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Abstract
Coexisting populations of ecologically similar species may reduce competition by decreasing overlap in the resources they 
use, or by spatially or temporally partitioning shared resources. Temnothorax longispinosus and Temnothorax curvispino-
sus are morphologically similar acorn-nesting ant species that frequently co-occur in the leaf litter of deciduous forests of 
eastern North America. By conducting two detailed and complementary field surveys, we show that T. longispinosus and T. 
curvispinosus nest in a specialized subset of available acorns and that nests had a uniform pattern of spacing consistent with 
spatial displacement from competition. Colonies of both species were then subjected to laboratory preference tests, and inter-
specific and intraspecific competition experiments. The preference experiments demonstrated some level of differentiation 
in resource use among species within the specialized range of nest properties used by the ants in nature, potentially reducing 
competition during nest selection. Nevertheless, in both intraspecific competition experiments we found high mortality that 
increased when ants were initially in nests closer together. T. curvispinosus mortality also increased with the number of 
combatants, consistent with a battle of attrition between opposing sides. In contrast, T. longispinosus mortality decreased 
during battles as the number of combatants increased. In the interspecific battles, both T. curvispinosus and T. longispinosus 
sustained some mortality, but escalated battles did not occur. Broadly, this work demonstrates that direct competition over 
nesting sites is an important mechanism underlying the dispersion of Temnothorax nests and therefore the structuring of 
acorn-nesting Temnothorax assemblages.
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Introduction

A central goal in the field of community ecology is to deter-
mine how coexistence within communities is shaped by 
species interactions (MacArthur 1958; Whittaker 1972). 
However, demonstrating the type and strength of those inter-
actions is challenging (Agrawal et al. 2007). Niche differ-
ences are widely seen as crucial for explaining coexistence 
among many species (Colwell and Fuentes 1975; Chase and 
Leibold 2003; Levine and HilleRisLambers 2009), but when 
species overlap in niche space, they are likely to compete 

(Pianka 1974; Chesson 2000). Competition can have wide-
reaching effects on community structure, and one key pre-
diction is that it can generate spatial structuring of commu-
nities (Shigesada et al. 1979; Tilman 2004). In particular, 
it may force organisms to be more dispersed within a focal 
community than would be expected by chance. This may 
be true at the community level for species that interact over 
common resources or within populations of individual spe-
cies. Despite these generally accepted processes, experimen-
tal studies on how overlap in resource use and competition 
interplay to shape patterns of species coexistence are rela-
tively scarce (Agrawal et al. 2007).

In some ant communities, the combination of relatively 
accessible nesting resources and tractable competitive inter-
actions over these resources provides a special opportunity 
for experimental studies of species coexistence. In particular, 
nest sites in pre-formed cavities are often discrete, relatively 
easy to quantify and manipulate, and are a limited resource 
(Powell 2009; Blüthgen and Feldhaar 2010; Powell et al. 
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2011; Jiménez-Soto and Philpott 2015) that generates con-
spicuous, overtly aggressive fighting between members of 
different colonies (Powell 2009; Parr and Gibb 2010). Based 
on previous work on direct interspecific competitive interac-
tions in ants (Alloway 1980; Blüthgen and Feldhaar 2010; 
Parr and Gibb 2010), we can predict that the density of colo-
nies, scarcity of suitable nesting resources, colony size, and 
social and individual fighting strategies all have the potential 
to influence the competitive dynamics and outcomes among 
colonies (Parr and Gibb 2010). These insights into competi-
tion in ants provide the opportunity for experimental studies 
looking at the outcomes of competitive interactions across a 
range of contexts, and their role in structuring communities.

In evaluating a study system in which the consequences 
of competitive interactions and the combat process itself 
might be experimentally tractable, Temnothorax ants offer a 
number of advantages. In particular, Temnothorax curvispi-
nosus and Temnothorax longispinosus are frequently found 
co-occurring in the leaf litter of second-growth forests in 
eastern North America (Herbers 1986; Herbers and Johnson 
2007). The ants nest primarily inside acorns in the leaf litter 
that have been previously hollowed out by developing beetle 
larvae. Yet, despite the general abundance of litter acorns 
in many oak systems, cavities that the ants consider suit-
able appear to be a limited resource, and competition over 
nesting cavities can be strong (Herbers 1986). Moreover, 
individual colonies, containing up to a few hundred workers, 
may spread out and use multiple nest sites (Herbers 1986; 
Debout et al. 2007), and will emigrate from rotten acorns to 
better ones (Möglich 1978). These colony behaviors may 
further compound nest-site limitation and intensify competi-
tive interactions in these ants.

Though Temnothorax have limited nest-site options 
and competition for acorns is high, colonies are selective 
in choosing an appropriate acorn. They can distinguish 
between cavity size, entrance diameter, light level, interior 
nest shape, cavity ceiling height and have been shown to 
reject a mediocre acorn (e.g., one that is not hollow, has 
cracks, has an entrance hole greater than 3 mm, or is not 
from Quercus rubra) when paired with a better choice 
(Pratt and Pierce 2001; Pratt 2005; Booher et al. 2017). 
The remarkable capacity for choosing a nest site has led 
to the development of Temnothorax as a model for colony-
level decision-making (Pratt and Pierce 2001; Franks et al. 
2003; Pratt 2005; Dornhaus and Franks 2006; Sasaki et al. 
2015). This makes Temnothorax well-positioned for stud-
ies of nest-site competition in ants, but our understanding 
of their nesting ecology in the wild is incomplete (but see 
Modlmeier & Foitzik 2011; Bengston & Dornhaus 2015; 
Booher et al. 2017), and we know little about the degree 
of resource overlap among species and how colonies might 
engage in intraspecific and interspecific competition over 
shared cavity resources.

Here we study the interplay between overlap in resource 
use and intraspecific and interspecific competitive interac-
tions in the spatial structuring of co-occurring cavity-dwell-
ing litter ants, using T. curvispinosus and T. longispinosus. 
Generally speaking, intraspecific competition should be 
stronger than interspecific competition, because interspe-
cific differences in resource preferences should reduce the 
strength of competitive interactions (Schoener 1974; Chase 
and Leibold 2003). Nevertheless, both interactions may still 
have an impact on the spatial structuring of acorn-dwelling 
ant communities. Broadly, we hypothesize that spatial struc-
turing among T. curvispinosus and T. longispinosus colonies 
bears the signatures of direct intraspecific and interspecific 
competition. We therefore predict (1) that ant colonies will 
be uniformly spaced, a dispersion pattern consistent with 
minimizing competition (Morisita 1959; Modlmeier and 
Foitzik 2011); (2) that T. curvispinosus and T. longispino-
sus show a degree of overlap in nesting preferences, and (3) 
that competitive interactions over new, spatially clustered 
cavities results in high worker mortality. To test these pre-
dictions, we first collected data to characterize important 
yet unknown aspects of the nesting ecology of Temnothorax 
that might determine resource overlap and thus influence 
competitive interactions. We then conducted a set of experi-
ments that tested resource preferences of the two species, 
and staged competitive interactions over shared nesting 
resources. The competition experiments also integrated the 
influence of colony size and initial proximity of colonies on 
the strength and outcome of competitive interactions.

Methods

Collection locations and laboratory maintenance 
of colonies

We collected ants in three localities: Little Bennett Regional 
Park, MD (May 2013), Takoma Park, MD (Sep–Nov 2013), 
and Turkey Run Park, VA (May–June 2014). We maintained 
colonies in small plastic boxes measuring 11 cm by 11 cm 
by 3.75 cm with  Fluon© on the walls to prevent ants from 
crawling up the sides and a lid to keep local humidity levels 
high. In each box, a single nesting cavity was provided with 
an internal volume of  19mm3, an entrance width of 2 mm, 
and was constructed from a cardboard cavity sandwiched 
between two standard glass microscope slides. Each week 
we supplied colonies with fresh water, a 5% sugar–water 
mixture, and  Spam© ad libitum. We cleaned the nests while 
a colony was in an experiment with 95% ethanol to prevent 
fungal growth. Before and after each experiment we took 
photos of colonies and counted the number of workers using 
ImageJ 1.× (Schneider et al. 2012). We had 19 T. curvispi-
nosus colonies with an average colony size (mean ± SE) of 
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72 ± 5 ants and 18 T. longispinosus colonies with an average 
colony size of 73 ± 6 ants.

Dispersion of nests in the field

We evaluated the natural dispersion pattern of ant acorn 
nests at two complementary spatial scales by conducting 
detailed censuses of acorns within the leaf litter. We con-
ducted large transect sampling in Little Bennett Regional 
Park, MD, to investigate the broad-scale distribution of 
acorn ants within oak forests. We ran eight 100 m transects 
and performed an exhaustive survey of acorns within a 1 m2 
quadrat every 10 m. We complemented this approach by 
1 m2 quadrat samples that recorded colony density, average 
leaf litter depth per 20 cm2, depth of each acorn in the lit-
ter, acorn moisture level, and presence of other ant genera 
in both acorns and leaf litter. These more detailed quadrat 
samples were taken every other meter along two 20-m tran-
sects in Turkey Run Park, VA, for a total of 20 samples. Pat-
terns of dispersion among occupied acorns were examined 
by calculating Morisita’s index of dispersion for both spatial 
scales (Morisita 1959).

Nesting niche in the field and preference tests 
in the laboratory

To characterize the Temnothorax realized nesting niche, we 
measured properties of every acorn collected from both sam-
pling approaches, including acorns used by Temnothorax, 
acorns used by other ants, acorns without ants, and acorns 
containing non-ant arthropod inhabitants. We recorded the 

acorn species, presence of a cap, exterior acorn state, acorn 
width and length, acorn wall width, entrance hole width, 
interior and exterior acorn moisture, and acorn contents. 
Acorn moisture was measured on a qualitative scale based 
on whether the acorn dripped water, released small water 
droplets, or had no apparent moisture when touched. All 
analyses were conducted in R version 3.3.2 (R Develop-
ment Core Team 2016). We compared Temnothorax acorn 
moisture and species preferences with other ants and arthro-
pods using a G-test of independence. This was followed by 
pairwise comparisons with a Bonferroni correction using the 
‘pairwise.G.test’ function in the package RVAideMemoire 
(Hervé 2014). We compared litter depth of acorns used as 
nests by Temnothorax colonies, litter depth for plots con-
taining Temnothorax, and Temnothorax entrance hole size 
preference with other ants and arthropods using ANOVAs 
followed by Tukey’s HSD test.

We complemented field collection data on acorn use 
with laboratory studies to examine differences in the nest-
ing niche of T. curvispinosus and T. longispinosus colonies 
within the specialized range of nest properties used by the 
ants in nature. These tests were done with artificial acorn 
nests with entrance hole and moisture properties that could 
be tightly controlled. These artificial nests were made from 
dental plaster (Fig. 1a), constructed with a narrow, but high-
ceilinged interior cavity (following Pratt and Pierce 2001). 
We created nests by pouring plaster into ice cube trays and 
placed microcentrifuge tubes in the center of each square 
mold, creating a 3-cm-deep hole to emulate the center of an 
acorn. We sanded the artificial acorn nests to standardize the 
size and covered them in two coats of fragrance-free melted 

Fig. 1  a An artificial acorn nest used in both preference and competi-
tion experiments. b Experimental setup containing 36 artificial acorn 
nests for the competition experiments. White squares denote the close 
spatial treatment, and gray squares denote the far spatial treatment. T. 
curvispinosus vs. T. curvispinosus (see text for details) were provided 

cavities with 0 mL moisture and 1 mm entrance holes. T. longispino-
sus vs. T. longispinosus had cavities with 6 mL moisture and 2 mm 
entrance holes. T. curvispinosus vs. T. longispinosus had a check-
erboard setup of 0  mL moisture, 1  mm entrance cavities and 6  mL 
moisture, 2 mm entrance cavities
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candle wax to retain moisture. An entrance hole was drilled 
in each nest at a uniform height and the top was sealed with 
a rubber stopper to prevent ant escape and moisture loss.

The focus and ordering of the preference tests was deter-
mined by the range of natural nest properties used by the 
ants, as determined by the field surveys. We tested the vari-
ables of acorn moisture content and acorn entrance hole 
diameter. The first experiment gave colonies a triangular 
array of three evenly spaced artificial acorns with three 
moisture options that spanned the full range of possible 
moisture levels seen in natural acorn nests (dry, 6 mL dis-
tilled  H2O  (dH2O), and saturated with  dH2O). This experi-
ment was performed with only T. curvispinosus (n = 9 
colonies), because it was the species that showed the most 
apparent differentiation in moisture properties in the field. 
The second experiment had four evenly spaced artificial 
acorns with four entrance hole diameter options that spanned 
the full range of entrances seen in occupied acorns nests (1, 
2, 3, and 4 mm). This experiment was performed with only 
T. longispinosus (n = 7 colonies) because it was the species 
that showed the most variable entrance hole use in the field. 
The third experiment gave colonies a circular array of six 
artificial acorns with the following combinations of cavity 
moisture and entrance hole diameter: dry and 1 mm, dry and 
2 mm, 6 mL  dH2O and 1 mm, 6 mL  dH2O and 2 mm, satu-
rated  dH2O and 1 mm, and saturated  dH2O and 2 mm. This 
experiment was performed separately on both T. curvispino-
sus (n = 19 colonies) and T. longispinosus (n = 17 colonies) 
to examine the combination of the most common shared 
nest properties for the two species (i.e., the identified niche 
overlap for nest moisture and entrance size). For each trial of 
experiments 1–3, we placed an opened nest from the setup 
used to maintain colonies (described above) in the center 
of the experimental array. Within each array, all artificial 
acorns faced the opened nest. To prevent bias, we randomly 
designated placement of each treatment within the evenly 
spaced array for each trial. Original colony collection loca-
tion was also randomized with respect to experimental treat-
ment. Each of the three experiments lasted 24 h and there 
were no individual or colony deaths in these experiments. 
We waited at least 3 weeks before retesting any colony in 
experiment 3 after being tested in one of the previous experi-
ments. The results of these three experiments were analyzed 
using Chi-square tests.

Competition, nest spacing, and mortality 
in the laboratory

To determine if competitive interactions regulate the pattern 
of nest-site spacing, we created an experimental arena with 
36 artificial-acorn nests in a regularly spaced grid configu-
ration (Fig. 1b), in which two colonies could compete over 
the available nests. The orientation of the entrance holes 

was determined at random, and there was 5 cm separating 
each artificial acorn to mimic the dense patches of acorns 
Temnothorax encounters in nature. To prevent escape from 
the arena, we coated the tray walls in Fluon© and set the tray 
atop four tubes placed in petri dishes containing water. After 
each trial, we wiped the tray with 95% ethanol to remove 
any pheromones. The results of the preference tests (above) 
informed the competition experimental treatments. For 
intraspecific pairings of T. curvispinosus colonies, we pro-
vided dry artificial acorns with a 1-mm-diameter entrance 
hole, while intraspecific parings of T. longispinosus colonies 
were given saturated artificial acorns with a 2-mm-diameter 
entrance hole. These nest properties were consistent with 
each species’ preferred nests. For the interspecific pair-
ings, we used a checkerboard configuration of the two nest 
options.

Each competitive colony pairing (T. curvispinosus vs. T. 
curvispinosus; T. curvispinosus vs. T. longispinosus; and 
T. longispinosus vs. T. longispinosus) had eight trials, for 
a total of 24 trials. For each competitive pairing, four trials 
started with the two colonies in nests close to each other 
in the center of the grid, 10.6 cm apart in a diagonal con-
figuration (Fig. 1b). For the remaining four trials in each 
pairing, the two colonies were in nests far from each other 
in opposite corners, 72.5 cm apart at the maximum diagonal 
distance within the arena. This design allowed us to exam-
ine the influence of initial spacing between colonies on the 
outcome of competition. In addition, within each of the four 
trials for a spatial setup (close and far), two trials used simi-
larly sized colonies (± 5 ants) while the other two trials used 
different sized colonies (± 40 ants). In the interspecific com-
petition setups with different colony sizes, one trial used a 
larger T. curvispinosus colony and the other used a larger T. 
longispinosus colony, to balance the colony-size differences 
between species. This aspect of the design allowed us to 
assess the influence of size differences between the fighting 
forces on the outcome of competition. Across all trials, colo-
nies and original colony collection location were assigned 
to treatments randomly. Each experiment ran for 48 h, after 
which we checked whether scouts were present outside of 
acorns, recorded the number of dead ants and the number 
of ants actively fighting, and opened each artificial acorn to 
check for the presence of ants. After the experiments con-
cluded, colonies were reintroduced into an observation nest 
used in the colony-maintenance setup (described above) and 
the colony was again photographed and counted in ImageJ 
1.x (Schneider et al. 2012). To analyze differences in percent 
mortality among the three competition setups, we performed 
an ANOVA followed by Tukey’s HSD test. We tested the 
importance of combined combatant number and starting-
position on total percent mortality using ANCOVA tests, 
with total percent mortality as the dependent variable (num-
ber dead divided by total number of combatants), combined 
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combatant number (summed colony sizes for the competing 
colonies) as the covariate, and starting-position (near or far) 
as the categorical independent variable.

Results

Dispersion of nests in the field

We predicted a uniform pattern of nest dispersion across 
sampling locations, consistent with competition from 
overlapping acorn nest preferences driving maximum nest 
spacing. On a broad scale (in the large transect sampling) 
Morisita’s index of dispersion was − 0.101 for the Temnotho-
rax genus, indicating a uniform dispersion pattern (uniform: 
index ≤ 0, random: index = 1, clustered: index > 1). On a fine 
scale (sampling done on 20 cm2) T. longispinosus had an 
index of -0.246 and T. curvispinosus had an index of -0.707, 
both indicating uniform dispersion. The results at both scales 
were therefore consistent with the spacing between Temno-
thorax nests being structured by competition.

Nesting niche in the field and preference tests 
in the laboratory

We collected and measured a total of 1,549 acorns. We found 
a total of 73 acorns occupied by ants, and 52 of those were 
occupied by Temnothorax. There was no difference in the 
litter depth of acorns used as nests by Temnothorax colonies 
(ANOVA, F2,152 = 1.63, P = 0.199) and plot litter depth was 
also not significantly different for plots in which Temnotho-
rax were found (ANOVA, F2,152 = 1.3, P = 0.275). However, 
the acorns used by Temnothorax represented a distinct subset 
of the available acorns in the leaf litter. First, T. curvispi-
nosus (but not T. longispinosus) did not use wet acorns as 
often as other ants and arthropods (G-test of independence, 
G = 23.66, df = 4, P < 0.0001, Fig. 2a). Second, we found 
greater use of Quercus rubra acorns by both Temnothorax 
colonies and other ants than by other arthropods (G-test of 
independence, G = 359.08, df = 20, P < 0.0001, Fig. 2b). 
Third, T. curvispinosus (but not T. longispinosus) used a 
significantly different range of available acorn entrance hole 
sizes relative to other ants sampled (ANOVA, F4,442 = 3.8, 
P = 0.005, Fig. 2c).

To test our prediction that T. curvispinosus and T. long-
ispinosus show a degree of overlap in nesting niche, we 
used a series of laboratory experiments to test the nesting 
preference of both focal species within the subset of acorn 
properties they used in nature. When offered three moisture 
options, T. curvispinosus preferred dry acorns (Chi-sq. = 8, 
df = 2, P = 0.018). In contrast, T. longispinosus did not show 
a preference when offered four entrance hole sizes (Chi-sq. = 
0.29, df = 3, P = 0.438). Additionally, in the third preference 

experiment that combined moisture and hole width options, 
T. curvispinosus had a significant preference for artificial 
acorns with a dry interior and 1 mm diameter entrance hole 
(Chi-sq. = 19.84, df = 5, P = 0.001, Fig. 3). In contrast, T. 
longispinosus did not show a significant preference for 

a

b

c

Fig. 2  Field surveys of Temnothorax showing, a a preference for 
dry acorns (G-test of independence); b a preferential use of Quercus 
rubra acorns (G-test of independence), and c a narrower aver-
age acorn entrance hole size preferred by T. curvispinosus (but 
not T. longispinosus) than other ants (ANOVA; showing median, 
25–75% quartiles, and range). Letters indicate significant differences 
(P < 0.05) between preferences of T. curvispinosus, T. longispinosus, 
other ants, other arthropods, and acorns with no organisms as deter-
mined by pairwise comparisons with a Bonferroni correction (a, b) 
and determined by a Tukey’s HSD test (c)
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any moisture and entrance hole size combination (Chi-sq. 
= 5.24, df = 5, P = 0.388, Fig. 3), but did show the highest 
level of occupancy for saturated nests with 2 mm entrances.

Competition, nest spacing, and mortality 
in the laboratory

We predicted that competitive interactions over new cavi-
ties results in high worker mortality, consistent with direct 
competition over shared resources dictating spatial structur-
ing in cavity-dwelling ant assemblages. Active exploration 
of the nesting arena and unoccupied cavities was seen in 
all trials in all three competitive pairings. At the end of all 
trials, workers were found inside additional cavities, even 
though the majority of their colony remained in the nest 
they were placed in at the beginning of the experiment. In 
all competitive pairings, the ants from opposing colonies 
engaged in direct combat, and all colonies suffered mortality 
from these interactions. The number of workers fighting at 
the conclusion of each trial did not vary between T. long-
ispinosus vs. T. longispinosus and T. curvispinosus vs. T. 
longispinosus (Welch’s t test, t = 0.31, df = 21.5, P = 0.756; 
counts of fighting ants not recorded for T. curvispinosus 
vs. T. curvispinosus pairing). No colony died as a result 
of these interactions, but mortality varied significantly 
between different interactions, with T. curvispinosus vs. T. 

curvispinosus battles having the greatest percent mortality 
followed by T. longispinosus vs. T. longispinosus battles and 
lastly T. curvispinosus vs. T. longispinosus (ANOVA, F2,45 
= 12.29, P < 0.001; Fig. 4). Initial size differences between 
paired colonies had no significant effect on the level of per-
cent mortality (ANOVA, size difference effect, F1,46 = 1.60, 
P = 0.212).

If density-dependent, direct competition is regulating 
spatial structuring in nesting sites in Temnothorax, we 
might also expect that percent mortality will be greater 
when competitive pairings favor more intense interactions. 
In particular, more combatants and increased proximity 
might promote greater encounter rates and drive mortality 
higher. In T. curvispinosus vs. T. curvispinosus battles, the 
combined number of combatants had a significant positive 
effect on total percent mortality (ANCOVA, combined com-
batants effect, F1,12 = 27.63, P = 0.0002; Fig. 5), and total 
percent mortality was higher when colonies began closer 
together (ANCOVA, starting distance effect, F1,12 = 23.61, 
P = 0.0003). Thus, intraspecific competition in T. curvis-
pinosus results in escalating mortality with the number of 
ants involved, with mortality further increased by initial 
proximity. In T. longispinosus vs. T. longispinosus battles, 
the combined number of combatants had a significant nega-
tive effect on total percent mortality (ANCOVA, combined 
combatants effect, F1,12 = 28.27, P = 0.0002; Fig. 5), and 
total percent mortality was also higher when the colonies 
began closer together (ANCOVA, starting distance effect, 

Fig. 3  Results from combined moisture and entrance hole diam-
eter preference tests. Colonies were individually provided 6 cavity 
options, consisting of 3 moisture options (0, 6  mL, and saturated) 
and 2 entrance hole size options (1  mm and 2  mm). Results of T. 
curvispinosus (n = 19 colonies) and T. longispinosus (n = 17 colonies) 
combined moisture and hole size preferences. T. curvispinosus had 
a significant preference for acorns with 0 mL of water and a 1 mm 
entrance hole (Chi-sq., P = 0.001) while T. longispinosus had no sta-
tistically significant preference for any option (Chi-sq., P = 0.38). 
White denotes T. curvispinosus colonies and gray denotes T. longispi-
nosus colonies. Significant result marked with asterisk

Fig. 4  Percent mortality resulting from interspecific (T. curvispinosus 
vs. T. longispinosus) and intraspecific (T. longispinosus vs. T. longis-
pinosus and T. curvispinosus vs. T. curvispinosus) fights in the com-
petition experiment (ANOVA, P < 0.001). Boxplots show median, 
25–75% quartiles, and range. Letters indicate significant differences 
in mortality (P < 0.001) as determined by a Tukey’s HSD test
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F1,12 = 6.08, P = 0.030). Thus, while initial proximity does 
increase mortality in intraspecific competition in T. longis-
pinosus, mortality follows a de-escalating trajectory as more 
ants are potentially involved. Lastly, in T. longispinosus vs. 
T. curvispinosus battles, the combined number of combat-
ants did not have a significant effect on total percent mortal-
ity (ANCOVA, combined combatants effect, F1,12 = 2.91, 
P = 0.644) and total percent mortality was not affected by 
colony proximity (ANCOVA, starting distance effect, F1,12 = 
0.224, P = 0.114). This indicates that although some mortal-
ity was sustained when T. curvispinosus vs. T. longispinosus 
colonies came into contact, escalated battles did not occur.

Discussion

The overall objective of this study was to examine conse-
quences of intraspecific and interspecific competitive inter-
actions in T. curvispinosus and T. longispinosus. More spe-
cifically, our goal was to understand how competition over 
shared nesting resources may establish spatial structuring 
within Temnothorax assemblages.

Consistent with our first prediction, we found direct com-
petition over nesting sites is an important mechanism under-
lying the dispersion of Temnothorax nests and, therefore, 
acorn-nesting ant assemblages within eastern oak forests. 
Field data demonstrated that Temnothorax ants use a sub-
set of available acorn cavities in nature, with a particular 
specialization on drier acorns and smaller cavity entrances. 
Field data and laboratory experiments further demonstrated 
niche overlap between Temnothorax species, consistent 
with our second prediction, with T. curvispinosus display-
ing a more specialized preference, defined by the smallest 
entrance size from natural acorn cavities and a dry cavity 
interior. Finally, we expected intraspecific competition to 
be greatest in the species with the most narrowly defined 
niche (T. curvispinosus) and interspecific competition to be 
present, given the niche overlap, but to a lesser degree than 
in the two intraspecific competition scenarios. Moreover, 
we expected total percent mortality would rise with both 
increased proximity and number of combatants, consistent 
with density-dependent competitive interactions regulating 
spatial structuring of nests. Supporting these predictions, 
mortality was greater when both T. curvispinosus vs. T. 
curvispinosus and T. longispinosus vs. T. longispinosus colo-
nies began closer to one another, an outcome consistent with 
the uniform dispersion of nests we found in our field survey. 
The pattern of combat in T. curvispinosus vs. T. curvispino-
sus battles was one of higher mortality with an increase in 
combatants, also as predicted, whereas the combat pattern 
in T. longispinosus vs. T. longispinosus battles was one of 
decreasing mortality as the number of combatants increased 
(Fig. 5).

In all trials, workers were found in other arena cavities, 
indicating active exploration of available resources. Rapid 
exploration and use of newly available cavities is seen as 
support for cavity limitation in ants (e.g., Herbers 1986; 
Powell et al. 2011), and is expected to result in competition 
among colonies. In T. curvispinosus vs. T. curvispinosus 
battles, we saw ants rapidly explore the arena full of newly 
available open cavities and engage in aggressive competi-
tive interactions. The results suggest that the strength of 
colony competition, particularly in intraspecific T. curvis-
pinosus battles, as measured by worker mortality, is density-
dependent. While scarcity of cavity availability is likely to 
be the ultimate limitation on the number of T. curvispinosus 
colonies that can live in a certain area, the density-dependent 
worker mortality resulting from competition over available 
cavities may play an important contributing role in regulat-
ing T. curvispinosus populations.

Our results particularly highlight how substantial varia-
tion in colony size impacts the strength of intraspecific com-
petition. More specifically, they identify directional patterns 
in the relationship between total combatants and total per-
cent mortality in the two intraspecific pairings. Willingness 

Fig. 5  Percentage of dead combatants (number dead divided by total 
number of combatants) vs. total number of combatants from competi-
tion experiments. Open circles denote intraspecific T. curvispinosus 
battles and closed circles intraspecific T. longispinosus battles. In 
both T. curvispinosus vs. T. curvispinosus and T. longispinosus vs. 
T. longispinosus battles the ANCOVA showed a significant effect of 
combined number of combatants on total percent mortality and the 
slope of the line had a significant fit (T. curvispinosus vs. T. curvis-
pinosus: P = 0.005, r2 = 0.41; T. longispinosus vs. T. longispinosus: 
P = 0.0004, r2 = 0.57)
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of a social insect to fight can increase as it perceives being 
part of a larger sized group (Tanner 2006). But, we did not 
see higher levels of aggression (as measured by number of 
ants in direct combat) when bigger colonies were fighting 
one another, or when fighting smaller colonies. Instead, we 
saw similar aggression levels across trials. However, we 
did see a greater level of percent mortality as the combined 
number of combatants increased in intraspecific T. curvis-
pinosus battles (Fig. 5).

While a war of attrition scenario did fit intraspecific T. 
curvispinosus battles, intraspecific T. longispinosus battles 
showed a strongly contrasting pattern of decreasing percent-
age mortality with increasing number of combined com-
batants (Fig. 5). Perhaps intraspecifically, T. longispinosus 
fight more intensively in younger stages of colony ontogeny. 
As colony size and age increase, the likelihood of a stand-
off, instead of direct competition, may increase. Something 
similar is seen in fire ants, which fight intensively at young 
colony stages and transition to a standoff when older (Adams 
and Tschinkel 1995). The elevated fighting that results when 
there are fewer combatants suggests that colonies are more 
likely to fight with one another over resources when they are 
smaller and less established, and as colony size grows the 
ants are less likely to engage in direct combat. This could be 
tested in future experiments with colonies of different ages.

The broader niche of T. longispinosus, compared to T. 
curvispinosus, may also help explain the pattern of decreas-
ing mortality with increasing combined colony sizes in the 
intraspecific battles of this species. As T. longispinosus is 
more of a generalist, it should have more nesting options 
and thus a greater opportunity to avoid overlap in resource 
needs once it is out of the critical colony founding stage. 
This diminishes the need for intraspecific combat that results 
in high mortality within T. longispinosus. In contrast, the 
more specialized nesting preferences of T. curvispinosus 
may explain the higher and escalating mortality levels in 
intraspecific battles of this species, as the need for a spe-
cific range of nesting resources remains high at all colony 
life stages. Additionally, if T. curvispinosus have to fight 
intraspecifically for resources other than nesting cavities, 
this might further explain their increasing aggression with 
increasing number of combatants. Future studies examin-
ing the interacting effects of shifts in acorn preferences as 
colonies grow, and competition over other resources may 
therefore be valuable.

Finally, we found no evidence of systematic spatial struc-
turing in the community from the results of the interspecific 
battles between T. curvispinosus and T. longispinosus. The 
overall signature of a uniform spacing pattern for Temnotho-
rax species in the acorn-dwelling ant community is therefore 
likely the combined product of intraspecific colony spac-
ing in both species. At the level of our interspecific battles, 
general mortality did occur, but neither a “war of attrition” 

nor a “war of decreasing hostility” was seen. This pattern is 
perhaps to be expected in light of the different niche breadths 
identified in our preference tests; T. curvispinosus displays 
strong ecological specialization (following definition of 
Irschick et al. 2005), with a nesting niche contained inside 
the broader niche of T. longispinosus (Fig. 3). Thus, in any 
interaction with a T. curvispinosus colony, T. longispinosus 
has more cavity options that seem desirable and this relaxes 
the need for escalated competition and mortality over any 
particular acorn.

Overall, our results suggest that T. curvispinosus colonies 
are engaged in a war of attrition over limited acorn-cavity 
resources found in the leaf litter of eastern oak forests. The 
impact of these interactions is more severe when colonies are 
closer together, as occurs when colonies live in higher densi-
ties. Our results further suggest that the severity of intraspe-
cific battles between the co-occurring T. longispinosus peak 
in early colony growth and then decline, while interspecific 
battles between T. curvispinosus and T. longispinosus are 
relatively limited. These results suggest a number of ways in 
which direct competitive interactions might mechanistically 
feedback to regulate Temnothorax population densities, but 
also highlight a number of additional avenues of investi-
gation to better understand this process. Given the number 
of ant species that live in acorns in eastern forests, these 
interactions might have larger implications for structuring 
the litter ant community. Our results provide a foundation 
of how competition over acorn cavities affects both popula-
tions of Temnothorax ant species, and offer insights into key 
components that impact the overall community of acorn-
dwelling ants.
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