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Abstract Newly founded colonies of the fire ant 

Solenopsis invicta compete intensely by brood raids, 
which result in a rapid reduction of colony density. 

Experimental plantings of colonies and analyses of 

sequential maps were used to examine the importance 
of spatial pattern in the dynamics of young popula- 
tions. Colony positions were initially clumped in nat- 

urally founded cohorts, but were regular in most mature 

populations. Incipient colonies planted in clumped pat- 
terns were more likely to engage in brood raids than 

colonies planted in regular hexagonal patterns at the 

same average density. However, contrary to what would 

be expected if local crowding increased mortality, no 

significant increases in spatial regularity were observed 

during brood raiding either in the experimentally 
planted populations or in a natural population of more 

than 1200 incipient colonies. These results show that it 

may be difficult to infer the degree of past or current 

competition by passive analysis of spatial data even 

when field experiments show that the probability of 

mortality depends on local spacing. 
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Introduction 

The analysis of the spatial positions of organisms is of 
interest to ecologists primarily for two reasons. First, 
the pattern may reflect the past history of interactions 

and may be used to infer the existence or nature of 

competition among neighbors (e.g., Waloff and 

Blackith 1962; Ryti and Case 1986; Kenkel 1988). 
Second, the spatial pattern of organisms may affect the 

future course of ecological interactions. If this effect is 

strong, it may be necessary to include pattern as well 

as density within models of population dynamics (e.g., 
Yodzis 1978; Bonan 1988; Pacala 1989). 

Nest sites in ant populations are commonly distrib- 

uted in regular patterns (reviewed by Levings and 

Traniello 1981), which are often taken as evidence of 

competition. However, competition among colonies 

can also produce clumped spatial patterns, or patterns 
that are apparently random, even in homogenous habi- 

tats (Pielou 1960; Leps and Kindlmann 1987; Ryti and 

Case 1992). Thus, the degree of spatial regularity can- 

not be used as a measure of the intensity of competi- 
tion and failure to observe regular patterns cannot be 

taken as evidence that competition is weak or absent. 

Various other methods have been suggested which may 
have greater power to detect the effects of competition 
than simple nearest neighbor analyses. These include 

testing for correlations between colony size and spac- 

ing (Waloff and Blackith 1962; Ryti and Case 1986; 
Cushman et al. 1988; see Pielou 1960 for a similar test 

with plants) or between density and spacing (Cushman 
et al. 1988; Ryti 1991). 

An alternative approach is to test for the changes 
in spatial pattern that are expected to accompany 

density-dependent mortality. In populations of sessile 

organisms, neighborhood competition can increase the 

degree of spatial regularity since mortality falls most 

heavily on individuals that are especially close to their 

neighbors. Simulation models of competition among 
sessile organisms show that even-aged cohorts become 

increasingly regular with time (Slatkin and Anderson 

1984;Leps and Kindlmann 1987). By contrast, when 

mortality is spatially random, random patterns of spa- 
tial arrangement result whether the original pattern is 

clumped, random, or regular (Leps and Kindlmann 

1987). Thus, the change in spatial pattern may provide 
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better evidence for competition than a "snapshot" 

analysis at any particular point in time (Ford 1975; 
Kenkel 1988). In ants, the degree of spatial regularity 
is sometimes higher in mature populations than in 

young ones (Bartz and H?lldobler 1982; Ryti and Case 

1988; Rissing and Pollock 1991). While the mechanisms 
of spatial dynamics in these cases are not fully under- 

stood, shorter distances to nearest neighbors can be 

associated with increased likelihood of competitive 

struggles (H?lldobler 1981), colony mortality (Thurber 
et al. 1993), or migration (De Vita 1979). However, Ryti 
and Case (1988) found no significant increase in 

regularity associated with mortality of colonies in the 
ants Veromessor pergandei or Mymecocystus flavipes 
between colony initiation and the first signs of worker 

activity. 
This study examined the dynamics of spatial pattern 

in young populations of the fire ant Solenopsis invida 

during "brood raids," a form of competition among 
incipient colonies (described below). Two approaches 
were adopted. First, we tested whether the regularity 
of spatial pattern increased significantly during brood 
raid competition. Second, a replicated field experiment 
tested whether the spatial pattern of colonies affects the 

frequency of brood raids and colony survivorship. To 
our knowledge, spatial pattern has not previously been 

experimentally manipulated in social insect popula- 
tions to measure its effects upon population processes, 
although this method has been used in a few cases with 
other taxa (Weiner 1985; Blower and Roughgarden 
1989). Finally, we comment on the power of these and 
other spatial analyses to detect competition within ant 

populations. 

Materials and methods 

Study organism 

Colonies of the single-queen, or "monogyne", form (Ross and 
Fletcher 1985a) of 5. invicta are founded by newly mated queens 
shortly after nuptial flights. Queens fly to areas of suitable habitat, 
drop their wings, then excavate chambers in the soil within which 
they lay eggs and rear the first cohort of workers (Markin 
et al. 1972). In areas where S. invicta is common, queens may estab- 
lish dense cohorts of incipient colonies in recently disturbed habi- 
tats (Tschinkel 1992a). When the first workers emerge, colonies 
compete intensely by "brood raids", in which workers remove brood 
from nearby colonies to be reared within the raiding colony 
(Tschinkel 1992a, b). In most brood raids, the raided colony loses 
nearly all of its brood and its workers join the winning colony. 
Abandoned queens then emigrate or die (Tschinkel 1992a; Adams 
and Tschinkel 1995). Using data from a naturally occurring field 
population, Tschinkel (1992a) estimated that most colonies engaged 
in at least one brood raid and that brood raiding was the primary 
source of mortality during the first few weeks of life. Brood raids 
have also been documented in other ant species (H?lldobler 
1981; Bartz and H?lldobler 1982; Rissing and Pollock 1987, 1991). 

Within a few weeks or months, brood raiding ceases and 
surviving colonies begin to compete instead by defending discrete 
foraging territories (Adams and Tschinkel 1995). Mature colonies 

defend territories intraspecifically (Wilson et al. 1971), within which 
they scavenge or prey upon arthropods and collect seeds and other 
plant material (Tenant and Porter 1991). 

In a second social form of S. invicta, known as the multiple- 
queen or "polygyne" form, colonies appear to reproduce by bud- 
ding, rather than through independent colony founding by recently 
mated queens (Ross and Fletcher 1985a; Vargo and Porter 1989). 
The development of spatial pattern will therefore follow different 
rules. At our study sites near Tallahassee, Florida, and elsewhere 
in Leon county, only the monogyne form is found (Porter 1992; 
E. Adams and W. Tschinkel, personal observations). 

Study sites 

A large population of incipient colonies was mapped in a 30 ? 30 m 
plot on a construction site in Tallahassee, Florida. These nests were 
founded naturally by mated queens in an area with few mature 
colonies. Due to the sparse vegetation, it was possible to detect 
active nests by watching ant activity and by searching for the small 
piles of excavated soil characteristic of newly excavated nests. 
Details are described by Tschinkel (1992a). 

Mature colonies were mapped in open pasture approximately 
1 km outside the Tallahassee city limits. No pesticides have been 
applied at this site since the arrival of 5. invicta to the area in the 
late 1950s. Nine circular plots were established, each 72 m in dia- 
meter. Within each plot, all active fire ant colonies were mapped 
from the center using a compass and tape measure. Because S. 
invicta colonies excavate mounds of soil at their nest sites, all but 
the smallest colonies - those less than 1 year old - can be located 
with ease. Occupation of each mound by S. invicta was confirmed 
by poking a wire stake into the mound, a disturbance which causes 
workers to rush out of the nest. 

Tests for non-random spatial patterns 

Analyses of spatial pattern were based on the distances from each 
colony to the nearest neighboring colony. The distributions of near- 
est neighbor distances expected under random placement were gen- 
erated by computer simulation. For a given map of colony positions, 
points equal in number to the observed number of colonies were 
cast randomly into an area corresponding in size and shape to the 
census areas. The distance from each point to its nearest neighbor 
was then calculated. This process was repeated for 500 replicate 
simulations to calculate the expected value and the 95% confidence 
interval for the mean nearest neighbor distance. If the observed 
mean nearest neighbor distance fell outside of this interval, it was 
concluded that the spatial pattern was non-random. To illustrate 
spatial patterns in greater detail, the complete distribution of near- 
est neighbor distances was plotted for a single cohort of incipient 
colonies and for a single study plot within the mature population 
(Fig. 1). This figure also shows the expected distribution of near- 
est neighbor distances for randomly placed colonies generated by 
500 Monte Carlo simulations. 

The Clark and Evans (1954) statistic was used to summarize 
spatial patterns. This statistic is the ratio of the observed mean 
nearest neighbor distance to the mean nearest neighbor distance 
expected for a randomly distributed population. Values significantly 
below 1 indicate clumping; values significantly above 1 indicate 
regularity. 

For all Monte Carlo simulations, an improved pseudo-random 
number generator was used. The routine is described by Press et al. 
(1989) under the name "Rani". 

Tests for spatially non-random mortality 

To test whether competition among colonies increased the degree 
of spatial regularity, the null hypothesis of spatially random 
mortality was simulated. This test used sequential maps of colony 
positions where the later maps included the survivors of those 
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Fig. la, b Frequency histograms of observed nearest neighbor 
distances (solid lines) and those expected for random colony 
placement (dotted lines), a A cohort of 592 incipient colonies in a 
30 m ? 30 m plot showed significant clumping, b The positions of 
46 mature colonies in a circular plot with a 72 m diameter were 
significantly regular 

colonies present on the original map. Computer simulation was 
used to test whether the spatial pattern, as quantified by the mean 
nearest neighbor distance, differed significantly from the pattern 
expected if mortality were spatially random (Kenkel 1988). 

Each simulation began with the observed map of initial colony 
positions within a rectangular region. Colonies were selected ran- 

domly and removed until the number of survivors remaining 
matched the observed number in the field population. The process 
was repeated for 1000 replicates to generate the expected mean near- 
est neighbor distances and the upper and lower 95% confidence 
intervals. The mean nearest neighbor distance was then calculated 
for the observed map with the same final number of survivors. If 
the observed values fell outside the 95% confidence interval, this 
was taken as evidence that mortality was spatially non-random. 

To examine the power of this statistical procedure, neighbor- 
hood competition was simulated following the algorithm of Slatkin 
and Anderson (1984). Beginning with an initial map of colony posi- 
tions, the smallest nearest neighbor distance was found. One of the 
two colonies separated by this distance was chosen randomly and 
removed. This process was repeated until the observed number of 
survivors remained. 

During the period of brood raiding, several cohorts of new 
colonies were established during successive nuptial flights (Tschinkel 
1992a). The change in spatial pattern was analyzed for each cohort 

separately. However, survivors of early cohorts sometimes inter- 
acted with colonies from later cohorts, which may have affected 
their combined spatial distribution. Therefore, in a second series of 

analyses, maps were constructed which included all colonies active 
at a particular census date, regardless of colony age. Changes in 
the spatial patterns of these assemblages were then compared to 
those expected for spatially random mortality, as described above. 

Collection and rearing of queens 

Mated queens were collected following nuptial flights in Tallahassee, 
Florida. Queens that have mated and dropped their wings can be 
collected in large numbers from parking lots, where they are unable 
to dig beneath the soil. Queens were collected within a few hours 
following flights, separated, and kept individually without food in 
moist plaster nests or in test tubes provided with moist cotton. In 
these conditions, queens lay eggs and rear their first cohort of work- 
ers using stored energy reserves (Tschinkel 1993). When the first 
workers eclosed, colonies were selected for planting. To reduce size 
variation among planted colonies, colonies in which the queen died, 
produced diploid males (Ross and Fletcher 1985b), or produced 
fewer than ten pupae or workers were rejected. Colonies were ran- 
domly assigned to treatment. Each colony was transferred to a small 
plaster block, measuring approximately 5x2x2 cm, with a 2-mm 
hole drilled through the long axis. A chamber 12 mm in diameter 
and 15 mm deep was drilled in one end. Each nest was wrapped 
temporarily in paper to prevent escape by the workers or queens 
during transport to the field. 

Preparation of field sites 

Colonies were planted in an open spray-irrigated field at the Mission 
Road Biological Station of Florida State University. Prior to plant- 
ing, the site was tilled, flattened, and raked to reduce vegetation 
cover and to homogenize conditions across replicate plots. The pes- 
ticide Amdro (American Cyanamid, Princeton, N.J.) was broadcast 
over the experimental area and at least 20 m beyond in each direc- 
tion more than 60 days before the experimental plantings. Amdro 

degrades rapidly in sunlight or water, leaving no detectable toxic 
residue after several days (Apperson et al. 1984). Transects of food 
baits confirmed that this treatment was effective in removing fire 
ant colonies. 

Colonies were planted in replicate plots in one of two spatial 
arrangements. Each plot included 52 colonies. In the "regular" treat- 
ment (Fig. 2a), colonies were planted in a hexagonal pattern with 
50 cm between nearest neighbors. The pattern for the "clumped" 
treatment (Fig. 2b) was a Cox process (Diggle 1983), generated as 
follows. Ten points were randomly chosen within a square. The 52 
colonies were randomly assigned to these points. The colonies 
assigned to a point were distributed around it in a bivariate nor- 
mal distribution with a mean and standard deviation of 15 cm. The 
scale of this clumped arrangement was then adjusted until the area 
of the least convex polygon enclosing the 52 positions was identi- 
cal to the area of the least convex polygon enclosing the 52 

positions in the regular treatment (8.88 m2). Thus, the average 
density of colonies was the same for both treatments. This method 
for generating a clumped pattern was chosen because it produced 
a pattern contrasting strongly with the regular pattern and roughly 
consistent with natural patterns of incipient colony clumps. 

Six replicate plots were established for each of the two spatial 
patterns. Adjacent plots were separated by at least 5 m; no raids 
were seen between plots. To allow rapid searches of colony 
entrances, a 12 cm wooden marker and a 4x4 cm metal tag were 
used to mark each nest site. Plots were randomly assigned to treat- 
ment. Regular and clumped assemblages were planted in pairs on 
the same day. A hole was excavated to a depth of 7 cm at each 
site selected for colony planting. The plaster block containing the 

colony was unwrapped and inserted into the hole so that the large 
chamber was at the bottom, mimicking the brood chamber nor- 

mally excavated by the queens. The artificial nest was then cov- 
ered with soil. To maintain surface soil moisture, the site was 
watered on any day that it did not rain. All but one of the 624 
colonies survived planting. Workers began to emerge, forage, and 
raid within 24 h following planting. 

Tschinkel (1992a) found that most raids occur in the morning 
and evening and continue for more than 30 min. On each day of 
the experiment, all colonies on all plots were surveyed at least 
once per hour during the morning (8:00 a.m.-l .00 p.m.) and 

This content downloaded from 128.186.14.5 on Tue, 03 Nov 2015 21:14:05 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


159 

1ro (a) 

? ? 

^-? ? ?r ? ? ? 

r 

m 

? ? 

._.?? J. 

J . J . . . 

lm (b) 

v 

Fig. 2 Brood raids among a regularly spaced colonies and b 
clumped colonies. Each circle represents the position of a planted 
colony. Lines connect colonies between which workers moved and 
arrows indicate the directions in which broods were carried. The 
examples shown are the replicates with the greatest numbers of 
raids 

evening (6:30-7:30 p.m.), except during heavy rains. Colonies 
were scored as active or inactive and, when brood raids were seen, 
maps were drawn of the patterns of movements of workers and 
brood. 

Colonies were judged to be active if an entrance hole was vis- 
ible above the buried artificial nest. Previous work showed that 
entrance holes can persist past the death of the colony. Therefore, 
at the end of each day, entrance holes were sealed with moist soil. 
Whereas the entrances of dead colonies remained sealed, active 
colonies quickly excavated through these plugs, allowing confir- 
mation of worker activity. When brood raids were seen, additional 
surveys were added to allow more detailed description of raiding 
paths. To avoid bias, all plots were inspected during each additional 
survey. 

The frequency of raids peaked 2-3 days after planting, then 
declined rapidly. Regular monitoring was continued for 3 days after 
the last raid was seen. 

Results 

Spatial patterns of colonies in young and old 

populations 

All naturally founded cohorts of incipient colonies were 

significantly clumped (Table 1). For the largest cohort, 
the mean nearest neighbor distance (56 cm) was less 
than expected for random placement (63 cm), with an 
excess of colonies within 50 cm of their nearest neigh- 
bor (Fig. la). Slightly fewer colonies than expected 
were found within 20 cm of their nearest neighbor. By 
contrast, colony positions in eight of the nine mature 

population sites were significantly regular (Table 1). 
The distribution of nearest neighbor distances for a 

representative example is shown in Fig. lb. The mean 
nearest neighbor distance (6.14 m) was greater than 

expected from random placement (4.98 m), with 
a shortage of colonies within 3.5 m of their nearest 

neighbors. 

Dynamics of spatial patterns during brood raids 

Patterns of change in spatial pattern during the period 
of brood raiding were consistent with spatially random 

mortality. A map of the largest cohort is shown in Fig. 3 
and the changes in spatial pattern for this cohort are 
shown in Fig. 4. Colonies in this cohort were initially 

Table 1 Mean nearest neighbor distances (NND) for four cohorts 
of incipient colonies in a 30 ? 30 m plot, and mature colonies in 
nine circular plots (each being 72 m in diameter). For each data 
set, the expected mean NND and the ? value were derived from 
500 Monte Carlo simulations of random placement. A Clark and 
Evans index significantly less than 1.0 indicates clumping; values 
significantly greater than 1.0 indicate regular spacing 

Number of 
colonies 

Observed 
mean NND 
(m) 

Expected 
mean NND 
(m) 

Clark and 
Evans index 

Incipient colonies 
592 
285 
300 

55 

Mature colonies 
46 
47 
32 
47 
38 
40 
42 
39 
41 

0.56 
0.81 
0.82 
1.61 

6.14 
5.63 
7.39 
6.07 
6.58 
6.99 
6.28 
6.89 
6.49 

0.63 
0.91 
0.89 
2.13 

4.98 
4.91 
6.04 
4.91 
5.51 
5.34 
5.22 
5.41 
5.28 

0.89** 
0.89** 
0.92** 
0.76** 

23* 
15 
22* 
24** 
19* 
31** 
20* 
27** 
23** 

*/><0.05; **/><0.01 
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Fig. 3 Positions of a single cohort of naturally occurring incipient 
colonies within a 30 ? 30 m plot. Filled circles represent colonies 
that survived at least 25 days after emergence of the first workers; 
open circles represent colonies that died within 25 days. Survivors 
were a spatially random subset of the original cohort 
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Fig. 4 The spatial pattern of a cohort of naturally occurring 
incipient colonies changed little as colonies died. The observed 
Clark and Evans index (solid line) remained within the 95% 
confidence intervals for random mortality (dashed lines). The 
number of surviving colonies is shown for each date. When density- 
dependent mortality was simulated, the Clark and Evans index 

passed well outside the 95% confidence envelope after reduction to 
402 survivors and continued to rise thereafter (see text) 

clumped. During the first 61 days, 92% of the colonies 

died, but the Clark and Evans index increased only 

slightly to 0.98, close to the value expected for random 

placement. The mean nearest neighbor distance at each 

census date stayed within the 95% confidence intervals 

generated by simulations of random mortality. 

Similar results were obtained for the other cohorts 

(Table 2). No evidence was found for non-random 

changes in spatial pattern for any cohort or for any 
combination of cohorts active at the same dates 

(Table 3). Of the 12 experimentally planted colony 

assemblages, 11 showed no evidence of non-random 

changes in pattern. The mean nearest neighbor dis- 

tances on the 12th plot, which was planted in a clumped 

Table 2 Changes in the 
observed mean nearest 
neighbor distances (NND) for 
four naturally founded cohorts 
of incipient colonies compared 
to those expected from 
spatially random mortality. 
Each cohort was composed of 
colonies founded during a 
single nuptial flight; cohort 
designation is the same as in 
Tschinkel (1992a). The original 
positions were mapped at the 
first signs of worker activity. 
The observed mean NND at 
each subsequent census was 
compared to the expected 
mean NND and 95% 
confidence intervals generated 
by 1000 simulations of 
spatially random mortality for 
each cohort (see text). In no 
case did the observed mean 
NND differ significantly from 
the expectation for random 
mortality 

Mean NND (m) 

Number 
of colonies Date Observed 

Expected from 
random mortality 

95% confidence 
limits 

Cohort A: colonies founded May 5; first mapped June 20 
592 Original positions 0.56 
402 June 27 0.69 0.69 
238 July 8 0.97 0.91 
144 July 15 1.13 1.20 
80 July 30 1.53 1.65 
46 August 20 2.30 2.25 

Cohort B: colonies founded June 4; first mapped June 28-July 7 
285 
188 
134 
63 
30 

Original positions 0.81 
July 8 1.00 
July 15 1.23 
July 30 1.86 
August 20 2.70 

1.00 
1.21 
1.85 
2.82 

Cohort C: colonies founded June 13; first mapped June 29-July 13 
300 Original positions 0.82 
230 July 15 0.93 0.92 
108 July 30 1.49 1.39 
56 August 20 2.23 2.00 

Cohort D: colonies founded approximately July 4; first mapped July 16-July 30 
55 Original positions 1.61 
27 July 30 2.18 2.40 
13 August 20 4.16 3.67 

0.66-0.72 
0.85-0.98 
1.08-1.32 
1.43-1.87 
1.83-2.63 

0.94-1.08 
1.10-1.34 
1.55-2.14 
2.17-3.53 

0.87-0.97 
1.22-1.56 
1.68-2.31 

1.67-3.12 
2.07-5.38 
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Table 3 Changes in the 
observed mean nearest neighbor 
distances (NND) for 
assemblages of incipient colonies 
compared to those expected for 
spatially random mortality. 
Each assemblage includes all 
colonies active on the first 
census date, regardless of colony 
age (date of mating flight). 
Expected values and 95% 
confidence intervals were 
derived from Monte Carlo 
simulation, as in Table 2. In no 
case did the observed mean 
NND significantly differ 
significantly from the 
expectation for random mortality 

Mean NND (m) 

Number of 
colonies Date Observed 

Assemblage A (all colonies alive on June 27) 
403 June 27 0.69 
239 July 8 0.91 
144 July 15 1.13 
80 July 30 1.53 

Assemblage ? (all colonies alive on July 8) 
448 July 8 0.68 
290 July 15 0.82 
150 July 30 1.20 

Assemblage C (all colonies alive on July 15) 
508 July 15 0.65 
251 July 30 0.94 

Expected from 
random mortality 

95% confidence 
limits 

0.90 
1.18 
1.63 

0.85 
1.18 

0.91 

0.84-0.96 
1.07-1.30 
1.42-1.86 

0.80-0.89 
1.07-1.29 

0.86-0.97 

pattern, were greater than the upper 95% confidence 
limit for spatially random mortality on the 7th and 8th 

days following planting, but fell to within the 95% 
confidence intervals thereafter. 

Simulation of strong neighborhood competition 
produced an increase in spatial regularity of colonies 

easily detected by the methods used in this paper. When 

colony mortality was simulated by successive elimina- 
tion of the smallest neighbor distances (see Methods), 
the Clark and Evans index rose steadily, passing beyond 
the 95?/) confidence envelope for random mortality by 
the time 402 survivors remained (Fig. 4) and rising to 
1.59 after reduction to 46 survivors. 

Experimental plantings 

Colonies planted in clumped patterns were significantly 
more likely to engage in brood raids than colonies 

planted at the same average density in regular hexag- 
onal arrays (40.4% ?5.9% SE versus 18.7% ?5.3; 
Mest, ?<0.05; ?? = ?2=6). The maximum number of 
colonies raiding in a single day was greater in clumped 
populations than in regularly spaced populations 
(11.8 ?2.1 versus 4.2 ? 1.1; /-test, ? < 0.02). Figure 2 

depicts brood raids on the clumped and hexagonal 
plots with the greatest number of raids. The last raid 
was seen 9 days after the colonies were planted. By the 
10th day, the proportion of survivors was lower in 

clumped populations (62.3% ?9.3%) than in regular 
populations (77.9% ? 7.0%), but the difference was not 

significant (/-test, NS). 
Combining data for both treatments, 93% of raids 

(n= 129) involving pairs of colonies were conducted 
over distances of 50 cm or less, with a maximum raid 
distance of 132 cm. Of raids simultaneously involving 
more than two colonies (n = 65), 66.2% involved 
colonies with a separation of 50 cm or less, with a maxi- 
mum separation of 150 cm. 

Discussion 

Brood raiding in Solenopsis invicta, like other forms of 

competition in ants, occurs within local neighborhoods. 
Since colonies are sessile, or move infrequently, the like- 
lihood of competition between two colonies is inversely 
related to the distance between them. In experimen- 
tally planted populations, most brood raids occurred 
between colonies that were within 50 cm of one another 
and less than 1% of brood raids occurred between 
colonies that were more than 1 m apart. Because com- 

petition is local, the spatial pattern of the population 
is an important predictor of the intensity of competi- 
tion. Experimental plantings, in which pattern was 

manipulated while keeping average density constant, 

clearly demonstrated the effects of local arrangements 
of colonies on competitive interactions. 

Despite the strength of the experimental results, the 
increase in spatial regularity expected in competing 
populations was not detected either in naturally 
founded cohorts or in experimentally planted nest 

assemblages. Simulation studies have shown that com- 

petition within a cohort of sessile entities can increase 
the spatial regularity of the population (Slatkin and 
Anderson 1984; Leps and Kindlmann 1987). Mortality 
of crowded individuals should diminish clumping and 
leave survivors that are comparatively distant from 
their nearest neighbors. This prediction was not 
confirmed for cohorts of S. invicta competing by the 
mechanism of brood raiding. No evidence could be 
found for an increase in the degree of spatial regular- 
ity during "self-thinning" of the S. invicta population 
whether cohorts were considered individually or in 

aggregate. Despite the death of more than 92% of incip- 
ient colonies, spatial pattern changed only slightly and 
the changes were entirely consistent with spatially ran- 
dom mortality. Similarly, in the experimentally planted 
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assemblages of colonies, there was little evidence of 
increase in spatial regularity, although clear evidence 
of competition was obtained. 

If the intensity of competition depends upon local 

spacing, why don't young populations of S. invicta 
become more regular with time? Several lines of 

evidence, reported in Tschinkel (1992a), show that com- 

petition was intense within the naturally occurring pop- 
ulation analyzed in this study. Brood raids were 

commonly observed and the estimated number of raids 

slightly exceeded the number of incipient colonies, 

accounting for approximately 60% of colony mortal- 

ity (Tschinkel 1992a). Several alternative explanations 
can be suggested. First, the search patterns of worker 
ants are geometrically imperfect. By chance, workers 
from incipient colonies may bypass their closest neigh- 
bor and raid instead a more distant competitor. 
Examples can be seen in Fig. 2. Second, not all deaths 
are due to intra-specific competition. Other sources of 

mortality may be unrelated to incipient colony crowd- 

ing and may add a spatially random component to 

mortality that obscures the effects of brood raids. Third, 
the statistical methods may lack power, so that the 
effects of spatial pattern are not easily detected by com- 

parison to simulations of random mortality. This does 
not appear to be the case. Applying the rules of spa- 
tially dependent mortality used within Slatkin and 
Anderson's (1984) model to our initial maps shows that 

significant increases in regularity could be detected with 

ease. This model represents an extreme case in which 
the likelihood of mortality is strongly dependent upon 

nearest-neighbor distances, but the rapid divergence of 
this simulation from the confidence envelopes for ran- 

dom mortality (Fig. 4) shows that milder forms of spa- 
tially dependent mortality could also be detected. 

A further possibility is that spatial regularity may not 

increase with time if, in natural circumstances, local 

colony density is correlated with confounding factors 

that affect mortality rates in a contrary manner. Natural 

study sites are not homogeneous. When choosing nest- 

sites, recently mated queens of S. invicta respond to par- 
ticular features of micro-topography, such as small ridges 
and hills (Tschinkel and Howard 1983). If queens are 

adept at selecting sites where colony survival is enhanced, 
there may be a positive association between incipient 
colony density and site quality. In this case, the effects 
of crowding on mortality may be offset by advantages 
of the selected sites. Similarly, queens in more crowded 

areas often cooperate in colony founding and as a result 

produce larger worker forces (Tschinkel and Howard 

1983). Thus, colonies that are tightly clustered may grow 
faster than colonies that are comparatively distant from 

their neighbors. This too may reduce mortality rates of 

crowded colonies in naturally founded populations. 
However, in the experimental study, all colonies were 

established by a single queen and colony positions were 
determined by the experiment design, rather than by the 

queens' responses to habitat variation. 

Since spatial regularity did not increase during 
brood raid competition, the regular patterns seen in 
mature populations of 5. invicta (Fig. lb; Table 1) must 

develop at a later stage, probably due to territorial com- 

petition. Several mechanisms are possible. Colony mor- 

tality continues after the end of brood raids and there 
is considerable reduction in density as the population 
ages. Spatially dependent mortality during this later 

stage of competition may increase the regularity of 

colony positions. In addition, as new cohorts of mated 

queens arrive in subsequent years, successful colony 
establishment near mature colonies may be inhibited 

(H?lldobler 1981). Finally, colony relocation, which is 

frequent in S. invicta (Hays et al. 1982), may tend to 
increase average nearest neighbor distances, as in some 
other ant species (De Vita 1979). 

There is probably no fully reliable method to mea- 
sure the intensity of competition from spatial data 
alone. Competition can produce regular patterns, ran- 
dom patterns, or clumped patterns (Pielou 1960; Leps 
and Kindlmann 1987; Ryti and Case 1992). Cushman 
et al. (1988) and Ryti (1991) have suggested that cor- 
relations between colony density and spatial regularity 
can be used to test for competition among colonies. 
While positive correlations between these variables have 
been convincingly demonstrated within some ant 

populations (Cushman et al. 1988; Ryti 1991), the 

opposite pattern is also possible. Consider a series of 

study sites which include both young and old popula- 
tions of S. invicta. Recently founded populations have 

high densities of clumped colonies and older popula- 
tions have low densities of regularly spaced colonies 

(e.g., Fig. 1). Thus, there may be a negative correla- 
tion across sites between colony density and the degree 
of spatial regularity, even when mortality is density 

dependent. The comparison of sequential maps is 

potentially a more powerful approach, yet in this study, 
no evidence of competition could be detected by this 

method. 

Many of these problems can be solved if data on 

colony sizes are collected along with measurements of 

density and pattern. Nearest neighbor distances are 

sometimes greater among large colonies than among 
small ones (e.g., Pontin 1961; Waloff and Blackith 1962; 
Wood and Lee 1971; Boomsma et al. 1982; Ryti and 
Case 1986; Cushman et al. 1988). Even among young 
colonies, brood raids can drive rapid increases in size 

variation as brood and workers concentrate within a 

few victorious nests (Tschinkel 1992a; Adams and 

Tschinkel 1995). This in itself may explain why com- 

petition does not drive more conspicuous changes in 

spatial pattern. Although brood raid competition is 

more intense within local clumps, the survivors of these 

raids are enlarged and may subsequently experience 
lower rates of mortality than colonies that grow in 

comparative isolation. This suggests that the creation 
of size variation among competing colonies is a criti- 

cal aspect of population dynamics in ants. 
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