Economics of Spider Orb-Webs: The Benefits of Producing Adhesive
Capture Thread and of Recycling Silk

B. D. Opell
Funcrional Ecology, Vol. 12, No. 4. (Aug., 1998), pp. 613-624.

Stable URL:
http://links.jstor.org/sici ?s1ci=0269-8463%28199808%2912%3 A4%3C613%3AEOSOTB%3E2.0.CO%3B2-V

Functional Ecology is currently published by British Ecological Society.

Your use of the ISTOR archive indicates your acceptance of ISTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. ISTOR's Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the ISTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http:/fwww jstor.org/journals/briteco.html.

Each copy of any part of a ISTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transtnission.

ISTOR is an independent not-for-profit organization dedicated to creating and preserving a digital archive of
scholarly journals. For more information regarding ISTOR, please contact support@jstor.org.

http://www jstor.org/
Mon Mar 20 10:42:54 2006



Functional
Ecology 1998
12,613-624

€ 1998 British
Ecolagical Society

Economics of spider orb-webs: the benefits of
producing adhesive capture thread and of recycling silk

B. D. OPELL

Department of Biology, Virginia Polytechnic Institute and State University. Blacksburg, VA 24061-0406, USA

Summary

1. The replacement of dry, fuzzy cribellar prey capture thread by viscous, adhesive
capture thread was a major event in the evolution of orh-weaving spiders. Over 95% of
all orb-weaving species now produce adhesive threads.

2. Adhesive thread achieves its stickiness with a much greater material economy than
does cribellar thread.

3. Transformational analyses show that, relative to spider mass, adhesive orb-weavers
invest less material per mm of capture thread and produce stickier capture threads than
do cribellate orb-weavers.

4. The total cost of producing an arb-web that contains cribellar thread is reduced by
32% when a spider recycles its silk and another 34% when these capture threads are
replaced hy adhesive threads of equal stickiness.

5. The increased economy with which adhesive capture thread achieves its stickiness
may have been an important factor that favoured the origin and success of modern orb-

weaving spiders that produce adhesive capture threads.

Key-words: Araneidae, cribellar thread, orh-weh evolution, Tetragnathidae, Uloboridae

Functional Ecalogy (1998) 12, 613-624

Introduction

Spiders have used orb-webs to capture prey for over
130 million years (Selden 1989). Today, aver 40{00
species produce these intricate snares (Levi 1982),
whose success depends heavily on their sticky capture
threads. These threads intercept insects, help absorb
the force of their impact, and retain struggling prey
until the spider can locate, run to and subdue them
(Chacén & Eberhard 1980; Craig 1987a,b; Eberhard
1986, 1989, 1990). Ancestral aorb-weaving spiders
produced dry prey capture threads like those found in
the less highly organized webs of non-orb-weavers.
The replacement of these threads with viscous adhe-
sive capture threads (Coddington & Levi 1991) was a
pivotal event in spider evolution that was associated
with an increase in the number of species, genera and
families of orb-weaving spiders (Craig, Bemard &
Coddington 1994). Today aver 93% of all orb-weav-
ing spider species produce adhesive capture threads
(Bond & Opell 1998; Coddington & Levi 1991).

Only members of the family Uloboridae spin orb-
webs that contain dry capture threads termed cribellar
threads (Fig. 1a). The outer sutface of this thread con-
sists of thousands of fine, looped protein fibrils that
are spun from spigots on an abdominal spinning plate
termed the cribellum (Fig. 1b; Opell 1993, 1994a b,
1995, Peters 1984, 1992). These fibrils surround a pair
of larger, supporting axial fibres (Eberhard 1988,

Eberhard & Pereira 1993; Peters 1983, 1986). The
Ulaboridae and the Deinopidae, whose members con-
struct highly modified webs that are derived from orb-
webs (Coddington 1986), form the superfamily
Deinopoidea. The sister group of this lineage, the
superfamily Araneoidea, includes six families of orb-
weavers that produce adhesive capture threads. These
spiders have last the cribellum and coat their axial
fibres with a viscous salution as these fibres leave the
spinnerets. This complex aqueous solution contains
low molecular mass organic and inorgamic com-
pounds, a variety of small proteins, and high molecu-
lar mass glycoprateins (Vallrath er al. 1990; Townley
et al. 1991, Vollrath & Tillinghast 1991; Vollrath
1992; Tillinghast ez al. 1993). Immediately after being
depasited, this solution coalesces into a series of regu-
larly spaced viscous droplets (Fig. 1c). Glycaprotein
nodules within these droplets confer thread stickiness
{Vollrath et al. 1990; Vollrath & Tillinghast 1991;
Vollrath 1992; Tillinghast et al. 1993; Peters 1995).

A critical functional property that may help explain
the apparent selective advantage of adhesive thread
over cribellar thread and the success of the
Araneoidea is capture thread stickiness. This study
tests the hypothesis that adhesive thread achieves a
greater stickiness relative to its material cost than does
cribellar thread (Lubin 1986; Vollrath 1992; Opell
1994h). It does so by comparing cribellar threads
spun by eight species of the family Uloboridae with
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adhesive threads spun by four species of the family
Araneidae and one species of the family Tetra-
gnathidae. Using transformational analyses, it also
tests twa corollaries of this hypothesis: (1) relative to
spider mass, orb-weavers that produce adhesive
threads invest less material per mm of capture thread
than do those that produce cribellar threads and (2)
relative to spider mass, adhesive threads are stickier
than cribellar threads.

Greater capture thread stickiness enhances a web’s
ability to retain the prey that it has intercepted, allaw-
ing a spider more time to locate and subdue these
struggling insects before they escape from the web
{Chacdn & Eberhard 1980; Eberhard 1989, 1990). If
adhesive thread achieves its stickiness at a lower cost
than cribellar thread, then oth-weavers that produce
adhesive threads could invest less material in their
threads and maintain the prey capture patential of
their webs. Alternatively, they could increase the prey
capture potential of their webs by producing stickier
capture thread and still expend no maore material than
do cribellate orb-weavers.

The first part of this study tests the hypotheses that
adhesive capture thread achieves its stickiness at a
greater material economy than does cribellar thread
and that this permits these spiders to produce, at no
increase in material cost, capture thread that is stickier
than that produced by cribellate orb-weavers. These
hypotheses are tested using the comparative method
of evalutionary biology (Harvey & Pagel 1991). This

100 pm

Fig. 1. (a) Cribellar thread of Hypeiotes cavatus (scanning electron micragraph,
SEM). {b) Cribellum of Waithera wattakerensis (SEM). (¢) Adhesive thread of
Argiope trifasciata (light micrograph).

is done by first establishing that, in each group of orb-
weavers, there are functional trends that relate spider
size to the volume of material invested in each mm of
capture thread and to the stickiness of this thread. This
study next determines that the origin of modern orb-
weaving spiders that construct adhesive capture
threads was associated with a reduction in the cost of
capture thread and an increase in its stickiness.
Another factor that may improve the economy of
arh-web use is silk recycling. Many orb-weaving spi-
ders ingest silk as they take down their webs and recy-
cle it when they construct future webs, therchy
reducing web cost (Breed et al. 1964; Peakall 1971;
Carico 1936; Townley & Tillinghast 1988). Silk recy-
cling appears to be a plesiomorphic behaviour of orb-
weaving spiders, as it is exhibited by both Deinopoidea
and Araneoidea (Breed et al. 1964; Peakall 1971; Carico
1986; Lubin 1986; Townley & Tillinghast 1988).

"Haowever, the energetic importance of this behaviour is

unknown because the degree to which it increases the
econamy of orb-web use has not been evaluated.

The second part of this study uses information
about the material cost of capture threads and the
length of capture threads in orb-webs to quantify the
relative impartance of silk recyeling and to model the
cost of constructing an orb-web under three scenarios:
(1} the use of cribellar capture thread without thread
recycling, (2) the use of cribellar capture thread with
recycling and (3) the use of adhesive capture thread
with silk recycling. It puts this cost in perspective by
estimating the mass of prey that a spider must capture
to recaver the material and behavioural cost of con-
structing a web under each of these scenarios. Qnly
prey capture heyond this threshold is available to meet
a spider’s metabolic, growth and reproductive peeds.

Materials and methods
SPECIES STUDIED

This study includes measurements of cribellar threads
produced by eight species of the family Uloboridae
and adhesive threads produced by four species of the
family Araneidae and one species of the family
Tetragnathidae (Table 1, Fig. 2). Species were chosen
to represent the major clades within the Uloboridae
and Araneidae {Ceddington 1990; Levi 1985).
Uloborid representatives include four species that
construct orb-webs and four species that constrict
reduced capture webs which contain shorter lengths of
stickier prey capture threads (Lubin 1986; Opell 19944,
1996). As cribellar fibril measurements were not avail-
ahle for Philoponelia arizonica, this species is included
only in comparisons of mass-specific thread stickiness.

THREAD STICKINESS

Capture threads were collected from newly con-
structed orb-webs on microscope slides to which
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raised supports were glued at 4-8-mm intervals. After
a sample was taken, the spider was collected and
weighed. Thread stickiness was measured with a
strain gauge that incorporated a glass or stainless steel
needle {Opel]l 1994a, 1994¢) that passed over a linear
scale. The deflection of both types of needle was
linear relative to the force applied. This instrument
was calibrated in a vertical orientation where its
needle moved downward along the scale as a succes-

sion of 3-mg analytical balance riders were added to
the contact plate on the needle’s tip until a total of
30-60 mg (depending on the needle’s sensitivity) had
been added. The needle’s position on the scale was
then plotted against the mass on the needle’s tip and a
straight line was drawn through these points. For
stickiness measurement, this instrument was posi-
tioned horizontally so that the mass of the needle and
contact plate deflected the needle downward slightly

Table 1. Spider masses and capture thread stickiness values (means + | standard error). Values for Ulaboridae are from Opell {1994a, 1996). The
ancestral values for features included in transformational analyses are given in brackets. The ancestral mass used to compare theead volume precedes
that used to compare thread stickiness. The stickiness of uloborid capture threads was measured between 23 and 27 °C

Measurement
Family Measurement uniformity Percentage
Weh type Mass Stickiness precision (LN} (UN mm™") Temp. relative
Species (sample size) {mg) {UN mm™) % species mean % species mean (°C) humidity
Ulohoridae
Horizontal orb-webs:
L. Waitkera waitakerensts (38) 807 £0.46 1545 +0.32 1.37 307 - 68 +0.3
{Chamberlain) [7.20,7.16] [15.18] 8.9% 199%
2. Siratoba referena (26) 442£022 11.46 + 0.80 178 1.66 - 6604
{Muma & Gertsch) [7.20, 7.16] [15.18] 15.3% 14.2%
3. Uloborus glomosus (32) 9.39+0.49 1538 £ 1.02 1386 402 - 56+0.1
{Walckenaer) [18.12,9.81] [16.76] 18.5% 25.9%
Philoponella arizonica (27) 13,35 +0.86 1497 1.11 1.78 2.53 - 6603
{Gertsch) [-,11.97] [16.25] 11.9% 17.0%
4. Octonoba sinensis (36) 1274 £0.73 17.02+1.19 2.68 4.22 - 5501
(Simon) [10.12,11.97] [16.25] 15.7% 24.7%
Triangle-wehs:
5. Hyptiotes cqvatus (56) 811 +0.37 2618+ 1.70 1.73 537 - 58+0.2
(Hentz) [8.42, 8.40] [26.67] T 4% 22.9%
6. Hypriotes gertschi (32) 9.83 £0.56 29.84+2.17 1.78 6.82 - 35+0.4
Chamberlin & Ivie [8.42, 8 40] (26.67] 5.9% 22.7%
Simple webs:
7. Miagrammopes animotus (101) 4.96 £0.23 3150+ 1.78 1.69 553 - A2+0.4
Chickering [5.35,5.33] [26.63] 5.6% 18.5%
8. Miagrammapes species (24) 375+0.24 244 x2.07 1.78 574 - 85+04
[5.35,5.33] [26.63] 7.2% 23.3%
Araneidae
Vertical orb-wehs:
8. Argiope trifasciata (21} 3404 £ 332 2715199 2352 4.89 2303 60+0.3
(Forskal) [237.5,274.5] [25.56] 9.3% 254%
10. Araneus marmaorews (22) 6469 + 639 3476 £4.21 2.59 5321 3202 al 02
Clerck [364.8, 358.5] [27.60] 7.5% 15.0%
11. Cyelosa conica (20) 7422034 1147 +1.03 1.91 208 24x0.1 Al +0.5
{Pallas) [154.2, 152.1] [22.47 16.7% 17.9%
12, Micrathena gracilis (20) 90.4x£55 2834 +3.12 1.76 548 23x02 62 +0.4
{Walckenaer) [154.2, 152.1] [22.47 6.2% 19.2%
Tetragnathidae
Horizontal orb-web:
13. Leucauge venusta (26) 2R1=+23 2001 £2.50 3.38 425 25201 6L +0.5
{Walckenaer) [237.5,130.6] [21.93] 16.9% 21.3%
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_ Waitkera waitakerensis

| Siratoba referena
— Miagrammopes animotus
L Miagrammopes species

— Hyptiotes cavatus

.. Hyptiotes gertschi
Uloborus glomosus
Octonoba sinensis
Philoponelia arizonica
Argiope trifasciata
Araneus marmoreus
Cyclosa conica
Micrathena gracilis

Leucauge venusta

Fig. 2. Phylogeny of uloborid (a) and araneoid (b) species
included in this study (after Coddington & Levi 1991,
Levi [1985).

toward rather than along the scale. Thus, differences
in the masses of contact plates did net affect the value
registered by the needle. The needle’s horizontal rest-
ing position was marked on the graph described ahove
and a line drawn through this point and parallel to the
initial calibration line. This second line was offset to
the left of the first and was used to determine thread
stickiness because it factored out the mass of the nee-
dle and contact plate and indicated only the mg equiv-
alent of the force required to deflect the needle
horizontally. This value was multiplied by the acceler-
ating force of gravity, to obtain the uN of force neces-
sary to deflect the needle to a given scale value.

A contact plate made from a 2-mm wide piece of
320 grit, 3M waterproof silicon carbide sandpaper
was glued to the tip of this needle. The particles on the
surface of these sandpaper plates are of uniform size
and distribution (Opell 1993} and these plates regis-
tered the same stickiness for bath cribellar and adhe-
sive threads as did contact plates made from fleshfly
(Sarcaphaga bullata Parker) wings (Opell [994a,
1997). Thus, the stickiness values obtained by this
method are similar to those registered by a representa-
tive insect surface.

A motorized advancement mechanism pressed the
sandpaper contact plate against a thread at a constant
speed (135 mm min' for cribellar thread and
[0-7 mm min~" for adhesive thread) until a farce of
19-61 uN mm™" of thread contact was achieved. The
sandpaper plate was then immediately withdrawn by

this mechanism at a constant speed (14-0 mm min~'
for cribellar thread and 10-4 mm min™" for adhesive
thread) until it pulled free from the thread. The force
registered by the strain gauge immediately before this
accurred was divided by contact plate’s width (mea-
sured to the nearest 20 pwm) to yield stickiness,
expressed as UN of force per mm of thread contact
with the sandpaper plate. The mean sensitivity of nee-
dles used o measure the stickiness of each species’
threads is given in Table 1. The stickiness of four
thread samples was measured for each specimen and
their mean used as a spider’s value. Thread stickiness
was measured at 23-27 °C and 55-68% r.h. (Table 1).
The mean humidity at which the stickiness of both
cribellar and adhesive threads was measured was 61%
r.h. Mean r.h. was normally distributed for araneoid
species (Shapiro-Wilk W Statistic P = 0-32}, but not
for uloborid species (P = 0-004), but became so for
hath clades (P = 0-11) when r.h. was log-transformed.
A t-test showed that these transformed values did not
differ between the twao ¢lades (1= 0-013, P =0-99).

The same procedures were used to measure the
stickiness of cribellar and adhesive threads. However,
two additional precautions were taken when measur-
ing adhesive thread stickiness: (1) the stickiness of
adhesive thread was measured within 2-8 h after col-
lecting samples (compared with 2—40 h for cribellar
threads) and ¢2) to aveid any effect of residue left on
sandpaper plates by adhesive threads, the stickiness
was measured of all adhesive threads with unused sec-
tars of the contact plate. It is possible to document that
cribellar fibrils do not accumulate on contact plates
after repeated use (Opell 1993}, but more difficult to
determine if residue is left by adhesive threads.

The absolute sensitivity of the needles used to mea-
sure the stickiness of adhesive capture threads
(Table 1) was normally distributed (# = 0-601), but
that of needles used to measure the stickiness of
cribellar threads was not (P = 0-007) and did not
become so when log-transformed. However, a
Wilcoxon rank sums test showed that the absolute
sensitivities of the needles used to measure the sticki-
ness of cribellar and adhesive threads did not differ
(Z = 1-348, P = 0-178). The relative sensitivities
(expressed as a percentage of the mean stickiness of
the species measured) of needles used to measure the
stickiness of cribellar and adhesive threads (Table 1)
were normally distributed (P = 0-221 and 0-136,
respectively) and a r-test showed that they did not dif-
fer between the two types of thread {¢ = 022,
P = (:83). Both the uniformity of stickiness measure-
ments, expressed as the mean standard error of the
mean of the four stickiness measurements taken from
each individual's thread, and this mean standard error,
expressed as a percentage of a species’ mean sticki-
ness (Table 1), were normally distributed for cribellar
and adhesive threads (P > 0-660). Neither index dif-
fered between cribellat and adhesive threads (s-test,
t=0-46, P =065 and t = 0.38, P =0-37, respectively).
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The standard error of the mean stickiness of four
different sectors of a spider’s thread provides an
index of the uniformity of these measurements.
However, this value is not in the strict sense a mea-
sure of repeatability, because measuring the sticki-
ness of a span of thread alters its surface properties
and tension and precludes a second measurement of
this strand from being taken. Duplicate measure-
ments of an individual's thread may differ for at least
three reasons: (1) thread features may not be abso-
lutely uniform along the length of a thread, (2) cribel-
lar threads are not symmetrical around the axial fibres
and may present a slightly different surface area or
configuration to a contact plate depending on their
rotation and (3) although the particles on the surface
of sandpaper contact plates have a very uniform size
and distribution (Opell 1993), the number and config-
uration of the particles that a thread contacts varies
slightly from measurement to measurement. These
factors are not simply artefacts of the technique
employed in this study, as they also affect the strength
with which capture threads hold insect surfaces.
Therefore, the mean of the four stickiness measure-
ments of an individual spider’s thread provides a
maore representative value of the thread’s typical per-
formance than does a single measurement.

THREAD VOLUME

The volume of a mm length of each species’ cribellar
thread was determined from species-specific cribellar
fibril and axial fibre diameters reported in the litera-
wre (Opell 1994bd, 1996). The total number of
cribellar fibrils in a species’ cribellar thread was deter-
mined from the mean number of spigots on its cribel-
lum {(Fig. 1b; Opell 1994b).

The volume of material invested in a mm length of
adhesive thread was computed from measurements
made less than 3 h before a thread’s stickiness was
measured. Threads were measured to the nearest um
at 500x under a light microscope. The micrascope
objective used to measure these threads had a numeri-
cal aperture of 0-7¢ and provided a resolution of
Q-4 im. A blind, randomized test of the repeatability
of measurements of droplet and interdraplet regions
was conducted during a 1-h period using 8-month-old
thread samples of Micrathena gracilis (o ensure that

draplet volume was stable. During this test, a total of
10 measurements were taken at 500x of two droplet
and two interdroplet regions and, to vary the proce-
dure, 10 measurements were taken at 250x of one
droplet. Measurements of the two interdroplet regions
were an invariant 4 (im and those of the droplet mea-
sured at 250x were an invariant 36 (Lm. The diameters
and standard errors of the mean of the two droplets
measured at 500x were 342 + 04 pum and
31-2 +£0-5 um. Thus, both the repeatability and resolu-
tion of measurement of adhesive thread features are
about 0-4 (tm. This level of precision has the greatest
effect on measurements of interdroplet diameter.
However, as interdroplet volume constitutes only
2-9% of total volume (Table 2), this has only a small
effect on the computation of total thread velume.

The volume of adhesive thread was determined from
the following measurements made in pm (Fig. 3): (1)
the distance (D} spanned by a series of droplets (¥), (2)
interdraplet diameter (1) and (3) the lengths (£, dimen-
sion parallel to thread length) and widths (W) of two
droplets. Twa thread sectors were measured for each
spider and subscripts 1 and 2 refer to their measure-
ments, Using the following formulas, the p.m3 of adhe-
sive thread per mm of thread length was computed:

Mean droplet radius (MDR} = (grand mean of L

and W)/2, eqn |
Droplet volume (DV) =4 x £ x MDRY/3, eqn 2
Draplets per mm (DPMM) = [(N, + N,)/

(D) + Dy)] x 1000, eqn 3
Droplet volume per mm (DVPMM) =

DV x DPMM, eqn 4
Total interdroplet length (TIL) = (D + D5)

—[(N; + N3 x mean L], eqn 3
Number interdroplet sectors (IDS) =

N +Ny-2, eqn 6
Mean interdroplet length (IL) = TIL/IDS, eqn 7
Interdroplet volume (IV) =7t x " xIL, eqn 8
Number interdraplet secters per mm (ISPMM) =

(IDSH D, + Dy)] x 1000, eqn 9
Interdraplet volume per mm (IVPMM) = IV x

ISPMM, eqn 10

Table 2, Volume of adhesive capture threads produced by members of the families Araneidae and Tetragnathidae (rmean + 1 standard error). Ancestral
values are given in brackets

Droplet Droplet Tnterdroplet Droplets Thread valume Mean interdroplet
Species (sample size) length (yLm} width (jm) diameter (um) per mm am?® mm™ x 10%) valume (%)
Argiope trifasciata (20) 36721 252+ 14 4-7+£0:3 9708 178-0 £ 30-8 [156-3] R7
Araneus marmoreus (22} 59035 46.3£3.1 4.7+02 70+0-8 484-1 = 54-5 [272-3] 27
Cyelgsa conica (20) 11-7 £ 0-6 9605 17 £ 00 137 +2:1 230 +2.0(139-6) §0
Micrathena gracilfis (20) 25209 201 207 23=01 19-9 £0-8 1235 £ 8.9 [139-6] 1-8
Leucanuge venusta (20} 12-5+0-5 10-1 204 20100 41.:3x2.0 329 £ 2.4 [156-5] 61
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draplet
length

intardroplet T
width 7 droplet

width

distance spanned by
M droplets

Fig. 3. Diagram of measurements used to compute adhesive
thread volume.

Total volume of adhesive thread per mm =

DVPMM + IVPMM. eqn 11

RELATIONSHIP OF SPIDER MASS TO THREAD VOLUME
AND STICKINESS

A transformational analysis was used to analyse the
relationships of thread features and spider size in a phy-
legenetic context (Huey & Bennet 1986, 1987; Harvey
& Pagel 1991). The ancestral values of each character
were first determined, using the minimized sum of
squared changes option in the continuous character
tracing section of the MacClade 3-02 phylogenetic pro-
gram (Maddison & Maddison 1992). The changes from
these ancestral states to those expressed by each species
were then calculated and the relationships between
these changes examined using regression techniques.
Statistical tests with P < Q-10 are considered significant.

In addition to orb-weaving species, the family
Uleoharidae includes the genus Hyptiotes, whose mem-
bers construct triangle-webs, and the genus Miagram-
mopes, whose members construct irregular, simple
webs that contain progressively shorter and stickier
lengths of cribellar capture thread (Lubin, Eberhard &
Montgomery 1978; Opell 1982, 1990, 1994a; Lubin
1986). Data for four reduced-web species (Table 1) are
included in the transformational analysis, as they doc-
ument the stickiness that cribellar thread can achieve
and maximize the resolution of the transformational
analysis used to determine the ancestral values of ulo-
borid species that construct orb-webs,

Because the material that covers the axial threads of
cribellar and adhesive threads is not homologous,
independent, unrooted character tracing was used to
determine the ancestral values of capture thread val-
ume and of the spider masses used in its analysis. In
contrast, the stickiness of cribellar and adhesive
threads were measured in the same way and under the
same conditions. Therefore, an unrooted analysis was
used to determine the ancestral stickiness and mass
values of the Uloboridae and then the Uloboridae was
used as an outgroup in a rooted analysis of Araneoidea
ancesiral values.

THE MATERIAL COST OF CAPTURE THREAD PRODUCTION
WITH AND WITHOUT SILK RECYCLING

This study expresses the cost of web construction by
uloborids as the dry mass of a web's silk threads
plus the mass equivalent of the behavioural cost of

synthesizing and deploying these threads. Cost is
expressed as mg rather than joules, as this seems more
appropriate for the precision of this study's methads
and data and the general models that it develops.

Measurements of four species of the family
Ulaboridae that construct orb-webs and four species
that construct simpler webs (Opell 1996) show that
the total volume of sticky and nonsticky threads in a
spider’s weh is given by the formula:

Silk volume in mm? = Spider mass in

mg % 0-563 - 002, eqn 12

Silk volume was converted to silk mass based on a
silk density of 1-26 (Wainwright ez al. 1982) using the
formula:

Silk mass = mm? silk x 1-26 mg mm™. eqn 13

The behavioural cost of building a web is estimated
to be 209% of the material cost (Eberhard 1986) and
the total material and energetic cost of web construc-
tion is given by the formula:

Tatal cost of web construction = mg silk x 1-2. eqn 14

It is clear that silk recycling increases the economy
of web use. However, studies of the efficiency of recy-
cling by orb-weaving spiders that produce adhesive
capture threads yield very different values. These sav-
ings range from 97% (Peakall 1971}, to 50% (Breed
et al. 1964), to 32% (Townley & Tillinghast 1988).
The conservative model developed here assumes that
(1) 32% of the silk in an old web is recycled into a
new web, (2) that this value includes the metabolic
cost of silk recycling and (3) that cribellar and adhe-
sive threads are recycled with the same efficiency. The
cost of constructing a web with recycled silk is given
by the formula:

Web cast with recycling = mg silk x 0-68. eqn 15

Relative to the volume of material they contain,
adhesive capture threads are stickier than cribellar
threads. Adhesive capture threads achieve an average
of 377 503 uN of stickiness per mm® of material
invested, compared with 28 668 LN mm™ for cribel-
lar threads {this study). Consequently, adhesive
threads could achieve the same stickiness as cribellar
threads at only 8% of the material cost. However, cap-
ture threads are responsible for only part of a web's
total silk volume. The volume of cribellar fibrils {the
capture thread components responsible for thread
stickiness; Opell 1994b, 1995} in the orb-webs of four
species of Ulaboridae averages 37% of the web vol-
ume {Table 3). Thus, a 92% reduction in the material
devoted to establishing capture thread stickiness
would lower the average total cost of weh production
by 34%. This saving is similar to that resulting from
silk recycling and is described by the formula:

Web cost with reduced capture thread cost =

mg silk x 0-68. eqn 16
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Table 3. Silk volumes for four orb-weaving species of Uloboridae from Opell (1996). Mean + 1 standard error

Waitkera waitakerensis  Siratoba referena  Ulohorus glomosus  Octonaba sinensis
(N=27 {(N=23) (N=27) (N=24)
Mass (mg) 77+ 028 409 £0-23 683 +0.34 12-16 +0-79
Frame & radial thread 1-20 £ 0-08 102 £ 0-08 2094 +Q-15 3312016
volume (mm®)
Cribellar thread:
Fibril volume (mm®) 1-38 =011 0-38 + 0:04 215013 370 +£0-20
Axial fibril velume (mm®} 028 x0.02 0-36 £ 003 0-63 £ 003 213 £40:11
Total volume (mm*} 1-63 + 013 073 £ 006 277017 383+029
Total weh:
Silk volume (mm} 285020 1:75 +0-13 572 +0-30 914 £ (-44
Percent cribellar fibrl volume 48 2 38 40

The savings incurred by a spider that produces
cheaper capture thread and practises silk recycling is
the product of the savings of these two strategies. The
tatal cost of preducing a web under this scenario is
given by the formula:

Web cost with silk recycling and less costly capture
thread = mg silk % (-45. eqn 17

As these computations are based on the wet mass of
adhesive thread, they provide a more conservative
estimate of the cost of adhesive orb-webs. However,
when the wet mass of adhesive thread is converted to
dry mass under the assumption of a 80% water content
{Gosline, DeMont & Denny 1986), the results differ
anly slightly: the multiplier in equation 16 is reduced
to 0-636 and that in equation 17, 0-43.

THE THRESHOLD OF PROFITABILITY FOR PREY CAFTURE

Feeding data for the uloborid species Hyptiotes cava-
tus fed on Drosophila melanagaster fruit flies (Opell
1988) were used to determine the mass of prey a spi-
der must capture to recaver the total cost of construct-
ing a weh. This laboratory study probably determines
maximum prey extraction values, as spiders fed on

small, soft-bodied insects and were neither disturbed
during feeding nor presented with other prey. The
mean wet mass of a D. melanogaster fruitfly is
0-85 mg (B. D. Opell, unpublished data) and the mean
dry mass is 0-19 mg (Opell 1988). Adult female H.
cavatus extract 0-16 mg dry mass of material from
these flies (Opell 1988). Thus, the dry mass of nutri-
ents extracted from a fly is 18-8% of the fly's live
mass. Te recover the material and energetic cost of
constructing a capture web, a spider feeding with this
efficiency must consume prey whose live mass is
5-319 times the total material and behavioural cost of
its web, as described by the three scenarios.

Results
ECONOMY OF THREAD STICKINESS

Tahles 1, 2 and 4 present the masses, stickiness values
and capture thread volumes of the species studied and
of their immediate hypothetical ancestors. Figure 4
compares the stickiness achieved per mm” of material
invested in cribellar and adhesive threads. Values are
normally distributed for both cribellar and adhesive
threads (P = 0-610 and 0-370, respectively). The values
of adhesive threads exceed thase of cribellar threads

Table 4. Volume of cribellar threads produced by members of the family Ulcboridae. Cribellum spigot numbers ace from
Opell 1994b; thread volumes from Opell 1996. Ancestral values are given in brackets

Volume twao Volume each Total volume Tatal volume

axial fibres cribellar fibril  Cribellar  of fibrils of enbellar thread

ummm™ % 10% um® mmY spigots (wm* mm % 10° (um? mm™ < 103
Waithera waitakerensis 87 107 3905 417-8 540-8 [507-4]
Siratoba referena 134 87 1800 1566 290-6 [507-4]
Ulsharus glomosus 148 116 4717 5472 695.2 [697-0]
Octonoba sinensis 254 110 4098 450-8 7048 [697-0]
Hypriotes cavats 308 118 7276 858-6 1166-6 [1085.0]
Hyntiotes gertschi 308 I18 7724 911-4 1219-4 [1085-0]
Miagrammaopes animoius 34 35 8990 791-1 825-1[829.3]
Miagrammapes species 11 108 254 7834 794.4 [829-3]
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(t-test, 1 = 3-824, P = 0-003). The mean value of the
four species’ adhesive threads (377 503 UN mm™) is
13-2 times greater than that of eight species’ cribellar
threads (28 668 uN mm ™).

The range of stickiness per thread volume among
araneoid species is much greater than among ulaborid
species (Fig. 3). However, in both groups, interspe-
cific differences are explained by a negative relation-
ship between spider mass and stickiness per volume:
smaller spiders produce capture threads that achieve
their stickiness with a greater material economy than
do the threads of larger spiders. Spearman. rank-order
carrelations for spider mass and stickiness per thread
volume for uloborid and araneoid orb-weaving
species are — (80 and — ¢-90, respectively. As ulo-
borid masses range from 4 to 13 mg and araneoid
masses range from 7 to 647 mg, interspecific differ-
ences are much more pronounced among araneoid
than uloborid species.

THREAD VOLUME

Change in spider mass is normally distributed for both
uloborid  and  araneoid orb-weaving  species
(Shapiro-Wilk W-Statistic P = (-633 and 0-243,
respectively). Although change in capture thread vol-
ume was normally distributed for araneoid orb-
weavers (P = 0-169) it was not normally distributed
for cribellate orb-weaving species (P = 0-037) and did
not became so when log-transformed (P = (-021). To
normalize the data for uloborids, the analysis values
for the two reduced-web species that had the greatest

N NN N N N NN NN N R e ———
J NN RN RN NN NN NN NN S

3 4 5 6 7 8 9 10 11 12 13
Cribeitar thread Adhesive thread

Fig. 4. Histogram comparing the relative stickiness of cribellar and adhesive prey
capture threads. Numbers refer to species numbers given in Table 1. Error bars for
adhesive threads represent £ 1 standard error.

thread stickiness (M. animotus and H. gertschi) were
added ta, This made the change in thread volume of
the six uloborid species normally distributed
(P = 0:162) and improved the normality for the
change in mass of these species (P = (-742). The
regression of change in capture thread volume and
change in spider mass is significant for both uloborids
and aranecids (Fig. 3), but a test of the homogeneity
of these regression slopes shows that they differ
(F = 005, P = 0-0197). This shows that, relative 1o
spider mass, cribellar threads contain a greater volume
of material than do adhesive threads. The great differ-
ence in the slopes of these regression lines and the fact
that all points for the Uloboridae lie on the regression
line indijcate that the inclusion of the twa reduced-web
uloborid species, M. animotus and H. cavatus, in this
analysis does not compromise this conclusion.

THREAD STICKINESS

Both changes in spider mass and changes in capture
thread stickiness were normally distributed for the
five arh-weaving ulaborid species (P = 0-392, 0-579,
respectively) and the five aranecid species (P =0-311,
0-313, respectively). Change in the natural log of spi-
der mass was used instead of change in spider mass, as
it improved the fit of the regression lines for hoth
¢lades (for uloborids P 0-066 — (0-050; for araneoids
P 0186 — (-027) and was normally distributed for
both clades (P > 0-240). A test of the homogeneity
showed that the regression slopes for change in cap-
ture thread stickiness and change in the log, of spider
mass did not differ between uloborids and aranecids
(Fig. 6, F = 0-06, P = 0-82). However, a one-tailed r-
test showed that the y-intercept of the regression line
for araneoids was greater than that for uloborids
(t= 3061, 0-010 < P < 0-025). This shows that, rela-
tive to spider mass, adhesive threads are stickier than
cribellar threads.

LIMITS TO THE STICKINESS OF CRIBELLAR THREADS

The ecribellar threads of uloborids that construct
reduced-wehs containing shorter lengths of capture
threads demonstrate that the material cost of praducing
cribellar thread and not spider size limits cribellar
thread stickiness. The spider masses and cribellar
thread stickiness values of the five orb-web species and
those of the four reduced-web species are normally dis-
tributed (P = 0-517). Mass does not differ between orb-
web species and reduced-web species (r-test, £ = [-42,
P = 0-20), yet the reduced-web species produce cribel-
lar threads that are, on average, 1-88 times stickier than
those of the orb-weaving species (i-test, £ = 7-42,
P=0:0001). Both species of Miagrammopes weigh less
than half as much as these orb-weaving species (mean
masses 4-36 and 9-77 mg, respectively). However, they
produce threads that are 1-89 times stickier than those
produced by the orb-weaving species. Furthermare,
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Fig. 5. Regression of changes in spider mass and changes in
the volume of material invested in cribellar and adhesive
capture threads (one point hidden). Numbers refer to species
numbers in Table 1.

although the average mass of the four uloborid species
that construct reduced-webs is only 2% that of the five
araneoid species, their cribellar threads are as sticky as
the adhesive threads produced by these larger spiders
(t-test, t = 077, P= (47 stickiness values of araneoids
are normally distributed, P = 0-840).

BENEFITS OF CAPTURE THREAD RECYCLING

Figure 7 models the comhbined material and behavioural
costs of webs constructed by spiders of different
masses. The cost of constructing a cribellate orb-weh
is equivalent to about 85% of a spider's mass. Silk
recycling and the production of capture thread that
achieves stickiness with the material economy of
adhesive thread each reduce this total cost by about
33%. Thus, in constructing an orb-web with recycled
silk, cribellate orb-weavers expend a silk dry mass
equivalent to about 58% of their masses, whereas
adhesive orb-weavers invest material equivalent to
aonly 35% of their masses.

Discussion

This study supperts the hypothesis that adhesive
capture threads are less costly to produce than
cribellar threads. Relative to the volume of material
they contain, adhesive threads are 13 times stickier
than cribellar threads produced by orb-weaving
uloborids. Relative to spider mass, adhesive orb-
weavers invest less material in their capture threads,
but produce stickier threads than cribellate arb-
weavers. These differences may have favoured the
origin of adhesive orb-weavers and contributed to
the success of these spiders.

Comparison of the material that covers the axial
fibres of cribellar and adhesive capture threads result
in a conservative test of these hypotheses. This

comparison tends to underestimate the volume of
material invested in cribellar threads and overestimate
the volume of material invested in adhesive threads.
The fibrils that form a cribellar thread’s outer surface
are looped and coiled (Fig. 1a). However, as the
amount of coiling cannot be quantified, their volume is
computed as if these fibrils were straight, therehy
probably underestimating their volume by at least
50%. This more than allows for the fact that cribellar
fibrils may have a greater density than the viscous
material of adhesive threads.

The stickiness of adhesive capture thread is less
costly to achieve than its volume indicates for three
reasons. First, water forms about 80% of an adhesive
droplet's volume (Gosline et af. 1986), whereas the
fibrils of cribellar threads are formed entirely of
protein. Consequently, it should be less costly for a
spider to produce a given volume of adhesive thread
than the same volume of cribellar thread. Second, the
stickiness of cribellar threads is directly related to the
number and therefore the volume of cribellar fibrils
they contain {(Opell 1994h, 1995), whereas the sticki-
ness of adhesive threads resides in their glycoprotein
nodules which constitute only a part of each droplet's
volume (Peters 1995; Tillinghast ez 4f. 1993; Vollrath
1992: Vollrath & Tillinghast 1991). Although the
solution that surrounds these nodules enhances thread
extensibility (Vollrath & Edmonds 1989), it does not
appear ta contribute directly to thread stickiness. This
solution does contribute indirectly to stickiness, as it
serves as the vehicle by which glycoproteins are
deposited and maintains an aguecus environment for
these nodules. Third, adhesive threads contain low and
high molecular mass hygroscopic agents, both of which
attract water at relative humidities {rh.) in excess of
50% (Townley et al. 199]). As the dimensions of
adhesive thread droplets were measured after they were
kept at 60-62% rh. for 2—4 h, some of their volume
ariginated from the atmosphere and not the spider that
produced them.
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Fig. 6. Regression of changes in spider mass and changes in

the stickiness of eribellar and adhesive capture threads.
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material cost of producing this thread and not by spi-
der size or spinning apatomy. Small Miagrammaopes
species produce cribellar threads that are not only
stickier than those of larger cribellate orh-weavers,
but are as sticky as the adhesive threads produced by
the largest orb-weaving species. This is energetically
possible because their reduced webs contain much
shorter lengths of cribellar thread than do orb-webs
constructed by other uloborids. Within  the
Ulohoridae, the total stickiness and total volume of
cribellar threads in uloborid webs are, regardless of
their architecture, directly related to spider mass
(Opell 1996). Species that construct reduced wehs
maintain the prey capture potential of these webs by
producing stickier but mare costly cribellar threads.
The greater cost of achieving capture thread sticki-
ness may have constrained the size of orb-weaving
spiders that preduce this type of capture thread
Uloborid species are all rather small. The species
included in this study are characteristic of this family
and the two larger species representative of its upper
size limit (Opell 1979). Conversely, the lower cost of
achieving adhesive capture thread stickiness and the
relationship between the masses of these orb-weavers
and the volume of material they invested in their

Cost of web construction: {a)

4501 Threahold of profitability for webs with:
{b{ Cribellar thread

{c] Cribellar thread and recycling
400 - {d) Adhesgive thread and recycling

Silk or prey mass (mg)
[ %)
o
(=]

.

100 110 120

a 10 20

T AL SLEN L | T T

0 4 5 60 70 480
Spider mass (ma)

Fig. 7. The combined materia] and behavioural cost of constructing spider orb-webs
and the mass of prey that spiders must capture to recover this cost. {a) Silk mass
equivalent to the material and hehavioural cost of constructing a cribellate orb-web if
silk is not recyeled (¥ = 0-851% - 0-003). {(b) The live mass of prey that a spider roust
captore to recover the total cost of constructing a  cribellate orh-web
(Y= 4.528X — (:016). {c) The live mass of prey that a spider must capture to recover
the total cost of canstructing a cribellate orb-web using silk recycled from a previous
weh (¥ =3.079% ~ 0-011). (d) The live mass of prey that a spider that recycles its silk
must capture to recover the cost of constructing an orb-web with adhesive thread
whose stickiness is equal to that of cribellar thread (¥ = 2-038X — 0-007).

threads suggest that their size is not as highly con-
strained by the cost of producing capture threads as is
that of cribellate orb-weavers.

For both uloborid and deinopoid orb-weavers, silk
recyeling significantly improves the economy of web
use. These differences are reflected in the mass of
prey that spiders must capture to recover the cost of
constructing an orb-web. Without web recycling a
cribellate orb-weaver must capture an insect whose
mass is 4-5 times greater than its own; with recycling,
3 times greater; and, with hoth recycling and the pre-
duction of less costly capture thread, 2 times greater.
Although these values provide a useful general per-
spective on the economy of orb-web use, the data and
assumptions used in their computation warrant empir-
ical confirmation. As orb-webs capture insects that
belong to different size and taxonomic groups
(Eberhard 1990), the energetics of orb-web use are
probably influenced significantly by the nutrient con-
tent, degree of scleratization and size of the insects
captured.

Cribellate and adhesive orb-webs differ in many
respects, including their orientation and the extensi-
hility and spectral properties of their capture threads.
Therefore, other factors in addition to the lower cost
and greater stickiness of adhesive threads have proba-
bly also contributed to the success of adhesive orb-
webs. The vertical orientation of most of these webs
(Bond & Opell 1998) allows them to intercept more
prey than the typically horizontally oriented cribellate
orh-webs (Eberhard 1989). However, vertical orb-
webs tend to intercept faster flying insects than do
horizontal arb-webs and therefore must absorb greater
kinetic energies (Eberhard 1986, 1989; Craig
1987a,b). Adhesive capture threads have a unique
windlass mechanism that increases their extensibility
(Vollrath & Edmonds 1989; Kohler & Vollrath 1995)
and may increase a weh's overall elasticity, thereby
enhancing its ahility to dissipate energy through aero-
dynamic dampening (Lin, Edmaonds & Vollrath 1995).
The flat or low ultraviolet light reflectance spectra of
adhesive threads increases an adhesive orb-web’s
ability to intercept prey by making it less visible to
insects (Craig 1988, 1990; Craig & Bernard 1990;
Craig et al. 1994). Thus, the success of adhesive orb-
weaving spiders appears to result from a combination
of the greater material economy and stickiness of their
capture threads and the architectural, mechanical and
spectral properties of their orb-webs.

Spiders that construct cribellate orb-webs appear to
persist because their webs continue to function effec-
tively in some habitats and because they experience
anly partial niche overlap with most adhesive orb-
weaving species. In some habitats, cribellate orb-
weavers may actually have advantages over vertical
arb-webs. For example, in a number of lowland forests
on New Zealand's North Island, Waitkera waitakeren-
sis is much more common than are aranecid orb-
weavers (B. D. Opell, unpublished observations). For
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insects that fly upward from the forest floor, horizontal
orb-webs that reflect ultraviolet light may either be
invisible against patches of sunlight that filter through
the forest canopy (Eberhard 1990) or these wehs may
attract insects that fly toward the canopy or toward
open patches of forest. As horizontal orb-webs are typ-
ically less taut than vertical orb-webs, they oscillate
maore in wind currents and are better equipped to cap-
ture insects that fly parallel to their planes (Craig,
Akira & Andreasen 1983). Horizontal orb-webs may
also provide access to microhabitats that offer abun-
dant prey but insufficient space to accommodate verti-
cal orb-webs (Eberhard 1990)..For example, on closely
trimmed shrubbery, Uloborus glomosus is more abun-
dant than araneoid orb-weavers (B. D. Opell, unpuh-
lished ohservations), presumably because the smaller
spaces of this babitat can better accommodate their
small, horizontal, cribellate orb-webs than they can the
larger, vertical adhesive orb-webs of araneoids.

Several features that contribute to araneoid diver-
sity also reduce the competition between cribellate
and adhesive orb-weaving spiders. The low ultraviolet
light reflectance of adhesive threads produced hy
some araneoids allows these spiders to build their web
in more brightly lighted habitats where cribellate orb-
webs would be more conspicuous to insects and,
therefore, less effective (Craig er @l 1994). Adhesive
orb-weavers also mature over a larger size range than
do cribellate orh-weavers. Adult female uloborids do
not exceed a mass of about 12 mg, whereas araneoid
arb-weavers range in mass from a few mg to over
600 mg. In temperate regions where orb-weaving spi-
ders mature during a single growing season, the
increased material economy with which adhesive orb-
webs achieve their stickiness may be a key factor
enabling these species to reach larger adult sizes
{Opell 1997). The larger, vertically oriented orh-webs
constructed by these araneoids require attachment
sites with different characteristics than those used by
uloborids.
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