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Abstract

HEILING A.M., HERBERSTEIN M.E.: Interpretations of orb-web variability: a review of past and
current ideas. In GAJDO� P., PEKÁR S. (eds): Proceedings of the 18th European Colloquium of
Arachnology, Stará Lesná, 1999. Ekológia (Bratislava), Vol. 19, Supplement 3/2000, p. 97-106.

The understanding of web-building behaviour in orb-web spiders has undergone several para-
digm shifts. In the past, orb-web construction was assumed to be limited to genetically-controlled
design patterns, suggesting that meaningful variation only existed at the species level. Subsequ-
ently, it was recognised that variation in web design also exists within species and that this varia-
tion was linked to the prey capture ability of webs. Another approach to interpreting individual
variation is within a decision-making construct. The web-building decisions of spiders may thus
be ruled by algorithms or mechanical constraints. Similarly, individual decisions may reflect
foraging strategies aimed to maximise food intake. Our own work suggests that experience in
web-building and prey capture may also contribute to individual variation of orb-web design.
Using several key publications as well as recently collected data we discuss past and current ideas
to interpret orb-web variability.

Orb-webs from a phylogenetic perspective

Orb-webs are constructed by more than 4200 spider species (LEVI, 1982; PLATNICK, 1997)
and evolved over a period of about one hundred million years (SELDEN, 1989). They constitute
the prey capture device for the Orbiculariae which include two distinct groups of orb-web
spiders. The more ancestral Uloboridae, that along with the Deinopoidae form the superfamiliy
Deinopoidea (OPELL, 1998), typically construct horizontally orientated orb-webs consisting
of non-adhesive, cribellate silk. In contrast, the more derived araneoid orb-web spiders (Foelix,
1992) construct mostly vertical webs using ecribellate adhesive silk (e.g. OPELL, 1997; 1998).
The vertical orientation of orb-webs has a number of advantageous consequences for prey
capture: (1) they intercept more prey (CHACÓN, EBERHARD, 1980), (2) retain prey longer
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(EBERHARD, 1989), and (3) can absorb greater forces of prey impact (CRAIG, 1987a) which is
facilitated by stronger axial fibres in the capture threads (OPELL, 1997). The selective advan-
tage of adhesive threads may be: (1) greater economy, since they are less costly to produce
(VOLLRATH, 1992a; OPELL, 1998), (2) lower visibility to insects (less UV-reflective), which
enables araneoids to settle in a greater variety of habitats (CRAIG, BERNARD, 1990; CRAIG et al.,
1994), and (3) increased extensibility (flexibility) of the webs (KÖHLER, VOLLRATH, 1995; LIN

et al., 1995). These synapomorphic characteristics within the araneoid spiders are considered
to be key innovations, which led to a variety of orb designs, a greater radiation and an in-
crease in species diversity (95 % all orb-web spider species) as opposed to the Deinopoidea
(CODDINGTON, LEVI, 1991; FOELIX, 1992; BOND, OPELL, 1998).

The regular orb is no longer viewed as the evolutionary peak in orb-web evolution but as
a basis. Some species of orb-web spiders construct webs, which deviated from the typical
orb design (e.g. the sector webs constructed by Hyptiotes sp.). Others have lost the ability
to construct webs altogether (e.g. Celaenia sp.). In general, the diversification of orb-web
design has been attributed to changes in spider size. While both small (e.g. Anapidae,
Theridiosomatidae) and large orb-web spiders (Araneidae and Tetragnathidae) construct
orbs, only small ones build both planar and three-dimensional webs (CRAIG, 1987b). There-
fore, the evolution of alternative web-designs may be the consequence of a general phyletic
trend of small body size among the Araneoidea (CRAIG, 1987b).

The origin of the orb design is a topic that is still under active discussion. A monophyletic
hypothesis suggests that the orb-web is not a derived character, but a plesiomorphic one
which has evolved only once. This assumes that the uloborids and araneoids are close
relatives, sharing a common, cribellate ancestor. This idea was first supported by THORELL

(1886; cited in SHEAR, 1994), and WIEHLE (1927), who did not believe that such complex
web building behaviour could have evolved independently twice. Strong support for
a common ancestor is provided through anatomical features that are shared by araneoids
and uloborids (CODDINGTON, 1990). A convergent hypothesis suggests the independent evo-
lution of orb-webs in the Araneoidea and the Uloboridae. Accordingly, the orb-web evolved
after the loss of the cribellum (e.g. EBERHARD, 1982; 1990). Since the cribellum is a primitive
character in the Orbiculariae, it is likely that the ecribellate Araneoidea originated indepen-
dently, many times, by the loss of the cribellum (SHEAR, 1994). The orb-webs within the
Araneoidea may be homologous in structure (LEVI, 1978b) and araneoid species may be
monophyletic with the orb as a primitive type of web (CODDINGTON, 1986; CRAIG, 1987b).
However, even if all orb-web spider species are derived from one ancestor, some design
features may have evolved independently (EBERHARD, 1990).

Interspecific variation

The interspecific variability in orb-web design was recognised at an early stage, and orb-
webs of different species were described in great detail (e.g. WIEHLE, 1928). Although the
design was often viewed in context with its function, variations were attributed to geneti-
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cally-controlled design patterns and often, extreme orb designs, such as ladder webs, at-
tracted the most attention. For example, the ladder webs of the araneids Scoloderus
tuberculifer (O. P.-CAMBRIDGE) (EBERHARD, 1975) and Scoloderus cordatus (TACZANOWSKI)
(STOWE, 1978) are inverted with an extension above the hub which contrasts with the ladder
web of Herennia ornatissima (DOLESCHALL), which is extended downwards (ROBINSON, LUBIN,
1979). These webs are thought to be specialised moth traps (EBERHARD, 1975; STOWE, 1978;
FORSTER, FORSTER, 1985). In Hyptiotes, the triangle spider, the web consists of three sectors
(OPELL, 1982; LUBIN, 1986) and in Miagrammopes (OPELL, 1990) only a few sticky threads
make up the entire web. The bolas spider, Mastophora, reduced the web to a single line
with a viscid ball at the end, which the spider twirls around. Male moths are attracted to the
twirling ball by a pheromone that mimics attractants produced by female moths (EBERHARD,
1977a; 1980). Another curious deviation from the standard orb design is the reduced orb-
web of Wixia ectypa (WALCKENAER) (STOWE, 1978), the so-called �asterisk web�.

Orb-web function

The variety of orb designs has inspired numerous studies into their function. In general,
the orb-web functions as a multi-purpose device, supporting the spider, transmitting me-
chanical impulses, and providing a substrate for it to move on. However, the main function
of orb-webs is to trap prey. The traditional idea that orb-webs passively sieve prey from the
surrounding air stream is no longer accepted. Instead, orb-webs must serve several func-
tions and changes in orb-web design as well as web site selection will influence prey cap-
ture success (e.g. MURAKAMI, 1983). Web site selection may greatly affect the number and
kind of prey captured. For instance, the nocturnal orb-web spider species Larinioides
sclopetarius (CLERCK) constructs webs adjacent to artificial light, which also attracts high
numbers of prey (HEILING, 1999). Similarly, feeding in conspecific aggregations may en-
hance capture success, when prey density is low or prey supply is unpredictable (UETZ,
1988; CRAIG, 1991). Web features which further influence prey capture include: web orien-
tation (EBERHARD, 1989), web tension (CRAIG et al., 1985), silk strength (CRAIG, 1987a),
web visibility or attractiveness to prey (e.g. CRAIG, BERNARD, 1990; CRAIG, FREEMAN, 1991)
and web design (EBERHARD, 1986).

Web design includes the size of the web and the number and arrangement of radials and
spirals. In general, a larger web is likely to encounter more prey (CHACÓN, EBERHARD, 1980).
The distance between capture spirals (mesh height) may also be related to prey size and
type. Orb-webs with a narrow mesh are thought to target small prey, which would otherwise
fly through a larger mesh (MURAKAMI, 1983; SANDOVAL, 1994; HERBERSTEIN, HEILING, 1998;
SCHNEIDER, VOLLRATH, 1998). However, a densely-meshed web may also be more visible
and consequently more likely to be avoided by flying insects (CRAIG, 1986). The absorption
of kinetic energy created by prey impact is facilitated by the mechanical properties of spi-
der silk and the design of the web, which distributes the energy from the point of intercep-
tion (CRAIG, 1986; GOSLINE et al., 1986). Accordingly, orb-webs with a higher number of
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radii in relation to their number of capture thread turns can absorb the kinetic energy of
large and fast-flying insects (EBERHARD, 1986; CRAIG, 1987a).

Intraspecific variability in orb-webs

Ontogenetic shifts in web design

During the ontogeny of a spider, orb-webs generally undergo an increase in material
investment, resulting in larger mature webs compared to small immature webs (e.g. WITT et
al., 1972; HEILING, HERBERSTEIN, 1998). Various studies have demonstrated that web area
gradually increases with the size and weight of a spider (DENNY, 1976; OLIVE, 1980; HIGGINS,
BUSKIRK, 1992; WARD, LUBIN, 1992). This allometric growth of the orb during ontogeny
does not necessarily include changes in the structural relationships. For example, the web
design of Argiope aurantia (LUCAS) (WITT et al., 1972) remains stable throughout the de-
velopment of spiders. In contrast, other species show quite drastic changes in their web
building behaviour. Peucetia viridans (HENTZ) (KASTON, 1972) construct webs during im-
mature stages only, while Mastophora dizzydeani EBERHARD (EBERHARD, 1980) only builds
webs after the final moult. Similarly, most uloborid spiders construct different types of orb-
web before and after the first moult, as the cribellum is not functioning during their first
developmental stage (EBERHARD, 1977b). All these ontogenetic variations are quite abrupt,
without intermediary patterns of web design.

More gradual ontogenetic changes in orb-web design are characteristic in a number of
araneid species, particularly with regard to the up/down extension of the orb. In general,
young immature spiders tend to construct almost symmetric, less derived, orb-webs
(EBERHARD, 1990), which also show higher regularity (WITT et al., 1972). Adults construct
asymmetric webs with the area above the hub reduced and the lower area enlarged,
a phenomenon which is particularly common among the Nephilinae (see JAPYASSÚ, ADES,
1998 for summary) but also in other araneoid species.

Individual variation in orb-web design

Individual variation in orb-web design was first recognised in the early sixties, when
WITT (1963) identified variation in web design in response to environmental prey condi-
tions in the garden spider Araneus diadematus CLERCK. When prey conditions were bad,
thread production decreased but both web area and mesh height increased when spiders
were starved (WITT, 1963). Since then, numerous studies have shown that variation in web-
design also exists on the individual level and these variations were attributed to various
biotic and abiotic factors. These include: available space (e.g. LEBORGNE, PASQUET, 1987)
the presence of conspecifics (GILLESPIE, 1987; HEILING, HERBERSTEIN, 1999a), spider leg
length (VOLLRATH, 1987), weather conditions (CANGIALOSI, UETZ, 1987; AMMITZBO, 1988),
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presence of previously-spun lines (GILLESPIE, 1987), amount of available silk (EBERHARD,
1989; ZSCHOKKE, 1997), prey size (SANDOVAL, 1994), spider weight (HERBERSTEIN, HEILING,
1999), gravity (VOLLRATH, 1992b), nutrition (HERBERSTEIN et al., 2000), and experience
(HEILING, HERBERSTEIN, 1999b).

Approaches of interpreting orb-web variability

Morphological approach

Initially, it was assumed that orb-web construction was limited to genetically-controlled
design patterns and that meaningful variation only existed at the species level (e.g. LEVI,
1978a). Similarly, variation at the intraspecific level was formerly attributed to genetically-
controlled morphological characteristics. For instance, ontogenetic changes in orb-web design
were attributed to morphological changes during spider development. Accordingly, the
�Bauplan� of the web was interpreted as a projection of the animal�s morphology (PETERS,
1937). The resulting image of behavioural inflexibility in orb-web spiders and web build-
ing spiders in general remained unchallenged for another 30 years.

Mechanistic approach

The symmetric nature of orb-webs and the regularity in the arrangement of radials and
spirals seems to imply that the process of web construction is based on strict physical and
mathematical rules. Not surprisingly, one approach to understanding design variability is to
place web building behaviour within a mechanistic context to identify algorithmic rules
(e.g. VOLLRATH, 1992b; VOLLRATH et al., 1997). Accordingly, the placement of the sticky
spirals may be based on leg length, which the spider uses as measuring tool. If leg length is
reduced, so is the distance between the capture spirals (VOLLRATH, 1987). In contrast, the
construction algorithm for the auxiliary spiral may be based on angles rather than distance
(VOLLRATH, 1992b). Moreover, by loading these algorithmic rules into computer models,
web building behaviour can be simulated (KRINK, VOLLRATH, 1999).

Web building algorithms may be further modified by incorporating environmental cues,
such as gravitational information. As orb-web spiders do not rely on visual cues during web
construction, they may use gravity as a compass reference (VOLLRATH, 1992b; ZSCHOKKE,
1993). When Araneus diadematus were rotated in a vertical plane during web construction
they appeared disoriented and constructed tangled and irregular capture spirals (VOLLRATH,
1992b). Similarly, web asymmetry may also be based on gravitational cues. Vertical orb-
webs are often characterised by a top/bottom asymmetry, whereby the lower half of the web
is larger than the upper. Orb-webs constructed in the absence of gravity are more symmet-
ric, and the horizontal orb-webs built by uloborids, are also more symmetric (VOLLRATH,
1992b).
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The extent of web-asymmetry may further be limited by physical factors such as the
body weight of the spider. The position of a spider when it lays the capture spirals below the
hub is carapace up or sideways. In contrast, when laying the threads above the hub, the
spider has to lift and direct the abdomen with the spinnerets from sideways to above its
carapace (VOLLRATH, 1986), which may be energetically more costly and time-consuming
for larger or heavier spiders. Thus heavier Argiope keyserlingi KARSCH and Larinioides
sclopetarius also produce more asymmetric webs than lighter individuals (HERBERSTEIN,
HEILING, 1999).

Optimality approach

Another approach to understand orb-web variability is to interpret web building behaviour
within the theoretical concepts of optimal foraging theory. Spiders benefit by maximising
growth and reproductive output whilst minimising time of development and costs associ-
ated with foraging (e.g. HODGE, UETZ, 1996). Thus web building behaviour, and specifically
web design, can be viewed as a trade-off between the costs and benefits associated with
foraging, and individual variation in web design may reflect different trade-offs (HIGGINS,
1995). In one of the earlier studies, SHERMAN (1994) showed that Larinioides cornutus
(CLERCK) varied its silk investment, and thus web dimensions, with changing energetic gains
(from foraging) and energetic expenditures (from egg production). He found that satiated
spiders constructed smaller webs containing less silk, presumably redirecting energy to egg
production. In contrast, hungry spiders constructed larger webs in order to increase prey
interception (see CHACÓN, EBERHARD, 1980) and energy gain, the prerequisite for egg pro-
duction (SHERMAN, 1994). A similar relationship between foraging success and web design
has since been found in other orb-web spiders, including Argiope keyserlingi (HERBERSTEIN

et al., 2000).
Web asymmetry may also reflect a foraging strategy to optimise prey capture. Spiders

are able to detect prey and travel to prey entangled in the lower half of the web more quickly
than in the upper one (MASTERS, MOFFAT, 1983; AP RHISIART, VOLLRATH, 1994; LANDOLFA,
BARTH, 1996). Thus by increasing the lower and decreasing the upper half of the web,
spiders may increase the chance that prey will be intercepted and captured successfully
(MASTERS, MOFFAT, 1983; AP RHISIART, VOLLRATH, 1994). Similarly, variation in mesh height
may also be interpreted as a specific foraging strategy. By increasing mesh height, spiders
may target larger prey, whilst smaller prey may pass between the spirals (SANDOVAL, 1994;
SCHNEIDER, VOLLRATH, 1998; HERBERSTEIN, HEILING, 1998).

Individual experience

The role of experience and memory in web building behaviour has largely been ne-
glected in favour for more mechanistic explanations (VOLLRATH, 1992b). In an early ap-
proach, to test the influence of prior experience on web-building behaviour, REED et al.
(1970) confined Araneus diadematus in small tubes where they were unable to construct
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a web, and tested the effects of this treatment on web design. The test revealed that inexpe-
rienced spiders built smaller webs, which was attributed to restricted silk production. REED

et al. (1970) found no indication for an influence of prior experience on orb design and
concluded that �web-building behaviour does not seem a fruitful ground for investigating
plasticity in the spider nervous system�. We recently provided evidence for the influence of
prior experience on the degree of orb-asymmetry (HEILING, HERBERSTEIN, 1999b). Our ex-
periments revealed that L. sclopetarius with web-building experience constructed more
asymmetric webs compared to inexperienced conspecifics. Moreover, web asymmetry was
also influenced by previous prey capture experiences, as spiders increased the region of the
web which intercepted most prey. L. sclopetarius and A. keyserlingi were able to monitor
the success rate of different web regions and altered their web design accordingly (HEILING,
HERBERSTEIN, 1999b). Thus, previous experience, in either web building or prey capture,
may also affect intraspecific variation in orb-web design.

Conclusion

The surprisingly high degree of variability in orb-web design, particularly within individu-
als of the same species, has provided a fruitful ground for numerous investigations into fac-
tors that may influence this variability. However, to fully understand the complex nature of
orb-web design variability, a combination of several different approaches is clearly necessary.
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