguishing similarities between the volumes of 

hese species’ protein cores at 55% RH (638, 1,886, 1,785 μm 

3 at 

5% RH, respectively), their glue droplets per mm length of cap- 

ure thread (29.9, 9.9, and 7.4, respectively) [26] , or the space be- 

ween capture thread spirals (2.5, 1.5, and 4.9 mm, respectively) 

44] . However, of the species studied, L. venusta, M. gracilis , and V. 

renata have the stiffest flagelliform fibers (58, 52, and 98 MPa, re- 

pectively). The stiffness of the other nine species ranged from 5 

o 36 MPa and averaged 11 MPa (Table S2). 

The greater stiffness of V. arenat a flagelliform fibers, has been 

ssociated with their playing a more important role in absorbing 

rey impact energy than is typical for orb weavers, where radial 

nd frame lines usually dominate this role [ 6 , 51 ]. For example, the

apture spirals of A. aurantia and A. trifasciata webs absorbed only 

% and 2%, respectively, as much energy as did their radial lines, 

hereas V. arenata capture spirals absorbed 83% as much energy as 

heir webs’ radial threads [6] . The greater stiffness of L. venusta and 

. gracilis flagelliform fibers may also reflect an adaptation of these 

pecies’ capture threads to absorb more prey impact energy than 

o the capture threads of the other species we studied. The stiffer 

nd tougher protein cores of L. venusta, M. gracilis , and V. arenata 

apture threads would complement these thread’s increased role in 

bsorbing prey impact energy in two ways: 1. Stiffer protein would 

ot extend as far during prey impact and would be less likely to 

upture and 2. Tougher protein would absorb more energy as they 

xtended. However, this would occur at a cost of reduced adhe- 
10 
ive surface area of contact, which could limit thread adhesion to 

 prey. As L. venusta is the only species included in this study that 

onstructs horizontal rather than vertical orb webs, it is surprising 

o see the stiffness of its core protein grouped with those of M. gra- 

ilis and V. arenata . However, the orientation of L. venusta webs and 

heir typical placement nearer to the ground may exposes them to 

maller forces of prey impact and, therefore, may have reduced se- 

ective for the energy absorbing roles of this species’ radial and 

apture threads to diverge. 

Natural selection tunes orb weaver glue droplet performance 

argely by altering the composition and concentration of LMMCs 

n the droplet’s aqueous layer, although core protein also appears 

o contribute to droplet hygroscopicity [ 16 , 17 , 23 , 25 ]. The effect of

his can be seen by comparing the humidity responses of A. trifas- 

iata , whose droplets perform optimally at 55% RH, with those of 

. elongata, whose droplets perform optimally at 72% RH ( Fig. 9 ). 

s humidity increases, protein cores within the more hygroscopic 

roplets of A. trifasciata , swell, causing the elastic modulus of this 

rotein to drop until an optimal balance between the surface area 

f adhesive contact at the droplet’s footprint and the cohesion of 

he extending protein filament is achieved at 55% RH. As humidity 

ontinues to increase protein elastic modulus falls and protein fila- 

ents pull off at shorter extensions, despite their increasing areas 

f adhesive contact. In contrast, T. elongata droplets are less hygro- 

copic, causing their protein cores to reach optimal elastic modulus 

alues only at 72% RH and to begin to become over lubricated only 

t 90% RH. 

The approach we used to infer elastic modulus below and above 

5% RH of humidity allowed us to extend our calculated values and 

se these to test the study’s hypothesis. However, this approach 

oes have limitations. Droplet extension length is determined not 

nly by core protein volume and elastic modulus, but also by both 

he area of a droplet’s core protein contact and the strength of its 

dhesion. The interplay between these factors is complex and their 

elative contributions to droplet extension length may change with 

umidity. Indices of core protein viscosity that gauge a droplet 

bility to establish adhesive contact were calculated from the ve- 

ocity of droplet spread during the milliseconds following droplet 

ontact [23] , whereas elastic modulus is an index of the energy re- 

uired to extend a given volume of material and, in our study, was 

etermined over longer time spans. 
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. Conclusions 

An orb web’s architectural, biomechanical, and chemical com- 

lexity provides many components and levels on which natural se- 

ection can operate to optimize web performance. The substantial 

ncoupling of the web’s prey stopping and prey retention functions 

n most species frees viscous capture threads to evolve adhesion 

ailored to a species’ foraging humidity. We observed this in ex- 

ension per core protein volume, which tended to peak at lower 

umidities in species that occupy exposed, low humidity habitats, 

nd at higher humidities in nocturnal species and those found in 

umid habitats. The tendency for the droplet hygroscopicity of a 

pecies’ glue droplets to be inversely related to its foraging humid- 

ty helps ensure that core protein stiffness will be appropriate for 

he species’ foraging humidity; neither too great for the dryer con- 

itions experienced by orb weavers that live in exposed habitats 

or too small for species that live in humid habitats. This explains 

hy, when compared at humidities where maximum extension per 

rotein volume was expressed, the elastic modulus of most species 

ere more similar than they were at 55% RH. The biomimetic po- 

ential of orb spider capture threads has receiving some attention 

 46 , 52 ], however not nearly as much as the web’s major ampul-

ate threads [ 53 , 54 ]. By profiling the humidity responsiveness and 

roperties of these spiders’ glue droplets our study adds to the 

wareness of how this natural adhesive operates. 
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