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Abstract Geographic range has long been noted to be asso-
ciated with many organismic and ecological traits such as
body size and species richness. However, much less is known
about whether and how ecological variation across latitudinal
gradients reflects behavioral variation. Ant colonies may also
show behavioral variation, and Temnothorax rugatulus show
a colony-level behavioral syndrome that seems to reflect risk
tolerance across their North American range. While it is pre-
sumed that this pattern is the result of adaptation to local
environmental conditions, which ecological factors are driv-
ing this variation are unknown. Here, we test if colony risk
tolerance is affected by competition, predation, resource avail-
ability, or environmental stress at each site. Our results show
that increased competition, specifically for nest sites, as well
as increased spatial clustering of colonies predicts higher risk
tolerance. Additionally, the spatial clustering of colonies in-
fluences the structure of the risk-taking syndrome, i.e., which
colony-level behaviors are correlated and how strongly. This
emphasizes the need for understanding large-scale geographic
variation in behavior, as it may explain how ecological factors
drive the evolution and maintenance of intraspecific behavior-
al variation across populations.
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Introduction

Large-scale geographic latitudinal gradients are commonly
associated with variation in a number of organismic traits.
These patterns often reflect adaptive intraspecific variation in
phenotype (Conover and Schultz 1995; Angilletta Jr et al.
2003; Ashton 2004). For example, most mammals, birds,
and amphibians are larger at higher latitudes while lizards
and snakes are larger at lower latitudes (Ashton and
Feldman 2003; Ashton 2004). In eusocial insects, species
richness decreases and colony size (worker number) increases
with increasing latitudes (Kaspari and Vargo 1995; Kaspari
et al. 2004). Though morphological variation has been the
primary focus, behavioral differences have also been reported
across latitudinal clines. For example, the social structure of
the spider Anelosimus studiosus changes from solitary female
webs to multifemale cooperative webs with increasing latitude
(Riechert and Jones 2008). In decorator crabs (Libinia dubia),
there is a shift away from chemical defense at higher latitudes,
which coincides with decreased predation pressure
(Stachowicz and Hay 2000). However, compared to morpho-
logical traits, behavioral clines across latitudinal gradients are
relatively understudied.

In the rock ant Temnothorax rugatulus, there is a latitudinal
gradient in several behavioral traits, which are in turn corre-
lated to one another (Bengston and Dornhaus 2014). Across
the western United States, colonies show consistent variation
in foraging distance, foraging effort to different resource
types, aggression, and activity in response to threat.
Colonies at more northern latitudes travel farther, respond
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more aggressively but invest less (in terms of the number of
ants responding) in each given threat incident or resource.
Colonies at more southern latitudes deploy more ants to closer
resources, are more responsive to threat, avoid traveling far
distances, and avoid aggressively engaging conspecific in-
vaders. Despite this clear pattern, the ecological factors under-
lying it are unknown. Additionally, these behavioral traits are
independent of many colony properties that are often impor-
tant to social insect biology, such as colony size, queen num-
ber, and brood to worker ratio (Bengston and Dornhaus 2014).

This correlated suite of behaviors (behavioral syndrome;
(Sih et al. 2004) in 7. rugatulus may reflect variation in risk
tolerance, with risk tolerance positively correlated with in-
creased latitude (Bengston and Dornhaus 2014). Inter-individ-
ual, or inter-colony, as in this case, variation in risk tolerance
has been widely noted in animals (Blumstein 2006). Clearly,
latitude cannot have a direct effect on behavior and is instead a
proxy for ecological conditions that may correlate with lati-
tude, but it is not well understood how these ecological vari-
ables drive behavior. Four hypothetical driving forces can be
drawn from the literature. First and perhaps most intuitively,
the intensity of predation may create local adaptations in be-
havior (Lima 1998; Biro et al. 2004). Indeed, stickleback pop-
ulations show differential patterns and consistency of risk tol-
erance between populations with and without predators (Bell
and Stamps 2004). Similarly, social parasitism, where one
social group benefits at the expense of another, has been
shown to affect colony defensive behavior in Temnothorax
ants (Pamminger et al. 2012; Jongepier et al. 2014), though
such social parasitism has not been investigated in
T rugatulus. A second hypothesis is that competition for re-
sources may drive the level of risk tolerance (Grand and Dill
1999). For example, in two ecologically similar species of
sympatric hermit crabs, Clibanarius digueti and Paguristes
perrieri, which require similar resources, C. digueti consis-
tently showed more aggressive (and perhaps risky) behaviors
while foraging than P. perrieri. C. digueti also consistently
won more competitions against P. perrieri in inter-specific
interactions (Tran et al. 2014). In Temnothorax longispinosus,
nest site limitation has been proposed as a potential driver of
increased aggression at higher population densities
(Modlmeier and Foitzik 2011). Third, the more ephemeral
the resource (either spatially (Grant and Guha 1993), or tem-
porally (Bryant and Grant 1995)), the more aggressive indi-
viduals become in attempts to utilize and defend them
(Goldberg et al. 2001). Fourth, environmental stressors, such
as heat and humidity, may drive behavior. Perhaps best stud-
ied in humans, it has been noted that increasing average tem-
perature has been correlated to increased aggressive and vio-
lent behaviors since the 1700s (reviewed in Anderson 2001).
A similar pattern has been found in domesticated hogs, Sus
scrofa domesticus, where increased temperature positively cor-
related with increased aggressive encounters with littermates
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(McGlone et al. 1987). These four hypothetical driving forces
underlying variation in risk tolerance are not mutually exclu-
sive, and may all contribute to the latitudinal gradient found in
Temnothorax (Bengston and Dornhaus 2014).

Ecological factors such as predation, competition, spatial
and temporal resource variability, and abiotic factors also may
interact with one another to generate broader evolutionary
patterns such as different life history strategies. Biro and
Stamps (Biro and Stamps 2008) specifically propose that risk
tolerance levels may be the result of variation in life history
strategy. Interestingly, life history strategy has been shown to
vary across a latitudinal gradient in some other cases (Conover
1992; Blanckenhorn and Fairbairn 1995).

Here, we measure which, if any, of these environmental
factors may explain variation in risk tolerance measured in
colonies of 7. rugatulus ants. We primarily focus on predation
(measured by large arthropod abundance), competition (mea-
sured by proportion of nest sites occupied, spatial clustering of
colonies), food resource availability (measured by leaf litter
depth and small/juvenile arthropod abundance), and environ-
mental stressors (soil moisture, canopy cover, and nest
temperature).

Methods
Model species

T. rugatulus is a Myrmicine ‘rock ant.” Colonies range in size
from usually 50 to 400 ants, with some very large colonies
reaching 1300 ants (Bengston and Dornhaus 2013).
Generally, this species is found nesting in preformed crevices
in rocks (Riippell et al. 1998; Bengston and Dornhaus 2013).
Colonies can overwinter, producing new queens and males for
several years. In the field, colonies have been observed forag-
ing for small arthropods such as Collembola and insect larvae,
as well as scavenging larger arthropods such as crickets, spi-
ders, and beetles (personal observation, SEB). The small size
of the colonies and the locations of their nests (in cracked or
flaking rocks) allow for easy collection of the entire colony,
including queen and brood. The tolerance of many species in
the Temnothorax genus for laboratory conditions allows for
empirical studies in controlled conditions, resulting in this
genus being used successfully used in behavioral studies in
many contexts, meaning well-established methods for empir-
ical studies exist (e.g., emigrations (Cao and Dornhaus 2012),
group decision making (Sasaki and Pratt 2013), and intra-
colony interactions (Dornhaus et al. 2008, 2009)).

Collection sites

Forty-six colonies were collected and environmental measures
were taken during July 2012 from 12 sites across the North
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American range of the species (Table 1). Each collection site
was defined as a 10 m> 10 m plot. There was a minimum of
2 km between any two sites. The total latitudinal range cov-
ered from the most northern to the most southern collection
site was approximately 2170 km. These sites included the
seven reported in Bengston and Dornhaus (2014), as well as
five additional collection sites.

Ecological measures

Here, we measure which, if any, of these environmental fac-
tors may explain variation in risk tolerance measured in colo-
nies of 7. rugatulus ants.

Arthropods (predation, food resource availability)

Two methods were used to search for arthropods that may be a
source of food, predators, or competitors for 7. rugatulus.
First, the Winkler leaf litter sampling method (Fisher 1999)
was used to measure surface arthropods. Three 1 mx 1 m plots
chosen randomly were raked together and the leaf litter was
put into a Winkler trap and left for 12-18 h. Alcohol-filled
containers at the bottom of each trap preserved any arthropods
from the samples.

The second method searched for arthropods living at or just
below the soil level, and thus the most likely to come into
contact with 7 rugatulus. After the leaf litter had been re-
moved for the Winkler traps, the top centimeter of soil was
removed from this 1 m? plot and bagged. This sample was
then sorted by hand under %10 magnification.

In both methods, collected arthropods were sorted into
three categories: larvae/pupae, potential food sources (e.g.,
Collembola), and potential predators (e.g., Camponotus sp.).
Each category was then counted, yielding a count for each
site.

Proportion of nest sites occupied (competition)

At each collection site, all potential nest sites in rocks were
counted as occupied or not. A potential nest site was consid-
ered as any two rocks overlapping one another with at least a
1 mm crevice but smaller than a 1 cm crevice. Rocks directly
against the soil were not included, as 7. rugatulus typically
does not nest in such sites. In one site, a felled log partially
decomposed enough to contain appropriately sized cavities
within the 10 mx 10 m plot. In this instance, no colonies were
found and as such it was not included in the count. Potential
nest sites were searched for by turning over rocks and by
breaking apart rocks with cracks. As they generally do not
excavate their own nest sites, the percentage of unoccupied
spaces may reflect the amount of nest space competition.

Spatial clustering (competition)

When a Temnothorax colony was located, a marker was
placed at the location it was found. After all colonies in a site
had been located, for every colony the distance to its nearest
neighbor was measured. After returning to the lab, colonies
were all identified to species and non 7' rugatulus colonies
were excluded from the behavioral analysis. However, as
many Temnothorax species use similar types of nest sites,
and thus may compete for such sites, all Temnothorax spp.
colonies were included when determining the number of oc-
cupied nest spaces and clustering. The amount of clustering
was determined by calculating the clustering index by the
nearest neighbor distance method, in which 1 signifies random
distribution in space, a lower value indicates clustering, and a
higher value indicates hyperdispersion (Clark and Evans
1954; Dornhaus and Chittka 2004).

Leaf litter depth (food resource availability)

Three random points were selected in each plot and the depth
from the top of the leaf litter to the soil was measured. The
average leaf litter depth provides a measure of environmental
complexity, and may reflect the amount and type of food re-
sources available (e.g., small arthropods).

Soil carbon content (food resource availability)

The samples dried in the soil moisture measurement were
weighed, then left overnight in a 227 °C oven (as per EPA
soil carbon content ‘loss-on-ignition” methods, (Schumacher
2002)) and weighed again. This temperature releases trapped
organic carbon but does not release non-organic carbon such
as that found in carbonate minerals. The weight difference
measures the amount of organic material in soil, and thus
may give an indication of food resources available to
ground-living arthropods.

Soil moisture (environmental stressor)

Three soil samples (excluding leaf litter) of a standard volume
(6 cmx6 cmx3 cm) were taken at every plot and held in air-
tight containers and frozen until they could be analyzed. Soil
moisture is highly dependent upon time since last rainfall,
which could not be controlled for. However, it had not rained
for a minimum of 5 days before soil samples were collected,
minimizing the effect of recent precipitation. Samples were
weighed before and after being placed in an oven at 105 °C
for 5 h. This process allows for a measure of soil water content
(Kelley et al. 1946).
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Canopy cover (environmental stressor)

For each 100 m” plot, we counted the number of 1 m* sections
that were more than half shaded to determine the percentage
canopy cover for the plot. Thus, the plot could be between 0
and 100 % shade, and 40 % shade indicated that 40 m? were
mostly shaded. Canopy cover was measured between 1100
and 1300 hours to standardize the effect of sun angle.

Internal and external nest temperature (environmental
stressor)

Using a Mastercool infrared laser thermometer, both the ex-
ternal rock temperature and the internal nest temperature were
measured for every colony collected. External temperature
was measured on the exposed surface of the rock closest to
the nest entrance. Internal temperate was taken on the rock
forming the wall of the nest immediately upon exposure. If
colonies are persistently heat or cold stressed, this may affect
the metabolic requirements, as well as changing the colonies’
need or ability to procure resources.

Determining risk tolerance

To see how these ecological traits relate to risk tolerance, the
behavioral phenotype of colonies was established. As detailed
in Bengston and Dornhaus (2014), each colony collected at
each of the sites was tested for activity level, response to
threat, aggression level, foraging distance, and response to
both novel and familiar resources. (1) Activity level uses an
optic flow algorithm developed by Hoan Nguyen and Min
Shin (University of North Carolina, Charlotte) to measure
the amount of pixel movement per adult ant over a 5-min
interval. This was done when colonies where not perturbed
or otherwise exposed to a specific stimuli. Colonies were
filmed between 1200 and 1600 hours at 24 frames/second
with a Nikon D700 and a Nikon AF-S Micro-Nikkor 60 mm
/2.8G lens. (2) Response to threat uses the same optic flow
algorithm to measure movement per adult ant in a colony after
a conspecific intruder is introduced to the colony. It is reported
as the proportional change in movement per ant after an in-
truder is introduced compared to the activity level assay. (3)
Because movement in response to threat may reflect both
aggressive and passive behaviors, the aggression assay quan-
titatively scores the behavior of workers within the colony
after the introduction of an intruder. Behaviors range from
passive crouching and fleeing the nest to aggressive biting,
stinging, and pinning down the intruder. (4) Foraging distance
was measured in the field, tracking the farthest point foragers
traveled after leaving the nest before returning to the colony.
(5) Response to familiar resource was measured as the number
of workers exploiting the standard laboratory diet (freeze-
killed cockroaches, fruit flies, springtails, and honey

solution) 90 min after it was made available to the colony.
Response to novel resources was measured in the same way,
but with the standard diet replaced with unfamiliar food items
(canned tuna and applesauce).

It was found that response to threat, aggression level, for-
aging distance, and foraging for novel and familiar resources
formed a behavioral syndrome, i.e., correlated with each other.
The data was then uniformly scaled (so no one variable was
overly contributing) by dividing each score for every assay by
the overall mean value for that assay. A principal component
analysis (PCA) of the scaled data was used to establish a
behavioral type score for each colony by calculating its load-
ing in the first principal component (PC1) of the syndrome. A
high score indicated that a colony showed an increased forag-
ing effort and response to threat and a decreased level of
aggression and shorter foraging distances, a set of traits
consistent with low risk tolerance. A low score indicated
lower foraging effort, but with longer foraging distances and
higher levels of aggression. These colonies contain 18 of the
same colonies as Bengston and Dornhaus (2014) and an ad-
ditional 28 new colonies.

Statistical analysis

We used a Kruskal-Wallis test to confirm that there was
between-site variation in behavioral phenotype score (using
each colony’s score as a data point).

We calculated the correlation between latitude and the be-
havioral phenotype of all the colonies to confirm that there
was variation across a latitudinal gradient.

To test what ecological factors affect behavioral type, we
again used each colony as a data point with its behavioral
phenotype score (see above) as a response variable and the
site-specific environmental measures as predictor variables.
For the ecological traits that have multiple measures, e.g., leaf
litter depth, the average value per site was used. We used a
linear Gaussian model to assess the effect of the ecological
traits (predictor values) on behavioral phenotype (response
variable). Because we may have predictor variables that cor-
related with one another, we performed a stepwise model se-
lection test (both forwards and backwards) to calculate the
model with the highest Akaike’s information criterion (AIC).
This allowed us to remove predictor variables that were the
least informative (Derksen and Keselman 1992). We then per-
formed a Shapiro-Wilk test on the residual values to test for
normality. Using the AIC method allows us to reduce the
number of predictive variables (by eliminating those that are
highly correlated) and build a reliable model without the need
for a generalized linear model and associated P values
(Anderson and Burnham 2002; Mundry 2010). We then used
a Pearson’s correlation to assess if any of these environmental
variables correlated with latitude.
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Next, we examined how ecological factors influence the
syndrome structure, i.e., which behaviors were correlated
and how strongly. First, a PCA was performed on the behav-
ioral traits in the risk-taking syndrome separately for each site
(yielding 12 separate PCAs). We then calculated the loadings
of each behavioral trait on the significant principal compo-
nent, giving us a measure of how much variation in colony
behavior is explained by each. Next, we used a series of sep-
arate stepwise GLMs where the loading of each behavioral
trait was the response variable and each ecological trait found
to be predictive in the stepwise model selection assay was
included as a predictive variable. Meaning, for example, one
GLM was formed to test if the loadings of aggression at each
site were predicted by percentage of nest sites occupied and
the clustering index. Another GLM used the loadings of re-
sponse to threat, etc.

All statistical analysis was done with R version 2.12.1
with the Rstudio interface, using the ‘MASS’ and ‘stats’
packages.

Results

The ecological traits, including mean values and standard de-
viations, are summarized in Table 1.

Sites varied significantly in colony behavioral type score
(Kruskal-Wallis P=0.0071). Additionally, latitude and risk-
taking phenotype score were significantly negatively correlat-
ed; meaning colonies at more northern latitudes were more
risk-tolerant than colonies at more southern latitudes (P=
0.0002, R*=0.6210, n=46 colonies), which is consistent with
the pattern reported in Bengston and Dornhaus (2014).

Ecological factors affecting risk tolerance

The stepwise model selection test eliminated several vari-
ables; leaf litter depth, canopy cover, temperature difference,
arthropods—predatory, food, and larvae/pupa—in both the
Winkler trap and soil, soil moisture, and soil carbon
(supplemental material 1; Burnham et al. 2010). The remain-
ing model, with behavioral phenotype scores predicted by the
percentage of nest spaces occupied and the clustering index
had an AIC score of —146.9. The residuals of this model were
normally distributed (Shapiro-Wilk test P=0.10). As either
competition or clustering increased, colonies became more
risk tolerant (Fig. 1).

We compared both of these predictive variables against
latitude to assess if they also varied across latitude.
Competition was positively correlated with latitude (P=
0.0006, R2:O.7115, df=11) while clustering index was not
(P=0.0135, R*=0.2093, df=11).
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Fig. 1 Competition for nest space and the clustering index score predicts
behavioral type. In each row on the Y-axis, the response to a behavioral
assay for colonies is summarized, with each box representing a site. The
X-axis shows the sites measured, ordered according to the proportion of
nest spaces occupied, as well as the clustering index for that site. Colonies
with lower behavioral type scores (lower foraging effort, longer foraging
distances, and higher levels of aggression) were found in sites that had a
higher percentage of occupied nest spaces and increased spatial clustering

Ecological effect on behavioral syndrome structure

The structure of the syndrome generally stays similar across
all sites (Fig. 2). For all of the sites, the first principal compo-
nent (PC1) was the only significant component (Kaiser-
Guttman stopping rule where only components with an
eigenvalue greater than the mean are accepted, Guttman
1954; Jackson 1993). Therefore, we used the PC1 loading
of each behavioral trait as the response variable in a series
of GLMs to test if it is predicted by any of the environ-
mental variables. The only significant predictor of any
behavioral trait loading was the effect of clustering on
aggression (GLM P=0.0007, df=11, all other P>0.05,
Fig. 2), which were negatively related. As a lower colony
clustering coefficient indicates a higher level of clustering
(Clark and Evans 1954), this means that as clustering
increases, aggression explains more of the variation
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Fig. 2 Behavioral syndrome structure at each site. The relationships
between foraging distance (FD), response to threat (RT), response to a
familiar resource (RF), response to a novel resource (RN), and aggression
(Ag) were similar across all 12 sites. A lower clustering index (CI)
indicates colonies are more closely clustered within the site (see text)

within the syndrome. Again, in these GLM’s, a Gaussian
error structure was used and the residuals were checked
for normality with a Shapiro-Wilk test, and all were nor-
mal (P>0.05).

Discussion

In this study, we tested four hypotheses about which types of
ecological factors may drive the evolution of risk tolerance in
ant colonies: predation, competition, food resource abun-
dance, and environmental stressors. We found that competi-
tion, as reflected both through the percentage of nest sites
occupied and the spatial clustering of colonies, predicts risk
tolerance. As competition increased, so did the risk tolerance
of colonies. As competition for nest sites increases with lati-
tude, this most likely explains the latitudinal gradient seen
here and in Bengston and Dornhaus (2014). We also found
that spatial clustering additionally affects phenotype, though it
did not vary in a consistent way across latitudes. Predation,
food resource availability, and environmental stress did not
predict colony risk tolerance. Additionally, we found that
densely clustered colonies correlate with the amount of varia-
tion within the syndrome explained by aggression. In other
words, in highly clustered sites, aggression explains more of

the syndrome variation compared to sites with more evenly
spaced colonies.

Competition can come in many forms. We differentiate
competition (the amount of either food or nest spaces avail-
able per ant colony) from resource abundance. This is a nec-
essary distinction. Even in the absence of competition, starva-
tion due to ephemeral or patchy resources may alter behavior
(Croy and Hughes 1991; Inger et al. 2006); on the other hand,
even with abundant resources, competition may be intense in
dense populations. Here, we found nest site competition to be
an important factor in shaping colony behavior; colonies in
high levels of competition for nest sites show more risk toler-
ance. This suggests ecological conditions affect the mainte-
nance of behavioral variation between colonies. A similar pat-
tern was shown by Modlmeier and Foitzik (2011), who found
that average colony aggressiveness in 7. longispinosus in-
creased with higher population density (more neighbors,
which may be similar to our clustering index measure).

Given this, it is likely that nest site competition is a strong
selective factor for many Temnothorax spp. behavior as a re-
sult of their specific ecology. Due to the specific ecology of
Temnothorax ants (many species do not excavate their own
nests, and are instead completely dependent upon preformed
nest sites), it is likely that nest site competition is a strong
selective factor driving behavior in many species of this genus
(Partridge et al. 1997; Foitzik and Heinze 1998; Bengston and
Dornhaus 2014). If a colony is evicted or cannot find an open
nest site, desiccation or predation (which pose significant
challenges for many ant species (Hood and Tschinkel 1990;
Holway 1998; Pinter-Wollman et al. 2012; Gordon 2013))
may result in colony death. Additionally, 7' rugatulus is ex-
ceptionally starvation resistant (Rueppell and Kirkman 2005).
This may provide a buffer for colonies both when food is
scarce as well as when it is too hot or dry to forage (as seen
in harvester ants; (Pinter-Wollman et al. 2012; Gordon 2013)).
As aresult, this could decrease the selective pressures of both
resource availability and environmental stress on behavior.

Additionally, we have found a significant effect of colony
clustering on the risk-taking syndrome, with colonies increas-
ing risk tolerance as they become more spatially clustered.
This may reflect a colony’s need to increase their foraging
range to decrease the competition associated with high clus-
tering, or reflect an increased importance of aggressive re-
sponses to conspecific invasion. This is particularly interest-
ing, given the potential association between spatial clustering
and aggression, further discussed blow. Little is known about
the dispersal patterns or relatedness of Temnothorax ants in
nature (but see (Riippell et al. 2003)). However, if daughter
colonies are not dispersing long distances and are instead
founding close to their parent colony, we would expect de-
creased aggression between these closely related colonies
(Chapuisat et al. 1997). Even if colonies are not closely relat-
ed, if they are not directly competing with one another, then
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colonies should additionally decrease antagonistic interactions
with familiar neighbors (‘dear enemy’ hypothesis; Fisher
1954). Instead, colonies at higher spatial clustering are more
risk-tolerant. This may suggest that colonies are not closely
related to their neighbors or are directly competing with them
for resources (perhaps for nest site quality).

Here, the risk tolerance of a colony is a measure reflecting a
suite of correlated traits, also known as a behavioral syndrome
(Sih et al. 2004). Specifically, this syndrome shows a correla-
tion among foraging distance, foraging effort to both novel
and familiar resources, aggression and the response to threat
(Bengston and Dornhaus 2014). Syndromes essentially de-
scribe behavioral variation using a single behavioral axis
(Sih et al. 2004; Jandt et al. 2014; Bengston and Dornhaus
2014). This single measure of a linked set of behaviors may be
more driven by one behavioral trait within the syndrome
than others. Here, we have demonstrated that in areas of
higher spatial clustering, aggression is a stronger driver of
colony phenotype. While it is not clear what this pattern
means, it does suggest that more complicated processes
underlie behavioral type. This also provides evidence that
behavioral syndromes can change in their structure be-
tween populations, evidence perhaps that the link between
these behaviors is not fixed as a result of constraints
(Bengston and Jandt 2014). A similar phenomenon has
been seen in both stickleback fish (Gasterosteus aculeatus,
(Bell and Stamps 2004)) and red-kneed tarantulas
(Brachypelma smithi, Bengston et al. 2014), where the
presence of specific environmental cues can trigger the
formation of correlations between specific, consistent be-
havioral traits. Together, these results suggest further em-
phasis should be placed on understanding both the devel-
opment of behavioral syndromes and the role of local
environment.

The interplay between behavior and the environment is
critical to behavioral ecologists. Both behavioral plasticity in
response to environmental change and long-term selection
resulting in local adaptation have significant evolutionary con-
sequences (West-Eberhard 1989; Scheiner 1993; Relyea
2001; Cousyn et al. 2001; Dingemanse et al. 2010). While this
has been shown consistently both in the lab, as well as in the
field, our understanding of how behavior varies across large
geographic ranges is limited. As such, an increased sampling
effort of behavior across larger ranges may reveal similar pat-
terns as are seen in morphology. For example, Drosophila
melanogaster show a latitudinal cline in the gene period,
which is associated with both circadian and ultradian rhythms
(Costa et al. 1992). This is suspected to be a result of thermal
selection, though the mechanism by which this occurs is not
clear (Sawyer et al. 2006). Understanding large-scale behav-
ioral variation is a promising avenue of future research as, in
turn, it can better inform hypotheses about the driving factors
in natural behavioral variation.
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