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Web-building spiders that build detritus-based bell-shaped cobwebs are model
organisms for studies on behavioral plasticity because their web architecture
components are easily quantified and behavioral investments are clearly
separated. We investigated the web architectures and behavioral investments
of the cobwebs built by Campanicola campanulata under different weight
(heavy, medium, and light) detritus to research its cobweb architecture
variation and analyzed the investment trade-off between foraging and defense.
The results showed that spiders could actively choose lighter detritus to build
retreats to reduce material and energy cost. There was a clear trade-off between
defense and foraging investment of spiders choosing different weight detritus for
their webs. The total length of gumfooted lines (foraging investment) was longer
for the spiders that chose lighter detritus, but the energy expenditure during
web-building (defense investment) was higher for the spiders that chose
heavier detritus.
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Introduction

Building behavior in sit-and-wait predators is a widespread mechanism because animal
structures are extended phenotypic traits that include structures such as spider webs and
ant-lion pits, mediating a number of fitness-related processes (e.g., foraging, mating, and
defense) (Doucet and Montgomerie, 2003; Pinter-Wollman, 2015; Smith et al., 2015; Wolff
et al., 2018). Although the overall significance of animal buildings is broadly recognized
(Hansell, 2005; Tso et al.,, 2007; Korb, 2010), there is little understanding of the economy
and plasticity of building behavior. The behavioral flexibility of orb spiders has been
extensively studied, while the relationship between the structure constructed and
behavioral investment of theridiids has been poorly studied because there are so few
such model organisms (Herberstein, 2011; Scharf et al., 2011; Hesselberg, 2015). Web-
building spiders are excellent silk craftsmen because they can use various types of silk to
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build a series of dazzling structures, from simple silk to the retreat
for molting and protecting the egg sac to spider webs (Foelix, 2011).
At present, there are more than 10,000 known species of web-
building spiders (World Spider Catalog, 2023), which are
ubiquitous predators in most terrestrial ecosystems and are a
common subject of behavioral and ecological research
(Herberstein and Wignall, 2011).

Spider web may be effective in defending against predators and
capturing prey, but the material and energy cost are high. Therefore,
spiders may reduce various costs during web evolution in different
ways. Most notably, the evolution of spiders from cribellate silk to
viscid silk drastically reduced the total cost of web production. The
captured threads produced by orb web spiders in the family
Araneidae is more viscous per unit volume, and the speed and
material availability are significantly improved (Kawamoto and
Japyassu, 2008; Opell et al., 2008; Opell and Schwend, 2009; Sahni
etal,, 2010). Different spiders improve the effectiveness of their web-
building behavior in different ways. For example, the orb-web
spiders can prey on a large number of flying insects by using the
aerial orb web constructed by relatively sparse silk, and the spiders
can effectively save silk protein by recycling silk (Janetos, 1982;
Riechert and Gillespie, 1986). Some spiders usually use the webs of
other individuals as structural support when building webs. For
example, it has been reported that a part of Nephila web is routinely
used by Leucauge as the anchor point of a single orb web
(Blackledge, 2011). Individuals entering a certain habitat can use
the web of the settled spider as an anchor or support silk, thus
saving silk (Jakob, 1991; Lloyd and Elgar, 2006).

Optimal foraging theory predicts that sit-and-wait predators
can make decisions based on external conditions and the costs and
benefits of adopting specific behaviors to maximize fitness (Scharf
etal, 2011). There has been a lot of research on the flexibility of the
web-building behavior of orb web spiders; however, so far, no
studies have explicitly tested the plasticity of theridiids web-
building behavior to save resources and energy by actively
choosing materials for web or retreat construction. There are
overlapping resource requirements between competitive
behaviors; web-building spiders must allocate resource investment
among different behaviors to maximize fitness. Therefore, spiders
choosing different materials to build webs or retreats may have
trade-offs between different behavioral investments during
web-building.

The cobwebs of spiders in the family theridiidae is
monophyletic and derived from an orb web, and the modification
of web construction behavior may have occurred many times
independently (Benjamin and Zschokke, 2003; Eberhard et al,
2008). Theridiid web shows a high degree of evolutionary
flexibility, and the evolutionary trend seems to be from extensive
to reduced amounts of viscid silk in webs, and finally to total
absence (Benjamin and Zschokke, 2003; Zschokke et al., 2006).
Such an adaptation might have, by relieving the spider of the
necessity to produce viscid silk, thereby increase its fitness by
conserving silk protein (Benjamin and Zschokke, 2003; Zscholke
et al.,, 2006). Theridiids rest during the day and their position there
seem likely to be the result of selection to avoid being preyed upon
by visually orienting predators. Many theridiids have also evolved
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the characteristic of using small pieces of detritus to construct an
inverted cone or cup in which the spider rests (Eberhard, 1986;
Eberhard et al., 2008). The behavior of cobweb-building spiders that
build detritus-based, bell-shaped cobweb has attracted the attention
of researchers in recent years (Li et al., 2021). Previous studies have
shown that the spider’s behavior is highly plastic and susceptible to
internal factors such as development stage and feeding (Zhang et al.,
2022a; Zhang et al., 2022b). However, whether external factors such
as prey or predator cues and detritus material weight will affect the
cobweb-building behavior of those spiders is still unknown. The
weight and volume of the bell-shaped retreat are the real reflection
of different behavioral investments (Zhang et al., 2022a; Zhang
et al., 2022b); therefore, it is highly possible that this spider will
actively choose detritus to build web, which may provide a new
perspective for the study of web-building behavior. The cobweb
architecture of this spider is easy to measure and the behavioral
investment is easy to quantify, which makes it an ideal model for
studying the trade-offs between different behavioral investments
(Zhang et al., 2022a; Zhang et al.,, 2022b). The construction of a
more defensive retreat may require higher energy costs because it
requires transporting heavier detritus, while building a capture web
with higher foraging functions may only require more silk protein
to build more gumfooted lines. In this study, we asked the following:
(1) Do mature female spiders choose lighter detritus to build webs
to save energy? (2) Would the web architecture and behavioral
investments increase with the weight of detritus? (3) Is there a
trade-off between the foraging investment and defense investment
of spiders that choose different weights of detritus to build detritus-
based, bell-shaped cobwebs?

Materials and methods
Study species and web architecture

Campanicola campanulata (Araneae: Theridiidae) is a cobweb-
building spider that mainly feeds on ants and is widely distributed
in Hubei, Zhejiang, and Guizhou provinces of China (Chen, 1993).
It only builds a web in cool but rainproof places in forests, farmland,
hillsides, or other habitats. It usually lives in aggregation but build
webs solitarily. The web of C. campanulata is composed of three
parts: anchoring silk (anchoring component), a bell-shaped retreat
(defense component), and a capture web (foraging component)
consisting of dozens of gumfooted lines (Figure 1A). Anchor silks
are usually made of strands of silk suspended from concave walls or
tree roots above ground. These structures prevent damage to the
web caused by winds. Upon entering a new habitat, the spider will
wander around the ground and attach silk to detritus suitable for
building retreat. Then, it will construct anchor silk and secure it to
the substrate. The spider uses the fourth pair of legs and silk to
transport detritus up into the air until it forms a retreat that matches
its size. The construction of retreat is energetically costly because its
weight is usually 30-40 times the body weight of the spider. As a
foraging tool, gumfooted lines emanate from the retreat edge and
are fastened to coarse sand particles or fixed substrata (Zhang et al.,
2022b). When ants are intercepted by sticky gumfooted lines, the
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lines will fall off the substrate and transmit vibration to the spider,
which will eventually pull the prey off the ground, and the spider
would capture it and take it to the retreat and consume it (Zhang
et al, 2022b). The configuration of suspending the retreat can
significantly reduce the vulnerability of spiders to the enemy
because there are silken tunnels inside the retreat (Henschel and
Jocque, 1994), which the dangerous prey and predators
cannot invade.

Spider collection and maintenance

From 25 to 28 March 2022, we collected sub-adult (i.e., 1 molt
before adulthood, ~2.4 mm in body length) C. campanulata from
Hubei Dabie Mountain National Nature Reserve in Huanggang,
Hubei Province, China (31°5'N, 115°48’E), and raised them to
adulthood in the laboratory. The spiders were maintained
individually in a plastic box (length x width x height: 10 cm X
5 cm x 10 cm) with bamboo sticks attached to their inner sides to
allow them to build webs. The front and back sides of the box were
made of removable transparent Perspex glass. All spiders were kept
in the laboratory with controlled environmental conditions
(temperature: 25 + 1°C; relative humidity: 80 + 5%; photoperiod:
14 h:10 h L:D). The bottom of the box was covered with a layer of
sand for the spider to collect to build a retreat, and a piece of sponge
with absorbed water was placed at the bottom of the box to provide
water for the spider. We fed each spider with 2 ants (Monomorium
sp., ~2.2 mm in body length) every 2 days, and the developmental
status (molting) of each spider was checked twice daily (09:00
and 21:00).

Experimental design and procedure

We selected 60 newly matured female spiders (~3 days after
maturity) that were well-fed for 3 days and randomly divided into
three treatments of the same amount and different weight of
detritus: heavy treatment (HT)—1,000 grains of sand, with a total
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weight of approximately 5.02 g; medium treatment (MT)—500
grains of sand and 500 particles of soil, with a total weight of
approximately 4.32 g; and light treatment (LT)—1,000 particles of
soil, with a total weight of approximately 2.61 g; and the spiders
were given 24 h to allow them to build webs. All the detritus used in
the experiment were collected in the wild habitat and screened with
multi-layer standard screens to ensure consistent volume. The
particle diameter of all experimental materials was between 0.6
and 0.8 mm. The detritus of the medium treatment was fully mixed
before the experiment. We measured the body size (carapace width,
body length, and body weight) of each spider before the experiment.

Web architecture measurement and
behavioral investment quantification

We measured nine types of web architecture parameters in each
web, including the length of anchor silk (ASL), the height of retreat
(RH), the number of gumfooted lines (GLN), the height of the
retreat center from the ground (CH), the diameter of retreat
entrance (ED), the length of each gumfooted line (GL), the
lengths of inner and outer capture radii (CR; and CRop), and the
weight of the retreat (RW) (Figure 1B). We used (CR; and CRp)/2
to calculate the average radius (CR) to estimate the capture area
(CA). The weight of the retreat was measured after the other eight
web architecture parameters were measured. We cut the retreat off
from the web and measured its weight to the nearest 0.01 mg using
an electronic balance (FA1004N type, HANGPING). Because the
capture area is an important indicator for prey capture and the
volume of retreat is an important indicator of predator avoidance,
spiders with a bigger capture area may have higher foraging success
and spiders with larger retreats may offer better protection from
predation (Manicom et al., 2008); we used the same formula in
previous studies to calculate the capture area and retreat volume
(Zhang et al., 2022a; Zhang et al., 2022b) and also quantify the
foraging investment (i.e., total length of gumfooted lines, GTL and
lateral area of retreats, RLA) and defense investment (DI) during
web-building (Zhang et al., 2022a; Zhang et al., 2022b). For each
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web of the medium treatment, we also analyzed the proportion of
soil particles, the weight of soil particles, the weight of retreat, and
defense investment in the detritus in each finished web. To test
whether the spider would actively choose the detritus, we also
calculated the theoretical weight of the retreat based on the initial
detritus ratio, the amount of detritus, and the average weight per
grain of detritus in the medium treatment. We also calculated the
theoretical results of the defense investment based on the weight of
retreat and the actual height of retreat from the ground. We selected
the GTL to quantify foraging investment because gumfooted lines
are the primary foraging tool of cobweb spiders (DiRienzo and
Montiglio, 2016).

Statistical analysis

We use Kruskal-Wallis rank sum test to compare the
differences in web architecture and behavioral investments
between treatments because the results of the Shapiro-Wilk test
for normality of data and the Levene test for homogeneity of
variance showed that the data were not normally distributed. The
paired comparative analysis is used to compare the results between
any two groups if there are significant differences. We use
Wilcoxon’s signed-rank test for matched pairs to compare the
differences between the theoretical and the actual results in the
medium treatment in the ratio and weight of soil particles, retreat
weight, and defense investment. We performed all statistical

10.3389/fevo.2023.1164310

analyses using R 4.2.1 (R Core Team, 2022). All tests were two-
tailed, and the p-value for significance was set at <0.05.

Results

There were no significant differences between the body size
(carapace width, body length, and body weight) of the spiders
among the three treatments (Table 1). All tested spiders built an
intact web.

Effect of detritus weight on
web architecture

There were significant differences among the three treatments
in the length of anchor silk (F, 5, = 4.248, df =2, p = 0.019, Table 2),
the diameter of the retreat entrance (F,, 5; = 11.390, df = 2, p <
0.001, Table 2), the weight of the retreat (F,, s; = 8.856, df =2, p <
0.001, Table 2), the number of gumfooted lines (F,, 57 = 11.259, df =
2, p < 0.001, Table 2; Figure 2A), the volume of the retreat
(F,, 57 = 7.377, df = 2, p < 0.001, Table 2; Figure 2B), and the
capture area of the web (F,, 5; = 27.605, df = 2, p < 0.001, Table 2;
Figure 2C), indicating that the weight of the detritus significantly
affected the web-building behavior of spider. There was no
significant difference in all measured web architecture parameters
between medium and lighter treatment, which indicates that spiders

TABLE 1 Mean ( + SE) of the body size of spider in the experiment (N = 20 in each treatment).

Medium

Parameters

Body length (mm) 2.503 + 0.008 2.510 + 0.006
Carapace width (mm) 0.922 + 0.006 0.925 + 0.006
Body weight (mg) ‘ 3.340 + 0.189 ‘ 3.420 + 0.172

2.509 + 0.006 0.341 2 0.713
0.922 + 0.006 ‘ 0.084 2 0.920
3.290 + 0.167 ‘ 0.139 2 0.871

TABLE 2 Mean ( + SE) of web architectures and behavioral investments measured between treatments (N = 20 in each treatment).

Parameters Heavy Medium Light
Web architecture ASL (mm) 30.385 + 1.126 25.875 + 1.078 26.835 + 1.247
RH (mm) 12370 + 0.496 13.470 + 0.408 13375 + 0.462
ED (mm) 7.345 + 0.187 8.485 + 0.250 9.040 + 0.315
CH (mm) 43.460 + 1.323 47.415 + 1.251 46.330 + 1.426
RW (mg) 72.195 + 5.629 54.305 £ 3.105 49.280 + 2.796
GLN 25.550 = 0.838 29.250 + 1.044 32.300 = 1.119
RV (mm?) 180.290 + 14.401 264.090 + 22.268 308.935 + 32.104
CA (cm?) 36.057 = 1.508 22.738 + 1.309 25538 + 1.171
Behavioral investments GTL (mm) 1,361.880 + 47.388 1,501.965 + 39.773 1,575.590 + 33.291
RLA (cm?) 144.055 + 8.309 181.565 + 9.938 197.540 + 12516
DI (10°%)) 30.765 + 1.644 26.120 % 0.999 23.115 £ 0.768

ASL, the length of anchor silk; RH, the height of retreat; ED, the diameter of retreat entrance; CH, the height of retreat center from the ground; RW, the weight of retreat; GLN, the number of
gumfooted line; RV, the volume of retreat; CA, capture area of the web; GTL, the total length of gumfooted line; RLA, the lateral area of retreat; DI, the defense investment during web-building.
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FIGURE 2

Boxplots of the web architecture and behavioral investments for female C. campanulata in different treatments: (A) number of gumfooted line (GLN);
(B) volume of retreat (RV); (C) capture area of the web (CA); (D) total length of gumfooted lines (GTL); (E) lateral area of retreat (RLA); (F) defense
investment during web-building (DI). Boxplots show the median (central line), first and third quartiles (box), and different lowercase letters indicate
significant difference between treatments. **p < 0.01; ***p < 0.001. HT, heavy treatment; MT, medium treatment; LT, light treatment.

in the medium treatment selected the light detritus to build web.
However, there were no significant difference between the three
treatments in the height of the retreat (F, s; = 2.536, df =2, p =
0.088, Table 2) and the height of the retreat from the ground
(Fy, 57 = 2342, df = 2, p = 0.105, Table 2).

Effect of detritus weight on
behavioral investments

There were significant differences among all the behavioral
investment parameters among the three treatments (GTL: F,
57 = 7.164, df = 2, p = 0.002, Table 2; Figure 2D; RLA: F,
57 = 6.970, df = 2, p = 0.002, Table 2; Figure 2E; DI: F,,
57 = 10.382, df = 2, p < 0.001, Table 2; Figure 2F), indicating that
the weight of the detritus significantly affected the behavioral
investments of spider. There was no significant difference in all
measured behavioral investments between medium and light

treatment, which indicates that spiders in the medium treatment
selected the light detritus to build web to reduce the behavioral
investment during web-building. However, GTL and RLA were
significantly increased in light treatment compared with that in
heavy and medium treatment (Figures 2D, E), and DI was
significantly increased in heavy treatment compared with that in
light and medium treatment (Figure 2F). These results suggested
that the weight of detritus can significantly affect the investment of
spiders in different behaviors.

Test of spiders’ selection of web-building
materials in the medium treatment

There were significant differences between the theoretical and
the actual value of the ratio of soil particles (V = 210, p < 0.001,
Table 3; Figure 3A) and the weight (V = 0, p < 0.001, Table 3;
Figure 3B) in the web-building materials of medium-treated

TABLE 3 Mean ( + SE) of theoretical and actual values of the web-building materials composition, web architecture, and behavioral investment in

medium treatment (N = 20).

EEICINEEH Theoretical Actual
Web-building material composition SOW (mg) 47.495 + 2.785 40.450 + 2.505
SOR (%) 50 84.677 + 1.016
Web architecture RW (mg) 138.875 + 8.142 54.305 + 3.105
Behavioral investment DI (10-6]) 74.480 + 3.234 26.120 + 0.999

SOW, soil particle weight; SOR, soil particle ratio; RW, the weight of retreat; DI, the defense investment during web-building.
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(box). ***p < 0.001

spiders. The weight of the retreat (V = 0, p < 0.001, Table 3;
Figure 3C) and the defense investment during web-building (V =0,
p < 0.001, Table 3; Figure 3D) also have significant differences
between the theoretical and the actual value. The proportion of soil
particles in the detritus of the retreats constructed by the medium-
treated spiders reached 84% on average, far higher than the initial
proportion of detritus provided by the experiment, which shows
that spiders have actively selected the lighter weight detritus to build
web to reduce the defense investment during web-building.

Discussions

Our results confirmed that C. campanulata selected lighter
detritus to construct detritus-based bell-shaped cobwebs under
conditions of varying detritus in order to reduce web-building
costs and maximize fitness. Unlike other studies that focus on
spiders recycling silk and using the web of settled spiders as anchor
or support silk, our research has for the first time revealed the
energy-saving web-building strategy of spiders by selecting
materials. Orb web spiders ingest silk when clearing their webs
every day and recycle it in the subsequent webs, thus significantly

Frontiers in Ecology and Evolution

improving the economy of web construction (Breed et al., 1964;
Peakall, 1971; Opell, 1999). However, the web-building behavior of
C. campanulata is costly because the total time of detritus transport
is only 2 h during the 20 h of web-building, suggesting that the
spider needs a long rest to recover its energy in order to complete
the detritus transport (H. Zhang, personal observation).

The results of the plasticity of web architecture and behavioral
investment induced by the different weight of detritus showed that
these external factors had a significant impact on the web-building
behavior of C. campanulata. Specifically, spiders that choose lighter
detritus to build retreats invest more in the construction of web
structures for foraging, such as more and longer gumfooted lines
because these spiders may not need to consume much silk protein
when building retreats. While spiders that choose heavier detritus
invest more in the construction of web structures for defense because
they not only need to consume more energy to transport heavier
detritus, but also need more silk resources to wrap web-building
materials. Therefore, these spiders have higher energy costs and
material costs when building retreats. This result showed that the
parameters of the cobweb architecture were good models to distinguish
the spider’s “investment” when there are different detritus in the
habitat. In addition, this result is also consistent with previous
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reports that spider web-building behavior was considered to be a
combination of plastic responses to environmental factors
(Herberstein and Wignall, 2011; Blamires, 2010).

Trap-building predators make decisions based on the external
conditions and the costs and benefits of adopting specific behavior
to maximize fitness according to the optimal foraging theory
(Scharf et al, 2011). In our study, the spider showed different
web-building strategies according to different detritus in the habitat.
Spiders with lighter detritus build webs with more gumfooted lines
and larger retreats to increase the chance of catching and retaining
prey while avoiding being bitten by dangerous prey, such as some
species of ants (Liznarova and Pekar, 2013). In contrast, spiders
with heavy detritus avoid predation (Manicom et al., 2008) by
building a retreat with high energy consumption and a larger
capture area with sparse gumfooted line to increase the chance of
capturing prey to supplement the resource consumption during
web-building as soon as possible.

Trial spiders in this study were all newly mature females, for which
the main physiological transitions are reproduction, including
copulation, production of the egg sac, and parental care. All of these
activities require a safe place (Beaulieu etal., 2016; Mikat etal., 2021),s0
C. campanulata that were treated with heavy detritus will construct
such retreats even though the defense investment is so high. Thus, adult
females treated with heavy detritus choose to allocate more energy to
defense than those treated with light detritus to maximize reproductive
success. We have observed in the wild that a few matured females
construct cobwebs with little or even no gumfooted lines, which could
reduce the possibility that spiderlings will face predators, such as their
most common, but most dangerous prey (i.e., ants). Most euryphagous
spiders seem to avoid preying on ants because they have strong spines,
mandibles, and formic acid for effective group attacks (Pekar and Toft,
2015). Our results are consistent with previous studies showing that
egg production has significant effects on cobweb (black widow web)
architecture (Dirienzo and Aonuma, 2018; Zhang et al., 2022a).

The cobwebs of heavily detritus-treated spiders had a higher
defense investment and a lower foraging investment. These
phenomena indicate that females are likely to actively construct
retreats for foraging, mating, and breeding to increase reproductive
success when they mature, regardless of gathering food. This is
consistent with other studies, which demonstrated that production
of both egg sacs and webs is energetically costly (Ford, 1977; Jakob,
1991), and thus females may make trade-offs by investing more in
aspects that provide greater reproductive fitness benefits (defense)
and less in others (foraging). This line of reasoning is reinforced by
the fact that animals should structurally increase defensive efforts
when they have offspring (Dirienzo and Aonuma, 2018). The lightly
detritus-treated spiders had a higher foraging investment and a
lower defense investment in their cobwebs despite the fact that they
have larger retreats. These findings suggest that the light detritus
spiders expend less energy during web-building though we actually
did not measure specific energy consumption. Another possible
explanation is that the resource consumption of the lightly detritus-
treated spiders did not reach the threshold adjusted for defense
investment because all the test spiders satiated prior to the
experiment. As such, there is an obvious trade-off between
foraging investment and defense investment in the selection of
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different weights of detritus for C. campanulata to construct
detritus-based, bell-shaped cobwebs.

Conclusions

In summary, we found that the weight of detritus had a significant
effect on the web architecture and behavioral investment during web-
building of C. campanulata. In order to reduce material and energy
costs, C. campanulata could choose lighter detritus to build web. There
wasa clear trade-off between foraging and defense investment for those
that chose different weights of detritus. These findings may provide a
new insight into the behavior of web-building spiders because this
study is the first to reveal the economic strategy of active selection of
web-building materials by cobweb spiders. Future studies should
consider sampling at larger population scales to determine whether
the patterns documented here would be true for other web-
building spiders.
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