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Building structures and aggregating can increase an animal’s ﬁtness, but the beneﬁts come at a cost.
Some orb web spiders build multiple structures or build in aggregations, which may have the same effect
on prey capture success as the addition of a structure. As these structures often appear together, they
may bestow interactive beneﬁts not realized if the structures were added alone. We performed ﬁeld
experiments to investigate whether the multiple structures associated with the orb webs of two spider
species provide interactive beneﬁts. The orb web spider Nephila clavata adds barrier webs and prey
carcass decorations to its webs. We manipulated their webs in the ﬁeld by removing either, both or
neither the barrier webs or the carcass decorations. We found that prey interception rate was greatest
when neither barrier webs nor carcasses were present but, for the prey caught, the prey retention rate
was greatest with both structures present. Another orb web spider, Cyclosa mulmeinensis, adds prey
carcass decorations and forms aggregations. We manipulated the decorations and aggregations of
C. mulmeinensis in the ﬁeld to determine their interactive inﬂuences. In solitary webs and webs with
decorations, prey capture rates were lower than those without structures. These negative foraging
effects, however, did not exist in decorated webs that were in aggregations. Our results thus show that
multiple structures, individually, are costly, but interactively they provide substantial beneﬁts.
Ó 2010 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Animals build a diversity of structures, such as nests, burrows,
traps and retreats, from biological or inert materials, secretions or
wastes (Hansell 2005). A structure provides beneﬁts such as
improved reproductive output, shelter, thermoregulation, protection from predators or foraging gain, but these beneﬁts come at
a cost (Korb 2003; Hansell 2005; Manicom et al. 2008; Brown &
Funk 2010). This cost includes the energy expended gathering
and/or synthesizing the materials, time taken away from foraging,
reproduction or social activities, exposure to predation and physiological stress (Korb 2003; Hansell 2005; Mainwaring & Hartley
2009). Secondary structures added to a construction may provide
additional beneﬁts that counteract the cost. For example, aromatic
or toxic plant material or protective turrets may be added to
preconstructed retreats of birds, spiders or beetles as extra
protection from predators (Lafuma et al. 2001; Hansell 2005;
Williams et al. 2006; Brown & Funk 2010). Despite the beneﬁts,
the building of multiple structures by animals is rare, suggesting
that the overall cost of construction is usually greater than the
* Correspondence: I.-M. Tso, Department of Life Science, Tunghai University,
Taichung 40704, Taiwan.
E-mail address: spider@thu.edu.tw (I.-M. Tso).

accumulated beneﬁts (Lens et al. 1994; Korb 2003; Hansell 2005;
Manicom et al. 2008). Multiple structures, however, may together
provide beneﬁts that are not realized when each acts alone. To our
knowledge, however, no study aiming to understand the evolutionary signiﬁcance of coexisting structures has accounted for
combined or interacting effects. This failure to account for interactions may have led to unrealistic conclusions (e.g. the beneﬁt of
one structure depends upon the presence of a second structure, so
studying each structural component in isolation is problematic).
Spider webs are structures for which many of the costs and
beneﬁts of their construction can be estimated (Craig 2003). The
principal cost for a spider building a web is the energetic cost of silk
synthesis and web-building activity (Prestwich 1977; Tanaka 1989;
Craig 2003). Building webs additionally consumes and diverts
resources such as energy, nutrients, amino acids and time away
from somatic maintenance (Craig 2003). The spider web is, thus,
a delicate balance between maximizing prey capture efﬁciency and
minimizing the cost. Additionally, spiders often add conspicuous
secondary or tertiary structures to their webs (Eberhard 1990;
Herberstein et al. 2000; Manicom et al. 2008) and some species
aggregate (Whitehouse & Lubin 2005), which may serve to avoid
predators or improve foraging gain in a similar way to a secondary

0003-3472/$38.00 Ó 2010 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.anbehav.2010.09.011

948

S.J. Blamires et al. / Animal Behaviour 80 (2010) 947e953

or tertiary web structure (Uetz 1989, 1996; Aviles & Bukowski
2006). Thus, web-building spiders are excellent model organisms
for testing hypotheses regarding the interactive beneﬁts of multiple
components in animal structures.
When multiple webs are found in close proximity, insects that
bounce off or ﬂy through any one web are likely to have their
velocity reduced, thereby rendering them easily caught by another
web (Uetz 1988, 1989; Henaut et al. 2001; Yip et al. 2008). The more
webs in the vicinity, the more likely it is that an insect will eventually be caught. This phenomenon is described as the ‘ricochet
effect’ (Uetz 1989) and has been proposed as having an evolutionary beneﬁt associated with spider web aggregations (Uetz
1989, 1992, 1996). Aggregated webs may, additionally, allow
spiders to share silk with their neighbours and reduce the synthesis
costs of web building, improve web mechanics and amplify the
signal of any decorations (Craig 1991; Fernandez Campon 2007; Yip
et al. 2008). Aggregations, none the less, are rare in spiders, owing
to substantial associated costs (Uetz 1996). These costs include

competition for proﬁtable food, increased kleptoparasitic load and
inbreeding depression (Elgar 1989; Uetz 1996; Whitehouse & Lubin
2005; Aviles & Bukowski 2006; Bilde et al. 2007).
Decorating the web with prey carcasses and other materials is
a peculiar example of a secondary structure added to the webs of
Nephila spp. and Cyclosa spp. (Herberstein et al. 2000; Eberhard
2003; Grifﬁths et al. 2003; Bjorkman-Chiswell et al. 2004; Chou
et al. 2005; Tan et al. 2010). Prey attraction via odour emission
has been described as the principal function of prey carcass decorations in Nephila (Bjorkman-Chiswell et al. 2004). Many Nephila
spp. construct barrier webs onto which the prey carcass decorations are added (Fig. 1). Barrier webs may function to protect and/or
shelter the spider, provide mechanical support to the web or aid
moisture gathering (Lubin 1975; Higgins 1992). Additionally, they
increase prey capture efﬁciency via ‘ricochet effects’ (Higgins 1992).
The interactive ﬁtness beneﬁts afforded Nephila spiders by building
barrier webs and adding prey carcass decorations are, however,
unknown. Cyclosa spp. use prey carcasses, detritus or eggsacs to

Figure 1. (a) Female Nephila clavata and (b) prey carcass decorations in a web of N. clavata. (c) Schematic drawing of a typical web complex constructed by female N. clavata.
O: orb web; B: barrier web; P: prey carcass decorations.
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build web decorations, which principally serve as camouﬂage or act
as decoys to predators (Herberstein et al. 2000; Eberhard 2003;
Chou et al. 2005; Tseng & Tso 2009). The principal costs of decorating are associated with silk production and decreased prey
attraction (Chou et al. 2005; Nakata 2009; Tan & Li 2009). Most
Cyclosa are solitary; however, C. mulmeinensis often forms aggregations of 10e30 individuals, presumably to increase prey capture.
The interactive effects of building prey carcass decorations and
aggregating have never been quantiﬁed in C. mulmeinensis. Argiope
spp. may build decorations in aggregations, but there is conﬂicting
evidence about the importance of this. Some research suggests that
the signal function of the decoration is ampliﬁed in aggregations
(Craig 1991), but other research suggests that it is not (Justice et al.
2005; Rao et al. 2009). Nephila and Cyclosa rebuild their orb web
daily, but do not dismantle the decorations or the barrier webs.
Hence it appears that substantial costs render it unproﬁtable to
build these structures repeatedly (Tanaka 1989).
To investigate whether multiple components interactively inﬂuence orb web prey capture efﬁciency, we performed ﬁeld experiments to examine the interactions between prey carcass decorations
and barrier webs in Nephila clavata, and between aggregations and
prey carcass decorations in C. mulmeinensis. As we hypothesized that
the barrier webs of N. clavata and the aggregations of C. mulmeinensis
serve similar functions, that is, to increase prey capture efﬁciency of
the web via ‘ricochet effects’, we treated aggregations as a form of
barrier web. We assessed prey interception and retention rates in
N. clavata and C. mulmeinensis webs by removing either, both or
neither the barrier web or the carcass decorations. We predicted that
if barrier webs/aggregations and decorations interact to facilitate
foraging success, then their combined effect should be greater than
each of their effects in isolation. If barrier webs and decorations do
not interact to facilitate foraging success, then their combined effect
should be no more than the sum of their effects in isolation. We
consider no effect on foraging success or a reduction in foraging
success as equally detrimental.
METHODS
Nephila clavata Web Manipulations
We determined the foraging success for N. clavata webs when
a spider was present on the web by collecting 15 days of data on
individual spiders in the forest around Sun Moon Lake, Chi-Tou
Recreational Area, Taiwan (23 360 N, 120 480 E) in October 2005 and
January 2006. Nephila clavata (Fig. 1a) webs are usually composed of
vertical orb webs with barrier webs on both sides of the orb and
partially consumed prey carcasses assembled in a line on the barrier
web (Fig. 1b, c). Each set of ﬁeld experiments were conducted for 15
days. We randomly selected webs to generate four treatment groups:
(1) barrier webs and prey carcasses left intact (the BP treatment
group); (2) both the carcasses and barrier webs removed (the O
treatment group); (3) barrier webs removed but carcasses left intact
(the P treatment group); and (4) carcasses removed but barrier webs
left intact (the B treatment group). We used forceps and burning
incense to remove barrier webs and carcasses, leaving the orb web
unaffected. Spiders were removed from their webs and their cephalothorax length was measured using callipers (to the nearest
0.01 mm) to ensure similar-sized spiders were used in all tests. As we
were interested in the inﬂuence of barrier webs and prey carcass
decorations on prey capture in N. clavata webs when N. clavata was
occupying the web, all spiders were returned to their webs to forage
after being measured. Nephila clavata are brightly coloured (Fig. 1a)
with coloration varying slightly among individuals. We, therefore,
repeatedly used the same individuals for the same manipulations
over the entire study period to avoid the potential for body
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coloration (Tso et al. 2002, 2004) and site-speciﬁc prey availabilities
to inﬂuence prey attraction rates. The spiders were not individually
marked to avoid altering the coloration of the spider’s body; instead,
web location was marked with coloured ﬂagging tape. When we
were forced to ﬁnd a replacement spider because a particular spider
had moved or died, we replaced it with a spider of similar size and
colour, based on measurements, from a similar location. As the webs
(not the spiders) were the subject of our manipulations and each
web was built anew each day, all manipulated webs were considered
independent samples.
Cyclosa mulmeinensis Web Manipulations
The site for this research was a coastal rock platform near YuRen Village on the north coast of Orchid Island (22 030 N, 121320 E),
southeast of Taiwan, in September 2006. All age classes build
vertically oriented prey carcass decorations, although adult females
may add eggsacs to the upper half of the web and prey carcasses to
the lower half (Fig. 2a). The study area experiences constant strong
offshore winds and many C. mulmeinensis there build their webs in
aggregations (Fig. 2b). We created the following treatment groups
(N ¼ 31 for each): (1) aggregated webs with decorations left intact
(the BP treatment group); (2) solitary webs with decorations
removed (the O treatment group); (3) solitary webs with decorations left intact (the P treatment group); and (4) aggregated webs
with decorations removed (the B treatment group). To create solitary webs in the study site, we removed all the neighbouring
spiders and webs from a focal spider in an aggregation. The removal
of web components and spider body measurements were done as
described for ‘N. clavata webs’ with the same spider used repeatedly unless the spider had moved or died.
Web Area Calculation
We measured (using a tape measure) the radius of N. clavata and
C. mulmeinensis orb webs in four cardinal directions (up, down, left
and right) to calculate the orb web catching area using the formula
(Herberstein & Tso 2000):
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2
2
2
2
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2
2
and ral ¼
where rau ¼
2
2
where rau is the adjusted radius of the upper orb half, ral is the
adjusted radius of the lower orb half, ru is the radius of the upper
orb half, rl is the radius of the lower orb half, dh is the horizontal orb
diameter, Hru is the radius of the upper hub half and Hrl is the
radius of the lower hub half.
ru þ

Video Processing and Statistical Analyses
We placed Sony TRV 118 Hi-8 video cameras 1e2 m away from
all webs. Video cameras were set up at angles to the web to
maximize the focus on the spider and web area within the
constraints of the surrounding habitat, with most of the cameras
set up approximately perpendicular to the web. The cameras
recorded all insect prey intercepted by webs and consumed by
spiders between 0900 and 1700 hours. We ceased recording if it
rained or other adverse conditions occurred. Video footage was
viewed in the laboratory at Tunghai University on a computer or
television. The area of web visible within the ﬁeld of view on the
monitor/television was estimated using spider size as a reference
for all footage. All prey interception and capture events were
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Figure 2. (a) Female Cyclosa mulmeinensis with eggsac and prey carcass decorations on web. (b) Cyclosa mulmeinensis in an aggregation with decorations on the webs in a typical
habitat on Orchard Island, Taiwan.

recorded. We deﬁned an interception event as prey brieﬂy interacting with the web and prey capture as prey being entangled in the
web for >5 s. We did not distinguish between prey interception and
prey capture in C. mulmeinensis webs because it was not possible to
ascertain whether a captured prey had ﬁrst interacted with another
web when in an aggregation. Prey length was estimated using
spider body length as a reference in both studies. Prey interception
and capture rates were determined as the number of prey intercepted or captured/h per 100 cm2 of web capture area. Prey capture
efﬁciency was deﬁned as the proportion of insects intercepted that
were retained in the web. Too few predators were observed interacting with webs or spiders in either study (N ¼ 4 for N. clavata and
N ¼ 5 for C. mulmeinensis) to incorporate them into our analyses.
To compare the prey interception and capture rates of N. clavata
BP, P and B webs with those of O webs, because parametric tests
were not appropriate (data were not normally or Poisson distributed, even after log and probit transformations), we used KruskaleWallis nonparametric tests and Dunn’s post hoc comparisons.
In Dunn’s tests, calculations of observed Q and critical Q0 values and
statistical signiﬁcance followed Zar (1999). We used one-tailed
tests to perform multiple post hoc comparisons for the following
reason. In this study, we tested the hypothesis that barrier webs
and decorations combine to increase foraging. Adding these
structures uses time, energy and silk (material) so the spider
experiences a cost or debt when building them. We wanted to
know if that debt is paid back or exceeded (i.e. the spiders gain
foraging beneﬁts) when two structures are built. Should we ﬁnd no
foraging beneﬁt, a debt is incurred by the spider, so building the
construction is detrimental. Should there be a negative effect on
foraging, a debt is still encountered by the spider and building the
construction is still detrimental. Since no effects or negative effects
are both detrimental to the spider, they can be regarded as equivalently negative outcomes (Ruxton & Neuhauser 2010). Therefore,
the one-tailed Dunn’s test is biologically relevant to perform to
test the interactive beneﬁt of a spider adding multiple structures to
its web.

To compare the prey capture rates of C. mulmeinensis BP, P and B
webs with those of O webs, we used two-way analysis of variance
(ANOVA) with pairwise least signiﬁcant difference (LSD) post hoc
comparisons. One-way ANOVA and LSD post hoc comparisons were
also used to compare the size of prey intercepted and caught by
N. clavata webs across the four treatments. KolmogoroveSmirnov
tests and Levene’s tests were used to test for a normal distribution
and homogeneity of variances, respectively. A chi-square test of
homogeneity was used to compare prey capture efﬁciency between
the four N. clavata treatments. Too few observations were made of
prey retention to calculate and compare prey capture efﬁciency for
the C. mulmeinensis web treatments.
RESULTS
Nephila clavata Webs
We viewed a total of 1226 h of video footage: 314 h for the BP
treatment (N ¼ 54 webs), 276 h for the O treatment (N ¼ 41 webs),
292 h for the P treatment (N ¼ 55 webs) and 344 h for the B treatment (N ¼ 51 webs). We found signiﬁcant differences between the
prey interception (O treatment > all other treatments; Table 1) and
prey capture rates (O treatment ¼ BP treatment > all other treatments; Table 1, Fig. 3a). We found a signiﬁcant difference between
the prey capture efﬁciencies of the four treatments (c2196 ¼ 964.51,
P < 0.0001). More than 68% of prey intercepted by the BP webs was
captured, but the prey capture efﬁciency for the other treatments
ranged from 35% for the O treatment and P treatment to 25% for the
B treatment (Fig. 3a). We found a signiﬁcant difference in the size
of prey intercepted (F3,686 ¼ 4.406, P ¼ 0.007) and captured
(F3,450 ¼ 3.674, P ¼ 0.012) among the four treatments (Fig. 3b). Prey
intercepted by webs in the BP and P treatments were similar in size,
and larger than those in webs from the other two treatments
(Table 2). Prey captured in the B treatment were signiﬁcantly smaller
than those captured in webs from the other three treatments, which
all caught similar-sized prey (Table 2, Fig. 3b).
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Table 1
Results of KruskaleWallis (KeW) and post hoc multiple comparisons: one-tailed
Dunn’s test comparing prey interception and capture rates of Nephila clavata webs
(number of prey intercepted or captured/h per 100 cm2 web area) in four treatment
groups
Comparisons

Overall
O vs BP
O vs P
O vs B

Prey interception rates

Table 2
Results of least signiﬁcant difference (LSD) pairwise tests comparing the size of prey
intercepted and captured by Nephila clavata in four treatment groups
Treatment

Prey capture rates

KeW statistic/
Q vs Q0 (1)0.05.4

Signiﬁcant

KeW statistic/
Q vs Q0 (1)0.05.4

Signiﬁcant

c23¼9.373
2.939>2.128
3.921>2.128
3.149>2.128

P¼0.025
Yes
Yes
Yes

c23¼18.364
1.562<2.128
2.725>2.128
2.395>2.128

P<0.001
No
Yes
Yes

BP: webs containing both barrier webs and prey carcass decorations; O: webs with
both the barrier web and prey carcasses removed; P: webs with barrier web
removed leaving only prey carcass decorations; B: webs with the prey carcasses
removed leaving only barrier webs.
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BP
O
P
B

Prey intercepted

Prey captured

BP

O

P

B

BP

O

P

B

d
0.067
0.631
0.043

1.833
d
0.023
0.730

0.481
2.270
d
0.015

2.024
0.346
2.432
d

d
0.484
0.424
0.018

0.071
d
0.118
0.061

0.800
1.568
d
0.002

2.371
1.882
3.169
d

BP: webs containing both barrier webs and prey carcass decorations; O: webs with
both the barrier web and prey carcasses removed; P: webs with barrier web
removed leaving only prey carcass decorations; B: webs with the prey carcasses
removed leaving only barrier webs; upper diagonal: LSD, t statistics; lower diagonal:
P values.

DISCUSSION
Cyclosa mulmeinensis Webs
A total of 750 h of video footage of C. mulmeinensis webs was
viewed: 155 h for the BP treatment, 203 h for the O treatment,
194 h for the P treatment and 198 h for the B treatment (N ¼ 31 for
each). We found that the rate of prey capture differed between the
four treatments (one-way ANOVA: F3,117 ¼ 7.11, P < 0.001; Fig. 4).
The BP and O treatments had greater prey capture rates than the P
and B treatments (Table 3). Even though, as separate treatments,
the prey capture rate of all aggregated webs (with or without
decorations; BP or B treatments) did not differ signiﬁcantly from
that of solitary webs (O or P treatments), there was a strongly
signiﬁcant effect for the interaction between aggregation/solitary
and decorated/undecorated webs (Table 4).

No. prey/h per 100 cm2

0.06
Prey intercepted

(a)
0.05

Prey caught

0.04
0.03
0.02
0.01
0

This study is the ﬁrst to demonstrate experimentally that
multiple structures interactively enhance the performance of an
animal’s structure. We showed that the orb web spiders N. clavata
and C. mulmeinensis enhance the prey capture efﬁciency of their
webs when they add both prey carcass decorations and barrier
webs/aggregations to them. Individually these structures have
a negative effect on prey capture efﬁciency. As prey carcass decorations almost always co-occur with barrier webs/aggregations (for
N. clavata and C. mulmeinensis, respectively) in our study populations, the selection pressure for co-construction of these web
components appears to be considerable.
We found that prey interception rate was greatest when we
removed both barrier webs and prey carcass decorations from N.
clavata webs (O treatment). This may have occurred because both
the barrier webs and prey carcass decorations are highly visible to
insects (Chou et al. 2005; Tan & Li 2009) and were, consequently,
avoided. A previous study found that the prey carcass decorations
of Nephila edulis attract ﬂies (Bjorkman-Chiswell et al. 2004). The
majority of the insects encountering the webs in this treatment
group were small (<5 mm body length) insects. While ﬂies were
well represented among the larger prey encountered by the P
treatment webs, they were not encountered frequently enough by
these webs to enhance the overall prey interception rate signiﬁcantly. The webs with both barrier webs and prey carcass decorations intact caught signiﬁcantly larger insects than those without
prey carcass decorations and we frequently witnessed large insects
(mostly ﬂies >5 mm body length) hovering around and landing on
the prey carcasses, suggesting agile scavengers are attracted to

0.8
0.8

0.6

0.4

0.2

0

BP

O

P

B

Treatment
Figure 3. (a) Mean þ SE prey interception and capture rates (number of prey intercepted or caught/h per 100 cm2 of web capture area) in N. clavata webs. (b) Mean þ SE
body length of prey (cm) intercepted or captured in N. clavata webs. BP: webs containing both barrier webs and prey carcass decorations; O: webs with both the barrier
web and prey carcasses removed; P: webs with barrier web removed leaving only prey
carcass decorations; B: webs with the prey carcasses removed leaving only barrier
webs.

No. prey/h per 100 cm2

Prey body length (cm)

(b)
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

BP

O

P

B

Treatment
Figure 4. Mean þ SE prey capture rates (number of prey caught/h per 100 cm2 of web
capture area) of C. mulmeinensis webs. BP: webs in aggregations with prey carcass
decorations; O: solitary webs with prey carcasses removed; P: solitary webs with prey
carcass decorations; B: aggregated webs without the prey carcasses.
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Table 3
Results of least signiﬁcant difference (LSD) pairwise tests comparing the prey
capture rates (number of prey captured/h per 100 cm2 web area) of C. mulmeinensis
webs in four treatment groups

BP
O
P
B

BP

O

P

B

d
1.212
2.584
0.012

0.228
d
3.766
<0.001

0.011
<0.001
d
0.976

2.554
3.736
0.030
d

BP: webs in aggregations with prey carcass decorations; O: solitary webs with prey
carcasses removed; P: solitary webs with prey carcass decorations; B: aggregated
webs without the prey carcasses; upper diagonal: LSD, t statistics; lower diagonal:
P values.

them. These insects often collided with the barrier web and, as
a consequence, altered their ﬂight path towards the web, resembling ‘ricochet effects’ (Uetz 1989). These prey sometimes escaped
from the barrier web, but enough were retained to affect the prey
capture efﬁciency of the webs when both barrier webs and prey
carcass decorations were intact. Smaller prey were unaffected by
the presence of the barrier webs or prey carcass decorations, with
most of them ﬂying past the decorations and through the barrier
webs. The prey carcass decorations of N. clavata thus lure large prey,
as described by Bjorkman-Chiswell et al. (2004) to the barrier webs,
causing them to alter their ﬂight behaviour and increasing the
probability of their capture.
Barrier webs are complex three-dimensional structures
requiring a complex construction behaviour (Higgins 1992), which
may explain why N. clavata does not repeatedly dismantle and
reconstruct them. We found that prey interception and retention
were signiﬁcantly reduced when just a barrier web was added to an
orb web. Even if prey carcass decorations are incorporated onto the
barrier web, prey capture efﬁciency is enhanced only to an extent
that the prey retention is similar to that of webs with neither
structure present. Barrier webs and prey carcass decorations,
accordingly, appear to be unproﬁtable structures for the spiders to
build. Nevertheless, barrier webs have other beneﬁts, for example
protecting the spiders from wasp attack and moisture gathering
(Lubin 1975; Higgins 1992). Prey carcasses also have functions
other than prey attraction, such as caching of food (Champion de
Crespigny et al. 2001; Grifﬁths et al. 2003). These beneﬁts, along
with the combined beneﬁt of enhancing prey capture efﬁciency,
may make adding barrier webs with prey carcass decorations to orb
webs proﬁtable. Additionally, the majority of the prey caught in
webs with barrier webs and prey carcass decorations present are
large, and when spiders consume large prey growth rates and
fecundity are enhanced (Venner & Casas 2005). Thus, adding both
barrier webs and prey carcass decorations to their orb webs may
bestow ﬁtness beneﬁts on N. clavata, providing selection pressure
for the construction of barrier webs with prey carcass decorations.
Only small prey were caught in C. mulmeinensis webs. Solitary
C. mulmeinensis webs with prey carcass decorations caught fewer
prey than solitary spiders on undecorated webs, suggesting that the
prey carcass decorations on solitary C. mulmeinensis webs were not

Table 4
Results of two-way ANOVA evaluating the individual and interacting effects of
aggregation and decoration on prey capture rates of Cyclosa mulmeinensis
Source

Type III sum
of squares

df

Total
Intercept
Decoration
Aggregation
Interaction
Error

41.195
26.263
0.074
0.082
2.147
12.558

121
1
1
1
1
117

Mean
square

F

P

26.263
0.074
0.082
2.147
0.107

244.691
0.693
0.765
19.999

<0.001
0.407
0.383
<0.001

attractive to insects, agreeing with ﬁeld and laboratory observations for other species of Cyclosa (Eberhard 2003; Chou et al. 2005;
Tan & Li 2009; Tseng & Tso 2009). None the less, we found that
when C. mulmeinensis built webs with prey carcasses in aggregations, prey capture rates were enhanced. Aggregating the decorations thus appears to amplify their visual and/or aromatic
properties, enhancing their attractiveness to insects. This supports
the hypothesis tested in Argiope that aggregating enhances the
signal intensity of individual web decorations (Craig 1991). Recent
studies have nevertheless refuted this hypothesis (Justice et al.
2005; Rao et al. 2009). Perhaps the signal ampliﬁcation is
stronger for C. mulmeinensis decorations in aggregation than for
Argiope decorations in aggregation because: (1) C. mulmeinensis
aggregates more closely than any Argiope spp., and (2) C. mulmeinensis webs emit both olfactory and visual signals.
As decorated C. mulmeinensis webs had greater prey capture
success when aggregated than when solitary, the question remains:
why do Cyclosa spp. often build solitary webs with decorations?
Aggregating has both beneﬁts (e.g. silk sharing, enhanced web
mechanical strength; Fernandez Campon 2007; Yip et al. 2008) and
costs (e.g. increased competition, kleptoparasitism, disease and
inbreeding depression; Elgar 1989; Aviles & Bukowski 2006;
McCrate & Uetz 2010) for spiders. In most instances, the beneﬁts
appear not to outweigh the costs, so most spiders remain solitary
(Uetz 1996). Cyclosa probably build decorations even when solitary
because the decorations bestow protection from predators
(Eberhard 2003; Chou et al. 2005; Tseng & Tso 2009; Tan et al.
2010). As solitary C. mulmeinensis webs without decorations
caught as many prey as decorated C. mulmeinensis webs in aggregations, it does not seem optimal for C. mulmeinensis either to
aggregate or to build decorations. Yet, at our study site, they almost
always (>90% of cases; I.-M. Tso, unpublished data) do both. At
other locations, for example at the forest edges on Orchard Island,
C. mulmeinensis aggregates less frequently (S. J. Blamires, personal
observations). The most saliently differing factor at our site
compared to the forest edge is wind speed, with constantly strong
offshore winds blowing at our site. Cyclosa mulmeinensis adjusts its
web architecture in response to wind exposure (Liao et al. 2009).
Our study suggests spider aggregations function similarly to web
structures, so may be considered a component of the web architecture. Aggregating thus seems to be a web architectural response
of C. mulmeinensis to cope with strong winds. Exactly how aggregating in strong winds is advantageous for C. mulmeinensis is
unknown, but we speculate that aggregating may be a web architectural response providing some kind of barrier to physiological
stress, as, for example, aggregating on a rocky shore helps periwinkles, Littorina unifasciata, avoid desiccation (Chapman 1995).
We suggest more studies should assess the role of extreme environments on the formation of spider aggregations.
In conclusion, we have demonstrated that multiple structures
and/or aggregations act interactively to enhance foraging gain for
the spiders N. clavata and C. mulmeinensis. We therefore suggest that
studies aiming to understand the evolutionary signiﬁcance of
animal structures should account for interactive effects of the
structures. Unaccounted for interactive effects may, for example, be
a reason why conﬂicting explanatory results have been found for
web decoration functions in Argiope spiders (but see Cheng et al.
2010 for other explanations). For both N. clavata and C. mulmeinensis, prey carcass decorations perform speciﬁc functions that
alone may be detrimental to foraging. However, the addition of
a barrier web (in N. clavata) or aggregation (in C. mulmeinensis) acts
to retain more of the prey intercepted or enhance the prey attraction
function of the prey carcass decorations (Tietjen et al. 1987;
Bjorkman-Chiswell et al. 2004; Henaut et al. 2010), offsetting the
costs of building each structure. Enhanced survivorship, through
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consumption of more large and proﬁtable prey, protection from
predators and protection from the environment are potential
beneﬁts afforded N. clavata and C. mulmeinensis when they build
multiple structures. None the less, a dilemma remains: if utilizing
multiple web structures or aggregations effectively offsets the costs
encountered and provides ﬁtness beneﬁts, why are similar
construction strategies so rare? It has been suggested that architectural complexity is rare in nature because the ﬁtness beneﬁts
rarely extend beyond the accumulated building and other associated
costs (Hansell 2005). A more thorough understanding of the
evolutionary costs and limitations of building multiple structures
provides a resolution to the dilemma. For spiders, this means better
quantiﬁcation of the costs of silk synthesis, the energetics of web
building, the predators encountered during web building, and the
time and energy diverted from somatic maintenance, reproduction
and other activities. Our current knowledge of these costs is limited,
or based on estimates (Craig 2003). We therefore suggest future
research aims to quantify these costs individually and interactively.
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