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Abstract

Detritus-based, bell-shaped cobwebs are an ideal model to research the plasticity of web architecture due to clearly
separate defense and foraging components. We performed a thorough field investigation on the web architectures
of Campanicola campanulata to research its cobweb architecture variation during the growth process and analyzed
the energy trade-offs between foraging and defense at different developmental stages. The results indicated that
as female C. campanulata grew, they dedicated more energy to defense and less energy to foraging, while males
dedicated less energy to both defense and foraging through the growth period. We hypothesize that cobweb spiders
dedicate an increasing amount of energy to safety based on evidence obtained from their life-history. Meanwhile,
we present a new model to investigate web architecture variation and provide a new framework to quantify the
energy allocation between foraging and predator defense for web-building spiders.

Key words: Campanicola campanulata, detritus-based bell-shaped retreat, life-history theory, trade-off

INTRODUCTION

A variety of fitness-related behaviors often link to
the energetic trade-offs between foraging and defense,
such as prey animals maximizing survival by enhancing
energetic gains while at the same time reducing pre-
dation risk (Balaban-Feld et al. 2019). In sit-and-wait
predators, their protective structures serve as foraging de-
vices, mating and breeding platforms, and anti-predator
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shelters (Wang et al. 2022). When resources are lim-
ited, animals must allocate their resources and energy
between defense and foraging to maximize their fit-
ness (McArthur et al. 2014; Bonnot et al. 2017; Camp
et al. 2017; Wang et al. 2022). Therefore, foraging
decisions could reflect trade-offs between food intake
and safety (Godvik et al. 2009; Embar 2014; Javier
et al. 2018), and could be influenced by an animal’s
age, life stage, or internal state (Scharf et al. 2011;
Anotaux et al. 2014; Keziah & Dhruba 2015; Pasquet
et al. 2018).

Life-history theory predicts that maximum fitness of
organisms at different life stages may involve different
relative investments to primary life tasks such as growth,
reproduction, and defense against predators (Roff 1992;
Stearns 1992). Individuals with different life histories
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facing the dilemma of growth versus reproduction must
allocate the investment of different tasks to match the
main physiological needs. For example, energy allocation
to reproduction in adults has a trade-off with maintenance
of both protective and foraging elements of the web (Del
et al. 2015). However, the findings of previous studies re-
main unclear. Some researches confirmed that vulnerable
juveniles allocated more resources for defense and reduce
foraging activities to reduce the risk of predation. For
example, various juvenile marine invertebrates modified
their body proportions or coloration to allocate more
resources to defensive structures (Berke & Woodin 2008;
Anderson et al. 2013). Meanwhile, others found that juve-
niles allocated more resources to their foraging behavior
to ensure rapid growth and early maturity. For instance,
juveniles of Physocyclus globosus (Araneae: Pholcidae)
built denser webs to increase the possibility of capturing
prey compared to adults (Escalante 2013). Life-history
trade-off analysis is a powerful analytical method that has
been used to explain the behavioral variation in birds, rep-
tiles, mammals, amphibians, and invertebrates (Berner &
Blanckenhorn 2006; Gervasi & Foufopoulos 2008; Garel
et al. 2009; Harding et al. 2009; Gilbert & Manica 2010).

Web-building spiders are ideal models for studying
life-history trade-offs between foraging and defense in
complex environments (Foelix 2011), particularly when
the cobwebs have well-defined structures for foraging
(gumfooted lines) and defense (structural lines), which
are primarily the physical manifestation of internal
variables such as body conditions induced by feeding
or egg production (Blackledge & Zevenbergen 2007;
Zevenbergen et al. 2008; Dirienzo & Aonuma 2018),
genetic variation, or sexual dimorphism (Sergi et al.
2020). However, most research assessing the variation
of cobweb architecture has focused on black widow
spiders. This makes it challenging to accurately quantify
the energy allocation between defense and foraging by
analyzing cobwebs since defense and foraging compo-
nents are difficult to discern in black widow cobwebs. For
example, the sheet web can capture flying prey (Salomon
2011), and it is difficult to measure the related parameters
of complicated cobwebs, such as the total length of
gumfooted lines, the sheet area, and the volume.

We focus on a simple cobweb architecture (cobweb
with detritus-based bell-shaped retreats, Fig. 1c) first re-
ported by Henschel and Jocqué (1994) to research life-
history trade-offs between foraging and defense. The
detritus-based bell-shaped retreats are primarily found
in Theridiidae, Araneidae, Dictynidae, and Diguetidae.
These cobwebs typically include 3 components: (i) an-
choring component (Fig. 1c), connecting the bell-shaped

retreat with other substrates such as the stone wall,
tree branch, or soil particle; (ii) defense component
(Fig. 1c), detritus-based bell-shaped retreat, consisting of
silk-wrapped sand grains, soil particles, prey remains,
and plant detritus, which helps the spiders rest, mate,
spawn, care for its young, and defend against preda-
tors (e.g. araneophagy spiders or birds); (iii) foraging
component (Fig. 1c), radial gumfooted lines, descend-
ing from the bell-shaped retreat and anchoring to the
substrate, primarily captures ants that walk underneath
the web (Video S1, Supporting Information). Due to its
clear components responsible for defense and foraging
and its simple web architecture, this cobweb is a practi-
cal model that can be used to study life-history trade-offs
between foraging and defense by investigating the web ar-
chitecture variation during the growth process. The vari-
ational pattern of the detritus-based bell-shaped retreats
among whole development also may provide some impli-
cations to link the web-building strategy and life history
of cobweb spiders. So far, 16 cobweb species belonging
to 4 genera (Achaearanea, Cryptachaea, Parasteatoda,
and Campanicola) have been found to build detritus-
based bell-shaped retreats (Li et al. 2021). However,
research on them has primarily focused on taxonomy
(Yoshida 2015, 2016; Li et al. 2021), whether and
how the variational patterns of the detritus-based bell-
shaped retreats among cobweb spiders receive intrin-
sic stimuli such as developmental states have not been
reported.

In this study, we took the most common species
building detritus-based bell-shaped retreats (Campani-
cola campanulata) and performed a thorough investiga-
tion to research its cobweb architecture variation during
the growth process and analyzed the energy allocation
between foraging and defense at different developmen-
tal stages. Our goals were as follows: (i) to test the life-
history theory by measuring different cobweb architecture
parameters to investigate whether they change with the
development stage of C. campanulata; (ii) to test the life-
history trade-offs by examining behavioral investments to
investigate the changes and relationships between defense
investment and foraging investment at different stages of
C. campanulata.

MATERIALS AND METHODS

Study site and species

The study site was located on a roadside slope
at the Guanyin Lake Scenic Area (31°14′8.66′′N,
114°01′21.57′′E) in Hubei Province, China. The total
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H. Zhang et al.

Figure 1 Habitat and web architecture of Campanicola campanulata. (a,b) Habitats. (c) Web architecture composition. (d) The main
parameters of web architecture measured in this study.

length of the roadside slope is approximately 5 km and
had similar habitats (Fig. 1a). All C. campanulata webs
investigated in this study were randomly selected, and the
spacing between any 2 webs was at least 1 m. The inves-
tigations were performed on dry days from May 11 to 20,
2020. C. campanulata is widely distributed in Zhejiang,
Guizhou, and Hubei Provinces in China. It is frequently
found in dry habitats, such as in the stone crevices, above
leaves, and among bare tree roots (Fig. 1b). It builds
a typical 3-dimensional cobweb with detritus-based
bell-shaped retreats, described above, during most of
its life. We recorded its web-building process in the lab
(Video S1, Supporting Information). According to our
field observations, it primarily preys upon ants (Video
S2, Supporting Information).

Measurement of web architecture parameters

We lightly coated each web with flour to make the web
threads visible against the background and used a digital

caliper to measure the following parameters (Fig. 1d): an-
chor silk length (ASL), retreat height (RH), entrance di-
ameter of retreat (ED), vertical height of retreat center
to the lowest substrate (CH), and length of each gum-
footed line (GL). In order to reduce the influence of
operation factors, all measurements were completed by
the same person. We also counted the number of gum-
footed lines per web (GLN). After all architecture pa-
rameters were measured, we carefully removed the spi-
ders and retreats from the webs, put them in 2 plastic
vials, and numbered them accordingly. Because carapace
width is an important indicator of spider body size (Foelix
2011), the developmental stages were identified and their
physical conditions (carapace width, hereafter CW) were
measured in the lab. Spiders were designated as 1 of 4 life
stages according to morphological characteristics: juve-
nile, subadult male, female without egg sacs, and female
with egg sacs. Retreats and spiders were weighed to an ac-
curacy of 0.1 mg, respectively, in the lab (retreat weight,
hereafter RW).

738 © 2022 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

 17494877, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1749-4877.12682 by H

ubei U
niversity, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Behavioral investment trade-offs in cobwebs

Quantification of foraging and defense

investment

We used the total length of the gumfooted lines to
quantify the foraging investment, but not the number of
gumfooted lines (DiRienzo & Montiglio 2016; DiRienzo
& Aonuma 2017), because it is a more straightforward
assessment of foraging investment than the number of
gumfooted lines. According to observations of their web-
building process in the lab, the energy spiders mainly
invested in building the defensive detritus-based bell-
shaped retreats includes: (i) moving the detritus from the
ground; and (ii) weaving the detritus into bell-shaped re-
treats. Therefore, to quantify the defense investment, we
used moving energy (ME) and lateral area of retreat (LAR)
as a defense investment index. To eliminate the effects of
the physical condition of spider, we used spider size (cara-
pace width) to correct for all investment parameters. The
formula is as follows:

Relative total length of gumfooted lines (rTLGL)

=
∑

GL1 + GL2 + GL3 + · · · + GLn/CW

Relative lateral area of retreat(rLAR)

= π

(
1

2
ED

)
· RH/CW

Relative moving energy (rME) = RW × g × CH/CW

We also calculated relative volume of retreat (rRV) us-
ing the following formula:

Relative volume of retreat (rRV)

=1

3
π ×

(
1

2
ED

)2

RH/CW

where GL1, GL2 … GLn is the length of each line in a
web of n gumfooted lines, ED is the entrance diameter
of retreat, RH is the height of retreat, CH is the vertical
height of retreat center to the lowest substrate, CW is the
carapace width of spider, and RW is the weight of retreat;
π is 3.14 and g is 9.8.

Statistical analysis

We performed all statistical analyses using R 4.2.1
(R Core Team 2022) and checked for the normality of all
the data using the Shapiro–Wilk test. To investigate the
influence of physical condition of spider on web archi-
tecture, we examined the relationship between carapace

width and cobweb architecture parameters using Spear-
man’s rank correlation. We compared the differences in
the web architecture, foraging investments, and defense
investments between juveniles, subadult males, and adult
females of C. campanulata with and without egg sacs
using the Kruskal–Wallis test. If a significant difference
was detected, we performed pairwise comparisons using
Wilcoxon rank sum test with Bonferroni correction. All
reported P-values were at an α level of 0.05.

RESULTS

A total of 405 webs of C. campanulata were measured.
Those without spiders were discarded and their data were
not used in this study (n = 33). Among all spiderwebs,
153 were constructed by juveniles, 17 by sub subadult,
99 by adult females without an egg sac, and 103 by fe-
males with an egg sac. Only males were investigated in
subadults because the investigation period is earlier than
the active maturation of spiders and males mature earlier
than females. Mature male spiders usually abandon their
webs and wait outside an immature female web to mate
with it after it matures (H. Zhang, personal observation).

Correlation between physical condition and web

architecture

In juveniles and subadult males, web architecture was
significantly positively correlated with carapace width,
except for the number of gumfooted lines in subadult
males. The web architecture of adult females without egg
sacs was positively correlated with their carapace width,
but this difference was not significant. Most of the web
architecture parameters of adult female spiders with egg
sacs were positively correlated with their carapace width,
except for the number and total length of gumfooted lines
(Table 1).

Variation of web architecture and behavioral

investments in different developmental stages

The web architecture of C. campanulata in different
developmental stages showed obvious variation, which
was reflected in the difference of most of the following
relative parameters: height of retreat, entrance diameter
of retreat, number of gumfooted lines, volume of retreat,
weight of retreat, and vertical height of retreat center to
the lowest substrate (Fig. 2). The web architecture and
behavioral investments were obviously influenced by the
developmental states of spiders. Adult female spiders
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H. Zhang et al.

Table 1 Results of Spearman’s rank correlation coefficient (ρ) and significance level (P) between carapace width and web
architecture in different developmental stages of Campanicola campanulata

Juvenile Subadult male Adult female Female + egg sac

ρ P ρ P ρ P ρ P

rASL 0.502 <0.001 0.385 0.127 0.083 0.412 0.195 0.049

rRH 0.608 <0.001 0.296 0.249 0.100 0.324 0.216 0.028

rED 0.568 <0.001 0.165 0.527 0.026 0.797 −0.047 0.639

rCH 0.574 <0.001 0.013 0.959 0.112 0.271 0.178 0.072

rRW 0.671 <0.001 0.325 0.203 0.117 0.250 0.254 0.010

rGLN 0.303 <0.001 −0.200 0.441 0.071 0.482 −0.196 0.048

rRV 0.625 <0.001 0.219 0.397 0.057 0.573 0.113 0.258

rTLGL 0.491 <0.001 0.085 0.747 0.106 0.295 −0.045 0.651

rLAR 0.634 <0.001 0.228 0.379 0.434 0.185 0.167 0.091

rME 0.673 <0.001 0.236 0.363 0.080 0.434 0.215 0.029

Figure 2 Variation in the web architecture parameters of Campanicola campanulata at different developmental stages. (a) Anchor
silk parameter: relative length of anchor thread (rASL). (b) Gumfooted lines parameters: relative number of gumfooted lines (rGLN).
(c) Retreat architecture parameters: relative height of retreat (rRH), relative diameter of retreat entrance (rED), relative vertical height
of retreat center to the lowest substrate (rCH), relative weight of retreat (rRW), and relative volume of retreat (rRV).
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Behavioral investment trade-offs in cobwebs

Figure 3 Variation in the relative behavioral investments of Campanicola campanulata at different developmental stages. Relative
foraging investment: (a) Relative total length of gumfooted lines (rTLGL); (b) relative defense investments: relative lateral area of
retreat (rLAR); (c) relative moving energy (rME).

prefer to build higher webs and larger retreats, which
were significantly higher in height and entrance diameter
than those of juveniles and subadult males. The number
of gumfooted lines of subadult males and adult females
both with and without an egg sac was less than that
of the juveniles (Fig. 2). The architecture of webs and
behavioral investments in adult females were affected
by the presence/absence of egg sacs (Figs 2,3). Females
with egg sacs built larger retreats than females without
egg sacs. The entrance diameter, weight, and volume of
retreat were significantly different between adult females
with and without an egg sac, though other parameters
showed no significant difference (Fig. 2).

The relative total length of gumfooted lines of spi-
ders changed significantly across developmental stages
(Fig. 3). Adult females used significantly more web mate-
rials than juveniles and subadult males (Fig. 3). The web-
building moving energy of adult females was significantly
higher than that of juveniles and subadult males (Fig. 3).
Adult female spiders with egg sacs used more web mate-
rials and consume more energy in web-building than adult
females without egg sacs, but there was no significant dif-
ference in the total length of gumfooted lines (Fig. 3).

DISCUSSION

Cobweb spiders building detritus-based bell-shaped re-
treats have been reported in recent years, but have pri-
marily focused on the taxonomy (Yoshida 2015, 2016; Li
et al. 2021). Research on this special cobweb architecture
is scant despite the clear roles of defense and foraging. In
this study, we investigated the variation of web architec-
tures and behavioral investment of C. campanulata during

the growth process based on the field data to assess the
life-history trade-offs through development in cobweb
spiders.

The importance of protection increased

while that of foraging decreased as female

C. campanulata grew

The results of the web architecture analysis at different
developmental stages indicated that female C. campan-
ulata tended to build larger and heavier bell-shaped
retreats through their growth and development, with all
adult females (with or without egg sac) built significantly
higher, wider, larger, and heavier bell-shaped retreats
than juveniles. Specifically, adult females with egg sacs
built heavier bell-shaped retreats than adult females
without eggs. The results of this energy investment anal-
ysis assessing defense at different developmental stages
demonstrated that adult C. campanulata females tended
to dedicate more energy to moving detritus and build-
ing retreats than juveniles did. Conversely, the female
C. campanulata tended to produce fewer and shorter
gumfooted lines through their growth and development,
with all adult females (with or without egg sac) building
significantly fewer and shorter gumfooted lines than ju-
veniles. Therefore, we conclude that safety became more
important than foraging through the growth of female C.
campanulata.

There are 2 possible explanations for this phe-
nomenon. First, we consider that the web variation of
C. campanulata reflects physiological changes in dif-
ferent developmental stages. For growing juveniles, the
primary physiological transitions are defined as molting
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H. Zhang et al.

events, during which they are particularly vulnerable due
to increased risk of predation (Vollrath 1987) and have
reduced feeding opportunities (Baba & Miyashita 2006;
Manicom et al. 2008). Therefore, juveniles choose to pri-
oritize foraging to obtain an adequate nutritional reserve
for molting stages when foraging opportunities are almost
scant. For adult females, the main physiological transi-
tions are reproduction, including copulation, production
of the egg sac, and parental care, all of which require
a safe place (Beaulieu et al. 2016; Mikát et al. 2021).
Therefore, adult females choose to allocate more energy
to defense than juveniles to maximize their reproduc-
tive success. Meanwhile, the adult females’ lower success
rate in capturing prey is compensated for by the higher
foraging benefits gained at juvenile stages. Additionally,
adult C. campanulata females produce fewer gumfooted
lines and can block their newly hatched offspring from
leaving their retreats and keep them away from predators
and parasitoids (Li et al. 2021), or even their most com-
mon but dangerous prey (i.e. ants). Most euryphagous
spiders seem to avoid preying on ants because they are
armed with strong stingers, mandibles, formic acid, and
can carry out an effective collective attack (e.g. Líznarová
& Pekár 2013; Pekár & Toft 2015), necessitating effort
for the spider to defend itself (Nelson et al. 2004). We
also observed that a few adult females with egg sacs con-
structed non-sticky gumfooted lines, which could reduce
the possibility that spiderlings will face predators or ants
directly. Our results align with previous studies suggest-
ing that physiological changes (such as satiation, sexes,
or the production of an egg case) exert significant effects
on cobweb (black widow web) architecture (Blackledge &
Zevenbergen 2007; Zevenbergen et al. 2008; Dirienzo &
Aonuma 2018; Sergi et al. 2020; Thompson et al. 2020).
However, we found no differences in energy investment
between females with and without egg sac. DiRienzo and
Aonuma (2018) reported that black widows can adjust
their web architecture in response to the production of egg
cases. One reason is that we cannot clarify in a field in-
vestigation whether females without egg sacs are virgins.
Future experiments need to be performed under con-
trolled laboratory conditions.

Second, our results indicate that there is an energy in-
put difference between females with and without egg sacs.
We hypothesize that the heavier retreats may offer stur-
dier defense and maintain warmth more efficiently. Adult
females with egg sacs of C. campanulata may construct
larger and heavier webs to keep their low-temperature-
sensitive egg sac and spiderlings warm. C. campanulata
spiders could thermoregulate in retreats in a manner sim-
ilar to the burrow used by the Australian wolf spiders

(Humphreys 1978). However, this hypothesis needs to be
further tested under laboratory conditions.

In summary, there is an obvious trade-off between for-
aging and defense during the growth of female C. cam-
panulata. Juveniles dedicate more energy to foraging,
while adult females dedicate more energy to defense.

Both safety and foraging decreased in

importance during the growth of male

C. campanulata

Our results indicate that male C. campanulata dedi-
cated less energy to both foraging and defense through-
out its growth and development. First, adult males typ-
ically abandoned their retreats. Second, subadult males
built cobwebs with significantly lighter bell-shaped re-
treats and significantly fewer and shorter gumfooted lines
than juveniles. Third, sub-males dedicated less energy to
moving detritus and building retreats than the juveniles.

These results indicate that both safety and foraging be-
came less important throughout the growth and develop-
ment of male C. campanulata. These phenomena indicate
that males are likely actively seeking females upon ma-
turity to increase their mating chances regardless of pre-
dation risk and gathering food. This is consistent with
other studies, which demonstrated that male spiders re-
mained at their retreats for fewer days (Eberhard 1992),
changed sites frequently (Eberhard & Briceño 1983),
and dispersed earlier (Edwards 2011) than females. An-
other possible explanation is that subadult C. campanu-
lata males reduce their investment before maturity to dis-
perse further, which could avoid inbreeding and increase
future mating chances (Uhl 1998). As such, there is an
obvious trade-off between development (foraging and de-
fense) and reproduction for male C. campanulata dur-
ing their growth process. Juveniles invest more in forag-
ing and defense, while subadults or adults invest more in
reproduction at the expense of safety and foraging. How-
ever, we must figure out that the significant difference in
investment between juveniles and later-stage males may
be due to the inclusion of females in the juvenile dataset,
since juveniles may be male or female, but the obvious
difference between sub-males and adult males supports
the trend.

CONCLUSIONS

Energy requirements vary with spider size. Small spi-
der species or young spiders have higher metabolic rates
that require more energy than large spiders (Anderson
1996; Mayntz et al. 2009). Campanicola campanulata is a

742 © 2022 International Society of Zoological Sciences, Institute of Zoology/
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Behavioral investment trade-offs in cobwebs

small spider species (body length 1.6–3.2 mm) and is lim-
ited by the size of its silk gland and silk reserve (Mayntz
et al. 2009). Therefore, it must decide how to maximize
its fitness during its growth and development. Our results
indicate that there is a significant trade-off between forag-
ing and defense for females and significant trade-off be-
tween development and reproduction for males during the
growth of C. campanulata.

This study presents a new model for investigating life-
history trade-off between foraging and defense and pro-
vides a novel framework for quantifying energy alloca-
tion between foraging and defense for spiders building
detritus-based bell-shaped retreats. The results of the cob-
web architecture variation during growth support the life-
history theory and indicate that female C. campanulata
dedicated more energy to defense and less energy to for-
aging as they develop, while males dedicated less energy
to both defense and foraging throughout its growth pe-
riod. Therefore, based on evidence about their life-history,
we hypothesize that cobweb spiders may dedicate more
energy to safety. This conclusion could apply to other
web-weaving spiders. However, we acknowledge that in
the field confounding factors like standing genetic varia-
tion, predation pressure, prey availability and others can-
not be controlled for. Therefore, it is necessary to further
study the plasticity of web architecture of C. campanulata
under laboratory conditions.
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