
Abstract A typical feature of vertical orb-webs is the
‘top/bottom’ asymmetry, where the lower web region is
larger than the upper web region. This asymmetry may
improve prey capture success, because, sitting in the hub
of the web, a spider can reach prey entangled below the
hub faster than prey entangled in the area above the hub.
While web asymmetry is known to vary intraspecifically,
we tested if this variation also exists at the individual level
and whether it is the result of experience, using two orb-
web spider species, Argiope keyserlingi and Larinioides
sclopetarius. The results reveal that experienced web-
building spiders constructed more asymmetric webs than
conspecifics deprived of any prior building experience
over a period of several months. Experienced individuals
invested more silk material into the web region below the
hub, which covered a larger area. Moreover, web asym-
metry was also influenced by previous prey capture expe-
riences, as spiders increased the lower region of the web if
it intercepted the most prey over a period of 6 days.
Consequently, spiders may be able to use long-term web-
building experience as well as short-term prey capture ex-
perience to build better traps. In contrast to previous
views of spiders, experience can contribute to intraspe-
cific as well as to individual variations in web design.
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Introduction

Our understanding of web-building behaviour in spiders
has undergone several paradigm shifts. Initially, it was as-
sumed that orb-web construction was limited to geneti-
cally controlled design patterns and that meaningful vari-
ation only existed at the species level (e.g. Savory 1952;
Levi 1978). This was followed by the recognition of sig-
nificant within-species variation and its effect on prey
capture ability. For example, webs of different size, incli-
nation and mesh height will capture different types and
sizes of prey at different rates (e.g. Uetz et al. 1978;
Chacon and Eberhard 1980; Herberstein and Heiling
1998). Recent work aims to interpret individual variation
using a decision-making approach. Placing the process of
web construction within a mechanical context identified
algorithmic rules, which are based on cues such as grav-
ity, leg length or sensory feedback (e.g. Vollrath 1992;
Vollrath et al. 1997; Krink and Vollrath 1999). Moreover,
specific adaptive predictions based on foraging theory re-
vealed that individual variation may reflect foraging
strategies aimed to maximise food intake (e.g. Sherman
1994; Herberstein et al., in press) or to minimise intraspe-
cific competition (Leborgne and Pasquet 1987).

Another paradigm shift may recognise the importance
of individual experience and learning on web-building be-
haviour in spiders. General models of vertebrate foraging
assume some form of adaptive learning in response to
variable food resources in order to increase the efficiency
of food encounter (e.g. Stephens and Krebs 1986; Kacelnik
1997). The more primitive nervous system in inverte-
brates is thought to limit the capacity to acquire and retain
information gained through experience. However, the
proximate requirements essential for associative learning
are met by many invertebrates (see Dukas 1998 for a sum-
mary). Moreover, research into the molecular biology of
learning and memory implies that learning is a fundamen-
tal neural process and does not necessarily require com-
plex neural features (Bailey et al. 1996). Consequently,
various degrees of complexity in learning have been
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demonstrated in a variety of invertebrates including bees
(e.g. Hammer and Menzel 1998), phytophagous insects
(e.g. Papaj and Prokopy 1989) or fruit fly larvae (e.g.
Dukas 1998). Nevertheless, the role of experience and
learning in web-building behaviour of spiders is still ne-
glected in favour of more mechanistic approaches (Voll-
rath 1992). In fact, it is commonly assumed that web-
building spiders lack long-term memory or even ‘percep-
tion’ of habitat quality (Vollrath and Houston 1986) and
that experience plays little, if any role in web-building be-
haviour (Reed et al. 1970, Vollrath and Houston 1986;
Vollrath 1992).

The aim of this study was to test the influence of web-
building or prey capture experience on the web-building
behaviour of two species of orb-web spiders by examin-
ing variations in web design. Specifically, we studied the
up/down asymmetry of the orb-web, a phenomenon which
is particularly common among the Nephilinae (see Japyassú
and Ades 1998 for summary) but also in many other ara-
neoid species (Eberhard 1990; Heiling and Herberstein
1998a). The asymmetric orb is characterised by the ten-
dency to place the hub above the centre of the web, re-
sulting in a larger lower web region which also contains
more silk compared with the reduced upper region (Stowe
1986). In contrast, perfectly symmetrical webs contain
equally sized upper and lower web regions.

The adaptive value of asymmetric webs may be a greater
foraging success. Prey is detected earlier and captured more
quickly when entangled in the lower web region, because
spiders typically sit head down in the hub of the web fac-
ing the lower web region (Klärner and Barth 1982; Masters
and Moffat 1983; ap Rhisiart and Vollrath 1994; Landolfa
and Barth 1996). Consequently, spiders may increase the
lower web region because of its greater prey-capture
value, but decrease the less successful upper web region. 

A number of proximate, largely mechanistic, factors
have been suggested to affect web asymmetry. The degree
of web asymmetry may be a compromise between prey
capture efficiency and structural constraints (Vollrath and
Mohren 1985), and an extensive upper web region may be
preserved to provide sufficient physical support for the
spider in the hub. Similarly, because horizontally orien-
tated orb-webs generally lack asymmetry, gravity may be
used as a compass reference for constructing asymmetric
webs (Vollrath 1992). Furthermore, spider weight may in-
terfere with spiral placement in the upper web region
where a heavy abdomen is lifted over the head, resulting
in a reduced upper web region (Herberstein and Heiling,
in press).

However, there is evidence to suggest that web asym-
metry may be associated with experience accumulated
throughout the development of the spider. Juveniles of
several species were observed to construct perfectly sym-
metrical webs, while mature spiders of the same species
constructed highly asymmetric webs (Witt and Baum
1960; Heiling and Herberstein 1998a; Japyassú and Ades
1998). Consequently, web asymmetry may be the result of
gradual web modifications based on previous web-build-
ing experiences. Enlarging only the lower web region may

be a more efficient way of increasing the overall web size.
Therefore, inexperienced web-builders should construct
more symmetrical webs than experienced individuals.
Moreover, asymmetry may be the result of gradual
changes in web design due to repeated successful prey
capture events in the area below the hub where prey is de-
tected and captured more quickly. We may therefore ex-
pect spiders to adjust their webs according to the fre-
quency of prey capture events in either web region. Based
on these predictions we tested the effect of web-building
experience in Larinioides sclopetarius and the influence
of prey capture experience in L. sclopetarius and Argiope
keyserlingi.

Methods

L. sclopetarius is a common nocturnal orb-web spider, which oc-
curs in clumped dispersion patterns near water and in the vicinity
of artificial lights (Burgess and Uetz 1982, Heiling 1999; Heiling
and Herberstein 1999). A. keyserlingioccurs along the east coast of
Australia and is commonly found in urban habitats such as gardens
and parks. As abiotic factors such as wind, temperature and rela-
tive humidity may influence web design in spiders (Barghusen et
al. 1997; Vollrath et al. 1997) both experiments were performed
under controlled laboratory conditions.

The web area and the capture thread length of webs were esti-
mated using various formulae which only required a few measure-
ments (Heiling et al. 1998; Herberstein and Tso, in press). Web
asymmetry was calculated as follows. First, we divided the web
area above the hub by the web area below the hub. However, even
if the areas above and below the hub are different, spiders may
nevertheless invest similar amounts of silk in both regions by ad-
justing the spacing between spirals. Therefore, we also calculated
asymmetry in terms of silk investment by dividing the capture
thread length above the hub by the capture thread length below the
hub. Thus an asymmetry value close to 1 indicates that both web
regions are similar in size. An asymmetry value approaching zero
indicates that the lower web region is much larger than the upper
web region. Our measure of web asymmetry reflects a proportion
and is thus dimensionless.

Influence of web-building experience on orb-web asymmetry

To test whether web asymmetry in L. sclopetarius is influenced by
web-building experience, we compared the degree of web asym-
metry of spiders which were either experienced or inexperienced
web-builders. We collected 30 females in the field and took one
cocoon from each individual laid in the laboratory. This ensured a
high genetic variability within the sample. However, due to the
high mortality rate (>99%), individuals hatched from only ten co-
coons survived until adulthood. Cocoons were maintained sepa-
rately in glass containers (14 cm × 12 cm × 12 cm) and the emerg-
ing spiderlings were allocated randomly to two different treat-
ments: experienced and inexperienced groups. Spiders of the inex-
perienced group were transferred into individual, small cylindrical
plastic cups (3 cm diameter × 5 cm height) filled with paper strips.
This ensured that the spiders were unable to construct orb-webs,
although they were able to pull out silk material, attach it to the pa-
per strips and to move about and forage without a web. Individuals
of the experienced group were individually maintained in enclo-
sures (47 cm × 47 cm × 18 cm) where they were able to construct
complete orb-webs.

Freshly emerged spiderlings do not build webs for prey capture
in nature but live kleptoparasitically on webs of adult females
(Heiling and Herberstein 1999). Therefore, spiders of both treat-
ments were provided ad libitum with dead fruit flies (Drosophila
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spp.; mean weight ± SE = 2.65 ± 0.19 mg, n = 20) and with water
until their third instar. After the third instar (body length approx. 
3 mm) they were offered live fruit flies until they reached maturity.

Once the spiders matured, they were maintained in cups for 10
days and fed two dead fruit flies directly into their mouthparts.
This procedure helped to reduce the possible influence of short-
term foraging experience on web-building behaviour. The spiders
were briefly anaesthetised (with CO2) and weighed to the nearest
0.1 mg. They were placed individually into three-dimensional en-
closures (47 cm × 47 cm × 18 cm) and the first five orb-webs con-
structed by each individual spider were sampled. In the absence of
destructive factors such as rain and prey impact, which cause web
damage in the field, spiders do not renew their webs regularly
(A.M. Heiling, personal observation). Thus, to stimulate daily web
construction, we destroyed the webs after feeding two fruit flies
into the mouthparts. The lateral support threads of each web were
uniformly cut, causing the web to collapse in the middle while still
suspended by the frame before being ingested by the spiders.

Influence of prey capture experience on orb-web asymmetry

Juvenile L. sclopetarius were collected in the field and transferred
into the laboratory where they were maintained in small plastic
containers before being used in the experiment. The spiders were
provided with water and a diet of live fruit flies ad libitum for
about 14 days. Juvenile female A. keyserlingi were collected in 
the field and maintained in the laboratory in small plastic cups
(13.5 cm × 9 cm × 9 cm) for several weeks. They were provided
with water and an ad libitum diet of live blow flies (Lucilia cup-
rina; mean weight ± SE = 0.022 ± 0.004 g, n = 50) until they
reached maturity.

L. sclopetarius spiders were weighed and transferred into
three-dimensional enclosures (47 cm × 47 cm × 18 cm). They were
randomly assigned to two different feeding treatments in which
each spider received two live fruit flies every day. Spiders of the
first treatment were fed in the area above the hub, exactly in the
middle of the upper vertical radius. Spiders in the second treatment
were fed in the area below the hub, in the middle of the lower ver-

tical radius of the orb-web. The experimental procedures for A.
keyserlingi were identical. After the spiders had been weighed,
they were transferred into three-dimensional enclosures (58.5 cm ×
58.5 cm × 15 cm). Spiders in the first treatment were fed one live
blow fly every day in the area above the hub, while spiders in the
second treatment were fed one blow fly every day in the area be-
low the hub. The first six webs constructed by L. sclopetarius and
A. keyserlingi were measured (see above) and included in the
analyses. The webs were destroyed every day after feeding to en-
courage daily web construction (see above). Only spiders that con-
structed webs regularly were included in the analyses.

The analyses were performed using SPSS for Windows, Version
6.0 (Norusis 1993) and SYSTAT 5.2 (Wilkinson 1992). Parametric
tests were applied on the normally distributed data sets (Kolmogorov-
Smirnov Test) with homogeneous variances (Bartlett’s test). For
both experiments, we used t-tests to compare the weights before
starting the experiments as well as weight changes during the ex-
periments. For the first experiment, analyses of covariance (AN-
COVA) were used to compare web area (median value from five
webs) and capture thread length (median value from five webs) of
experienced and inexperienced females, using initial weight and
weight change as covariates. Similarly, we compared the degree of
web asymmetry (median value from five webs) using ANCOVA,
with initial weight and weight change as covariates. For the second
experiment, we performed repeated measures ANOVA to compare
the web area, the capture thread length and the degree of web
asymmetry (for web area and capture thread length) between spi-
ders fed above and below the hub for the first six webs.

Results

Influence of web-building experience 
on orb-web asymmetry

There was no significant difference between the initial
weight of experienced and inexperienced L. sclopetarius
(t19 = 1.72, P = 0.102; Table 1). However, there was a sig-
nificant difference in the change of weight: body weight
of experienced spiders increased during the experimental
trial but decreased in inexperienced spiders (t17 = 3.5, P =
0.003; Table 1). Web area did not differ between experi-
enced and inexperienced spiders (F1,25 = 2.36, P = 0.138;
Table 1) and was not influenced by weight change (F1,25 =
0.28, P = 0.603), but by initial weight (F1,25 = 4.28, P =
0.045). Similarly, there was no difference in the capture
thread length (F1,25 = 1.93, P = 0.179; Table 1) which was
influenced by both weight change (F1,25 = 7.96, P = 0.01)
and initial weight (F1,25 = 11.86, P = 0.002). The level of
web-building experience significantly effected the degree
of web asymmetry in L. sclopetarius. Experienced spiders
constructed more asymmetric webs in terms of web area
and capture thread length by enlarging the lower web re-
gion (web area: F1,25 = 6.054, P = 0.022; capture thread
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Table 1 Body weight and web characteristics (CTLcapture thread
length) of web-building experienced and inexperienced adult fe-
male Larinioides sclopetarius. Asymmetry was calculated by di-
viding the upper by the lower area and capture thread length, re-
spectively. All data on spider weight are given mean ± SE, data on
web parameters are given adjusted mean ± SE

Experienced Inexperienced
spiders (n = 16) spiders (n = 10)

Initial weight (mg) 91.25 ± 4.07 80.00 ± 5.38
Weight change (mg) 17.50 ± 3.71 –6.00 ± 5.62
Web area (m2) 0.027 ± 0.003 0.019 ± 0.004
Web area-asymmetrya 0.44 ± 0.023 0.55 ± 0.031
CTL (m) 8.52 ± 0.68 6.61 ± 0.91
CTL-asymmetrya 0.26 ± 0.021 0.35 ± 0.028

a The asymmetry values are proportions and thus dimensionless

Table 2 Initial weight and weight change (mg) during the experiment of adult female Argiope keyserlingi and immature female L.
sclopetarius of two different treatments (fed in the area above or below the hub of their orb-web). All data are given mean ± SE

Initial weight (mg) Weight change (mg)

Fed above hub Fed below hub Fed above hub Fed below hub

A. keyserlingi (n = 13) 257.2 ± 13.8 242.2 ± 14.3 49.6 ± 6.3 55.6 ± 7.2
L. sclopetarius (n = 23) 38.2 ± 5.2 32.5 ± 4.1 8.2 ± 2.3 10.0 ± 2.8



length : F1,25 = 3.972, P = 0.049; Table 1). However the
degree of asymmetry was not affected by the initial
weight of spiders (web area: F1,25= 1.602, P = 0.219; cap-
ture thread length: F1,25 = 1.15, P = 0.296) or by the
change in weight during the experiment (web area: F1,25 =
0.654, P = 0.427; capture thread length: F1,25 = 3.564, P =
0.072).

Influence of prey capture experience 
on orb-web asymmetry

The initial body weight in L. sclopetarius was not signifi-
cantly different between spiders fed above or below the
hub (t20 = –0.86, P = 0.401) and weight change during the
experiment was also similar for both treatments (t20 =
0.59, P = 0.564; Table 2). Similarly, initial body weight in
A. keyserlingidid not differ between spiders fed above or
below the hub (t11 = 0.75, P = 0.468) and weight change
was not affected by the feeding treatment (t11 = 0.63, P =
0.537; Table 2).

Web area (Fig. 1) and capture thread length (Fig. 2)
were not affected by the feeding treatment in L. sclopetar-
ius and A. keyserlingi (Table 3). However, the size of the
web and the amount of sticky silk incorporated into the
web showed some variation, generally increasing from
the first to the last web (Table 3; Figs. 1, 2). In contrast,
web asymmetry in both species was affected by the feed-
ing treatment (Table 4). The spiders constructed more
symmetrical webs when they were fed above the hub
(Figs. 3, 4). In contrast, when the spiders were fed in the
area below the hub, they increased the size and the
amount of silk in the lower web region, which resulted in
more asymmetric webs (Figs. 3, 4).
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Table 3 Results of the repeated measures ANOVA for the effects
of web number (1 to 6) and treatment (fed in the upper or in the
lower vertical radius of the web) on the web area and capture
thread length (CTL) in orb-webs of two species, A. keyserlingi and
L. sclopetarius

SS df F P

A. keyserlingi (n = 13)
Web area Web number 0.0849 5 9.48 0.0001

Treatment 0.00005 1 0.03 0.87
CTL Web number 1058.4 5 9.47 0.0001

Treatment 123.8 1 2.39 0.15

L. sclopetarius (n = 23)
Web area Web number 0.0004 5 3.24 0.009

Treatment 0.0004 1 1.4 0.25
CTL Web number 150.9 5 6.44 < 0.001

Treatment 68.75 1 1.36 0.256

Table 4 Results of the repeated measures ANOVA for the effects
of web number (1 to 6) and treatment (fed in the upper or in the
lower vertical radius of the web) on the asymmetry of the web area
and the capture thread length (CTL) in orb-webs of two species, A.
keyserlingi and L. sclopetarius

SS df F P

A. keyserlingi (n = 13)
Web area-asymmetry Web number 0.27 5 2.73 0.03

Treatment 0.39 1 6.84 0.02
CTL-asymmetry Web number 0.1 5 1.45 0.22

Treatment 0.3 1 5.5 0.04

L. sclopetarius (n = 23)
Web area-asymmetry Web number 0.08 5 0.73 0.60

Treatment 0.23 1 4.14 0.04
CTL-asymmetry Web number 0.11 5 0.79 0.56

Treatment 0.31 1 5 0.04

Fig. 1 Changes in mean 
(± SE) web area over six con-
secutive webs built by two
species of orb-web spiders,
adult female Argiope keyser-
lingi (n = 13) and juvenile
Larinioides sclopetarius (n =
23), which were offered prey
in the area below the hub (p)
or above the hub (P)

Fig. 2 The mean (± SE) cap-
ture thread length of six con-
secutive webs built by two orb-
web spider species. Spiders of
both species, adult female A.
keyserlingi (n = 13) and juve-
nile L. sclopetarius (n = 23),
were exclusively fed in the
area below the hub (p or
above the hub (P)



Discussion

Previous experience of either web construction or prey
capture can influence the web-building behaviour of A.
keyserlingi and L. sclopetarius in terms of orb-web asym-
metry. Although our experimental procedures rule out any
mechanical or physiological influence on the behaviour of
spiders, it is not easy to interpret their behavioural vari-
ability within current learning concepts.

The influence of prior experience on foraging behav-
iour has been demonstrated in invertebrates such as ma-
rine gastropods (e.g. Hughes and Dunkin 1984a) and ants
(e.g. Johnson 1991), where inexperienced individuals
were less efficient foragers than more experienced con-
specifics. Depriving L. sclopetarius of long-term web-
building experience resulted in circular webs, which re-
sembled the webs built by inexperienced juvenile spiders
(Heiling and Herberstein 1998a). As a consequence, the
lack of web-building experience may also have resulted in
a reduction in foraging efficiency. Since asymmetric orb-
webs, such as those constructed by experienced L. sclope-
tarius, are thought to be more efficient in prey capture
(Masters and Moffat 1983, ap Rhisiart and Vollrath 1994);
the ability to incorporate experience into web-building
suggests that learning can increase foraging efficiency
and ultimately the fitness of spiders under natural condi-
tions.

These results are unlikely to be due to differences in
any short-term experiences, since spiders of both treat-
ments were kept in small containers for 10 days prior
building a web and hand-fed directly into the mouthparts.
While our results illustrate that web-building experience
gained during ontogeny may greatly influence web de-
sign, they do not suggest that spiders require previous ex-

perience to be able to construct a complete orb-web. Even
when completely deprived of any web-building opportu-
nity, L. sclopetarius spiders were able to construct a com-
plete and functional web. Clearly, web-building behaviour
in spiders has a substantial genetic, and thus innate, com-
ponent.

Using a similar approach, Reed et al. (1970) deprived
Araneus diadematus of long- and short-term web-building
experience. In contrast to our study, they found that prior
experience did not influence web-building behaviour.
Similarly, the web design did not differ between spiders
that were either fed directly into the mouthparts or fed
into the web. However, Reed et al. (1970) only looked at
the total web area and total silk length, rather than at
within-web design variation. Based on these results, they
concluded that ‘web-building behaviour does not seem a
fruitful ground for investigating plasticity in the spider
nervous system’ (Reed et al. 1970).

In contrast to experienced L. sclopetarius, inexperi-
enced web-builders lost weight during the experimental
procedure. This may be caused by their inability to cap-
ture prey entangled in the web, which were consequently
not ingested, a phenomenon also observed in inexperi-
enced A. diadematus (Reed et al. 1970). Nevertheless the
difference in weight gain was unlikely to bias our results,
since weight and weight change were controlled for in the
statistical analyses.

Predators can learn through prey encounter to become
more selective and thus to forage more efficiently (e.g.
Hughes and Dunkin 1984b; Palmer 1984). In orb-web spi-
ders, prey encounter can also affect web-building behav-
iour. In general, spiders that had captured more prey built
smaller webs than food-deprived individuals (e.g. Higgins
and Buskirk 1992; Sherman 1994; Lubin and Henschel
1996; Herberstein et al., in press), a response which is
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Fig. 3 Degree of web area
symmetry (mean ± SE) of six
consecutively built webs of
adult female A. keyserlingi 
(n = 13) and juvenile L.
sclopetarius (n = 23), both
species fed in the area below
the hub (p) or above the hub
(P). The symmetry values are
proportions and thus dimen-
sionless

Fig. 4 Degree of capture
thread length (CTL) symmetry
(mean ± SE) of six consecutive
webs built by adult female A.
keyserlingi (n = 13) and juve-
nile L. sclopetarius (n = 23)
which were offered prey in the
area below the hub (p) or
above the hub (P). The sym-
metry values are proportions
and thus dimensionless



likely to be based on physiological changes associated
with prey ingestion. But even when the level of satiation
is kept constant, the spiders can detect subtle differences
in rates of prey encounter, suggesting that they are able to
use not only physiological information but also other
kinds of cues (Herberstein et al., in press).

The response to feeding events in our experiments may
initially appear as associative learning (Smith 1993), where
the spider responds to the positive food reward following
web construction. However, in contrast to classic condi-
tioning, such as a learnt association of certain odours with
food quality (Dukas 1998), our system appears to be more
complex. The food reward was delivered regardless of
whether the spiders constructed asymmetric webs or not.
Instead, the spiders seemed to be able to monitor the cap-
ture success of each web region and then increased the
portion of the web which captured most prey, presumably
to increase foraging efficiency. Additionally, the time de-
lay between food reward and behavioural response (web
construction) was also substantial. Webs were constructed
in the early hours of the morning (A. keyserlingi) or
evening (L. sclopetarius), but the food was not delivered
until several hours after web construction.

The level of top/bottom asymmetry was generally
higher in L. sclopetarius than in A. keyserlingi, which
may reflect differences in the structural constraints for
both species. A. keyserlingi rest in the hub of the web
throughout the day (M.E. Herberstein, personal observa-
tion). In contrast to juvenile L. sclopetarius, which show
the same type of behaviour as A. keyserlingi, adult female
L. sclopetarius do not reside at the hub during a foraging
bout, but often return to the retreat after web completion
(Heiling and Herberstein 1998b). As a consequence, the
webs of A. keyserlingi may structurally require an exten-
sive upper web region to support the weight of the spider
for prolonged periods. Orb-webs that do not contain any
upper web region, such as in many Nephila species, do
however contain an extensive barrier web (Robinson and
Robinson 1973) which may provide the needed support at
the hub.

The process of orb-web construction is very complex,
with a multitude of factors influencing the end design.
Our results show that the construction of a functional orb-
web does not depend on prior experience. However, even
strong innate behaviours such as web-building in spiders
can be modified by experience. Long-term experience
may act to gradually improve web design, where the re-
sulting asymmetric orb-web increases the capture poten-
tial beyond that of the symmetrical web. Cognitive and
behavioural adaptations are reflected by optimising web
design based on the prey capture success rate in different
web regions. As the long-term effects on foraging effi-
ciency improve fitness, asymmetry may be selected for.
Accordingly, the prey-capture abilities of the orb-web
may act as a selective force through the learning capabili-
ties of the spiders and may thus contribute to orb-web
evolution.
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