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traction may explain why dispersal is rare in these spiders.

Animals often face conflicting demands when making movement decisions. To examine the decision process of social animals, we
evaluated nest-site preferences of the social spider Stegodyphus dumicola. Colonies engage in collective web building, constructing
3D nests and 2D capture webs on trees and fences. We examined how individuals and groups decide where to construct a nest
based on habitat structure and conspecific presence. Individuals had a strong preference for 3D substrates and conspecific presence.
Groups were then provided with conflicting options of 3D substrates versus 2D substrates with a conspecific. Groups preferred the 3D
structures without presettled conspecifics over a 2D substrate with conspecifics. When a group fragmented and individuals settled
on both substrates, the minority group eventually joined the majority. Before rejoining, the collective prey capture behavior of divided
groups improved with the size of the majority fragment. The costs of slow responses to prey for split groups and weak conspecific at-

Key words: collective behavior, conspecific attraction, decision-making, foraging, nest selection.

INTRODUCTION

Making choices is a challenge for all animals. Often, animals face
conflicting information that force them to distinguish between two
(or more) options that (all) seem equally good (or bad) (Conradt
2012). Such a situation can arise when animals use more than one
cue as an indicator of quality. For example, the quality of all com-
peting choices can be perceived as optimal according to different
sets of cues (Czaczkes et al. 2019).

Choosing where to live is an important decision because it can im-
pact an animal’s survival and success (Spencer 2002; Quader 2006;
Hatchwell et al. 2008; Misenhelter and Rotenberry 2009). Individuals
can rarely assess habitat or nest quality directly because of the com-
plexity of the environment (Johnson et al. 2013). Instead, animals use
cues, such as the presence of conspecifics and certain features of the
environment, to guide their choices (Miller et al. 2013). Conspecific
attraction may play an important role in the decision-making pro-
cess because the presence of conspecifics can indicate suitable hab-
itat (Stamps 1988; Ramsay et al. 1999; Schuck-Paim and Alonso
2001; Mariette and Griffith 2012; Jeanson and Deneubourg 2017).
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Furthermore, organisms identify which nest sites will provide the
highest pay-off by cueing in on environmental cues, such as light, hu-
midity, and temperature (Iranks et al. 2003; Part and Doligez 2003;
Fletcher 2007; Seeley and Visscher 2007; Monkkonen et al. 2009).
However, animals often face opposing, or incomplete informa-
tion, and such uncertainty can lead to poor choices (Spencer 2002;
Marshall et al. 2006; Platt and Huettel 2008; Johnson et al. 2013;
Czaczkes and Heinze 2015; Gotmark et al. 2016). When the quality
of different habitats seems optimal according to different cues (e.g.,
one habitat seems good because of light levels but another one seems
good because of humidity), it could be challenging to decide where
to settle. In such cases, certain nest characteristics may be weighted
more heavily than others (Franks et al. 2003; Sasaki et al. 2013) and
individuals may differ in their preferences. Conflicting priorities be-
tween individuals lead heterogeneous groups to break up (Conradt
and Roper 2003; Doering et al. 2020).

Proper assessment and decision-making require comparisons be-
tween multiple options. Therefore, choices are prone to mistakes that
originate from the available options and can be costly (Mallon et al.
2001; Marshall et al. 2006; Sasaki and Pratt 2011; Sasaki et al. 2013).
One of the many benefits of group living is the mitigation of risk in
making choices (Franks et al. 2002; Couzin 2009; Sasaki and Pratt
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2011; Sasaki et al. 2013; Greening et al. 2015; Sasaki and Pratt 2018).
When multiple individuals are choosing a nesting site, collective de-
cision-making emerges, and groups assess nest-site quality more ac-
curately and efficiently than individuals (Mallon et al. 2001; Franks
et al. 2002; Pratt et al. 2002; Conradt and Roper 2003; Pratt 2003;
Sasaki and Pratt 2011; Sasaki and Pratt 2012; Sasaki and Pratt 2018).
However, in a rugged landscape of nest-site options, with multiple
choice axes, groups may still be unable to find an optimal solution.

Social invertebrates are an ideal system for studying the links be-
tween individual and collective decision-making (Sasaki and Pratt 2018)
because they often need to choose between many nest sites when re-
locating. Furthermore, while information is gathered by individuals, the
decision is made at the collective level. While these processes have been
well documented in eusocial insects, how individual and collective deci-
sion-making occurs in other social invertebrates, such as social spiders,
remains largely unknown. Sociality in spiders differs from eusocial in-
sects in that spiders do not have a queen and worker castes. Stegodyphus
dumicola (Araneae, Eresidae) is a social spider that lives in colonies of
tens to hundreds of females that cooperate in collective foraging, re-
production, and parental care (Wright et al. 2015). Colonies build 3D
clusters of webs that form a retreat, or nest, and 2D webs for cap-
turing prey (Kamath et al. 2019). Colonies typically reside in a single
retreat; however, groups can build multiple nests connected by capture
webs. Stegodyphus dumicola colonies are characterized by low dispersal,
serial inbreeding, and low within-colony genetic variation (Lubin et al.
2009; Smith et al. 2009; Avilés and Purcell 2012; Settepani et al. 2017).
Colony prey capture success is influenced by the scaffolds on which
colonies build their webs. In the field, fence-dwelling colonies capture
more prey than tree-dwelling ones (Kamath et al. 2019) and, in the lab,
the shape of the structure a colony builds their nest on influences their
latency to respond to prey (Modlmeier et al. 2014). Although subsocial
spiders have been shown to use natal philopatry (Johannesen and Lubin
1999) and sericophily (Rao and Lubin 2010; Rao and Aceves-Aparicio
2012) in selecting a nest site, the process by which permanently social
spiders select a nest site is unknown. Furthermore, uncovering the pref-
erences of both individuals and groups can be important for explaining
dispersal patterns in this species (Ward and Lubin 1993; Salomon and
Lubin 2007; Rezag et al. 2018).

To uncover the process by which social spiders choose a nest site,
we experimentally tested if individual spiders exhibit conspecific at-
traction and have a preference regarding the physical properties of a
nest site. We hypothesized that individuals will use more than one type
of cue to determine where to settle. Specifically, we predicted that the
presence of a conspecific on a nest scaffold will be an attractive cue.
Furthermore, we predicted that a 3D nest scaffold, which is similar
to a natural nest, will be preferable over a 2D nest scaffold. We then
tested how groups overcome conflicting cues in choosing a nest site
when presented with suboptimal characteristics. We hypothesized that
when presented with two preferred cues, one relating to the presence/
absence of a conspecific and the other one relating to the structure
of the nest scaffold, groups will place a greater weight on one cue
over the other. Alternatively, if individuals are highly variable in their
preferences, the group will split between the two choices. Finally, we
examined if collective foraging is influenced by nest-site decisions.
We hypothesized that whether or not a group was able to reach con-
sensus when deciding where to settle would impact their success in
other ecological situations. Specifically, we predicted that if groups
split between two nest locations, their prey capture success would be
negatively impacted because of the importance of social interactions
(Hunt et al. 2019; Wright et al. 2019) and nest structure (Modlmeier
et al. 2014; Kamath et al. 2019) for this collective behavior.

Behavioral Ecology

METHODS
Collection and maintenance

Colonies were collected along roadways in Kalkrand, Namibia,
in March 2018 and shipped to UCLA (Permit Number
RPIV00632019), where they were kept with their natural webbing
in 700-mL containers and fed with crickets weekly. Experiments
took place in July 2018. Only adult female spiders were used be-
cause females perform the majority of colony maintenance tasks
and males are extremely scarce (Pruitt and Keiser 2014).

Individual preference

To test if spiders used conspecific cueing, eight individuals from three
different source colonies were each placed in the center of a clear
plastic box (29.85 X 12.38 X 6.19 cm) with identical flat 2D wire
meshes (5.5 cm?) on each end, 20 cm from each other (Supplementary
Figure Sla). These spiders acted as the conspecific cue and were
allowed to choose a structure overnight. On the following day, we
placed an individually marked spider from the same source colony
in the center of the box. The next day we recorded whether the new
spider chose the side with the conspecific or without it.

To test if individuals had a preference regarding the structural
properties of the nest site, we placed two wire mesh structures: a
flat 2D square and a closed 3D cone (Modlmeier et al. 2014) on
opposite sides of a plastic box (dimensions as above) 20 cm away
from each other (Supplementary Figure S1b). Each spider, from
three different source colonies (g iquas = 6/ colony, n, = 18), was
placed in the center of the box for 24 h. We then recorded the
structure on which they settled. Each spider was tested three times
to determine the repeatability of structure choice. All other envi-
ronmental conditions (light, temperature, etc.) were homogenous
throughout the arena in all choice tests. One individual failed to
build a nest on either structure during the second trial. This was
not included in our final analysis. All boxes were cleaned with eth-
anol at the end of each trial.

Group nest-site preference

To test how opposing information is assessed collectively, we pre-
sented groups with conflicting options: an open 2D structure with
a conspecific and an empty closed 3D structure (Supplementary
Iigure S1b). We placed the “cue spider” directly onto the flat mesh
and covered it with a cup overnight to ensure that it established and
built webbing on the flat mesh. The cup was removed the next day
and nine other spiders, from the same source colony, were placed
in the center of the box. Thus, each of our experimental colonies
consisted of 10 individuals. To determine group preference, we re-
corded the number of spiders on each structure 1, 2, and 6 days
after introducing the groups to the apparatus.

Collective prey capture

To quantify collective prey capture, we assayed the colonies twice
on the first day and twice on the second day after groups were
added to the apparatus. To assay prey capture, we placed a 1 cm?
piece of paper in the center of the box, on the capture web that
connected the two structures, and vibrated it with a wire connected
to an Arduino programmed to vibrate at random intervals (Pinter-
Wollman et al. 2017; Wright et al. 2019). We recorded the latency
until a spider touched the paper (attack latency). Groups with
shorter attack latencies are more successful (Pinter-Wollman et al.
2017; Pruitt et al. 2018; Kamath et al. 2019; Pruitt et al. 2019).
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Data analysis

To determine individual, conspecific, and group preference, we
used chi-squared tests. To determine the repeatability of individual
nest structure choice, we calculated the intraclass correlation coef-
ficient (ICC) using the “ICC” R package (Wolak et al. 2012). To
determine if attack latency in groups that remained cohesive (9-10
individuals on a single structure) was significantly different from
groups that were split between the two structures (6-8 individuals
on a single structure), we used a Welch two-sample test. All data
analysis was conducted in R version 3.5.0 (R Core Team 2018).

RESULTS
Individual preference

Individuals preferred the structure with a conspecific. We found
individuals on the flat mesh with a conspecific significantly more
often than expected at random compared with the flat mesh
without a conspecific (chi-square: X* = 7, degrees of freedom
[df] =1, P =0.008; Figure 1a).

Individuals preferred the closed cone over the flat mesh struc-
ture. Individuals were found on the closed cone more frequently
than expected at random compared with the flat mesh (chi-square:
X% =43, df = 1, P < 0.0001; Figure la). Individuals were not re-
peatable in their preference ICC = 0.024, 95% confidence interval
[CI]: lower CI = —0.21, upper CI = 0.34) because none of the
individuals ever chose the open structure 2 days in a row. For each
of the three source colonies, individuals chose the closed structure
66%, 78%, and 100% of the time. Half of the individuals always
chose the closed structure, seven chose the closed structure twice,
and two chose the closed structure once.

Group composition and nest-site preference

Groups preferred the closed structure without a conspecific over the
flat mesh with a conspecific. We found individuals in the groups on the
closed structure significantly more than expected by random chance,

Individual Choice

(@)

Proportion of individuals

0.0 -
Conspecific Trials Structure Trials
[0 Open, with Conspecific

Figure 1

O Open, no Conspecific

and this preference increased over the course of the experiment
(Figure 1b; n = 80, chi-square; Day 1: X2 = 18.513, df = 1, P< 0.0001;
Day 2: X* = 31.182, df = 1, P < 0.0001; Day 6: X* = 40.333, df = 1,
P < 0.0001). In seven of the eight groups, the majority of individuals
positioned themselves on the “closed” nest option within the first 24 h.

Collective prey capture

Groups that remained cohesive (9-10 individuals on a single struc-
ture; n = 26) had significantly greater foraging aggressiveness
compared to groups that were split between the two structures
(Iigure 2; 6-8 individuals on a single structure; n = 6; ¢t = —2.645;
df = 6.652; P-value = 0.035; 95% CI: lower CI = —515.54, upper
CI = —26.08). Of the 11 attacks that occurred in split groups, eight
occurred from the majority side.

DISCUSSION

Here, we show that individual spiders use conspecific cueing when
selecting a site in which to settle and that they prefer closed 3D
substrates over flat 2D ones. When faced with the two options that
are preferred by individuals, groups choose closed structures over
flat structures with conspecifics. Reaching a consensus decision on
where to settle improved the prey capture success of groups.
Individuals strongly preferred to be with conspecifics, suggesting
that they use conspecific cueing, which is common in social animals
(Stamps 1988; Part and Doligez 2003; Fletcher 2007; Jeanson and
Deneubourg 2017). Because social spider colonies exhibit many
collective behaviors, it is possible that the conspecific acted not only
as a cue for nest-site quality but also as a partner with whom to
form a group. Such conspecific attraction might reduce the poten-
tial costs and risks of building a new web and may explain why
dispersal is rare in this species (Lubin et al. 2009; Smith et al. 2009).
Individuals strongly preferred the closed over the flat structure.
This preference may be due to the perceived safety of being fully
enclosed and protected from predation. Avian and wasp predators
often attack web-building spiders, and individuals may benefit
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Conspecific attraction and structural preference by (a) individuals and (b) groups. (a) The proportion of individuals who chose the occupied flat mesh
structure is in green, the unoccupied flat structure is in yellow, and the unoccupied closed structure is in purple. (b) Preference for the unoccupied closed

structure by groups increased over time.
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Latency to collectively attack prey in cohesive versus split groups. Groups that
had 9-10 individuals on a single structure and 0-1 individuals on the other
were considered cohesive, and groups that had 8-6 individuals on one side
and 24 individuals on the other side of the arena were considered split.

from selecting a structure that provides protection on all sides
(Henschel 1998). Preference for the closed structure could also
be due to the similarity between the interior of this structure and
the interior of natural nests, thus providing a familiar structural
cue. These explanations are not mutually exclusive. Individuals
did not exhibit highly repeatable choices for the closed structure
perhaps because they were sampling their environment (Robinson
et al. 2009) as none of the individuals chose the open structure two
trials in a row, although we were unable to state this with statistical
confidence due to our sample size. While we did not observe high
activity or movement between the two structures, webbing was al-
ways observed connecting the two structures, indicating that the
spiders sampled both. Future work should examine the decision
process itself and how individuals and groups interact with each
potential site before choosing one. In addition, our findings focus
on the initial, short-term decisions that individuals make. Future
work should also aim to study the long-term nest-site choices
made in the laboratory and field. Groups preferred to be on the
closed structure over an open mesh with a conspecific on it, and
this preference increased over time. Thus, the apparent safety or
familiarity provided by a closed structure seems to outweigh the
benefits related to conspecific attraction for groups (Iranks et al.
2003). Preference for the closed structure could also be due to the
similarity between the interior of this structure and the interior
of natural nests, or because it gives the spiders a “head start” on
building a structure that is similar to naturally occurring struc-
tures, thus providing a familiar structural cue (Rao and Poyyamoli
2001). Furthermore, closed structures result in faster prey capture
compared with open structures (Modlmeier et al. 2014), providing
another potential explanation for the preference of structure over
conspecifics, especially for groups of individuals that may already
be enjoying the benefits of sociality. Over time, the minority group
always joined the majority group, so conspecific attraction and
group cohesion may still have an influence on nest-site selection
over time. Colonies in nature can be polydomous and can disperse
through budding, so the movement of group fragments over time
that we observed could explain how budding events can occur

Behavioral Ecology

(Lubin et al. 2009; Pruitt et al. 2019). The propensity to frag-
ment may also differ among colonies due to a colony’s environ-
ment. Kamath et al. (2019) found that tree-dwelling colonies of
S. dumicola were more likely to split into multiple retreat nests in
the field and were more likely to experience emigration and immi-
gration into nearby colonies when deployed in a greenhouse com-
pared to fence-dwelling colonies.

Although the same number of individuals was exposed to the
simulated prey in all trials when the majority fragment was larger,
groups responded quicker to prey and, if an attack occurred, it was
more likely to come from the majority side. There is strength in
numbers, and total group size improves foraging responses in this
species (Keiser and Pruitt 2014). However, we show that it is not
only group size that is important but that physical proximity to
a large number of individuals within a group may be important
too (Wright et al. 2019). Hunt et al. (2019) recently showed that
S. dumicola groups that exhibit more interactions before prey cap-
ture assays attack at faster speeds, supporting our finding that group
cohesiveness can influence foraging speed.

Group cohesion may have a greater influence on collective
foraging success than nest-site structure. Collective decision-making
is more effective than an individual’s choices when negotiating
trade-offs (Sasaki and Pratt 2018). While conflicts between indi-
vidual choice and group choice can occur, we found that demo-
cratic decision-making repeatedly emerged in S. dumicola as group
fragments always joined the majority over time. This drive toward
maintaining group cohesion may contribute to the low dispersal rate
and reduced genetic diversity characteristic of most social spiders.

Societies frequently contend with conflicting information, and
groups can resolve this conflict in different ways. To form a col-
lective decision in complex environments, individuals can priori-
tize one informative cue over others and settle on a single choice.
However, this may result in a higher frequency of incorrect
choices if the error can occur in the assessment of primary cues.
Conversely, if there is variation among individuals in the prioritiza-
tion of information, groups can fragment and remain split in their
collective choice. As we found here, when faced with conflicting in-
formation, variation in the prioritization of cues may cause groups
to initially split. Nonetheless, a strong overall preference for social
cohesion resulted in reunification across all groups, allowing for a
successful collective decision-making strategy to emerge.

SUPPLEMENTARY MATERIAL

Supplementary data are available at Behavioral Ecology online.
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