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Abstract Although interference competition is a con-
spicuous component of many animal communities, it is still
uncertain whether the competitive ability of a species
determines its relative abundance and patterns of associa-
tion with other species. We used replicated arena tests to
quantify behavioral dominance of eight common species of
co-occurring ground-foraging ants in the Siskiyou Moun-
tains of southern Oregon. We found that behavior recorded
in laboratory assays was an accurate representation of

model to predict patterns of relative abundance in a
metacommunity that is dominated by behavioral interac-
tions. We also tested whether behavioral interactions
between each pair of species could be used to predict
patterns of species co-occurrence. We found that the
Markov model did not accurately predict patterns of
observed relative abundance on either the local or the
regional scale. However, we did detect a significant nega-
tive correlation at the local scale in which behaviorally
dominant species occupied relatively few baits. Pairwise
behavioral data also did not predict species co-occurrence
in any site. Although interference competition is a con-
spicuous process in ant communities, our results suggest



may create a “successional mosaic” (Chesson and Huntly
1997) of species occupying patches with different distur-
bance histories (Roxburgh et al. 2004) or becoming abun-
dant at different times in a successional sequence (Wilson
1990). Alternatively, poorer competitors may be better
suited to different environmental conditions and may be
abundant in different locations across a heterogenous
landscape (Cody and Diamond 1975), in different succes-
sional stages (Pacala and Rees 1998), or in fluctuating
environments (Chesson 2000). Local abundance may also
be influenced by processes occurring at the regional scale,
such that the immigration of individuals from productive
“source” populations rescue populations from local
extinction in “sink” populations (Pulliam 1988; Leibold
et al. 2004). As a consequence, even though behavioral



We sampled the ant community by establishing in each
site an 8 9 8 m sampling grid of 25 bait stations arranged
in a 5 9 5 grid with 2-m spacing. Each bait station con-
sisted of two laminated 7.6 9 12.7 cm index cards, one
baited with 5.5 g of tuna and the other with a cotton ball
soaked in honey water. Each bait station was censused a
total of nine times (three observations in each of three time
periods). We began observing bait stations at 08:30, 13:00,
and 18:30 hours, and the three observations within each
time period were separated by 30 min. During each sam-
pling period, we observed each bait station for approxi-
mately 20 s and recorded the number and identity of each
species present. Any time heterospecific individuals made
physical contact on a bait, we also recorded each individ-
ual’s behavioral response (behavioral categl’scategl’



pair, and new individuals were used for each trial. To avoid
chemical contamination, we used a fresh piece of Tygon
tubing for each trial, and washed and dried our hands
before every trial. Ant workers were collected with an
aspirator from tuna fish baits (which were not part of the
abundance censuses), and were used in behavioral trials
within 3 h of field collection. Whenever possible, we used
individuals collected from different colonies of the same
species in consecutive trials. Workers of most species were
monomorphic, but for C. vicinus, we used major workers in
behavioral trials.

With sufficient replication, one-on-one behavioral con-
tests can produce similar results to bioassays using higher
numbers of interacting ants (Roulston et al. 2003; but see
Holway 1999; Tanner 2008). To test whether the behavior
of individual ants encountering heterospecifics in our arena
experiments was similar to behavior observed in natural
field settings (i.e. at baits often with multiple individuals),
we calculated a dominance index for each species from
both behavioral arena data and observations at baits in the
field. We then tested whether these two independent
measures of dominance were correlated among species.
Because behavioral dominance is defined as successful
fighting ability that displaces other species (Cerda
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often derived through repeated sampling of fixed points or
patches in which the community state changes with time.
Thus, these field-measured transition probabilities do not
represent any specific mechanistic process; they are the
sum of all direct and indirect process among species
(Wootton 2001). Here, we take a different approach: we
estimated transition probabilities based on competitive
interactions directly from laboratory behavioral assays, and
used those probabilities to construct a Markov model. We
then used the Markov model to predict the relative abun-
dance of a community based on a specific, isolated process:
behavioral dominance. Finally, we tested those model
predictions with independent abundance measures from
field censuses.

The local model for the Southeast site included eight
different states (=species), representing the eight species
that were present, and thus its dimensions are 8 9 8. The
regional model (=6 species) consisted of a 6 9 6 matrix,
representing the six species that were common throughout
the region. The entries in both matrices are the transition
probabilities that one species will persist or be displaced by
a different species in a patch during a single time step. We
used the dominance behavior observed in the laboratory
experiment to create the transition probabilities. Two types
of transition probabilities were calculated. The diagonal
elements represent the likelihood that a species replaces
itself in the next time step and were estimated as the pro-
portion of times a species did not retreat during its
encounters with all other species in the laboratory experi-
ment. The off-diagonal elements represent the probability
that a species will turnover in a patch after an encounter
with another species. We used the proportion of retreats of
one species from another as the off-diagonal values. For
example, in Table 2a (below), there is a 49.9% chance that
Aphaenogaster occidentalis will replace itself (persist) in a
patch, and a 10.4% chance that it will be expelled by
Crematogaster coarctata.

Matrices are column-stochastic (each column sums to
1.0; Caswell 2006), because entries are the probability of
transition from one state of occupancy of one species to
another. The input vector, representing initial species
abundance, was set at 1,000 individuals for each species.
The model was run for 1,000 time steps until the stable
state distribution was achieved, which corresponds to the
first eigenvector of the transition matrix (Caswell 2006).
Because the “states” in this model represent the different
species, the distribution of individuals among states can be
interpreted as the relative abundance of each species at an
equilibrium that is determined by the probabilistic out-
comes of the all the pairwise species interactions. The
Markov model predicts the relative abundance of each
species in the assemblage, and we tested whether this
prediction was significantly correlated with the observed

abundance of the same species in the local and regional
field surveys.

We also modified the Markov model to test its sensi-
tivity to the estimate of persistence probability. In this
alternative model, we isolated expulsion behavior as the
sole driver of relative abundance by substituting a zero for
each diagonal value in the transition probability matrix,
and re-scaled so matrices were still column stochastic. In
this model, species turnover was determined exclusively by
the off-diagonal values, which represent the probability
that one species can expel another. Results were qualita-
tively similar to the original Markov model with non-zero
diagonal elements and therefore are not reported.

Using behavior to predict species co-occurrence
Null model

We tested whether agonistic behavior predicted species co-
occurrence in three local ant assemblages: Southside and
Whiskey Creek, 2 of the 16 sites sampled in 2003, and
Southeast, the repeatedly sampled site in 2004. These three
sites are occupied by a similar suite of species, occur
within 0.5 km of each other, yet have slightly different site
characteristics (see Table 1 in Ratchford et al. 2005).

To evaluate species co-existence patterns, we calculated
the C-score (Stone and Roberts 1990) which is the number
of ‘checkerboard units’ of each species pair. For each
species pair, the checkerboard index is (r,—S)(rp—S) where
S is the total number of ‘sites’ (=baits) shared by the
species pair, and r, and ry, are the row totals for species
a and b, respectively. Species that always occur together
will have a C-score of zero. The greater the segregation in
species occurrences, the larger will be the C-score. Results
are reported in terms of the standard effect size (SES)
which scales the results in terms of standard deviations
(Gurevitch et al. 1992). Large positive SES values (J1.96)
indicate significant species segregation. Large negative
SES values (\—1.96) indicate species aggregation (Gotelli
2000).

Assemblages were randomized using the fixed-equiprob-
able model in EcoSim, version 7 (Gotelli and Entsminger
2006). In this null model, the columns represented the baits
(n = 15 for the Southeast site, n = 25 for the Southside and
Whiskey Creek sites) and were equally suitable for species.
However, the row totals, which represent the total number of
baits occupied by a species, were fixed and set to be
equivalent to the observed row totals. Thus, species occurred
in the same frequency in the randomized as in the observed
assemblage, but observed species richness per bait was not
constrained. Presence—absence matrices were generated for
a single evening sampling period, because this is the time of
day when non-random species co-occurrence values are
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most likely to occur (Wittman et al. 2010). The model was
run separately for each unique species pair observed during
this time (n = 15 species pairs for site Southeast, n = 10
species pairs for sites Southside and Whiskey Creek).

To address the potential effect of temperature on pat-
terns of behavioral dominance and species co-occurrence,
we also conducted co-occurrence analyses for each species
pair at each site during warm (morning) and hot (afternoon)
times of day. Our analyses using these data yielded similar
results to the cool, evening period, and therefore are not
reported.

We used pairwise DI values generated from the behavior
experiment (described above) as the predictor variable and
the SES value for each corresponding null model test of the
occurrence data as the response variable in a randomization
test of the regression slope (Gotelli and Entsminger 2006).
Because each point represents a unique species pair, each
DI value is the sum of the proportion of contacts in which
one species caused the other species to retreat. Thus, the DI
value ranges from O (both species never retreated in the
presence of the other) to 2 (both species repelled each other
at every contact). If species interactions determine co-
occurrence patterns, species pairs with a strong tendency to
repel each other are predicted to be segregated in occur-
rence (large positive SES values), whereas species pairs
that tolerate each other are predicted to be aggregated
(large negative SES values) or random in occurrence (small
SES values).

Results
Field and experimental dominance indices

The behavioral arena experiment utilized all species
found at the Southeast site and repeatedly tested all
species combinations, resulting in a complete behavioral
dataset based on hundreds of interactions. This is in
contrast to observations based in the field, in which only

9 of 28 possible species pairs were observed. Unique
species pairs repeatedly were observed an average of
seven times at sites in the field (range = 1-18) whereas
each species pair was observed an average of 104 times
in the behavioral experiment (range = 26-279). Because
field observations also incorporate differences in
recruitment abilities, more individuals were present dur-
ing a field encounter (average = 21 workers) than during
an experimental encounter (always two workers).
Although multiple individuals were often present at a
bait, workers physically interacted with only one indi-
vidual at a time. See Table 1 for the summary of dif-
ferences between field observations and the behavioral
experiment. Table 1 reports details for behavioral
observations at the single local site (=Southeast; 525
total bait observations); details of field observations
(fraction of all species pairs observed, number of
observations per species pair, number of individuals
present during interactions) are similar when summed
over all regional sites (=16 sites; 3,600 total Dbait
observations; Wittman, unpublished data).

Although the behavioral experiment used one-on-one
interactions in unbaited tubes, experimental DIs were
similar in magnitude to those calculated from species
occurrences on baits in the field, which usually included
several individuals of both species. Field and laboratory
estimates of DI were significantly correlated at the local
scale (mean of simulated slopes = —0.002, observed
slope = 0.187, P = 0.024) and positive but marginally
non-significant for behaviors summed across multiple sites
(mean of simulated slopes = —0.039, observed slope =
1.80, P = 0.092; Fig. 1). Dominance indices based on field
observations were always larger than those based on
experimental arena data (Fig. 1). Collectively, these results
suggest that behavioral interactions measured in the labo-
ratory experiment are comparable to those observed in field
encounters at resource patches.

Measures of individual pairwise dominance indices in
the laboratory predicted colony-level social dominance as

Table 1 Summary of field observations and laboratory experiment used to measure behavioral dominance scores for a local assemblage of

Siskiyou ants

Field Laboratory

X

(S
Conditions Baits Unbaited arena tubes
Total number of species observed 8 8
Number of species pairs observed interacting 9/28 28/28
Average number of interactions observed per species pair 6.75 104
Average number of individuals present during an encounter 21 Always 2
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observed in the field. A total of 27 interspecific encounters
were observed at baits at the Southeast site. Of these, 8
could not be scored for an outcome because they occurred
in the terminal census, and in 2 cases, neither species
dominated the bait. For the remaining 17 cases, behavioral
dominance (measured in the arena experiments) correlated
with the social dominance (ability of colonies to defend
and use resources in the field; Fig. 2). Individual behavior
measured both in the laboratory (mean of simulated
2



of a species to successfully dominate baits was not linked
to forager numbers (Fig. 3b, d) or the occupation of many
baits within a site (Fig. 3a, c). Indeed, our local-scale
results indicate behaviorally dominant species occupy rel-
atively few baits (Fig. 3c). Thus, unlike communities found
in the arid tropics (Andersen and Patel 1994), boreal taiga
(Savolainen and Vepsaldinen 1989), mangrove islands
(Cole 1983), or rainforest canopy (Morrison 1996), ant
communities in the Siskiyou mountains do not appear to
host ecologically dominant species (sensu Davidson 1998)
that are both behaviorally and numerically dominant.

The ecological impact of behaviorally dominant ants
may be tempered by their decreased ability to locate food
resources (the dominance/discovery trade-off; Fellers
1987; Davidson 1998), physiological constraints that limit
foraging (behavioral dominance/thermal tolerance trade-
off; Cerda et al. 1997; Bestelmeyer 2000), greater vulner-
ability to predators or parasites (Feener 2000; LeBrun and
Feener 2007), or reduced colonization ability (Stanton et al.
2002). Ants in the Siskiyou Mountains do not show a trade-
off in exploitation and interference competition, and are

not subject to parasitoid attacks while foraging (Wittman
2007). Although there is no clear behavioral dominance-
thermal tolerance trade-off (Wittman 2007), thermal tol-
erance does underlie foraging activity, with stronger



behavioral dominance in this community may not be sen-
sitive to differences in colony size. However, our local-
scale results (Fig. 3c) demonstrated that behaviorally
dominant species occupied relatively few baits (=nest sites,
see “Measures of relative abundance”). This pattern sug-
gests trade-offs in competition—colonization (Stanton et al.
2002) may decouple behavioral dominance from abun-
dance observed in the field (e.g., Palmer et al. 2000) and
provide a mechanism for the persistence of subordinate
species. Further study is needed to measure directly colo-
nization rates to examine if behaviorally dominant species
are indeed poorer colonizers.

Our arena behavioral assays would be suspect if they did
not reflect colony-level behavior as it is expressed in the
field. For example, one-on-one behavioral experiments did
not predict dominance in the field in the invasive argentine
ant (Linepithema humile) because its individual and colony
level behavioral dominance differ (Holway 1999). Addi-



Table 3 Pairwise species co-occurrence patterns

Species pair Southeast Southside Whiskey Creek
AO CV 1.156 0.294
AO TN —0.825 —-0.972 0.248
CC AO 0.326 1.240
Ccc cv —0.558
CCLL 0.612

CC TN 2.345 2.412
CC TS 0.724 1.043
CV TN 0.904 —1.709
FM AO 0.398 0.915

FM CC 0.731

FM CV 0.368

FM LL 0.730

FM TN 1.539 22.687

FM TS —0.850 0.935

TN LL 2.353

TS AO 0.379 0.772 0.348
TS CV —0.203 0.707
TS LL 0.715

TS TN 2.858 2.580 0.600

Each row indicates a different species pair, each column indicates a
different site, and the entries are the standardized effect sizes. Neg-
ative values indicate species aggregation; positive values indicate
species segregation. If no entry is given, one or both of the species did
not occur at the site. Significant SES values are in bold. Species
abbreviations as in Table 2

parameratize the Markov model were representative of
colony-level abilities to defend and access resources in the
field (Fig. 2), which incorporate differences in recruitment
strategies, body size differences, and changing environ-
mental conditions. Collectively, our approach provided a
complete, replicated dataset of behavioral interactions,
which represents the outcome of colony-level defense of
resource patches in nature.

We found behavioral dominance did not predict patterns
of co-occurrence in any of the ant communities studied
(Fig. 4). That is, strongly antagonistic species are not more
likely than other species to segregate across baits. Evidence
of agonistic behavior underlying co-occurrence patterns is
well documented in ant communities, including tropical
plantations (Majer 1993; Bluthgen and Stork 2007), boreal
forests (Savolainen and Vepsaldinen 1988), and small
islands (Cole 1983). Although we found variation in the co-
occurrence patterns of species pairs across sites (Table 3),
the outcome of behavioral interactions between species
pairs did not predict co-occurrence patterns (Fig. 4).
Because ant mosaics often involve the tending of honey-
dew-producing hemipterans that fuel territorial behavior
(Davidson 1997; Bluthgen et al. 2000; Davidson et al.
2004), ant mosaics may not be found in assemblages of

Standard Effect Size
o

-3 ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0
Pairwise Behavioral Dominance

opportunistic scavengers (this study) because they would
be guarding a space with a variable rate of resource
appearance (Styrsky and Eubanks 2007).
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