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1  |  INTRODUC TION

Across a diverse range of taxa, populations of animals exhibit con-
sistent individual differences (animal personality) in various be-
haviours, such as boldness, aggression, neophobia and sociability 
(Dall et al., 2004; Dingemanse, Kazem et al., 2010; Réale et al., 2007; 
Sih et al., 2004). Personality traits can be decomposed into among-  
and within- individual variation (Dingemanse & Dochtermann, 2013) 
in behaviour, which are group-  and individual- level characteristics, re-
spectively (Luttbeg & Sih, 2010). Personality traits can be the import-
ant determinants of individual and group survival (Bergeron et al., 
2013; Dugatkin, 1992; Moiron et al., 2020; Mouchet et al., 2021), 

reproductive performance and fitness (Le Coeur et al., 2015; Reaney 
& Backwell, 2007; Roth et al., 2021; but see Roth et al., 2019).

Such among- individual differences in various behavioural traits 
can be correlated across time and/or contexts to form behavioural 
syndromes (Dingemanse et al., 2012; MacKay & Haskell, 2015; Sih 
et al., 2004). For instance, a bold individual is also likely to be ag-
gressive (see Garamszegi et al., 2012), resulting in the formation 
of a behavioural syndrome. Behavioural syndromes may constrain 
the expression of behavioural plasticity in individuals, which might 
in turn lead to the expression of sub- optimal behaviours in certain 
contexts (Dochtermann & Dingemanse, 2013; Johnson & Sih, 2007). 
For instance, funnel web spiders (Agelenopsis aperta) that are bolder 
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Abstract
Animal personalities and behavioural syndromes have overarching implications for in-
dividual survival, fitness and cooperative task participation. In social spiders, person-
ality in boldness and aggression, and their association into behavioural syndromes, are 
thought to play a role in individual participation and task specialisation in collective 
behaviours, such as prey capture. However, recent retractions of key publications in 
this field have exposed gaps and uncertainties in our understanding of factors govern-
ing task performance in social spider colonies. Here, we analyse an already- published 
data set on animal personalities in the Indian social spider Stegodyphus sarasinorum to 
investigate whether boldness and aggression form a behavioural syndrome and assess 
its persistence over the short-  and long- term, and across age classes. Boldness and 
aggression were negatively correlated traits, forming a syndrome, but only over the 
long- term in subadult spiders, and not over the short- term in subadults or in juveniles. 
These results provide evidence for the existence of a behavioural syndrome in at least 
one social spider species. However, more work is now required to fully understand 
the observed inconsistencies in behavioural syndrome structures and animal person-
alities, as well as their possible role(s) in mediating task partitioning and collective 
performance in social spider colonies.
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in contests against conspecifics are also more aggressive towards 
predators because of the positive correlation between boldness and 
aggression (Riechert & Hedrick, 1993). Hence, bolder spiders may 
also be likely to be inappropriately aggressive against predators, 
leading to suboptimal anti- predatory responses. Therefore, there 
has been increasing interest in animal personality studies in the evo-
lution and maintenance of behavioural syndromes and the links with 
efficacy in task participation in cooperative social contexts.

Social animals often face the challenge of efficiently partition-
ing essential tasks. Many social animals overcome this challenge 
by dividing tasks broadly depending upon dominance hierarchies, 
morphological castes and/or age polyethism (Gordon, 1996; Nunes 
et al., 2014). However, some primitively eusocial insects and non- 
eusocial animals also partition work in other ways not involving 
morphological castes or age polyethism (Gadagkar, 2009; Gordon, 
2016; Unnikrishnan & Gadagkar, 2021). Since much of the focus on 
the manifestation and maintenance of task partitioning has been 
in eusocial insects, its existence in non- eusocial species is not fully 
understood.

Social spiders present an intriguing case of task allocation. 
Individuals within social spider colonies show remarkable collective 
behaviours in prey capture, web building and allomaternal care. Yet 
they do not have morphological castes, reproductive division of labour 
or conspicuous dominance hierarchies (Avilés, 1997; Lubin & Bilde, 
2007). However, in some social spider species, some individuals are 
consistently more likely to attack prey than others, suggesting some 
degree of task differentiation (Beleyur et al., 2015; Parthasarathy & 
Somanathan, 2019; Settepani et al., 2013). This begs the important 
question of what determines task participation in social spiders.

It has been recently suggested that personality traits and be-
havioural syndromes may determine patterns of task participation 
in social animals (Loftus et al., 2021). In social spiders, boldness and/
or aggression have been linked with participation in prey capture 
(Keiser & Pruitt, 2014; Keiser et al., 2014; Lichtenstein et al., 2017; 
Pruitt & Riechert, 2011; Wright et al., 2015;). However, participation 
in prey capture in social spiders has been shown to be influenced by 
hunger (Beleyur et al., 2015) and the specific attributes of the prey 
species (i.e. risky vs. harmless; Parthasarathy & Somanathan, 2019), 
with such plasticity perhaps working against the role of personality 
types in determining task participation. Moreover, repeatability of 
personality traits in these spiders is often measured across relatively 
short durations (e.g. Keiser et al., 2014, 2016; Keiser & Pruitt, 2014; 
Lichtenstein et al., 2017; Wright et al., 2015, 2016). Many species of 
social spiders have lifespans ranging from several months to 1 year, 
whereas repeatability of personality types has been typically tested 
over just 3– 5 days. Therefore, short- term personality estimates 
cannot be assumed to be consistent over longer durations com-
mensurate with the lifespan of individual spiders (see Dingemanse 
& Wright, 2020). Although Parthasarathy et al. (2019) show that 
among- individual differences in boldness and aggression can persist 
for up to 51 days in an Indian social spider Stegodyphus sarasinorum, 
the repeatability of such behavioural traits is much reduced when 
compared with short- term estimates over only 4 days.

Despite the vast body of literature reporting animal personal-
ity in boldness and aggression in various species of social spiders, 
empirical evidence for behavioural syndromes involving these 
two behavioural traits has only been reported in two studies on 
Stegodyphus sarasinorum, which has now been retracted due to data 
irregularities (Grinsted et al., 2013; Pruitt et al., 2013). Therefore, it is 
important to explore whether these two behavioural traits showing 
animal personality in social spiders are part of a wider behavioural 
syndrome. If this is the case, then we need to ask how task partici-
pation is achieved across different contexts given such a boldness- 
aggression syndrome. As bold individuals may show higher activity 
rates and have greater nutritional demands to sustain that state, they 
are, therefore, likely to attack and feed upon prey more frequently 
(via a positive feedback mechanism; McElreath et al., 2007; Sih et al., 
2015). However, participation in prey capture is also likely influ-
enced by the attributes of the prey itself. Social spiders handle and 
subdue potentially dangerous prey, such as honeybees, with greater 
care when compared with prey, such as grasshoppers, that pose lit-
tle or no risk (Parthasarathy & Somanathan, 2019). In this context, 
if a positive boldness- aggression syndrome exists, then bold indi-
viduals may be inappropriately aggressive, while attacking risky and 
aggressive prey, and such individuals may be exposed to greater 
risks of mortality over time. Conversely, less bold individuals might 
be inappropriately cautious and therefore competitively excluded 
from feeding on less risky prey by bolder and more aggressive col-
ony members. Therefore, behavioural syndromes in social spiders, if 
present, could represent potentially important determinants of task 
participation and inter- individual cooperation and/or conflict.

In this study, we re- evaluate whether the boldness- aggression 
syndrome exists in the social spider S. sarasinorum. Using the same 
dataset of Parthasarathy et al. (2019), we specifically ask if the 
boldness- aggression syndrome persists across longer durations and 
different developmental stages of individual spiders by analysing 
data consisting of: (a) short- term personality assays in subadults; (b) 
long- term personality assays in subadults and (c) short- term person-
ality assays in juveniles of S. sarasinorum.

2  |  METHODS

2.1  |  Study species

Stegodyphus sarasinorum, commonly known as the Indian social spi-
der, inhabits arid and semi- arid areas of the Indian subcontinent 
(Platnick, 2017). It lives in dense silken retreats, and the colonies 
may consist of one to a few hundred individuals. The colonies show 
seasonality in reproduction and gerantophagy (offspring consume 
their (allo)mothers), as a result of which there is little overlap of gen-
erations within a colony (Jacson & Joseph, 1973). Juveniles are cared 
for and fed by allomothers during their 1st and 2nd instars (Jacson 
& Joseph, 1973; Kullmann, 1972). Subsequently, juveniles consume 
the adults and engage in collective prey capture and web building 
from the 3rd instar onwards (Jacson & Joseph, 1973). Therefore, any 
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animal personality would be expected to manifest in behaviours in 
this juvenile stage if it is to play a role in task participation, given 
that individuals moult 12 times before reaching adulthood. These 
spiders are also highly inbred due to their reduced dispersal poten-
tial (Settepani et al., 2017; Smith & Engel, 1994), possibly because of 
which colonies have highly female- biased sex ratios (Avilés, 1997).

2.2  |  Experimental setup

In this study, we analysed data from a previously published article 
(Parthasarathy et al., 2019), which investigates among- individual dif-
ferences and repeatabilities in boldness and aggression in S. sarasino-
rum. The previous study involved colonies consisting of subadults (2 
instars before the final instar) or 3rd and 4th instar juveniles. Details 
on spider collection, feeding regimen and repeatability estimates of 
boldness and aggression are shown in Table 1. Briefly, the long- term 
assessments involved 13 colonies, each consisting of 30 uniquely 
marked spiders. Short- term and juvenile assessments involved 7 and 
13 colonies, respectively, also consisting of 30 uniquely marked spi-
ders. We maintained field- collected colonies in well- ventilated plas-
tic containers in the laboratory (juveniles in 8.5 × 5 × 4 cm boxes: 
subadults in 20 × 13 × 3.5 cm boxes) at 26°C and 60% RH.

2.3  |  Personality assays

In social spiders, boldness and aggression are the two behavioural 
traits that have been assessed for individual repeatability or animal 
personality in the past. We performed boldness and aggression as-
says as described in Parthasarathy et al. (2019). Previous studies 
have employed similar protocols to capture one or both of these 
personality measures in other species of solitary and social spiders 
(Keiser et al., 2014, 2016; Riechert & Hedrick, 1993; Riechert and 
Johns, 2003; Wright et al., 2015, 2016). Similar personality tests 
were also used in the retracted articles involving S. sarasinorum 
(Grinsted et al., 2013; Pruitt et al., 2013). In short, we performed 

boldness assays by delivering a puff of air at the spider from a medi-
cal syringe, to which individuals responded by withdrawing their legs 
under the abdomen in a huddle. We recorded the latency to emerge 
from “huddling.” We deemed individuals that took longer to resume 
movement as less bold. For an intuitive depiction of our results, we, 
therefore, reversed latency measures such that bolder individuals 
were represented with higher scores. To reverse latencies we used 
the formula: (A x B)/C, where A and B are the lowest and highest la-
tency scores available in each of the three assessments (short- term, 
long- term and juvenile assessments), and C represents the latency 
score of each individual. This ensured that the range of the reversed 
scores remained identical to the original unreversed scores.

For aggression assays, we prodded the abdomen of the spider 
with a toothpick and observing one of the following 6 responses of 
the individual: 1 = huddle; 2 = run; 3 = walk; 4 = lurch; 5 = no re-
sponse; and 6 = leg raise. We ordered aggression scores from low 
(1 = huddle) to high (6 = leg raise) because behavioural ranks 1– 4 
are threat avoidance behaviours whilst 5 and 6 are not (Kralj- Fišer 
et al., 2012; Reichert 1978, 1979; Riechert and Johns, 2003; Tolbert, 
1975). For long- term assessments, we performed boldness and ag-
gression assays once every 10 days over a period of 51 days (6 trials). 
In the case of short- term assessments, we subjected spiders to 4 
personality assays (4 trials) over 4 consecutive days. We subjected 
juveniles to personality assays once every 4 days, over a 21- day pe-
riod (6 trials). We could not subject juveniles for long- term assess-
ments because of the loss of individual identities due to the frequent 
moulting of marked individuals in this age class.

2.4  |  Statistical analyses

We determined the presence of behavioural syndromes by par-
titioning the (co)variances into among-  and within- individual 
variances (Dingemanse, Dochtermann et al., 2010; Dingemanse 
& Dochtermann, 2013) using a bivariate mixed- effects model. 
Correlations in among- individual personality traits constitute a be-
havioural syndrome, and therefore, correlations across behavioural 

TA B L E  1  Collection sites, feeding regimes and repeatability in boldness and aggression of subadult and juvenile Stegodyphus sarasinorum 
colonies subjected to long- term and short- term personality tests

Assessment Feeding regimen Collection Site RepeatabilityBoldness, Aggression

Long- term, in subadults 1 honeybee before and 2 honeybees after 
each assay

Kuppam, Southern India 
(12.75°N, 78.37°E)

0.10*, 0.14 (0.09– 0.19)

Short- term, in subadults 2 honeybees before the first assay Krishnagiri, Southern India 
(12.51°N, 78.21°E)

0.32*, 0.21 (0.14– 0.30)

Short- term, in juveniles 1 honeybee before each assay Kuppam, Southern India 
(12.75°N, 78.37°E)

0.32*, 0.13 (0.08– 0.20)

We used the honeybee Apis cerana as prey for the spiders. Feeding regimes were adapted according to the developmental stage (size) of spiders and 
the frequency of personality tests that these spiders were subjected to. For example, colonies subjected to short- term assays were fed only once 
before the first assay because subsequent assays (4 tests) were performed on four consecutive days. We ensured that spiders were not hungry 
during the assays with this feeding regimen. Kuppam and Krishnagiri are distinct populations separated by ~35 km. Repeatability estimates of 
boldness and aggression were determined by linear mixed- effects models. * indicates significance at p < .005. 95% credible intervals for repeatability 
in aggression are presented within parenthesis.
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traits arising from within- individual variation across time and/or 
context have to be excluded. We adopted a Bayesian approach to 
building the mixed- effects models using the Markov Chain Monte 
Carlo (MCMC) algorithm from the MCMCglmm package in R (De 
Villemereuil, 2018; Hadfield, 2010). We used parameter extended 
priors (Gelman, 2006) with the prior means (alpha.mu) set to 0 and 
the prior covariance (alpha.V) ranging from 10 to 1000. Reassuringly, 
the model estimates and covariance did not change significantly with 
the different priors used. We built three separate bivariate models 
for (a) long- term tests, (b) short- term tests and (c) tests involving ju-
veniles. In all these bivariate models, the boldness scores and ag-
gression ranks were treated as continuous and ordinal response 
variables, respectively, trial number (representing experimental time) 
was the fixed effect and spider ID nested within its corresponding 
colony ID was the random effect. In order to ensure that the use of 
rank order scores as continuous interval measures did not affect the 
results or conclusions, we also built separate bivariate binomial mod-
els as described above. However, in these separate models we coded 
aggression scores as a binary dependent variable (i.e. all aggression 
scores 1– 4 representing “threat avoidance behaviours” were coded 
as 0 whilst actual “aggression” scores 5 and 6 were coded as 1).

When available, partial data from spiders that died during the 
course of the experiments (144 out of 360 subadults subjected to 
long- term tests, 7 out of 210 subadults subjected to short- term tests 
and 199 out of 390 juveniles) were also included in the analyses. The 
boldness scores were log- transformed to meet the assumptions of the 
models concerning linearity and heteroskedasticity of posterior esti-
mates. We removed observations, where the spider did not huddle 
(boldness score of 0 s) or took >1200 s to resume movement (8.7% of 
total observations for long- term assays, 10.08% of total observations 
for short- term assays and 4.3% of total observations for assays involv-
ing juveniles). Subsequently, we analysed this subset of boldness data 
by performing a MCMC bivariate regression, as described above, but 
with the two extremes of boldness scores coded as a binary variable 
(0 or 1) and aggression scores as a rank- ordered variable. As with any 
model involving a nominal, ordinal or a binary response variable, the 
residual variances of aggression scores in these models were fixed at 
0.5, and therefore, within- individual variances of aggression cannot 
be determined (Hadfield, 2010). However, the among- individual (co)
variance, which are used for calculating behavioural syndromes can 
be determined. We performed model diagnostics by observing the 
trace and density plots, autocorrelation plots and by Heidelberger's 
tests. We also built Geweke's diagnostic plots and ensured that most 
of the data point Z scores lay within ±2 SDs of 0 (De Villemereuil, 
2012). The (a) long- term subadult model involved: iterations = 50,000 
to 6,50,000; thinning interval = 200; and sample size = 3000. The (b) 
short- term subadult model involved: iterations = 50,000– 6,50,000; 
thinning interval = 50; and sample size = 12,000. The (c) short- term 
juvenile model involved: iterations = 50,000– 9,50,000; thinning in-
terval = 100; and sample size = 9000.

Finally, we constructed figures from the above bivariate mod-
els using the posterior modes of random effects, also called as best 
unbiased linear predictors (BLUPS) for random effects (spider ID 

nested within their respective colonies). BLUPS provide predicted 
estimates of the random effects independent of other terms in 
the bivariate model, standardized to a mean of 0 (Kruuk, 2004). 
According to Houslay and Wilson (2017), BLUPS are not best suited 
for statistical analyses of behavioural syndromes because they yield 
anti- conservative results, but they can be used for illustrative pur-
poses. Slopes of the estimated effects presented in the figures were 
calculated by dividing the covariance in boldness and aggression 
with the variance in boldness.

3  |  RESULTS

Boldness and aggression were negatively correlated in subadults 
over the long- term (model with aggression scores as ordinal ranks: 
−0.54, 95% credible interval (CI) = −0.91– −0.19; model with aggres-
sion as binary scores: −0.66, 95% CI = −0.96– −0.34, Figure 1a, see 
Table 2 for (co)variances). As mentioned above, we reversed bold-
ness latency scores to provide an intuitive depiction of results, and 
therefore, a significant negative correlation implies that bolder spi-
ders are less aggressive.

In contrast, we found no evidence for correlations between bold-
ness and aggression in the short- term assays for subadults (model 
with aggression scores as ordinal ranks: 0.02, 95% CI = −0.31– 0.38; 
model with aggression as binary scores: −0.05, 95% CI = −0.40– 0.31, 
Figure 1b, Table 2 for (co)variances) or juveniles (model with aggres-
sion scores as ordinal ranks: 0.02, 95% CI = −0.20– 0.26; model with 
aggression as binary scores: 0.11, 95% CI = −0.18– 0.40, Figure 1c, 
Table 2 for (co)variances). Similar trends were seen with binary logis-
tic regression models involving the two extremes of boldness scores 
(0 and 1200 s) that were analysed separately (Table 3).

Despite the significant among- individual differences for both 
boldness and aggression for all three assessments, there was sub-
stantial within- individual variation in boldness for all three assess-
ments (Table 2, and see Parthasarathy et al., 2019 for further detail 
and analyses on this point). Time across the experimental duration 
(trials) had a significant effect on the overall boldness and aggression 
of spiders, but the direction of this effect differed across different 
assessments (Table 2). Subadult spiders became significantly bolder 
over time in our experiments involving long- term assessments (a 4% 
increase per 10 days), whilst the opposite was true for short- term as-
sessments (a 10% decrease per day). Juveniles became significantly 
more aggressive (a 5% increase per 4 days) across the experimental 
duration of 21 days (Table 2). Subadults in the long- term assessments 
became more aggressive over time (a 7% increase every 10 days), but 
this effect was significant only from the binomial model and not from 
the ordinal model involving rank- ordered aggression scores (Table 2).

4  |  DISCUSSION

In this study, we show that boldness and aggression are strongly 
negatively correlated personality traits in the Indian social spider 
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Stegodyphus sarasinorum, but only over long- term assessments (span-
ning 51 days, see Figure 1a and Table 2), which covers a significant 
proportion of the subadult lifespan in this social spider species 
(~70 days). In contrast, we find no evidence for a boldness- aggression 
syndrome in short- term assessments in subadults (spanning 4 days, 
see Figure 1b and Table 2), and in juveniles (covering 21 days, see 
Figure 1c and Table 2). Thus, our results contradict those of the 
retracted papers (Grinsted et al., 2013; Pruitt et al., 2013), which 
showed a positive correlation between boldness and aggression in 
S. sarasinorum. This difference may possibly be explained by data ir-
regularities in these retracted papers, or because the authors did not 
partition the variances into among-  versus within- individual (co)vari-
ances while determining behavioural syndromes (see Dingemanse 
& Wright, 2020). Nevertheless, our long- term assessments cor-
roborate the short- term findings of Keiser et al. (2014), who also 
obtained a significant negative association between boldness and 
aggression in the congeneric African social spider Stegodyphus dumi-
cola, although their study also did not partition the variances into 
among-  versus within- individual (co)variances. Here, we partitioned 
variances into among-  and within- individual (co)variances, as well as 
confirmed our results by running independent statistical models that 

showed that our results are consistent irrespective of whether the 
rank- ordered aggression scores were treated as an interval variable 
or more correctly reduced to a binary response variable (Table 2).

Why is the strong boldness- aggression syndrome evident only 
over longer durations in S. sarasinorum? Studies on personalities 
in other taxa show that behavioural syndromes may arise only in 
certain contexts (Dingemanse et al., 2007; Kralj- Fišer et al., 2017). 
Hermit crabs (Pagurus bernhardus) show a positive correlation be-
tween boldness (measured as a latency to emerge, as in these spi-
ders) and aggression against conspecifics only when the predation 
risk was low, but such correlations disappeared when the predation 
risk was high (Mowles et al., 2012). In zebra finches (Taeniopygia gut-
tata), significant negative correlations between boldness and aggres-
sion were found only during certain developmental stages, but these 
syndromes were not stable throughout individual lifespans (Wuerz 
& Krüger, 2015). These results suggest that behavioural syndromes 
may not necessarily be stable across different contexts and/or time 
for a given species. It is also likely that short- term tests capture in-
dividual variation in behaviour that is influenced to a greater extent 
by the current state/condition of individual spiders (Dingemanse & 
Wright, 2020).

F I G U R E  1  Associations between boldness (x- axis) and aggression (y- axis) over the long- term (a) and short- term (b) in subadults and 
in juveniles (c). Straight lines represent model estimates of the covariance. Note, however, that the association between boldness and 
aggression is significant only over the long- term (a). Boldness scores were reversed such that higher scores depict greater boldness (see 
Methods for details)
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It is also important to emphasize that our long- term assessments 
involved assaying spiders over much longer intervals (once every 
10 days), as opposed to short- term tests in subadults that were 
performed on four consecutive days. Webs of subadult colonies 
subjected to short- term tests were inevitably destroyed every day, 
whenever we removed individual spiders from their respective ex-
perimental colonies in preparation for the assays. It is well known 
that silk is an expensive investment in spiders (Opell, 1997; Vollrath, 
1992, 2006), and therefore, subadult colonies that were tested over 
the short- term had to build new capture webs and retreat shelters 
overnight, only to be destroyed the following day for subsequent 
tests. Such repeated assaying of spiders soon after collective web 

and retreat (shelter) reconstruction may have introduced additional 
variation into individual boldness and aggression behavioural scores, 
which may, thus, have been more a reflection of individual stress 
levels and/or energetic expenditure due to repeated silk investment 
in these spiders. This introduction of additional variation into any 
one or both behavioural scores might explain why we did not detect 
a boldness- aggression syndrome over the short- term, as compared 
to the long- term experiments in which webs and retreats were left 
in place for much longer intervals. In many such systems, performing 
behavioural assays over different timeframes may necessarily intro-
duce differences in levels of disturbance and energetic investment 
for individuals.

The change over time (across trials) in boldness scores during 
our short- term assessments further corroborates this possible con-
founding effect of repeated disturbance/rebuilding of webs and 
shelter retreats, especially if our boldness scores also captured some 
individual variation in activity. Subadult spiders became less bold 
over the short- term 4- day duration, suggesting that individuals may 
have become less active, and hence less bold, because of the more 
frequent disturbance and/or greater energy expenditure associated 
with frequent web re- construction. However, juveniles were tested 
only once in 4 days, and thus had 3 days of acclimatization before 
the next personality assay, and so they are likely to have recovered 
from the disturbance and/or energetic stress of web rebuilding in 

TA B L E  2  Estimates, among-  and within- individual (co)variances for subadults assayed over the long- term and short- term and for juveniles 
of Stegodyphus sarasinorum

Variable Subadults long- term Subadults short- term Juveniles short- term

Fixed effects

Boldness intercept 2.65 (2.46– 2.86)
2.65 (2.47– 2.86)

3.73 (3.30– 4.12)
3.73 (3.32– 4.13)

3.53 (3.27– 3.77)
3.53 (3.27– 3.76)

Aggression intercept −0.64 (−0.77– −0.52)
1.09 (0.98– 1.2)

−0.33 (−0.58– −0.08)
1.19 (0.89– 1.49)

−0.55 (-  0.61– −0.48)
1.47 (1.36– 1.59)

Time effect boldness 0.04 (0.01– 0.07)
0.04 (0.01– 0.07)

−0.10 (−0.15– −0.04)
−0.10 (−0.15– −0.03)

0.01 (−0.01– 0.03)
0.009 (−0.01– 0.03)

Time effect aggression 0.07 (0.04– 0.1)
−0.02 (−0.04– 0.0004)

−0.01 (−0.07– 0.05)
−0.02 (−0.07– 0.02)

0.05 (0.02– 0.08)
0.05 (0.03– 0.08)

Among- individual (co)variance

VBoldness 0.06 (0.02– 0.11)
0.06 (0.01– 0.11)

0.32 (0.21– 0.44)
0.31 (0.21– 0.43)

0.19 (0.13– 0.24)
0.19 (0.14– 0.24)

VAggression 0.15 (0.08– 0.22)
0.07 (0.04– 0.11)

0.11 (0.01– 0.21)
0.08 (0.02– 0.14)

0.08 (0.02– 0.14)
0.08 (0.04– 0.11)

COVBoldness, Aggression −0.06 (−0.1– −0.02)
−0.03 (−0.06– −0.01)

−0.009 (−0.07– 0.05)
0.004 (−0.05– 0.05)

0.01 (−0.02– 0.04)
0.003 (−0.02– 0.03)

Within- individual (co)variance

VBoldness 1.15 (1.07– 1.24)
1.15 (1.06– 1.24)

0.81 (0.71– 0.90)
0.81 (0.72– 0.91)

0.61 (0.56– 0.66)
0.61 (0.56– 0.66)

VAggression 0.5 (0.5– 0.5)
0.5 (0.5– 0.5)

0.5 (0.5– 0.5)
0.5 (0.5– 0.5)

0.5 (0.5– 0.5)
0.5 (0.5– 0.5)

COVBoldness, Aggression −0.008 (−0.07– 0.04)
−0.03 (−0.07– 0.007)

0.03 (−0.03– 0.1)
0.05 (−0.005– 0.1)

0.005 (−0.03– 0.04)
0.01 (−0.01– 0.04)

For each row in the table, values presented at the top are from bivariate models where aggression is coded as a binary dependent variable, and the 
very similar values presented directly below them are from ordinal regression models in which rank- ordered aggression scores were used, confirming 
the validity of this approach. Significant values are underlined. 95% CI are presented in parenthesis.

TA B L E  3  Among- individual correlation between the two 
extremes of boldness scores (latencies 0 s and >1200 s) and the 
corresponding aggression ranks (1– 6). 95% CI are presented in the 
parenthesis

Assessment
Among- individual 
correlation

Long- term, in subadults 0.15 (−0.71– 0.92)

Short- term, in subadults −0.15 (−0.63– 0.3)

Short- term, in juveniles 0.31 (−0.09– 0.74)

No significant correlation between the extreme boldness scores and 
aggression in all three assessments.
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the intervening period. The non- significant effect of time on bold-
ness scores of juveniles substantiates this view. Therefore, it is pos-
sible that the presence of a boldness- aggression syndrome in these 
spiders depends not only on the developmental stage, but also on 
whether individuals are tested under less disturbed (i.e. stressful 
and/or energetically costly) and thus more natural conditions.

Alternate plausible explanations for the significant reduction 
of boldness in colonies over the short- term can be potentially ex-
plained by habituation and/or sensitization of spiders to the frequent 
test stimuli, which in turn might explain why a boldness- aggression 
syndrome was not detected in these colonies. In contrast, spiders 
tested less frequently over the long- term may have been less likely 
to become habituated to the test stimuli. Finally, colonies tested 
over the short- term were collected from a different source pop-
ulation (see Table 1), and therefore, the presence or absence of 
behavioural syndromes could be an adaptation to the rearing envi-
ronment (Sweeney et al., 2013) or local environmental conditions. 
Such population- specific manifestation of behavioural syndromes 
is known in other taxa including fishes (i.e. predator presence in 
Gasterosteus aculeatus, Bell & Sih, 2007; Dingemanse et al., 2007; 
Dingemanse, Dochtermann et al., 2010), skinks (Lampropholis deli-
cata, Michelangeli et al., 2019) and spiders (Eris militaris, Royauté 
et al., 2014).

However, the question that remains is: what is the role of the 
boldness- aggression syndrome in task participation in social spiders? 
Boldness is associated with collective prey capture (Keiser & Pruitt, 
2014; Lichtenstein et al., 2017). However, the functional relevance 
of such aggressive behaviours quantified in these assays remain 
currently unclear. Boldness and aggression tests in spiders were 
designed to mimic those used in encounters with avian (Riechert 
& Hedrick, 1993) and invertebrate predators (Riechert & Johns, 
2003), respectively. These tests were first developed in a desert 
grass- solitary spider (Agelenopsis aperta, Riechert, 1979, Riechert & 
Hedrick, 1993, Riechert & Johns, 2003) and was later adapted to 
various species of social spiders (Keiser et al., 2014; Pruitt et al., 
2008). If these tests only represent anti- predatory responses of spi-
ders, there should be a positive association between boldness and 
aggression. However, boldness measured as the latency to emerge 
after a threat stimulus may also be indicative of activity rates or met-
abolic states (even hunger) of spiders. Aggression, ranked as threat 
avoidance or threat confrontational displays may be indicative of the 
energetic costs incurred in territorial spiders, which can determine 
contest outcomes with conspecific intruders. However, its relevance 
is not clear in social spiders which are neither territorial nor aggres-
sive, possibly because of an overall reduction in aggression associ-
ated with the evolution of sociality and colony living (Avilés, 1997; 
Lubin & Bilde, 2007). Nevertheless, individuals might still display cer-
tain levels of aggressive behaviours against prey, parasites invading 
their nests or with their conspecifics when competition for feeding 
is high (Rypstra, 1993; Whitehouse & Lubin, 1999; BP personal ob-
servations). Therefore, boldness and aggression must be negatively 
correlated in order to maximize individual and collective feeding op-
portunities, because bold individuals that initiate prey capture must 

be less aggressive and cautious while handling prey. Inappropriately 
aggressive behaviours towards risky prey can be fatal for individuals 
that initiate attacks and subdue prey (Parthasarathy & Somanathan, 
2019). The absence of a boldness- aggression syndrome in juveniles 
suggests that personality- mediated participation in prey capture is 
likely to manifest only during later developmental stages with learn-
ing, experience and proficiency, but this is an interesting proposition 
worthy of investigation in future studies.

The biological relevance of animal personalities and behavioural 
syndromes are known in other arachnid species. Bold and voracious 
female North American fishing spiders (Dolomedes triton) indulged 
in more frequent precopulatory sexual cannibalism (Johnson & Sih, 
2005). Boldness and aggression were heritable and uncorrelated 
in bridge spiders (Larinioides sclopetarius), but groups of aggressive 
spiders gained significantly more body mass and suffered greater 
mortality than mixed groups composed of aggressive and docile 
spiders (Kralj- Fišer & Schneider, 2012). Moreover, urban dwelling 
spiders, such as L. sclopetarius, show greater exploration than sub-
urban dwelling species like Nuctenea umbratica (Kralj- Fišer et al., 
2017). Therefore, animal personality and such trait associations in 
behavioural syndromes can be important determinants of survival, 
reproduction and habitat expansion in arachnids.

We conclude by pointing out that the biological significance of 
behavioural syndromes in social spiders, whether detected or not, 
is currently unclear because the functional relevance of aggression 
and boldness, as measured by these personality assays, is not fully 
understood. Aggression could correlate with contest outcomes 
against conspecific intruders in territorial species (Kralj- Fišer & 
Schneider, 2012), whilst conspecific aggression in rarely observed in 
these heavily inbred social spiders (see Introduction). Boldness and 
aggression are also likely to reflect temporal variation in individual 
states, such as hunger, stress levels arising from energy expenditure 
in web construction or perceived predation threat, and this needs to 
be understood in order to assess any consistent differences based 
upon individual tendencies or liabilities. Moreover, personality stud-
ies over longer intervals spanning more ecologically relevant times-
cales may lead to quite different conclusions than experimentally 
convenient short- term studies. Animal personalities and behavioural 
syndromes have been considered powerful determinants of task 
participation in social spiders, but they perhaps reflect more subtle 
behavioural manifestations of within- and among- individual variation 
in behaviours whose biological significance is yet to be determined.
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