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Individual animals differ consistently in their behaviour, thus impacting a wide variety of ecological
outcomes. Recent advances in animal personality research have established the ecological importance of
the multidimensional behavioural volume occupied by individuals and by multispecies communities.
Here, we examine the degree to which the multidimensional behavioural volume of a group predicts the
outcome of both intra- and interspeciﬁc interactions. In particular, we test the hypothesis that a population of conspeciﬁcs will experience low intraspeciﬁc competition when the population occupies a large
volume in behavioural space. We further hypothesize that populations of interacting species will exhibit
greater interspeciﬁc competition when one or both species occupy large volumes in behavioural space.
We evaluate these hypotheses by studying groups of katydids (Scudderia nymphs) and froghoppers
(Philaenus spumarius), which compete for food and space on their shared host plant, Solidago canadensis.
We found that individuals in single-species groups of katydids positioned themselves closer to one
another, suggesting reduced competition, when groups occupied a large behavioural volume. When both
species were placed together, we found that the survival of froghoppers was greatest when both froghoppers and katydids occupied a small volume in behavioural space, particularly at high froghopper
densities. These results suggest that groups that occupy large behavioural volumes can have low intraspeciﬁc competition but high interspeciﬁc competition. Thus, behavioural hypervolumes appear to have
ecological consequences at both the level of the population and the community and may help to predict
the intensity of competition both within and across species.
© 2017 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Consistent individual differences in behaviour, known as animal
personality, appear to be ubiquitous throughout the animal
kingdom (Gosling, 2001; Kralj-Fiser & Schuett, 2014). Animal personality determines aspects of individuals' ecology such as individual variation in social behaviour (Lichtenstein et al., 2016;
Wright, Holbrook, & Pruitt, 2014) space use (Pearish, Hostert, &
Bell, 2013; Wilson & McLaughlin, 2007) and diet (Wilson,
Coleman, Clark, & Biederman, 1993). The personality literature
has long argued that a comprehensive understanding of an individual's behaviour requires a multitrait approach (Sih, Bell, &
Johnson, 2004; Sih, Cote, Evans, Fogarty, & Pruitt, 2012). Despite
this early emphasis on a multitrait approach and the availability of

* Correspondence: J.L.L. Lichtenstein, Department of Ecology, Evolution & Marine
Biology, University of California Santa Barbara, Santa Barbara, CA, 93106, U.S.A.
E-mail address: jlllichtenstein@gmail.com (J. L. L. Lichtenstein).
1
Denotes equal contribution from the senior authors.

statistical approaches to evaluate multiple behaviours simultaneously, many studies that relate personality to ecological outcomes continue to examine only one trait at a time (Wolf &
Weissing, 2012). Here we examine multiple behaviours simultaneously using a recently developed multivariate measure, the
behavioural hypervolume (Pruitt, Bolnick, Sih, DiRienzo, & PinterWollman, 2016; Pruitt et al., 2017).
We deﬁne a behavioural hypervolume as the volume of an
irregular convex polygon in multidimensional behavioural space
occupied by an individual, a group, a population or even a community. Multidimensional behavioural space refers to a space in
which each dimension represents standardized performance in a
different personality test. In other words, behavioural hypervolumes are a metric of behavioural diversity that incorporates
three or more personality traits. Behavioural hypervolumes
emphasize behavioural extremes, because observations on the
boundaries of these shapes in behavioural space dictate their
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hypervolume (Pruitt et al., 2016, 2017). Consequently, individuals in
convex polygons that occupy more behavioural space at the group
or population level tend to be more behaviourally dissimilar to each
other, at least, when one considers the most extreme individuals.
This dissimilarity may, in turn, map to individuals' ecological niche,
including the degree to which they compete with conspeciﬁcs and
heterospeciﬁcs. There is considerable evidence to suggest that this
is true: individual variation in personality often predicts how individuals interact with conspeciﬁcs (Kurvers et al., 2009; Laskowski
& Bell, 2013) and heterospeciﬁcs (Chang, Teo, Norma-Rashid, & Li,
2017; DiRienzo, Pruitt, & Hedrick, 2013; Webster, Ward, & Hart,
2009). Thus, behavioural hypervolumes may impact ecological
processes.
For instance, recent work has shown that the behavioural
hypervolume of a group can inﬂuence the outcome of predatoreprey interactions (Pruitt et al., 2017), and the behavioural
hypervolume of a mixed-species community can determine their
stability (Pruitt et al., 2016). Here we examine whether the
behavioural hypervolumes of groups of interacting species can
predict the outcome of both intra- and interspeciﬁc interactions.
We evaluate this possibility by examining two insect species that
inhabit and feed on the Canada goldenrod, Solidago canadensis. We
chose these two species because they are two of the most common
insects in old ﬁelds, they share a resource and they are found on the
same plant parts, especially leaves near the crown, which suggests
that they may compete for access to the most preferred regions of
their host plant (J. L. L. Lichtenstein & B. McEwen, personal observation). Katydid nymphs from the genus Scudderia and the meadow
froghopper, Philaenus spumarius, both feed on the Canada goldenrod (Weaver & King, 1954). Notably, Scudderia nymphs are leaf
chewers native to our study site, whereas the froghoppers,
P. spumarius, are sap-suckers that are wildly successful invaders
across the Nearctic. These froghoppers are in some areas the second
most abundant herbivore on goldenrods (Root & Cappuccino, 1992)
and have more deleterious effects on goldenrod growth and
reproduction than other herbivores (Meyer & Root, 1993; Meyer,
1993). Both species reach high densities on goldenrod leaves over
large geographical ranges, thus creating ample opportunities for
both species to interact with both conspeciﬁcs and each other.
Here, we ask whether behavioural hypervolumes shape how
each species interacts with conspeciﬁcs (intraspeciﬁc interaction)
and with other species (interspeciﬁc interaction). Speciﬁcally, we
evaluated two predictions. First, we predicted that single-species
groups of katydids with greater behavioural hypervolumes would
cluster together in space more than groups with small behavioural
hypervolumes. We reasoned that individuals in single-species
groups occupying larger hypervolumes differ from each other
more in their niches, thus reducing intraspeciﬁc competition. This
is based on the assertion that personality traits relate to the
ecological niche that individuals occupy, such as differences among
individuals in diet (Wilson et al., 1993) and space use (Pearish et al.,
2013; Wilson & McLaughlin, 2007).
Second, we predicted that greater behavioural hypervolumes in
katydids, froghoppers, or both, would decrease the survival of
froghoppers due to interspeciﬁc competition. There is considerable
evidence showing that individuals' personality scores relate to the
strategies that animals use when interacting with other species
(Belgrad & Griffen, 2016; Chang et al., 2017; DiRienzo et al., 2013;
Webster et al., 2009). Therefore, we reasoned that behaviourally
diverse groups would contain a greater diversity of these interaction strategies, thus causing them to interact with other species
more frequently and intensely. Addressing these hypotheses will
allow us to further evaluate the ecological consequences of
behavioural hypervolumes and potentially extend the ecological
niche concept to behavioural or personality ‘niches’.

METHODS
Collection Site and Study Organisms
We performed our experiments at the Donald S. Wood Field
Laboratory (DSW) of the Pymatuning Laboratory of Ecology in June,
July, and August 2016. The DSW is located in northwest Pennsylvania (41340 09.600 N, 80 270 51.400 W). The property is composed of
mixed forest and semiannually mowed old ﬁeld. The old ﬁeld
portion is dominated by the goldenrod species Solidago canadensis,
Solidago grandiﬂora and Solidago rugosa, in order of relative abundance. At our collection site, these species tend to form dense
monospeciﬁc stands comprising hundreds or thousands of stems
with a few lone stems scattered around (J. L. L. Lichtenstein & B.
McEwen, personal observation). We collected roughly 1000 froghoppers, P. spumarius (Aphrophoridae), and approximately 400
third- to seventh-instar katydid nymphs from the genus Scudderia
(Tettigoniidae) from a 40  60 m section of the old ﬁeld via sweep
netting. Philaenus spumarius are an invasive insect native to the
Palearctic that has spread over the entire Nearctic and feeds on
hundreds of plant species, including S. canadensis (Weaver & King,
1954). At an average length of 6 mm, froghoppers are much smaller
than katydid nymphs but they are the longest and fastest-jumping
insect species relative to body size yet measured, surpassing even
ﬂeas (Burrows, 2003). They reach densities of more than 15 individuals per host plant at our site (J. L. L. Lichtenstein & B. McEwen,
personal observation). Katydid nymphs of the two species that
occur at our site (Scudderia curvicauda and Scudderia furcata) are
indistinguishable as nymphs and preferentially inhabit moist and
poorly drained old ﬁeld areas (Cantrall, 1943). We found both of
these insects frequently in S. canadensis stands and observed them
feeding on S. canadensis leaves in the laboratory and in situ. After
we captured the insects, we kept each individual in a 50 ml tube
(12 cm tall, 3 cm diameter) with an S. canadensis leaf. Aside from
the insects we used for our personality repeatability trials
described below, we did not keep insects in tubes for more than
24 h.
Behavioural Assays
To acquire behavioural hypervolumes, we ran our insects
through three behavioural tests: (1) perch height (i.e. habitat use),
(2) activity level and (3) boldness. We performed these tests in the
same sequence for each individual before returning them to their
home containers, with 2 h between tests of different behaviours. To
assess the repeatability of these traits, we performed each behavioural assay on each individual once per day for four consecutive
days on 13 froghoppers and 12 katydid nymphs. After establishing
the repeatability of these behaviours, we concluded that our
behavioural assays quantiﬁed temporally consistent personality
traits in these species. This allowed us to run individuals in each
behavioural assay only once for the mesocosm and space use
studies (described below).
Perch height
To quantify an individual's perch height, we measured the
height at which an individual perched in a novel 50 ml storage tube
containing a single leaf of their host plant. We made sure that each
tube had a leaf of a similar size (6e7 cm length). This species
spends much of their time on goldenrod leaves, particularly near
the crown of the plant. Therefore, we measured the speciﬁc location on leaves where they might spend most of their time. The trial
was initiated by setting an individual at the bottom of a clean tube
and then gently placing a leaf so that it extended up the side of the
tube, with the stem facing downward. We then permitted the
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insects 30 min to climb their leaves and to select a site on which to
settle and initiate feeding. Most insects ascended to the top of the
container within 10e15 min and then settled at a lower point. After
30 min, we measured their height above the ground. For the
repeatability trials, we changed each insect's leaf and container
between consecutive trials. Height was measured to the 1 mm
using digital callipers.
Activity level
Activity level was assessed by placing an individual insect at the
bottom of a clean 50 ml tube. The 50 ml tube was placed at a 15
angle to the ground to instigate the insects' tendency to climb up
the surface of the container. We then measured the time (in seconds) that each individual spent active (walking, climbing) over the
next 5 min. Activity was quantiﬁed as the number of seconds during which an individual moved in the 5 min observation, with more
active individuals moving for longer durations.
Boldness
To measure the boldness of individual insects, we placed each
individual in a clean 700 ml container and allowed it to settle for
15 min. We then gently prodded the insects repeatedly on the head
from the front with a toothpick until they jumped or until we
reached 50 prods. We quantiﬁed boldness as the number of prods
required to elicit a ﬂight response. A value of 50 was given if we
could not elicit a jump response after 50 prods. This happened for
10.4% of froghoppers and 42.5% of katydids. The rationale here is
that bold individuals remain longer on their host plant despite
being disturbed by an unknown competitor or predator, whereas
shy individuals ﬂee more quickly when disturbed.
Space Use Experiment
We focused on the effects of behavioural hypervolumes on space
use in katydids because of the difﬁculty of visually tracking froghopper groups. To test our prediction that groups of katydids that
occupy greater behavioural hypervolumes tend to cluster spatially
(potentially indicative of lower competition), we placed groups of
ﬁve katydids whose behaviour had previously been tested in all
three behavioural assays, in 60  60 cm steel and mesh cages
(1450DSV: BioQuip Products Inc., Compton, CA, U.S.A.) with ﬁve
nonfocal froghoppers. The presence of froghoppers mimics the
conditions that katydids experience in the wild and the context in
which these species interact during our staged survival experiments. The cages were kept indoors and contained only a single
potted S. canadensis stem. We evaluated the effects of behavioural
hypervolumes on space use in a mixed-species situation to mimic
the conditions of our survival studies (described below) and
because these are the conditions that we most commonly observe
these insects in situ. Around 1700 hours on the day before we
recorded space use, we placed the insects in mesocosms. The next
day, we recorded the spatial position of all individuals in the cage
over the course of 8 h. We drew axes along the outside of the cages
running between 0 cm and 60 cm, to create a three-dimensional
grid at the resolution of 1 cm3 that allowed us to note the position of each individual every hour between 0900 and 1600 hours
on the day after establishing the mesocosm. We computed the
average distance between each of the katydids using the pdist
function in MatLab (Mathworks, Natick, MA, U.S.A.) to obtain an
average interindividual distance for each time point.
Survival Experiment
To test the effects of behavioural hypervolumes on species
interaction outcomes, we observed froghopper survival in
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mesocosms (1450DSV: BioQuip Products Inc.) containing katydids,
under two conditions: high and low froghopper density. This
design allowed us to evaluate possible density-dependent effects of
behavioural hypervolumes. Low froghopper density mesocosms
contained 10 froghoppers and 10 katydids (N ¼ 16) and high froghopper density mesocosms contained 20 froghoppers and 10 katydids (N ¼ 16). No katydids were used in both the space use and
survival experiments. Three weeks prior to initiating our mesocosm
trials we transplanted a single goldenrod (S. canadensis) stem into
patches of manicured lawn immediately adjacent to our old ﬁeld
site. The day before we deployed the mesocosms, we cut all the
plants within 1 m of the stem to 6 cm in height to help ensure that
all mesocosms had similar structural environments. The single
goldenrod in each mesocosm was 45e55 cm tall at the start of the
survival study. We placed one mesocosm of each froghopper density treatment on the ground every other day during the months of
June and July and during the ﬁrst week of August. This procedure
resulted in 20 mesocosms being deployed at any given time. Mesocosm enclosures were deployed with detached bottom panels to
allow placing them on the ground in the ﬁeld around living stems.
We then lined the bottom edges of the inside and outside of each
mesocosm with commercial topsoil to prevent animals from
escaping.
Once the mesocosms were prepared, we assembled treatment
groups haphazardly using pools of insects that we tested behaviourally the day before, blind to their performance on behavioural
tests. Ten days later, we harvested the insects by hand until we
could no longer ﬁnd insects and recorded the number of individuals
that had disappeared. We assumed that insects that had gone
missing during this time had perished, as opposed to having
escaped. This assumption is anecdotally supported by the number
of froghopper carcasses recovered at the bottom of each mesocosm.
The harvesting process required approximately 1 h per mesocosm
to ensure all were collected, although most insects were recovered
in the ﬁrst 15 min.
Statistical Methods
We ﬁrst calculated the repeatability of each behavioural trait
for each species. We did this using the rptR package (Nakagawa
& Schielzeth, 2013) in R (version 3.3.1). This package ﬁts GLMMs
with ‘individual ID’ designated as a random factor, trial number
as a ﬁxed effect and individuals' performance on the test as the
response variable. The proportion of variation explained by individual ID was used as our estimate of repeatability. Next, the
package establishes conﬁdence intervals for the data using a
bootstrapping procedure, and the estimate was deemed to be
signiﬁcant if its 95% CI did not overlap with zero. Our bootstraps
used 1000 iterations. We ﬁtted both species' boldness with a
Poisson distribution, because this distribution best ﬁt our data
for both species, as determined by examining QeQ plots
comparing our data with other distributions. Froghopper perch
height and activity level did not conform to a normal distribution, even after log transformation, but they did ﬁt a Poisson
distribution, which was used as the link function in these analysis as well. Katydid perch height conformed to a normal distribution after log transformation and ﬁtted this model well.
Histograms of each of these personality traits can be found in
Supplementary Fig. S1.
To calculate behavioural hypervolumes, we ﬁrst scaled each of
the three behavioural measures using a Z transformation, relative to
all conspeciﬁcs. Then, we plotted each individual insect as a point in
a three-dimensional behavioural space in which each dimension
represented performance in one of our behavioural tests. The
hypervolume was then calculated as the volume of the smallest
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hypervolumes of either or both species predicted froghopper survival. This model's residuals also did not deviate signiﬁcantly from a
normal distribution (ShapiroeWilk test: W ¼ 0.965, P ¼ 0.348),
once again suggesting that it was a good ﬁt for the model. We ran
an identical model for the katydids, the results of which can be
found in Supplementary Table S2. We opted to exclude these results
from the main text because of the extremely high survival of
katydids.
We further evaluated the predictive power of behavioural
hypervolumes against univariate metrics of personality (the
average personality scores of each species) using the Akaike weight
criterion. This model selection procedure selects for models with
low AICc and high Akaike weights (Akaike, 1987; Burnham &
Anderson, 2002). We performed this procedure separately for
models predicting froghopper and katydid survival. We used JMP
version 13.0 (SAS Institute, Cary, NC, U.S.A.) for these analyses, with
the exception of our repeatability and behavioural hypervolume
calculations.

possible convex polyhedron deﬁned by a group of individuals of the
same species. We calculated the behavioural hypervolume for each
species in every space use and survival assessment replicate. We
computed all hypervolume calculations using the convhulln function in MatLab. Examples of these volumes can be found in Fig. 1.
We also compared the average hypervolume of the froghopper
groups in the high- versus low-density treatments to test whether
our density treatments confounded density with behavioural
hypervolume, because larger groups may occupy larger behavioural
hypervolumes by chance alone.
Because we tracked the position of insects hourly over the
course of 8 h in the space use experiment, we ﬁrst examined
whether interindividual distances changed over time. Using the
rptR package in R, we found that katydid groups were consistent in
their interindividual distance across hourly observations in their
space use trials (Supplementary Table S1). We therefore proceeded
to use the average interindividual distance (IID) across all time
points in subsequent analysis. Speciﬁcally, we used a normally
distributed GLM with katydid average IID as a response variable
and katydid behavioural hypervolume as a predictor variable. The
model's residuals did not deviate signiﬁcantly from a normal distribution (ShapiroeWilk test: W ¼ 0.943, P ¼ 0.619).
To test the effects of behavioural hypervolumes on froghopper
survival, we used a normally distributed GLM with the proportion
of froghoppers that survived as our response variable and froghopper density treatment, froghopper hypervolumes, katydid
hypervolume, and all possible interaction terms as predictor variables. These interaction terms allowed us to examine whether the

RESULTS
Both insects ranged in perch height from 0.1 cm to 12 cm.
Froghoppers perched at an average (±SE) height of 8.07 ± 0.10 cm,
and katydids perched at 7.94 ± 0.15 cm. Froghoppers and katydids
both spent 0e300 s moving, and froghoppers moved for an average
of 50.14 ± 1.82 s and katydids moved for an average of
25.19 ± 1.88 s. Froghoppers moved after an average of 12.55 ± 0.57
pokes, and katydids moved after an average of 30.44 ± 1.16 pokes.
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Figure 1. Example behavioural hypervolume (BHV) pairs from four mesocosms in the ‘survival’ experiment. These behavioural hypervolumes represent the behavioural threedimensional space that the individuals in each species occupied. Each dimension in this space is deﬁned by performance on one of the three behavioural tests. Pairs (a) and (b)
are examples where both species had relatively low hypervolumes, and pairs (c) and (d) are examples where both species had relatively high hypervolumes.

J. L. L. Lichtenstein et al. / Animal Behaviour 132 (2017) 129e136

Hypervolumes
We obtained 32 froghopper behavioural hypervolumes and 32
katydid behavioural hypervolumes. Examples of both are shown in
Fig. 1. The behavioural hypervolumes of froghoppers did not differ
signiﬁcantly between the high and low froghopper densities (t test:
t32 ¼ 1.77, P ¼ 0.09), thus population density and behavioural
hypervolume were not conﬂated in these experiments.
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hypervolume interaction term (Table 1) and a signiﬁcant katydid
hypervolume)froghopper
hypervolume)froghopper
density
interaction term (Table 1). Speciﬁcally, in high froghopper density
mesocosms, more froghoppers survived when both the katydid and
froghopper hypervolumes were small (Fig. 4). Examples of large
hypervolumes and small hypervolumes like those that disfavoured
or favoured froghopper survival (respectively) can be found in Fig. 1.
DISCUSSION

Repeatability Estimates
We found that both katydids and froghoppers were signiﬁcantly
repeatable in their perch height, activity level and boldness
(Supplementary Table S1). As we mentioned above, we found that
katydid groups were consistent in their interindividual distance
across hourly observations in their space use trials (Supplementary
Table S1).
Tendency to Associate
Katydid groups' average interindividual distances were negatively correlated with their behavioural hypervolumes (GLM:
R2 ¼ 0.660, likelihood ratio test: c21 ¼ 9.709, P ¼ 0.002; Fig. 2),
meaning that katydid groups composed of behaviourally unlike
individuals tended to remain closer together.
Survival
Froghopper survival was best explained by models using
behavioural hypervolumes, which exhibited an Akaike weight
(AICc ¼ 0.16, AICc weight ¼ 0.85) over nine times greater than the
next best model (AICc ¼ 4.6, AICc weight ¼ 0.09) and others using
the simple average of any one behaviour (Supplementary Table S3).
Froghopper survival was related to the behavioural hypervolumes
of both froghoppers and katydids, and was inﬂuenced by froghopper density. Our whole model predicting froghopper survival
was statistically signiﬁcant (Table 1), predicting over 35% of variation in froghopper survival. Katydid behavioural hypervolume was
negatively correlated with froghopper survival (Table 1, Fig. 3), and
we detected a signiﬁcant katydid hypervolume)froghopper

Katydid interindividual distance

45

40
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25

20

15
–0.1

0.9
0.4
Katydid behavioural hypervolume

1.4

Figure 2. The relationship between katydid (Scudderia nymphs) behavioural hypervolume and katydid interindividual distance. Line represents a best-ﬁt linear
regression.

Much prior work has related animal personality to various aspects of individuals' ecology (Johnson et al., 2015; Sih et al., 2012;
Wolf & Weissing, 2012), such as their body condition (Johnson,
Miles, Trubl, & Hagenmaier, 2014; Wright, Keiser, & Pruitt, 2016)
and social niche (Laskowski & Pruitt, 2014), by examining only one
personality trait at a time (Smith & Blumstein, 2008; Sweeney et al.,
2013). Here we used a multitrait approach to examine whether the
behavioural hypervolumes occupied by groups of individuals shaped both intraspeciﬁc and interspeciﬁc interactions. Consistent
with our hypotheses, we found that the behavioural hypervolumes
of katydid groups were negatively correlated with their average
interindividual distance in staged mesocosms (Fig. 2), conveying
that behaviourally diverse groups tolerate each other more. The
hypervolumes of these insects had no effect on katydid survival,
because few katydids perished. This suggests that the time frame of
this experiment might have been too short to track the survival of
these sturdy insects. Moreover, katydid hypervolumes were negatively correlated with the survival of an invasive froghopper
(P. spumarius; Fig. 3). Froghopper survival was greatest when both
froghopper groups and katydid groups exhibited small hypervolumes (Fig. 4), but these interactive effects appeared only under
high froghopper density conditions. This suggests that both high
density and large behavioural hypervolume each increase interaction intensity subtly on their own, but far more strongly together.
Thus, groups with higher densities and large behavioural hypervolumes have more intense interspeciﬁc interactions. Had we
considered only single behaviours, much variation in froghopper
mortality would have gone unexplained (Supplementary Table S3).
However, these behavioural measures might be associated with age
or size, so population structure may play a further role in explaining
our ﬁndings. Nevertheless, they hint that behavioural hypervolumes can be helpful for predicting the outcome of both intraand interspeciﬁc interactions.
Considerable evidence suggests that animal personality can
determine how individuals interact with conspeciﬁcs (Bergmüller
& Taborsky, 2010; Kurvers et al., 2009; Pinter-Wollman, Keiser,
Wollman, & Pruitt, 2016). Speciﬁcally, theoretical and empirical
work on social heterosis has found that behavioural diversity improves the performance of social groups (Jandt et al., 2014;
Modlmeier & Foitzik, 2011; Modlmeier, Liebmann, & Foitzik,
2012; Nonacs & Kapheim, 2007, 2008; Pruitt & Riechert, 2011).
Our ﬁndings add to these lines of evidence by showing that katydid
groups occupying greater hypervolumes in behavioural space (i.e.
those composed of more behaviourally dissimilar individuals)
tolerate each other's presence more and potentially even aggregate.
It is possible that behaviourally dissimilar katydids only aggregate
in the presence of froghoppers. However, katydids live in the
presence of froghoppers across most of their geographical range,
and thus, to consider the space use of katydids in the absence of
froghoppers would be somewhat artiﬁcial and at odds with the
conditions used for our survival experiments. Drawing evidence
from studies linking animal personality with variation in inale, Marmet, Pisanu, &
dividuals' ecological niches (Boyer, Re
Chapuis, 2010; Wilson & McLaughlin, 2007; Wilson et al., 1993),
we reason that katydids in groups with high behavioural
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Table 1
Outputs of normally distributed GLMs predicting the survival of froghoppers
Predictor variable

R2

df

L-R c2

P

Whole model
Density treatment
Froghopper behavioural hypervolume
Katydid behavioural hypervolume
Froghopper hypervolume)katydid hypervolume
Density treatment)froghopper hypervolume
Density treatment)katydid hypervolume
Density treatment)froghopper hypervolume)katydid hypervolume

0.355

25
1
1
1
1
1
1
1

14.45
0.77
0.05
7.28
4.58
0.80
2.75
6.50

0.0437
0.3810
0.8200
0.0070
0.0324
0.3714
0.0971
0.0108

L-R: likelihood ratio. The predictor variable column begins with the whole model output, followed by the effect tests of the predictor variables that comprise the whole model.
Signiﬁcant P values are in bold.

Proportion froghoppers surviving

1
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Katydid behavioural hypervolume

0

8

Figure 3. The relationship between katydid (Scudderia nymphs) behavioural hypervolume and the proportion of froghoppers (Philaenus spumarius) that survived. Line
represents a best-ﬁt linear regression.

hypervolumes may associate more closely with one another
because of low competition. This is consistent with studies of social
heterosis, showing that more behaviourally diverse social groups
(Burns & Dyer, 2008; Dyer, Croft, Morrell, & Krause, 2009;

Low froghopper density

High froghopper density

25
Froghopper behavioural hypervolume

Modlmeier & Foitzik, 2011; Modlmeier et al., 2012; Pruitt &
Riechert, 2011), nonsocial groups (Pruitt et al., 2017), or even
whole communities (Pruitt et al., 2016) compete with each other
less and therefore exhibit enhanced collective success. Our study
provides some evidence that behavioural hypervolumes can shape
the outcome of intraspeciﬁc competition in territorial species, like
katydids, and may have consequences for their population biology
under natural conditions.
A growing number of studies has shown that animal personality
can predict the outcome of interspeciﬁc interactions (Keiser, Slyder,
Carson, & Pruitt, 2015; Lichtenstein, Pruitt, & Modlmeier, 2015;
 & Pruitt, 2015; Sweeney et al., 2013; Toscano & Griffen,
Royaute
2014). We found that katydid behavioural hypervolume was
negatively correlated with froghopper survival rates (Fig. 3), and
that froghopper survival was highest when both species had low
behavioural hypervolumes (Fig. 4). This is consistent with our hypothesis that larger behavioural hypervolumes could increase the
intensity of the interaction between two competing species. We
propose that this increased intensity of interactions might have
accelerated the rate at which froghoppers starved to death.
Furthermore, our ﬁnding that the effects of both species' behavioural hypervolumes on froghopper survival were more pronounced at higher froghopper densities suggests that these effects
are density dependent. High densities of competing species typically increase the intensity of their interaction (Hairston, Smith, &
Slobodkin, 1960). Because behavioural hypervolumes predict the
outcome of species interactions (Fig. 3), behavioural hypervolumes
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Figure 4. The survival of froghoppers (Philaenus spumarius) as predicted by the interaction between froghopper behavioural hypervolume and katydid (Scudderia nymphs)
behavioural hypervolume at (a) low and (b) high froghopper densities. Dark blue points represent high survival (100e80%), blue points represent mid-high survival (79e66%), light
blue points represent mid-low survival (65e51%) and the lightest blue points represent low survival (50e15%).
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should be more important when the interactions are more intense
(Fig. 4). This result does not help us to determine whether intraspeciﬁc competition is stronger than interspeciﬁc competition (or
vice versa). Rather, it suggests that increased intraspeciﬁc competition intensiﬁes the signature of interspeciﬁc competition. Taken
together, these ﬁndings illustrate the potential for behavioural
hypervolumes to predict the outcome of species interactions, even
when single behaviours do not.
Conclusions
We found that behavioural hypervolumes can help predict the
outcomes of katydid interactions with conspeciﬁcs and heterospeciﬁc invaders. Furthermore, models using behavioural hypervolumes outperformed those using univariate personality traits
by a factor of nine (Supplementary Table S3). Multiple behavioural traits predict more variation in mortality than single
behavioural traits. This adds to the growing body of evidence that
animal personality can predict the outcome of species interactions (DiRienzo et al., 2013; Keiser & Pruitt, 2013; Pruitt &
Ferrari, 2011; Webster et al., 2009). However, the present study
builds on these prior studies by (1) adopting an extrema-based
multivariate approach, which has been useful in general ecology, and (2) considering how the behavioural hypervolumes of
two interacting species can jointly help to predict the outcome of
their interaction (Fig. 4). This expands upon prior studies that
used behavioural hypervolumes of only a single species or that
lumped multiple species into one volume as a predictive metric.
After all, species interactions by deﬁnition transpire between
populations, thus, we reason that the predictability of most interactions will be enhanced by considering the traits of both (or
all) species involved in the interaction module. Behavioural
hypervolumes and related trait-based ecology methods therefore
provide us with yet another interesting set of tools for predicting
system-level dynamics. We suspect that behavioural hypervolumes may shape the outcome of numerous other ecological
processes, and we hope our results will serve to inspire others to
evaluate these relationships.
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