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Evolutionary transitions from solitary to group-living are ubiquitous in animal systems.
While the fitness consequences of group size changes are often investigated, the
long-standing debate on whether kinship is a prerequisite of sociality is still ongoing.
In the current study, we used kleptoparasitic spiders Argyrodes miniaceus (subfamily
Argyrodinae, Theridiidae) as a model system to assess the role of group size on the
foraging payoffs of kin and non-kin groups. We set up laboratory-manipulated kin and
non-kin foraging groups and used feeding occurrence and duration as proxies for
foraging benefits and feeding latency and the number of host attacks as estimates
of foraging costs. Compared to solitary individuals, feeding durations of successfully
fed individuals in groups was not significantly different from that of solitary foragers
in both kin and non-kin groups. The occurrences of feeding decreased significantly
in group sizes two and above, in non-kin groups, and in group sizes three and
above, in kin groups. In kin groups, groups size two had significantly shorter feeding
latencies compared to other group sizes, even though feeding duration did not change
systematically with group size. Similarly, the number of attacks from the hosts were
highest in non-kin groups with more than two individuals and in kin groups with
more than three individuals. The juxtaposition of kin and non-kin group showed that
A. miniaceus enjoyed the highest foraging payoffs when being solitary or in small groups
(group size two). However, host attacks appeared to hamper feeding occurrences in kin
groups, which was not observed in non-kin groups. Our results contrast sharply with the
feeding benefits of kinship recorded in kin-based groups of sub-social species present
in related subfamilies in the Theridiidae.

Keywords: group-living, optimal group size, foraging payoff, kleptoparasitism, kin selection

INTRODUCTION

The evolutionary pathways from solitary to sociality in a given taxonomic group have been
investigated with a wide range of approaches, including theoretical (West et al., 2007), physiological
(Oliveira et al., 2015; Kingwell et al., 2021), genetic (French, 2016; Warner et al., 2019; Yan and
Liebig, 2021), and experimental (Schneider and Bilde, 2008; Gow et al., 2019; Abdi et al., 2020a,b).
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During the early stages of sociality, i.e., when group-living and
cooperation facultatively occurred in populations, it is clear that
group size, a parameter related to social complexity (reviewed
in Taborsky, 2021), could influence the fitness outcomes (Korb
and Heinze, 2016; Brandell et al., 2021). While predictions of
the theoretical models of group size effects on fitness have
long been established (Giraldeau and Caraco, 2000), and the
role of kinship (Giraldeau and Caraco, 1993; review of Platt
and Bever, 2009) and other stochastic ecological effects, e.g.,
dispersal (Brown, 2016; Fernandez-Fournier and Avilés, 2018),
have been discussed, it is important to apply these theories to the
empirical animal systems. In group-living spiders, group size is
an important determinant of fitness. Studies have reported that
transitioning from solitary to certain group size would lead to
broader dietary niches (Majer et al., 2018), weaker individual
hunting ability (Harwood and Avilés, 2018), and the capture of
larger prey (Guevara et al., 2011; Dumke et al., 2018). However,
the importance of kinship in foraging has rarely been tested
in group-living spiders (but see Auletta and Rayor, 2011; Yip
and Rayor, 2013). Here, we used a group-living kleptoparasitic
spider to test the foraging payoffs in different group sizes and
to study the foraging outcomes in kin and non-kin groups
depending on group size.

Kleptoparasitism refers to the behavior when an individual
steals resources from other individuals (the same or different
species). Kleptoparasitism reduces the amount of energy
expended on foraging and has been reported in insects, spiders,
birds, and mammals (reviewed in Iyengar, 2008). In the spider
subfamily of Argyrodinae (Theridiidae), fewer than 20 of the
named species (thus about 10% of the species) are group-
living kleptoparasites (Whitehouse, 2011; Su and Smith, 2014).
The group-living Argyrodes spiders use a variety of strategies
to exploit the resources of their host. For the most part,
these species live on the webs of their hosts (Su and Smith,
2014) or build a support web connected to the host’s web,
as in the case of A. antipodiana (Whitehouse, 1986). These
kleptoparasitic animals feed on prey captured by the hosts, as
well as the silk of the host web. In a few instances, Argyrodes
species have been shown to prey on their hosts or the host
spiderlings (Silveira and Japyassú, 2012). Nonetheless, specific
foraging strategies depend on ecological conditions and vary
among species (Whitehouse, 2011). Some group-living Argyrodes
species use a “creep-up-and-share” strategy, in which they
approach the food that a host is feeding and consume prey
partially digested by the host, thereby eliminating the need to
produce digestive enzymes by themselves (Whitehouse, 1997;
Whitehouse and Lubin, 2005). This feeding strategy presumably
maximizes food resource intake in terms of quantity and
quality across all feeding tactics (Whitehouse, 1997) and could
thus potentially be used to quantify food intake. However,
the role of group size in their foraging payoffs has not been
tested. Some researchers have considered the tolerance of
Argyrodes individuals when conducting “creep-up-and-share”
feeding behavior as a form of cooperative foraging (Whitehouse,
2011). The Argyrodinae is a subfamily in the Theridiidae,
which contains a number of sub-social species (e.g., genus
Anelosimus) (Agnarsson, 2004) where sociality could have been

driven by kin selection (Su and Smith, 2014; Liu et al., 2016).
Kleptoparasitic behavior undoubtedly brings resource-driven
foraging dynamics into play in the evolution of sociality (Su
et al., 2021). In nature, Argyrodes has been shown to form
kleptoparasitic groups with kin as well as non-kin individuals
(Su et al., 2018); these species therefore provide excellent
opportunities to simultaneously test the role of group size and
the contribution of kinship in the foraging payoffs during the
early-staged evolution of sociality.

Cooperative behaviors ranging from reciprocal mutualism
in non-kin groups to caste-differentiated eusocial colonies
(Wilson, 1975). However, the evolutionary processes leading
to the transitioning from solitary to sociality remain at the
center of ongoing debates (Nowak et al., 2010, 2017; Abbot
et al., 2011; Herre and Wcislo, 2011; Birch, 2017). Most
researchers are in agreement that cooperative behavior has
produced a diversity of biological innovations; however,
the issue of whether kinship is a necessary evolutionary
driver of the development and maintenance of an early-
staged cooperation has yet to be conclusively determined.
Furthermore, researchers have yet to conclude whether
inclusive fitness theory (Hamilton, 1964) is applicable to
general cases of sociality or whether it is simply a special
instance of natural selection (Nowak et al., 2010, 2017).
Researchers have developed several theories to address this
controversy (e.g., Garcia and De Monte, 2013; Liao et al.,
2015; Nowak et al., 2017); however, there is a lack of empirical
evidence testing the role of kinship in early-stage evolution of
sociality in nature.

Our focal system, the group-living Argyrodes miniaceus and
its host Nephila pilipes is an ideal natural system to study
the evolution of cooperative behavior and test hypotheses
pertaining to the role of kinship in an early evolutionary form
of cooperative behavior and sociality (Whitehouse, 2011). In the
current study, we sought to determine whether foraging payoffs
differ across members of different group sizes. Specifically,
we measured feeding duration, feeding latency, and attacks
from hosts as three variables to quantify foraging payoffs. We
predicted that, if the group-living behavior in A. miniaceus
were of a cooperative nature, the highest foraging payoffs
of this form of kleptoparasitism would occur at group
size larger than one. Secondly, we compared the trends of
foraging outcomes in kin and non-kin groups. We predicted
that if kin selection played a role in cooperative foraging
in A. miniaceus, then the optimal size of foraging groups
would be greater for kin groups than for non-kin groups.
Absent of the latter pattern would suggest that kin selection
might not be important in the evolution of group living in
these spiders.

MATERIALS AND METHODS

Study Species
Argyrodes miniaceus (Doleschall, 1857) is a group-living
kleptoparasitic spider species specialized in the invasion and
exploitation of the webs created by female orb-weaving hosts
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(Su et al., 2018), such as Nephila sp., including Nephila pilipes
and Trichonephila clavata in Taiwan (personal observations
of Yu in Namaxia, Kaohsiung, Taiwan). Nephila pilipes build
two-dimensional orb webs where A. miniaceus forage, mate,
and reproduce (personal observations of Yu); the orb web is
made of frame threads as the basic structure, radial threads
stretching from the central area of orb web (termed hub) to
frame threads, and spiral threads connecting between radial
threads (Wijerathna, 2016). In general, N. pilipes stay at hub
to wait for prey, while A. miniaceus stay around the capture
area composed of radial threads and spiral threads. Female
A. miniaceus produce individual egg sacs in nearby vegetation or
branches close to the host web. Male and female A. miniaceus
both undergo four instars prior to maturation. In the field,
it is common to find overlapping generations of A. miniaceus
living in a web, i.e., adults, sub-adults, and juveniles of both
sexes (first to third instars, Su et al., 2018) and the average
group size is 4.8 ± 8.2 (Su et al., 2021). Argyrodes miniaceus
utilizes four techniques when foraging on host webs: silk
consumption, catching small insects, stealing wrapped food
bundles from the host, and feeding with the hosts at the
same time by creeping up to the food bundles (termed “creep-
up-and-share”). Creep-up-and-share is their primary tactic
among juvenile and adult A. miniaceus (usually two to three
participants when conducting this feeding tactic, Su et al.,
2018), indicating tolerance toward conspecifics during feeding;
however, intraspecific aggression can still manifest in foraging
as well as mating contexts. This unique form of group-living
kleptoparasitism enables manipulation of kinship among group
members in a laboratory setting.

Sample Collection and Rearing
We collected A. miniaceus (Araneae: Theridiidae) (referred as
Argyrodes hereafter) and their hosts, female Nephila pilipes
(Araneae: Nephilidae) (referred as Nephila hereafter), in Namaxia
District of Kaohsiung in Taiwan (N 23◦ 16′ 17.9′′, E 120◦ 43′
33.3′′), in which both species are commonly found. Juvenile
and adult Argyrodes have been shown to share food with
conspecifics; however, we focused exclusively on adult females
for our experiments, due to the fact that foraging behavior is
less observable in males. Adult female Argyrodes obtained from
multiple host webs (i.e., minimal probability of sharing kinship)
were used to assemble non-kin groups (Su et al., 2018). Kin
groups were assembled by collecting egg sacs of Argyrodes in
the field as well as those of spiders that had mated in the
lab. Hatching involved attaching egg sacs to the side of 50 ml
centrifuge tubes, at the bottom of which was placed moist cotton
with a few drops of potable water for humidity. The tube opening
was blocked using dry cotton to maintain suitable ventilation.
Each egg sac contained 30–100 eggs, which hatched at room
temperature after roughly 3 weeks (personal observations of Yu).
The spiderlings were held in individual containers to prevent
social interactions. At intervals of 2–3 days, the spiderlings were
fed crickets that were partially digested by Nephila. After the
Argyrodes spiderlings reached the third or fourth instar, they were
reared in the web of Nephila in cages individually (BugDorm-
1: 30 cm × 30 cm × 30 cm, BugDorm-6M1020 and 6E1020:

103 cm × 103 cm × 204 cm, MegaView Science Co., Ltd.) until
they reached adulthood.

Experimental Set-Up
Female Nephila hosts were held in cages (103 cm
× 103 cm × 204 cm, BugDorm-6M1020 and BugDorm-
6E1020, MegaView Science Co., Ltd.) with sufficient space to
build orb-webs. We removed Nephila individuals that were
unable to complete a web after 1 day. Non-kin and kin groups of
Argyrodes were assembled into groups of one to five individuals.
Prior to initiating the experiments, Argyrodes were starved for
at least for 48 h prior to be used in experiments but were fed
ad libitum otherwise. For the sake of convenience in observation,
individual Argyrodes were anesthetized using CO2 and then
marked with paint splotches of various colors (Sharpe and Avilés,
2016; Luminous Powder Kit #1162A, BioQuip Products, Inc.).
Experiment groups were assigned to cages randomly.

Behavioral Experiment
Experiments on non-kin groups were conducted from January
2019 to November 2020. Experiments on kin groups were
conducted in March, April, and July of 2021. All experiments
were conducted during the day. Each experimental session
involved placing a live cricket (Gryllus bimaculatus) weighing
∼ 0.3 g (Robinson and Robinson, 1973) within the capture
area of the Nephila host web. After capturing the prey, Nephila
generally returned to the central area of the web (i.e., the hub)
to manipulate the prey into food bundles. As soon as the Nephila
began handling the prey, we started recording the feeding session
using video cameras (Sony FDR-AX40 and HDR-PJ675, China).
For each Argyrodes, we documented the feeding duration, feeding
latency, and the number of attacks from Nephila, based on
observations of the recordings. The variables were as follows:

1. Feeding duration: Feeding behavior of each Argyrodes was
defined as the amount of time in which the mouthpart of
Argyrodes was in direct contact with food bundles of Nephila.
The length of feeding duration was used as a proxy for foraging
benefit gained based on the “creep-up-and-share” strategy,
wherein feeding duration using creep-up-and-share strategy is an
important indicator of foraging benefit to gain body mass, and
presumably contributes to later probalility of reproduction (see
Whitehouse, 1997).

2. Feeding latency: Feeding latency was defined as the duration
between the point at which Nephila began handling the prey
and the point at which the mouthpart of each Argyrodes first
came into contact with the prey. Feeding latency was used
to estimate the foraging cost associated with the “creep-up-
and-share” strategy. If a spider did not feed throughout the
experiment, we assigned the latency a value of 20 min (the longest
possible duration of the non-feeding category given the duration
of the observations, see data analysis).

3. Number of host attacks: When Nephila detected the
movements of Argyrodes, they either vibrated the web with their
legs in a menacing manner (referred to as vibration hereafter) to
expel Argyrodes away or captured Argyrodes directly (referred to
as capture hereafter). We recorded the occurrences of vibration
and capture as the number of attacks throughout the feeding
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session as another aspect of foraging cost associated with the
“creep-up-and-share” strategy.

Data Analysis
All statistical analyses were performed in R (v 4.0.2; R Core
Team, 2020). Prior to any analyses, we square-root transformed
feeding duration and cube-root transformed feeding latency.
We further transformed raw feeding latency as the absolute
difference from the maximum value (20 min). The transformed
feeding latencies were zero-inflated but otherwise continuous, a
structure best described by the Tweedie distribution (Tweedie,
1984). After the transformation, a value of 0 denoted maximum
latency (i.e., an Argyrodes did not feed), and smaller values
corresponded to longer raw latency. Data for feeding duration
shared the same feature. We therefore used generalized linear
models (GLMs) with Tweedie distributions (glmmTMB package;
Magnusson et al., 2021) to perform subsequent analyses.
We constructed separate linear models for feeding duration
and feeding latency in non-kin and kin groups, respectively.
In each linear model, we began by including group size,
initial distance of each Argyrodes from the hub, the sum of
vibrations and captures from the host (hereafter “attacks”), and
ambient temperature as predictors. We did not detect significant
collinearity among predictors based on visual inspection of data
and variance inflation factor values (Supplementary Figure 1
and Supplementary Table 1; Zuur et al., 2008). We eliminated
each predictor in turn and used Akaike Information Criteria
(AIC) score difference from the full model (≤2) to evaluate
the contribution of each predictor. We also tested models
with two-way interactions, but those models were inferior in
all cases (Model 6, Supplementary Tables 2, 3). Using GLMs
with the Tweedie distribution, we constructed and tested two
models: a zero-inflated model and a conditional model. In
the zero-inflated model, the GLM examined the effect of each
predictor in causing more zeros in the response variable. In
the conditional model, the GLM tested the relationship of
each predictor with non-zero values of the response variable,
equivalent to a regular GLM.

When testing the effect of group size on vibrations and
captures from the host, we employed generalized linear
mixed models (GLMMs) with suitable distributions (Poisson,
generalized Poisson, or negative binomial (Supplementary
Tables 4A,C, 5A,C) using package lme4 and glmmTMB (Bates
et al., 2015; Magnusson et al., 2021). In each GLMM, we
included group size as a fixed variable and the identity of
the Nephila host (host ID) as a random variable. We did not
individually mark Nephila hosts in the earlier experiments,
so we were unable to keep track of host identity in those
experiments (Supplementary Table 7). Therefore, to gauge
the influence of missing host IDs on statistical outcomes,
we performed statistical analyses considering the identity
of unidentifiable hosts in two extreme scenarios: (1) all
unidentifiable hosts were assumed to be a sample of identified
hosts. Under this scenario, we randomly assigned host IDs to
unidentifiable Nephila hosts 100 times. (2) all unidentifiable
hosts represented different individuals that did not overlap
with any identified hosts. If the 101 models from the two

scenarios were qualitatively similar in statistical outcomes, we
would conclude that the influence of missing host ID did not
affect the results.

RESULTS

Feeding Duration
For non-kin groups, the optimal model included all predictors
except attacks from hosts (Model 5, Supplementary Table 2).
Longer distance to the hub, lower temperatures, and a group
size larger than one (with the exception of group size of four)
were all significantly associated with zero feeding duration
(Table 1A). However, none of the predictors explained the length
of non-zero feeding duration in non-kin groups (Figure 1A and
Table 1B).

For kin groups, the full model and the model excluding
distance to the hub were equally optimal, thus we report
results from the full model here (Model 1, Supplementary
Table 2). Similar to non-kin groups, longer distance to the
hub, lower temperature, and a group size larger than two
led to more zero feeding duration, even though the effect
of distance was not significant (p = 0.065, Table 1C). The
confidence interval of the parameter for distance suggested the
non-significance was likely the result of a smaller effect, rather
than an uncertainty of parameter estimation (Table 1C). Fewer
attacks from the host were also associated with more zero
feeding duration. This result in kin groups reflected the fact
that attacks resulted from foraging activities of Argyrodes (i.e.,
non-zero feeding duration), during which they were in closer
proximity to the host and incurred more attacks. Once the
Argyrodes began feeding, more attacks from the host resulted
in shorter feeding duration (Table 1D). Feeding duration of
group sizes two to five was not significantly different to that of
group size one in both kin and non-kin groups (Figure 1B and
Table 1D).

Feeding Latency
For non-kin groups, the model excluding attacks from the host
was the optimal model (Model 5, Supplementary Table 3). As in
feeding duration, longer distance, lower temperature, and a group
size larger than one (with the exception of group size of four) were
significantly associated with maximal latency (i.e., no feeding;
Table 2A). Higher temperature was also significantly associated
with shorter feeding latencies (Table 2B). Feeding latencies of
group size two to five were not significantly different from that
of group size one (Figure 2A and Table 2B).

For kin groups, the full model and the model without distance
were equally optimal, thus we report results from the full model
(Model 1, Supplementary Table 3). In this conditional model,
group size of two had shorter feeding latencies comparing to
group size one (Figure 2B and Table 2C), again, no significance
(p = 0.064, Table 2C) of distance was more likely due to
a smaller effect. Higher temperature caused shorter feeding
latencies. Groups consisting of two Argyrodes kin also had
significantly shorter feeding latencies compared to other group
sizes (Figure 2B and Table 2C).
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TABLE 1 | The statistical results of feeding duration in response to group size, kinship, distance to the hub, ambient temperature, and host attacks for kin and non-kin groups.

Effect Intercept Group size two Group size three Group size four Group size five Distance Temperature Attacks Sigma Tweedie. power

(A) Non-kin group: zero-inflation model of feeding duration — Model 5

Estimate 6.734 4.003 2.772 1.711 3.232 0.083 −0.419 − 2.225 1.095

SE 3.075 1.380 1.210 1.244 1.210 0.030 0.121 − − −

Z-value 2.190 2.900 2.290 1.375 2.670 2.764 −3.460 − − −

p-value 0.029* 0.004** 0.022* 0.169 0.008** 0.006** 0.0005*** − − −

2.5% CI 0.707 1.297 0.400 −0.728 0.860 0.024 −0.656 − 1.218 1.008

97.5% CI 12.762 6.708 5.144 4.149 5.604 0.142 −0.182 − 4.063 1.573

(B) Non-kin group: conditional model of feeding duration (exclude zero-inflated data) — Model 5

Estimate 3.279 0.155 −0.145 −0.031 −0.115 −0.007 0.002 − − −

SE 0.465 0.162 0.167 0.144 0.147 0.006 0.015 − − −

Z-value 7.053 0.957 −0.870 −0.217 −0.784 −1.159 0.151 − − −

p-value 1.75E − 12*** 0.339 0.384 0.828 0.433 0.246 0.880 − − −

2.5% CI 2.368 −0.163 −0.471 −0.313 −0.404 −0.018 −0.027 − − −

97.5% CI 4.191 0.474 0.182 0.251 0.173 0.005 0.032 − − −

(C) Kin group: zero-inflation model of feeding duration — Model 1

Estimate 2.032 1.321 2.574 4.402 3.782 0.035 −0.171 −0.146 2.733 1.050

SE 2.230 0.944 1.019 1.226 1.055 0.019 0.077 0.062 − −

Z-value 0.911 1.400 2.527 3.592 3.584 1.846 −2.210 −2.348 − −

p-value 0.362 0.161 0.011* 0.0003*** 0.0003*** 0.065 0.0271* 0.019* − −

2.5% CI −2.340 −0.528 0.578 2.000 1.714 −0.002 −0.322 −0.268 2.110 1.004

97.5% CI 6.403 3.171 4.571 6.805 5.850 0.072 −0.019 −0.024 3.539 1.381

(D) Kin group: conditional model of feeding duration (exclude zero-inflated data) — Model 1

Estimate 2.773 0.116 0.192 0.069 −0.054 −0.002 0.019 −0.037 − −

SE 0.471 0.134 0.182 0.299 0.244 0.005 0.016 0.017 − −

Z-value 5.893 0.863 1.057 0.232 −0.220 −0.466 1.216 −2.242 − −

p-value 3.79e− 09*** 0.388 0.290 0.816 0.826 0.641 0.224 0.025* − −

2.5% CI 1.851 −0.147 −0.164 −0.516 −0.532 −0.012 −0.012 −0.070 − −

97.5% CI 3.695 0.379 0.549 0.655 0.424 0.007 0.049 −0.005 − −

*, **, and *** denote the significance at the 0.05, 0.01, and 0.001 level.CI means confidence intervals. (A) and (C) are the results for feeding success under the zero-inflation model for non-kin and kin groups.Significant
results indicate strong association of a predictor variable with the occurrence of zeros. (B) and (D) are the results under the conditional model when zeros are removed, thus including only successfully
fed individuals.Significance levels indicate the effect of a predictor variable on feeding duration of individuals, given that individuals successfully fed.
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FIGURE 1 | Feeding duration (in seconds, square root transformed) as a
foraging benefit in different group sizes of (A) non-kin and (B) kin laboratory
assembled groups. Results shown that under the conditional model, where
the zeros were removed, the feeding duration for the successfully fed
Argyrodes showed nonsignificant difference among group sizes, including
with the largest group size five. The data in non-kin groups showed a trend
toward a peak in feeding duration in group size two, whereas kin groups do
not have this trend. The samples sizes were: Group size one: n = 12; group
size two: n = 8 for non-kin group and n = 19 for kin group; group size three:
n = 8 for non-kin group and n = 7 for kin group; group size four: n = 12 for
non-kin group and n = 4 for kin group; group size five: n = 13 for non-kin
group and n = 7 for kin group.

Number of Host Attacks
In non-kin groups, the consensus from the 101 GLMMs showed
that group sizes larger than two induced significantly more web
vibrations from the host (the expelling behavior) than group size
one (Supplementary Table 4B). Similarly, group sizes larger than
three received significantly more web vibrations from the host in
kin groups (Supplementary Table 4D). Group sizes did not have
an effect on the number of captures by the host in both non-kin
and kin groups (Supplementary Tables 5B,D). The results of the
number of host attacks are summarized in Figure 3.

DISCUSSION

The model selection results indicated that group size consistently
contributed substantially to the occurrence of feeding (i.e., the

results of zero-inflation model), feeding duration, and feeding
latency (i.e., the results under conditional model) in both kin or
non-kin groups. Other factors, i.e., Argyrodes distance to the hub,
ambient temperature, and attacks of hosts, were also important.
Our results demonstrated that the occurrences of feeding in
Argyrodes depended on group size in both kin and non-kin
groups (Tables 1A,C) but host attacks only hampered feeding
occurrences in kin groups. Compared to solitary feeding, the
occurrences of feeding decreased in group size two to five in non-
kin groups (except group size four) and group size three to five
in kin groups (Tables 1A,C). Among individuals that got to feed,
their feeding duration and latency were not significantly affected
by group sizes, with the exception that Argyrodes in group size
two of kin groups did not wait as long before commencing
feeding (Tables 1, 2 and Figure 2). In addition to group size,
Argyrodes feeding activities were hampered by lower ambient
temperature and a longer distance from the hub. The risks of
being chased away by Nephila, i.e., the number of vibrations, the
primary technique of host attack, increased in group size three
to five in non-kin groups and in group size four to five in kin
groups (Supplementary Tables 4B,D). In general, our results
showed an interesting pattern that the occurrences of feeding
in A. miniaceus decreased in larger groups. Once an Argyrodes
individual started feeding, feeding duration did not differ with
respect to group size. Accordingly, Argyrodes enjoyed the highest
foraging payoffs when solitary compared to any group size. The
only notable exceptions were individuals in non-kin groups of
size four and kin groups of size two, which had similar foraging
payoffs to those of solitary individuals (Tables 1A,C).

We demonstrated experimentally that the per capita foraging
payoffs of Argyrodes decreased with groups of any size compared
to solitary individuals. Since resource size was fixed in our
experiments, per capita foraging payoffs decreased when there
were more foragers in a group. This result aligned with the
field observations where the resource size was a determinant of
group size in Argyrodes (Su et al., 2021). In natural populations,
the average group size of A. miniaceus is 4.8 ± 8.2 (Su
et al., 2021), yet we showed that individuals foraging in groups
would suffer lower foraging payoffs (Table 1D) and more host
attacks (Supplementary Table 4D). Therefore, the results of our
experimental setup using the average size of food resource (0.3 g
of food, Robinson and Robinson, 1973) did not correspond to
the observed average group size in the natural populations. There
are several possible mechanisms that would maintain an average
group size of ∼5 individuals in the field. The first mechanism
is the limited dispersal model, in which group-living results
as a consequence of a potentially high cost of dispersal as in
some social spiders (reviewed in Whitehouse and Lubin, 2005;
Avilés and Guevara, 2017). For Argyrodes spiders, Nephila webs
represent rare resource patches (Su et al., 2021). Spiders born
on the same host web might therefore be forced to tolerate one
another, even though foraging payoffs may be lower than when
spiders are solitary on a web. Under this scenario, creep-up-and-
share dynamic might evolve such that each member on the web
takes turns distracting the host and allowing other members to
feed more safely. The producer-scrounger model could be an
alternative explanation for such group-living behavior in spiders
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TABLE 2 | Statistical results of feeding latency in response to group size, kinship, distance to the hub, ambient temperature, and host attacks for kin and non-kin groups.

Effect Intercept Group size two Group size three Group size four Group size five Distance Temperature Attacks Sigma Tweedie. power

(A) Non-kin group: zero-inflation model of feeding latency — Model 5

Estimate 6.734 4.002 2.771 1.710 3.231 0.083 −0.419 − 0.629 1.049

SE 3.074 1.379 1.209 1.243 1.209 0.030 0.121 − − −

Z-value 2.190 2.901 2.292 1.375 2.672 2.765 −3.461 − − −

p-value 0.028* 0.004** 0.022* 0.169 0.008** 0.006** 0.0005*** − − −

2.5% CI 0.709 1.298 0.401 −0.727 0.861 0.024 −0.656 − 0.371 1.003

97.5% CI 12.760 6.705 5.142 4.147 5.601 0.142 −0.182 − 1.067 1.496

(B) Non-kin group: conditional model of feeding latency (exclude zero-inflated data) — Model 5

Estimate 0.979 0.108 0.130 0.035 0.177 −0.001 0.043 − − −

SE 0.367 0.130 0.126 0.115 0.115 0.004 0.012 − − −

Z-value 2.666 0.837 1.031 0.309 1.544 −0.128 3.629 − − −

p-value 0.008** 0.403 0.302 0.757 0.123 0.898 0.0003*** − − −

2.5% CI 0.259 −0.146 −0.117 −0.189 −0.048 −0.009 0.020 − − −

97.5% CI 1.699 0.362 0.377 0.260 0.401 0.008 0.066 − − −

(C) Kin group: conditional model of feeding latency (exclude zero-inflated data) — Model 1

Estimate 0.816 0.246 −0.029 0.232 0.011 0.002 0.048 −0.013 − −

SE 0.329 0.092 0.131 0.184 0.156 0.003 0.011 0.010 − −

Z-value 2.482 2.670 −0.218 1.257 0.073 0.495 4.393 −1.273 − −

p-value 0.013* 0.008** 0.828 0.209 0.942 0.621 1.12e-05*** 0.203 − −

2.5% CI 0.172 0.065 −0.286 −0.129 −0.295 −0.005 0.026 −0.032 − −

97.5% CI 1.460 0.427 0.228 0.592 0.318 0.008 0.069 0.007 − −

*, **, and *** denote the significance at the 0.05, 0.01, and 0.001 level.CI = confidence intervals of 2.5 and 97.5%. (A) represents the feeding latencies including individuals that did not feed during the feeding bouts
(maximum value) under the zero-inflation model.The significant results indicate strong association of a predictor variable with zeros (feeding latency reaches maximum) and non-zeros (fed individuals). (B) and (C) are the
results under the conditional model, which excludes “zeros,” thus reflecting the significance of the various predictor variables on the waiting time of successfully fed individuals.
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FIGURE 2 | Feeding latency as a foraging cost of (A) non-kin and (B) kin
groups in different group sizes. Latencies in the figure are expressed as the
absolute difference from the maximum latency (20 min) after taking the
cube-root of the raw data). Values of zero on the y-axis denote a raw latency
of 20 min; larger values of transformed latency denote shorter raw latency.
Results shown that under the conditional model, where cases of no feeding
during the observation period (maximum latency) were excluded. While most
of the comparisons of feeding latency across group sizes were not significant,
group size two in kin groups showed longer feeding latencies, thus higher
costs, than other group sizes. Because the data were cube transformed and
further transformed raw feeding latency as the absolute difference from the
maximum value, larger values here represent shorter latency. The sample
sizes were: Group size one: n = 12; group size two: n = 8 for non-kin group
and n = 19 for kin group; group size three: n = 8 for non-kin group and n = 7
for kin group; group size four: n = 12 for non-kin group and n = 4 for kin
group; group size five: n = 13 for non-kin group and n = 7 for kin group
(exclude the data of transformed feeding latency = 0). ** means significant
difference between group size one and two at p < 0.01.

(i.e., crab spiders, Dumke et al., 2016). This model predicts
a group-living outcome because each individual may have the
opportunity of being the producer (i.e., the first Argyrodes
to locate and feed on the trapped prey on the host’s web),

FIGURE 3 | Numbers of Nephila attacks (the sum of vibrations and captures)
as a foraging cost of (A) non-kin and (B) kin groups in different group sizes.
Two kinds of attacks are included in the analyses. The vibration, which is a
tactic for Nephila to chase Argyrodes away, occurred more frequently. The
number of this kind of attacks increased when group size > 2 in non-kin
groups (see also Supplementary Table 4B) and when group size > 3 in kin
groups (Supplementary Table 4D). The number of captures, a tactic to kill
the Argyrodes, occurred in very low frequency and showed no difference
across group sizes (see also Supplementary Table 5). Group size one:
n = 14; group size two: n = 8 for non-kin group and n = 13 for kin group;
group size three: n = 6 for non-kin group and n = 6 for kin group; group size
four: n = 4 for non-kin group and n = 6 for kin group; group size five: n = 5 for
non-kin group and n = 5 for kin group.

which enjoys higher feeding payoffs than the scroungers. In
our experiments, spiders that fed first did have longer feeding
duration both in kin and non-kin groups, even though the
difference did not reach statistical significance (feeding duration
in kin group: 25.59 vs. 21.35, t = 1.24, df = 26.07, p = 0.23;
non-kin group 28.00 vs. 22.64, t = 1.95, df = 29.37, p = 0.06;
Supplementary Figure 2). Further tests on dispersal costs, as
well as the interactions between Argyrodes spiders and their hosts
would help assess the validity of these hypotheses.

Group size in Argyrodes species tends to be positively
correlated with food abundance (Cangialosi, 1990a,b; Agnarsson,
2003, 2011; Su et al., 2021). However, the contribution of kinship
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in promoting group-living has been inconclusive. Although
living with kin can sometimes be beneficial (reviewed in Taborsky
et al., 2021), the opposite has also been observed in a wide range
of taxa (e.g., Zöttl et al., 2013; Dunn et al., 2014; Foster and
Briffa, 2014; Thompson et al., 2017; Schweinfurth and Taborsky,
2018). In Argyrodes spiders, individuals sharing a web in the
field could have higher relatedness than what would be expected
by chance (Su et al., 2018), which could support the hypothesis
that forming foraging groups with kin further increases fitness.
Our results revealed that, regardless of kinship, groups of any
size suffered higher foraging costs than solitary individuals,
and that relatedness among members did not lead to larger
optimal group size (Figure 3 and Supplementary Tables 4B,D).
Argyrodes spiders are belong to the same family to the sub-
social Theridiidae spiders (Agnarsson, 2004), and it has been
hypothesized that Argyrodes spiders may represent a very early
stages of sub-sociality (Whitehouse, 2011). However, our findings
suggested that kin selection hypotheses, the explanation for some
social spiders (see Schneider and Bilde, 2008; Yip and Rayor,
2013; Ruch et al., 2014; review in Yip and Rayor, 2014), may not
apply in our system.

We used feeding duration, feeding latency, and risk of being
attacked by hosts to estimate the foraging payoffs of Argyrodes.
Overall, our results indicated that group living may not provide
much (if any) foraging benefit, and kinship did not affect group
size-foraging payoff dynamics. From our field observation, if an
adult female A. miniaceus fed successfully using creep-up-and-
share tactic in a feeding trial, it could have enough reproductive
energy to produce egg sacs (Yu personal observation). It would
be necessary to conduct further work on other group-living
Argyrodinae species to verify the appropriateness of using
foraging payoffs as a fitness proxy. Moreover, due to the
experimental design our non-kin and kin groups might also differ
in aspects other than kinship (e.g., prior social experience), which
prevented us from statistically examining the effect of kinship
on group formation. However, the fact that group size negatively
influenced foraging payoffs in both kin and non-kin groups was
still noteworthy. Further experiments using individuals with the
same social experiences and in similar development stages are
required to fully test the role of kinship in facilitating or deterring
group-living in these spiders. We also advocate Argyrodes spiders
to be a tractable model system with which to test more hypotheses
regarding the origin of sociality, e.g., sibling cooperation and
parent-offspring competition, that are not often considered in

empirical studies (see example of earwigs, Kramer et al., 2015 and
review in Kramer and Meunier, 2019).
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