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Abstract

Orb weaving spiders employ a ‘silken toolkit’ to accomplish a range of tasks, including
retaining prey that strike their webs. This is accomplished by a viscous capture spi-
ral thread that features tiny glue droplets, supported by a pair of elastic flagelliform
fibres. Each droplet contains a glycoprotein core responsible for adhesion. However,
prey retention relies on the integrated performance of multiple glue droplets and
their supporting fibres, with previous studies demonstrating that a suspension bridge
forms, whose biomechanics sum the adhesive forces of multiple droplets while dissi-
pating the energy of the struggling insect. While the interdependence of the droplet's
glycoprotein and flagelliform fibres for functional adhesion is acknowledged, there
has been no direct test of this hypothesized linkage between the material properties
of each component. Spider mass, which differs greatly across orb weaving species,
also has the potential to affect flagelliform fibre and glycoprotein material properties.
Previous studies have linked spider mass to capture thread performance but have not
examined the relationship between spider mass and thread material properties. We
extend earlier studies to examine these relationships in 16 orb weaving species using
phylogenetic generalized least squares. This analysis revealed that glycoprotein stiff-
ness (elastic modulus) was correlated with flagelliform fibre stiffness, and that spider
mass was related to the glycoprotein volume, flagelliform fibre cross-sectional area
and droplets per unit thread length. By shaping the elastic moduli of glycoprotein
adhesive and flagelliform fibres, natural selection has maintained the biomechanical

integration of this adhesive system.
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1 | INTRODUCTION

of sea urchins allow these animals to resist strong underwater cur-
rents as they move (Santos et al., 2009; Stark et al., 2019). In con-

Natural adhesives can facilitate locomotion or permanently attach trast, the bioadhesives that attach barnacles and mussels to wet and

animals. Arboreal leaf-cutter ants that carry heavy loads as they salt-encrusted surfaces harden rapidly and permanently (Dickinson

climb in the forest canopy rely on adhesive tarsi and the tube feet et al., 2009; Waite, 2017). Other organisms use viscous adhesives
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that remain pliable to capture prey. Sundews use sticky drop-
lets on their leaves for this purpose (Huang et al., 2015; Olivencia
et al., 1995) and araneoid orb weaving spiders use capture threads
comprised of tiny glue droplets supported by extensible flagelliform
fibres to retain insects that strike a web (Figure 1) (Opell, Clouse,
& Andrews, 2018; Sahni et al., 2010). In each case these adhe-
sives are widely distributed, allowing them to ‘sit and wait’ for prey
(Blackledge et al., 2011; Uetz et al., 1978).

An orb web supports the elastic capture thread with stiffer
major ampullate silk that radiates from the centre of the web and in
many species is responsible for absorbing the kinetic energy of prey
impact (Blackledge & Hayashi, 2006; Sensenig et al., 2010, 2012;
Swanson et al., 2006). The capture thread, which is suspended be-
tween these radii, is produced by spigots on the median spinnerets
(Coddington, 1989). As a flagelliform fibre emerges from a spigot
on each spinneret it is coated with an aqueous solution of proteins,
containing low molecular mass compounds (LMMCs), and inorganic
salts, issuing from two flanking aggregate gland spigots (Opell, Jain,
et al., 2018). When the coated fibres from each spinneret unite,
this composite cylinder quickly self-organizes into regularly spaced
droplets, due to Plateau - Rayleigh instability (Figure 1a,b) (Edmonds
& Vollrath, 1992; Mead-Hunter et al., 2012). A glycoprotein core
condenses within each droplet leaving the remaining material and
amorphous proteins in an aqueous layer that covers both the flagel-
liform fibres within and between droplets (Amarpuri, Chaurasia,
et al., 2015; Vollrath & Tillinghast, 1991). The even spacing of these
droplets ensures that the adhesive is deployed in a parsimonious
manner (Blackledge & Gillespie, 2002). A cylindrical centre of the
core (termed a granule) appears to be responsible for anchoring the
glycoprotein to the flagelliform fibre, although it is possible to slide
droplets along a flagelliform fibre and this can occur naturally as a
thread's suspension bridge begins to fail (Opell & Hendricks, 2010;
Sahni et al., 2010; Tillinghast et al., 1993; Kelly, unpublished
observations).

The adhesive performance of the glycoprotein core is condi-
tioned by the LMMCs in the surrounding aqueous layer, whose

composition differs among species (Amarpuri, Zhang, et al., 2015;

(c) Glycoprotein core

’ Extended glue droplets

Jain et al.,, 2018; Opell, Jain, et al., 2018). These compounds solvate
the adhesive glycoprotein, softening it and improving its adhesion
(Sahni et al., 2014; Singla et al., 2018). The LMMCs also confer hy-
groscopicity to the droplets, allowing droplet volume to respond to
changes in atmospheric humidity (Edmonds & Vollrath, 1992; Opell,
Jain, et al., 2018; Townley et al., 1991; Townley & Tillinghast, 2013).
However, LMMC concentration alone may not determine droplet
hygroscopicity, as these compounds interact with a droplet's pro-
teins (Jain et al., 2018).

Much like the closely packed glue stalks of sundews, the cap-
ture thread droplets of orb webs work together to increase adhesion
(Krausko et al., 2017). Moreover, successful adhesion is often the
result of multiple threads contacting an insect, which may mani-
fest itself in a suspension bridge configuration (Figure 1) (Chacén
& Eberhard, 1980). The biomechanics of this configuration sum the
adhesive forces of multiple droplets along the thread, generating
greater adhesion with greater thread length, although there may be
diminishing returns at a certain length (Opell & Hendricks, 2009). As
it forms, this suspension bridge also absorbs some of the force of a
prey's struggles to escape by simultaneously incorporating the work
done in stretching both the droplets and the flagelliform fibres (Opell
etal.,2008; Sahnietal., 2010, 2011). The elastic (Young's) modulus or
stiffness of each capture thread component and the amount of each
material determines their contributions to this crucial phase of prey
capture (Opell et al., 2019; Sahni et al., 2010). Initial modelling of the
suspension bridge adhesive delivery system predicted that exterior
(and more extended) droplets contribute more adhesion than inte-
rior droplets (Figure 1c) (Opell & Hendricks, 2009). However, recent
work has cast doubt on the universal nature of this model (Opell &
Stellwagen, 2019). While this aspect of the system may be variable,
modelling reveals that suspension bridges are robust, with a random
distribution of droplets not deteriorating adhesive load bearing or
energy absorption (Guo et al., 2019).

An effective suspension bridge relies on contributions from both
capture thread components as well as their integration within the
system. Indeed, evidence shows that the suspension bridge relies on

a linkage between the flagelliform fibres and adhesive glycoprotein,

Flagelliform fibers

FIGURE 1 Araneoid capture thread:
(a) flattened droplet of Argiope aurantia
| revealing its glycoprotein core. (b) a view
of the capture spiral thread, showing
the evenly spaced ellipsoid droplets of
Neoscona crucifera. (c). The suspension
bridge configuration of Verrucosa arenata,
with bowing flagelliform fibres and
extending glycoprotein droplets
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with changes in the material properties of either component reduc-
ing thread adhesion (Guo et al., 2018). The codependence of the
capture thread constituents predicts that, as orb weavers have
diversified and adapted to different habitats, the material proper-
ties of both have evolved in a synergistic manner to maintain the
functionality of the bridge. This ‘synergy hypothesis’ predicts that
changes in the material properties of one capture thread component
will be associated with scaled changes in the other. Here, we test
this hypothesis by comparing the elastic modulus and toughness of
each thread component. Additionally, we compare the material in-
vestment in a thread's adhesive glycoprotein and flagelliform fibres.

The stiffness of flagelliform fibres differs greatly among orb
weaving species (Sensenig et al., 2010). Therefore, we predict that
more extensible glue droplets will be associated with more extensi-
ble flagelliform fibres. We also predict that the toughness and the
material investment in these two thread components will exhibit a
similar association. Literature suggests that larger spiders spin larger
webs and threads with larger glue droplets (Sensenig et al., 2010).
Mature females of the 16 species that we studied exhibited a 117-
fold difference in mass (Table 1). Therefore, we also examined the
relationship of spider mass on capture silk material properties and on
the amounts of material invested in each capture thread component.
We use phylogenetic generalized least squares (PGLS) to examine

these associations among orb weavers.

TABLE 1 General spider and thread features

Species Spider mass (mg) Droplets per mm
Araneus marmoreus 498.5+74.2° 4.4+0.8
Araneus pegnia 65.7+7.1° 13.9+3.1
Argiope argentata 337.6+32.6 14.76 +0.57
Argiope aurantia 841.9+138.7° 3.3+0.3
Argiope trifasciata 510.8+82.0¢ 9.8+1.3
Cyclosa turbinata 7.2+0.8° 33.4+6.9
Larinioides cornutus 265.9+27.2° 13.1+1.8
Leucauge venusta 22.0+3.1°¢ 21.4+2.5
Metepeira labyrinthea 46+14° 10.6 +2.7
Micrathena gracilis 73.4+9.5°¢ 6.2+1.5
Micrathena sagittata 46.8+5.5¢ 55+1.2
Neoscona arabesca 46+ 24° 9.0+1.0
Neoscona crucifera 368 +142° 87+1.0
Neoscona oaxacensis 166.85 10.65+1.06
Tetragnatha elongata 71.0+17.2° 14.8+2.2
Verrucosa arenata 74.3+12.2° 7.3+0.5
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2 | MATERIALS AND METHODS

2.1 | Study species

We selected 14 species of spiders found near Blacksburg, Virginia
for study for which 10-14 webs of mature females could be obtained
(Figure 2). In doing this, we were able to represent the phylogenetic,
size and habitat diversity of araneoid orb weavers reasonably well.
We added one species each from south-eastern Arizona and south-
ern California, which built webs in large laboratory enclosures to
include three species each in the genera Argiope and Neoscona for
a total of 16 species (Figure 2). These two species, Argiope argen-
tata and Neoscona oaxacensis were the only species where the spi-
ders themselves were collected. Covering two families, our selected
orb-web weavers contain four groups of congeneric species, allow-
ing us to contrast thread properties within genera. Adult females
of these species differ greatly in mean mass, with Cyclosa turbinata
weighing 7.2 mg compared to Argiope aurantia at 841.9 mg (Opell
& Hendricks, 2009). The capture spiral configuration among these
species differs as well, with droplets per mm thread length exhib-
iting a 10-fold difference and droplet volume a 40-fold difference
(Table 1). These orb-web weavers forage in various habitats, with
some occupying open weedy areas and others occupying forest in-
teriors (Bradley, 2013).

Droplet volume Glycoprotein volume Flagelliform
um® x10° pm® x10° CSA pm?
105.7 +15.0° 39.4+14.3° 22.74+2.7°
71+1.6° 5.0+1.2 10.4+0.2°
14.1+1.6 3.1+0.6 12.1+1.1
86.1+16.5 10.7 +2.4° 36.2+3.5°
41.6+6.9° 31.5+5.6° 13.2+1.3°
2.2+0.6 0.9+0.2 1.3 +0.02°
4.8+0.7° 1.8+0.4° 10.6+0.9°
1.4+0.2° 0.6+0.1° 1.3+0.1°
3.4+0.7° 1.4+0.3° 3.5+0.3°
7.5+1.5¢ 1.9+0.3° 2.7+0.1°
8.7+0.8° 2.6+0.2° 6.7+0.2°
2.5+0.6 1.0+0.3 4.5+0.4°
13.4+1.7° 2.6+0.7° 14.1+2.2°
59+0.7 0.6+0.1 7.6+19
2.7+0.7° 1.1+0.3° 3.2+0.3
10.3+1.7° 1.8+0.4° 3.5+0.6

Measurements were taken at 50%-55% relative humidity. N. Oaxcensis mass is from Greenstone & Bennet, 1980. Sample size differs, given the range
of sources. We determined droplets per millimetre by placing our 2mm scale along a capture thread and divided the counted droplets by two. Means

+ SDin bold and +S.E. elsewhere.
Abbreviation: CSA, Cross-sectional area.
Indicates Opell et al., 2021.

PIndicates Sensenig et al., 2010.
‘Indicates Opell & Hendricks, 2009.
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FIGURE 2 Phylogeny of study species and their elastic moduli: Topology is primarily based on a phylogenetic tree from Dimitrov
et al., 2017, with modifications to add Argiope argentata and Verrucosa arenata (based on Garrison et al., 2016, Scharff et al., 2019,
respectively). Subsequent taxa were added based on their congener's presence within the tree. Species added to our input tree have

coloured branches

2.2 | Web collection

We collected orb-web samples shortly after they were constructed,
ensuring fresh threads that were uncontaminated by dust or pollen.
A metal frame with double sided tape (3 M #9086K29550360) on
its rim was pressed from behind a web, ensuring that a web's native
tensions were preserved. Once adhered to the taped rim, the remain-
ing web was separated by hand along the outer edge of the frame,
isolating the sample. After collecting a web, each site was marked with
flagging tape to prevent resampling. Spiders were unharmed by this
process, fleeing their webs as samples were taken and were usually
found with a new web in the same location the following day. The
masses of all species except Argiope argentata, which was determined
for individuals whose threads we studied, were taken from the lit-
erature (Greenstone & Bennett, 1980; Opell & Hendricks, 2009;
Sensenig et al., 2010). An advantage of this work is its non-destructive
nature, with our collecting posing no more of a threat to a spider than
a rainy day. Once collected, webs were placed in a box to prevent con-
tamination from pollen or further damage, returned to the laboratory,

and all testing completed by 16:00 on the day of collecting, except
for the nocturnal species Larinioides cornutus and Neoscona crucifera,

whose web samples were collected in the evening of the previous day.

2.3 | Thread preparation and individual
droplet testing

To prepare individual droplets for testing, we collected a thread on
carbon tape covered forceps to ensure natural thread tension was
maintained (Cat #77816, Electron Microscope Sciences, Hatfield,
PA, USA). These forceps are blocked open to accommodate the
width of supports on a microscope slide sampler. After contacting a
thread strand with the forceps, we cut the connecting threads with a
pair of iris scissors. This sample then spanned the 4.8 mm space be-
tween the supports of a microscope slide sampler (Opell et al., 2011).
We ensured that these threads were perpendicular to the supports,
guaranteeing consistency in the length of the tested thread and the
angle of droplet extension.
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To ensure that only a single droplet contacted our probe, we iso-
lated the central droplet of the suspended strand. Droplets on either
side were slid away from the central droplet using a wooden applica-
tor stick that was whittled to a fine tip, exposing a few xylem fibres.
When wetted with distilled water, droplets could easily be moved
along the supporting strand. This did not disrupt the aqueous layer
of the flagelliform fibres, documented by the formation of small sec-
ondary droplets near the central droplet. Once prepared, this slide
was placed into a sealed, glass-covered chamber on the mechanical
stage of a Mitutoyo FS60 inspection microscope (Mitutoyo America
Corp., Aurora, IL, USA). Chamber temperature was maintained at
23°C by a thermostat-controlled Peltier thermocouple. The probe
of a Fisher Scientific® Instant Digital Hygrometer, which extended
through the chamber allowed us to monitor humidity and establish
55% relative humidity (RH) testing conditions. A small piece of dis-
tilled water moistened Kimwipe® in the chamber increased humidity
above ambient laboratory humidity and rising humidity was offset
by drawing a small amount of room air into the chamber through a
tube attached to a port in the chamber wall. These conditions were
comparable to those of other investigators' laboratories where the
material properties of capture thread flagelliform fibres were deter-
mined (approximately 50% RH and 23 degrees C).

With the desired humidity achieved, droplets were extended
using a probe. Before each test, the 413 um tip of this polished steel
probe was cleaned with 100% ethanol on a Kimwipe® or Whatman®
filter paper. After inserting the probe into a port in the side of the
chamber, the probe was locked into a support resting beside the mi-
croscope to prevent its movement (Opell, Clouse, & Andrews, 2018).
The isolated droplet was then brought into contact with the probe
tip using the microscope's mechanical stage. To ensure droplet ad-
hesion, the stage was then advanced an additional 250 - 500 um.
The movement of the stage was then reversed by a stepping motor,
extending the droplet at a velocity of 69.5 pms’1 until the droplet
pulled free of the probe. During this time, a video was recorded with
a Canon digital Rebel T2i at 60 frames per second. Close examina-
tion of these videos showed that nearly all droplets pulled cleanly
from the probe, leaving no visible protein residue. This is consis-
tent with findings that a short glue droplet contact period resulted
in complete adhesive peeling and clean droplet release (Amarpuri
et al., 2017; Kelly et al., 2019).

The volume of a droplet's glycoprotein core is required for com-
putations of elastic modulus and glycoproteins are most easily vi-
sualized when droplets are flattened. To accomplish this, we placed
additional thread samples into our glass-covered observation cham-
ber. We photographed three droplets along the suspended thread
before flattening the thread by dropping a glass coverslip onto it
from a magnetically tripped device within the chamber. We photo-
graphed these droplets again within 30s after they were flattened.
To compute droplet volume, we first measured the length (DL, di-
mension parallel to the thread) and width (DW) of each suspended
droplet using Imace) 1.50i (https://imagej.nih.gov/ij/). Using these
measurements, droplet volume (DV) was determined with the fol-
lowing formula (Liao et al., 2015).

JournaL of Evolutionary Biology

27 x DW? x DL
S &

From images of each of an individual's three flattened droplets, we
measured droplet surface area and glycoprotein surface area. Dividing
droplet volume by droplet surface area yields the thickness of a flat-
tened droplet's glycoprotein core. Obtaining droplet thickness allowed
us to calculate glycoprotein volume by multiplying thickness by glyco-
protein surface area. The mean of an individual's ratio of glycoprotein
volume to droplet volume was then used to infer the glycoprotein vol-
ume within this individual's extended droplets.

2.4 | Adhesive glycoprotein material properties

The glycoprotein properties of 11 species (A. aurantia, Araneus mar-
moreus, Argiope trifasciata, L. cornutus, Leucauge venusta, Metepeira
labyrinthea, Micrathena gracilis, Micrathena sagittata, N. crucifera,
Tetragnatha elongata and Verrucosa arenata) were taken from the lit-
erature (Opell et al., 2021). The values of Tetragnatha elongata, which
in this earlier study were based on the flagelliform fibre properties
of Tetragnatha versicolor, have been updated to reflect newly deter-
mined T. elongata flagelliform fibre diameter and elastic modulus val-
ues (Table 2). We added glycoprotein properties of four additional
species (A. argentata, C. turbinata, N. arabesca and N. oaxacensis).

Individual droplet extension videos allowed us to generate true
stress-strain curves, from which we determined the glycoprotein
core's elastic modulus. These are based on true stress and true strain
values determined at the initiation of droplet extension and at each
20% extension time intervals though droplet pull-off. In some spe-
cies from low humidity habitats, whose droplets are very hygroscopic,
tiny aqueous droplets form along the extending droplet, exposing its
protein filament to the drying effects of air. This condition is not char-
acteristic of the droplets in a normal suspension bridge configuration
and has been termed Phase 2 extension (Opell, Jain, et al., 2018). This
contrasts to more typical Phase 1 extension during which a droplet's
glycoprotein remains covered by aqueous material during extension
and pull-off. When we encountered Phase 2 extensions, we restricted
our characterization of glycoprotein to the portion of the extension
during which glycoprotein was surrounded by aqueous material.

At each of the five reference points during droplet extension, we
used the deflection angle of a droplet's support line to gauge force
on the droplet's protein filament during extension. The computa-
tions described below rely on the diameters and elastic modulus of
each species' flagelliform fibres whose determination is described in
a subsequent paragraph. The seven steps used to construct these
curves are described mathematically in Figure 3. Steps 1 and 2 com-
pute the extension of the flagelliform fibres from the angular de-
flection of the 4800 pum long support line to determine the forces
exerted on the extending droplet. Steps 3 and 4 resolve these force
vectors and determine the force on the extending droplet. Steps 5
and 6 compute true stress on the droplet filament by dividing this
force by the protein filament's cross-sectional area, determined as
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protein volume divided by droplet length). Step 7 determines true
strain on a droplet at length DE using the diameter of the droplet's
protein core when configured as a sphere as initial droplet length
(Figure 3).

Each stress-strain curve from which a glycoprotein's elastic
modulus and toughness were determined was constructed from
measurements of droplet lengths and support line deflection an-
gles taken at 20% intervals from 0% to 100% extension (0% being
just prior to droplet extension and 100% being just before droplet
pull-off). Elastic modulus was determined as the linear portion of
each curve. Unlike typical stress-strain curves, which begin with
a stress of zero, droplets are under tension prior to extension.
Consequently, when glycoprotein toughness was computed, we
subtract the thin rectangular area defined by the stress at the ini-
tial extension and maximum strain from the full area under the

curve.

2.5 | Determining flagelliform fibre properties

Flagelliform fibre properties of A. pegnia, A. argentata, M. sagit-
atta and N. oaxacensis, and T. elongata capture threads were newly
measured. Those of other species are taken from the literature
(Sensenig et al., 2010). Flagelliform fibre diameter was measured
from capture threads mounted in microscope immersion oil under
a glass coverslip. Additional threads from each individual's web
were secured to cardboard samplers and sent to the American
Museum of Natural History for characterization of their elastic
modulus and toughness using a Nano Bionix instrument (Agilent
Technologies, Oak Ridge, TN, USA). Similar methodology and
instrumentation was used by Sensenig et al., 2010 to determine
these properties for eleven of the study species present in the

literature. The flagelliform fibre features of C. conica were used
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for the similarly sized species C. turbinata included in this study
(Sensenig et al., 2010).

2.6 | Evolutionary analyses and software

We used phylogenetic generalized least squares (PGLS) to examine
relationships among the capture thread material properties under
Brownian Motion, with Pagel's lambda to detect phylogenetic sig-
nal (Pagel, 1999). This method accounts for the evolutionary re-
latedness among species, ensuring that our analysis is not biased
by these relationships (Felsenstein, 1985; Garamszegi, 2014). The
phylogeny used in this analysis is based on a time calibrated tree
produced from BEAST (Dimitrov et al., 2017). This phylogeny con-
tains many of our focal species, but Tetragnatha elongata and C. tur-
binata were substituted for their congeners: Tetragnatha versicolor
and Cyclosa conica. With these substitutions, we used the phytools
R package to prune the tree to 10 species that were present in the
phylogeny and our material property data set (R Core Team, 2019;
Revell, 2012). The absence of our remaining six study species:
A. pegnia, A. aurantia, N. crucifera, N. oaxacensis, M. sagitatta and
V. arenata required further editing. Lacking data on the precise
phylogenetic placement of these taxa, we placed them halfway
along the length of their sister's branch when present (A. pegnia,
M. sagitatta). Verrucosa arenata had no sister taxa in our phylogeny,
so its placement was approximated using a different phylogenetic
study, which placed it as an outgroup of the genus of Micrathena
(Garrison et al., 2016). Additionally, to resolve relationships within
three species of Argiope, we relied on an additional phylogeny
(Scharff et al., 2019). This leaves two study species, N. crucifera
and N. oaxacensis, to add to our phylogeny. Neoscona arabesca is
the single representative of the genus in our original phylogeny.

Lacking a phylogenetic study that resolves relationships among

1. L =2400 um = sine (6/2)

2. AE = (L-2400 pm ) + 2400 pm
3.F,=F,=YM X X CSA,: X AE

4. Fior = 2 X F; X sine (90° - (6/2))
5

6

7

wr 00t

. StreSST = Ftotai = CSAGF
. Strainy = Logy, ((DE — DGC) + DGC)

FIGURE 3 Diagram explaining how the
elastic modulus of individual droplets are
measured. Visualization to accompany the

- AE = extension of axial line
/ YM = Young’s modulus

CSA,r = axial fiber
cross sectional area

steps for measuring elastic modulus in the
methods section. Modified from Figure 4
of Opell, Jain, et al., 2018, which from an
open-source journal. Droplet extension
image is from Larinioides cornutus at

CSAgr = glycoprotein filament
cross sectional area
GV = glycoprotein volume
DGC = diameter of glycoprotein core
&\ when configured as a sphere

55% RH
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these species, N. crucifera was placed as sister to N. arabesca to the
exclusion of N. oaxacensis (Figure 2). This placement was arbitrary,
and the ensuing uncertainty that this placement may introduce
to our PGLS results is addressed in the following paragraph. The
branch lengths were then set to preserve the ultrametric character
of the tree. Having a complete 16 species tree, we used PGLS to ex-
amine relationships among traits and plot phylomorphospace plots,
carried out using the ape, caper, geiger and phytools packages in R
(Orme et al., 2018; Paradis & Schliep, 2019; Pennell et al., 2014; R
Core Team, 2019; Revell, 2012).

While the six taxa added to our input tree (Dimitrov
et al.,, 2017) were necessary to utilize our material properties
data, they may introduce uncertainty in our results. Four species:
A. pegnia, N. crucifera, N. oaxacensis and M. sagitatta were added
based on congeneric species already in our input tree (taxonomic
information), rather than a phylogenetic analysis (Figure 2). While
the placement of A. aurantia and V. arenata were based on other
phylogenies, these were derived from different datasets that fea-
ture different sampling of spider diversity (Garrison et al., 2016;
Scharff et al., 2019). What may compound this uncertainty is the
varying nodal support across the branches of our input tree, with
broad confidence intervals around the divergence times among
these relationships as well. Therefore, it is necessary to exam-
ine alternate topologies and branch lengths to assess the influ-

ence of constructing our 16 species phylogeny in its present form
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(Figure 2). To assess the impact of adding species to our phylog-
eny, we created seven alternate phylogenies. Six of these alter-
nate phylogenies featured a random placement of a single ‘new’
species (A. pegnia, A. aurantia, N. crucifera, N. oaxacensis, M. sag-
itatta or V. arenata). The seventh was a phylogeny where branch
length was set to one across the entire 16 species topology. Using
these trees, we implemented the sensiPhy R package to assess
differences in the PGLS results (Paterno et al., 2018). We also
used sensiPhy to determine if our sampling of taxa resulted in
biased results in our spider mass and thread property analyses. In
addition to the R packages mentioned, we also used SAS JMP for
implementing thread characterization equations (SAS Institute
Inc., Carey, NC).

3 | RESULTS

The values of each species' glycoprotein and flagelliform fibre ma-
terial property are displayed together (Table 2). A PGLS analysis
showed that, of these features, only glycoprotein and flagelliform
elastic moduli were correlated, with glycoprotein elastic modulus
being approximately one-sixth that of flagelliform fibres elastic
modulus (Figure 4a, Table 3). The phylogenetic signal of glycoprotein
and flagelliform fibre elastic moduli were 1.1 and 1.07, respectively.

High elastic modulus values in one component are often associated

O Monotypic spp.
¢3 Araneus spp.
] Argiope spp.
/\ Micrathena spp.
Y¢ Neoscona spp.
<> Tetragnathid

FIGURE 4 PGLS (a) and
phylomorphospace (b) plots showing

the relationship between the elastic
modulus of each capture thread
component. Increased elastic modulus of
the flagelliform fibres is associated with
increases in glycoprotein elastic modulus.
The inset (4B) displays a close look and
overlays mass and the identity of each
species on a phylomorphospace plot.

{
0 10 20 30

I
40 50 60
Flagelliform elastic modulus MPa

Abbreviations consist of the first letter of
each species scientific name, except for
Argiope aurantia, which uses Aau
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TABLE 3 Each PGLS analysis and their results

Relationship p R?
Glycoprotein elastic modulus versus flagelliform <0.001 0.85
elastic modulus (MPa)
Glycoprotein toughness versus flagelliform 0.35 0.06
toughness (MJ/m?®)
Glycoprotein volume per mm of thread versus 0.19 0.12
flagelliform volume per mm of thread
Spider mass (mg) vs.
Glycoprotein elastic modulus (MPa) 0.59 0.02
Flagelliform elastic modulus (MPa) 0.45 0.04
Glycoprotein toughness (MJ/m®) 0.56 0.02
Flagelliform toughness (MJ/m°) 0.08 0.19
Glycoprotein volume per droplet (pm3) 0.01 0.37
Flagelliform fibre cross-sectional area (umz) <0.001 0.89
Droplets per millimetre 0.007 0.40

Note: Each PGLS regression is derived from a comparison of all 16 study
species (Figure 2). p values in bold represent relationships that are
plotted as figures (Figures 4 and 5, respectively). Bold values represent
significant relationships, interpreted as such when p <0.05.

with high values in the other component (Figures 4). Members of the
family Tetragnathidae (L. venusta and T. elongata) had conspicuously
lower glycoprotein elastic modulus values relative to flagelliform
fibre values than did Araneidae species. In most cases congeneric
species tended to cluster together, despite having different masses
(Figure 4b). However, M. gracilis and M. sagitatta values were widely
separated, with M. gracilis having much stiffer thread components.
We found no correlation between the glycoprotein and flagelliform
fibre toughness (Figure S1, Table 3). Toughness of flagelliform fibres
displayed no phylogenetic signal, but glycoprotein toughness had a
signal of 1. All other material properties listed in Table 2 (as well as
spider mass and droplets per milometer in Table 1) had a signal of O,
with glycoprotein toughness being the only exception. There was
no relationship between the amount of material invested per mm
thread length of the two components (Table 3). Spider mass was not
related to the elastic modulus or toughness of either thread com-
ponents (Table 3). However, spider mass was positively correlated
with glycoprotein volume per droplet and flagelliform fibre cross-
sectional area and negatively correlated with droplets per millimetre
thread length; that is, larger spiders tended to spin capture threads
with larger, more widely spaced glue droplets (Table 3, Figure 5).
Using sensiPhy, we analysed our 16 species phylogeny with
alternate topologies and branch lengths and their impact on our
PGLS comparing glycoprotein and flagelliform fibre elastic modulus
(Figure S1). These alternate trees had no impact on the significance
of the PGLS, with all alternate topologies and branch lengths still
significant under p <0.05. Confidence intervals generated by this
analysis can be visualized in Figure S1. Additionally, our sampling
of orb weavers features a broad range of spider masses, but most
of them fall under 100 mg, leaving species like A. aurantia as con-
siderable outliers (Table 1). To detect if our sampling influences our
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three mass related PGLS analyses, we again employed sensiPhy,
which was used to detect species biasing our results using the
‘influ’ family of codes (Paterno et al., 2018). Argiope aurantia was
found to be influential when examining mass and its relationship
with glycoprotein volume and flagelliform fibre cross-sectional
area (p <0.001 and 0.0001, respectively). This may be suspected
as larger spiders are expected to spin larger threads glue droplets.
However, when A. aurantia is removed form analyses, both rela-
tionships remain significant under p <0.05. Interestingly, when
searching for influential taxa in our mass and droplets per milli-
metre relationship, C. turbinata is found to be the most impactful
species data. The smallest species included in this phylogeny has a
dramatically higher droplets per millimetre than any other species,
leading its significant impact on the data. However, a rerun PGLS

still returns a significant p value of 0.01.

4 | DISCUSSION

41 | Synergy between capture thread material
properties

Glycoprotein and flagelliform fibres interact to retain insects that
strike the web. The adhesive performance of the thread is condi-
tioned by its elasticity, with modelling and empirical work revealing
a balance of silk elasticity and stickiness that is crucial to adhesion
(Guo et al., 2018; Opell, Clouse, & Andrews, 2018). Therefore, it is
significant that, of the hypothesized associations between adhesive
protein and flagelliform fibres, the only correlated material property
was elastic modulus (Figures 4 and 5, Table 3). Maintaining this bal-
ance appears to ensure that the structural integrity of the bridge is
maintained during adhesion (Guo et al., 2018). The support line of a
loaded capture thread assumes a parabolic shape. Therefore, a dis-
proportionate increase in glycoprotein elastic modulus would cause
the outer droplets to pull-off before inner droplet extension was initi-
ated, due to the support line's parabola having a shallow focus. A dis-
proportionate decrease in glycoprotein elastic modulus would have
the same effect, but due to a parabola with a deep focus. An unbal-
anced stiffening of the flagelliform fibres would also reduce the ability
of both thread components to contribute to the work done in pulling
athread from a surface. This work has been shown to make an equally
large contribution to insect retention time (Opell et al., 2019; Sahni
et al., 2010). Thus, the strong linkage of these elastic moduli has been
maintained by selection to optimize capture thread performance.
Consistent with their roles in capture thread function, we documented
that the toughness of capture thread glycoprotein is less than that of the
thread's flagelliform fibres (Table 2). However, our analysis did not support
a clear linkage of the toughness of these components (Table 3). Several
technical considerations may have prevented us from documenting this
linkage. As noted, in our analyses glycoprotein toughness was limited by
a droplet's adhesive failure rather than protein rupture. This is consis-
tent with the observation that the glue droplets release before enough
force is accumulated to break a thread's flagelliform fibres (Agnarsson
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FIGURE 5 PGLS plots of spider mass against capture thread
features. Of our PGLS analyses, these are the only three to produce
significant (p <0.05) relationships. Higher spider mass is associated
with increased glycoprotein volume and flagelliform cross-sectional
area (first two graphs). Larger spiders appear to build capture
threads with larger and further spaced droplets (first and third plots)

& Blackledge, 2009). However, when the toughness of flagelliform fi-
bres is characterized in the laboratory, threads are extended until they
break. Thus, during normal capture thread performance only a portion of

flagelliform fibre actual toughness is realized. If this realized flagelliform
fibre toughness were known it might be correlated with expressed glyco-
protein toughness. While the phylogeny that underlies these results has
been altered to match our material property data set, our PGLS results
remain robust to alternate topologies and branch lengths (Figure S1).

4.2 | Material investment in capture
thread components

Orb-web weavers differ greatly in mass, over a hundredfold in the
case of species included in this study, but spider size and its impact on
adhesive performance is not fully understood. Greater spider mass
has been linked with higher insect stopping potential, but the effect of
mass on the material properties of the capture thread is not explicitly
known (Sensenig et al., 2010). Our comparative phylogenetic analy-
ses found no evidence that spider mass is correlated to the tough-
ness or elastic modulus of capture thread glycoprotein or flagelliform
fibres (Table 3). This may be because the performance of a thread's
components is determined by a combination of their material proper-
ties and the amount of material invested in each component.
Flagelliform fibre cross-sectional area and spider mass are posi-
tively correlated, a relationship explained by the tendency for larger
spiders to spin thicker flagelliform fibres (Figure 5). Glycoprotein vol-
ume exhibits the same pattern. Smaller spiders also have a greater
number of smaller droplets per millimetre thread length, as shown
by a positive correlation of glycoprotein volume with spider mass
(Figure 5). It should be noted that species on the upper (A. auran-
tia) and lower (C. turbinata) limits of spider mass may influence our
results, but their removal does not dissolve their respective rela-
tionships displayed in Figure 5. However, flagelliform fibre cross-
sectional area and glycoprotein volume are not correlated and
remain unrelated when scaled to flagelliform fibre and glycoprotein
volume per millimetre thread length (Table 3). Differences in spiral
spacing may be confounding this relationship, as more widely spaced
capture spirals experience greater individual stress upon prey im-
pact than closely spaced spirals. The ability of natural selection to
strengthen a flagelliform fibre appears to be constrained by two fac-
tors: 1. The direct relationship of flagelliform fibre elastic modulus
to adhesive protein elastic modulus and 2. The inherent relationship
of flagelliform fibre elastic modulus and flagelliform fibre toughness.
Therefore, this leaves flagelliform fibre diameter as the principal fea-

ture upon which selection can act to strengthen a capture thread.

5 | CONCLUSION

Spider orb webs exhibit many levels of integration, which correspond to
the material properties and roles of their threads. During a short time
span, prey capture progresses from insect interception, during which a
web's radial threads are largely responsible for absorbing the force of prey
impact, to prey retention when capture thread's glue droplets contact
an insect and stretch to transfer force to flagelliform fibres. The material
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properties of these web elements are structured according to their roles,
with radial threads, flagelliform fibres and adhesive proteins exhibiting de-
creasing stiffness (Opell, Clouse, & Andrews, 2018). We demonstrate that
natural selection on flagelliform fibre and glycoprotein elastic modulus
has been shaped by the interdependence of these capture thread com-
ponents. This linkage appears to constrain how selection acts because a
disproportionate change in one component's property would reduce the
functionality of the adhesive (Guo et al., 2018). Thus, to preserve the syn-
ergistic pattern, natural selection must simultaneously maintain the dis-
tinct contribution of each component. We show that this occurs when
glycoprotein elastic modulus is typically one-sixth that of flagelliform fibre
elastic modulus (Figure 4). If future studies can measure the ‘expressed
toughness’ of the flagelliform fibre during thread adhesion, this synergy
may also extend to this property. Ultimately, successful adhesion of the
capture during a prey depends on the precise functional integration of

many thread components, both chemical and biomechanical.
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