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Queen recruitment in a multiple-queen
population of the fire ant Solenopsis invicta
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We assessed patterns of new queen recruitment in a polygyne (multiple queens per nest) population of the fire ant Solenopsis
invicta in its introduced range. Newly recruited queens were identified using four physiological markers, and genotypic data
from nuclear and mitochondrial markers were used to estimate relatedness of new nest mate queens to each other and to the
older nest mate queens. In total, 1.7% of the queens collected in late spring and early summer were deemed to be new recruits.
The relatedness of these queens to each other and to the older queens within nests was not significantly different from zero,
suggesting that newly recruited queens represent a random sample of potential reproductive queens in the population. More-
over, the number of new queens recruited within nests was not correlated with the number of older queens present and did
not differ significantly from a Poisson distribution. Thus, queen recruitment in this population of S. invicta appears to occur
at random with respect to the number of older queens present within nests. Key words: fire ants, polygyny, relatedness, social
insects, Solenopsis invicta. [Behav Ecol 10:428–435 (1999)]

Multiple reproductive queens frequently coexist within
single social insect colonies (Bourke and Franks, 1995;

Crozier and Pamilo, 1996; Hölldobler and Wilson, 1990; Kel-
ler, 1993; Ross and Carpenter, 1991). These multiple-queen
(polygyne) colonies differ substantially from conspecific col-
onies headed by a single reproductive queen (monogyne col-
onies). In ants, for example, queen fecundity, dispersal, and
longevity, as well as nest mate relatedness, generally are re-
duced in polygyne colonies (Bourke and Franks, 1995; Crozier
and Pamilo, 1996; Hölldobler and Wilson, 1990). Knowledge
of the proximate mechanisms by which multiple queens come
to inhabit a single nest is integral to understanding the factors
that lead to these important fitness-related differences be-
tween the two types of colonies.

Most studies investigating new queen recruitment have used
queen introductions under laboratory conditions (e.g., Fletch-
er and Blum, 1983; Keller and Ross, 1993a; Stuart et al., 1993;
Sundström, 1997). These studies revealed that factors such as
queen mating status and nest of origin can be important in
determining queen acceptance. However, laboratory condi-
tions do not necessarily mimic those found in the field and
thus may not always accurately represent natural processes.
Field analyses of queen recruitment, by circumventing this
problem, offer a rarely explored but valuable avenue of in-
vestigation into the dynamics of polygyne colony sociogenesis.

The polygyne form of the introduced fire ant Solenopsis in-
victa is an excellent candidate for assessing patterns of queen
recruitment under natural conditions. The social biology of
S. invicta has been well studied (Hölldobler and Wilson, 1990;
Ross, 1993; Ross and Keller, 1995a; Vinson, 1997), facilitating
the design and interpretation of meaningful field studies.
Moreover, the high colony queen number observed in intro-
duced polygyne populations (Goodisman and Ross, 1997;
Ross, 1993; Vargo and Fletcher, 1987) implies that queen re-
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cruitment occurs at a fairly high rate and thus newly recruited
queens may be detectable under natural conditions (e.g.,
Glancey and Lofgren, 1988).

This study had three main goals. The first was to estimate
the frequency of new queen recruitment in an introduced,
polygyne population of S. invicta. This information is critical
to understanding the patterns of polygyne colony growth and
may be used to estimate the life span of polygyne queens. This
second variable is particularly important to the study of queen
number in ants because the recruitment of multiple queens
is often associated with a decrease in queen longevity (Bourke
and Franks, 1995; Keller and Genoud, 1997; Hölldobler and
Wilson, 1990). Estimates of queen longevity in monogyne S.
invicta populations already exist (Tschinkel, 1987), and a cor-
responding estimate for polygyne queens would be of consid-
erable interest.

The second goal of this study was to estimate the related-
ness of newly recruited queens to each other and to the older
queens within nests. Previous studies of nest mate relatedness
in introduced polygyne populations of S. invicta revealed that
queen relatedness was statistically indistinguishable from zero
(Goodisman and Ross, 1997, 1998; Ross, 1993; Ross and
Fletcher, 1985). Nevertheless, the relatedness of newly recruit-
ed queens may differ from that of older queens. For instance,
elevated relatedness of newly recruited queens would signal
that they were not drawn at random from the pool of poten-
tial reproductives in the population but were the offspring of
one or a few older queens in the colony. Moreover, this result
would suggest that differential queen mortality based on re-
latedness occurs during recruitment. This study attempts to
detect such features by comparing the relatedness of newly
recruited queens to that of older queens within the same col-
onies.

The final objective of this investigation was to describe col-
ony-level patterns of new queen recruitment. The relationship
between the number of new queens and the number of older
queens within nests, as well as the distribution of newly ac-
cepted queens across nests, may yield insights into the mech-
anisms governing the recruitment process (Crozier and Pam-
ilo, 1996; Nonacs, 1988; Pamilo, 1991). This study explicitly
examines these important patterns under natural conditions.
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METHODS

Development of markers

To detect newly recruited queens (NRQs) within nests, it was
first necessary to identify markers that distinguish NRQs from
older queens. To find such markers, we compared 114 alate
(winged), prereproductive queens with 45 dealate (wingless),
egg-laying queens (wing shedding is associated with the onset
of reproduction; Vargo and Laurel, 1994). These ants origi-
nated from seven previously collected polygyne nests that had
been kept in the laboratory for at least 1 week and were not
used in other parts of this study. Because queens undergo
substantial physiological changes as they become reproduc-
tively active (Hölldobler and Wilson, 1990; Toom et al.,
1976a,b,c; Vander Meer et al., 1982), we reasoned that NRQs
would have characteristics intermediate between alate and de-
alate queens. In total, we identified four markers useful in
identifying NRQs.

Activity at glycerol-3-phosphate dehydrogenase-1 locus
The enzyme product of the locus glycerol-3-phosphate dehydro-
genase-1 (G3pdh–1) supports flight in S. invicta, and its activ-
ity diminishes after alate queens shed their wings (Hung et
al., 1979). We assayed the activity of this enzyme visually, using
protein electrophoresis and standard staining techniques on
samples of thoracic tissue from queens (Shoemaker et al.,
1992). The banding patterns of alates became discernible ap-
proximately 30 s after adding the requisite stain ingredients,
and genotypes could be scored readily 5–10 min later. The
enzyme activity of dealate queens was not nearly as strong.
Bands could first be seen 15 min after staining and were just
strong enough to score reliably after 45 min. The intensity of
staining for G3pdh–1 in dealates never reached the level of
that in alates, even after the gels were allowed to stain for
more than 2 h. Thus, we expected G3pdh–1 band intensity in
NRQs to be substantially stronger than in older, dealate
queens.

Banding pattern from general protein stain
Protein electrophoresis on thoracic tissue revealed another
marker that differentiated alate and dealate queens. Using a
nonspecific general protein stain (Shoemaker et al., 1992),
we identified a single band, hereafter referred to as the ‘‘alate
protein band,’’ that consistently appeared in the banding pro-
files of alate queens but never in those of older dealate
queens. We expected the banding profile of NRQs to contain
this band, although its intensity may be reduced relative to
that seen in alate queens that have not flown or initiated oo-
genesis.

Condition of wing muscles
Ant queens histolyze their flight muscles to provide a source
of energy when initiating reproduction (Hölldobler and Wil-
son, 1990). The result of this process can be seen in S. invicta
by inspecting the thoracic cavity of queens (Glancey et al.,
1980; Markin et al., 1972). The wing muscles of alate queens
comprise visible red fibrous strands. In contrast, the thoraces
of dealate queens contain a puffy, whitish substance, with little
evidence of muscle fibers. We expected NRQs to show slightly
histolyzed wing muscles.

Fat content of gasters
Ant queens accumulate fat after they eclose. This fat serves as
an energy source and is metabolized by the queens as they
initiate reproduction (Keller and Passera, 1989). We used
standard methods (Keller and Passera, 1988, 1989; Keller and
Ross, 1993b) to measure the mass of stored fat in the gasters
(abdomen minus propodeum) of alate and dealate S. invicta

queens. Gasters were dried for 24 h and weighed. Fat was then
extracted from the gasters with 4–5 ml of petroleum ether
(boiling point 40–608C), and the gasters were dried and
weighed again. The difference between the weights before
and after ether extraction was taken to be the mass of stored
fat in the gaster.

Alate queen gasters contained 1.20 6 0.05 (x̄ 6 SEM) mg
of fat. [This value is lower than previously reported for S.
invicta alate queens (Keller and Ross, 1993b), perhaps be-
cause the individuals used here had not matured fully.] In
contrast, fat accounted for only 0.2960.03 mg in dealate
queen gasters. We found that a weight-standardized measure
of gaster fat content, defined as (mass of gaster before ex-
traction 2 mass of gaster after extraction)/(mass of gaster
before extraction), yielded substantial power in distinguishing
the two classes of queens. After standardization, the means for
alate and dealate queen gaster fat content transform to 0.49
6 0.01 and 0.16 6 0.01, respectively, and differ significantly
from one another (F1, 158 5 295.61, p , .0001). We anticipated
that NRQs would show transformed fat content values slightly
below those of alate queens but still substantially greater than
older, dealate queens.

Time course of change in NRQ markers

We wished to assess the time span over which NRQs could be
identified within nests. That is, how long would these individ-
uals bear the above markings and be distinguishable from the
older queens? To do this, we first collected 155 polygyne de-
alate queens after mating flights (DeHeer et al., 1999) and
put them into culture in the laboratory (as in Bernasconi and
Keller, 1996). Queens were isolated in groups of about 10, and
provided with food, water, and approximately 30 worker pu-
pae. We recognize that this scenario may differ from the con-
text in which polygyne queens normally initiate reproduction
(Glancey and Lofgren, 1988; Porter, 1991; Vargo and Porter,
1989), however, introduction of queens directly into polygyne
nests was not an option because the majority of queens are
eliminated by workers under laboratory conditions (Keller
and Ross, 1995). Queens were harvested over the course of
the next 15 days and scored for the 4 characteristics described
above to monitor the change of the markers over time. Two
queens died over the course of the study and were not in-
cluded in the analysis.

Collection of samples

We collected 92 S. invicta nests on 5 different days from 6
sites separated by no more than 2 km in Walton County, Geor-
gia, USA. To maximize the probability of discovering NRQs,
nests were collected in the late spring and early summer,
which apparently represents the major period of mating ac-
tivity and queen recruitment in introduced S. invicta (Glancey
and Lofgren, 1988; Vinson and Greenberg, 1986). To capture
the majority of queens within nests, collecting took place on
warm, sunny days that were preceded by rainfall. Nests were
placed in buckets, and the inhabitants were separated from
the soil by flooding ( Jouvenaz et al., 1977) and placed into
large trays. Within 48 h, all dealate queens were collected by
searching through the ants in the trays. Nests were considered
to be polygyne if they contained two or more dealate queens.

Analysis of queens

A large proportion of queens remains permanently unmated
in introduced polygyne S. invicta populations (Ross, 1993;
Ross and Keller, 1995b). Therefore, we determined the mat-
ing status of queens by examining queen spermathecae.
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Table 1
Numbers of nests, total numbers of queens, and numbers of newly
recruited queens (NRQs) collected from six sites in a single
polygyne population of S. invicta in northern Georgia

Site
Date collected
(1996) Nests

Queens

Total

NRQs
(proportion
of total)

1 May 29 16 395 4 (0.010)
2 May 29 15 595 18 (0.030)
3 May 30 11 397 2 (0.005)
4 May 30, June 12 23 431 3 (0.007)
5 July 16 10 165 9 (0.055)
6 July 18 10 614 7 (0.011)
All sites 85 2597 43 (0.017)

Sperm in mated queens was evident as an opaque, whitish
mass. All queens were scored for activity at G3pdh–1, pres-
ence/absence of the alate protein band, evidence of flight
muscles, and standardized fat content, as described above.
Queens that matched expectations derived from the alate/
dealate comparisons and time course experiments for these
markers were considered to be NRQs.

We determined the multilocus genotypes of queens electro-
phoretically at three polymorphic nuclear loci (Aat-2, Gp-9,
and Pgm-1) in addition to G3pdh–1 (Ross, 1997; Ross and
Shoemaker, 1997; Shoemaker et al., 1992). Whereas the loci
Aat-2, Pgm-1, and G3pdh–1 presumably are neutral (Shoe-
maker et al., 1992), Gp-9 (or a locus closely linked to it) ap-
parently is under strong selection in the polygyne form of S.
invicta (Ross, 1997). Alate queens and workers display all
three possible genotypes at this diallelic locus, but reproduc-
tive queens are virtually always (99.9%) heterozygous (Ross,
1997). Therefore, any putative NRQs that were homozygous
at Gp-9 were excluded from analysis.

Queen genotypes also were assayed at a 4-kb region of the
mitochondrial DNA (mtDNA) (Ross and Shoemaker, 1997).
The mtDNA haplotype was obtained by amplification with
polymerase chain reaction followed by digestion with the en-
zyme HinfI, which differentiates among the three haplotypes
(two common and one rare) found in this polygyne popula-
tion (Ross and Shoemaker, 1997; Shoemaker and Ross, 1996).

Genotypic data from the three neutral nuclear loci (Aat-2,
Pgm-1, and G3pdh–1) and the mtDNA were used in conjunc-
tion with the program Relatedness 4.2 (Queller and Good-
night, 1989) to calculate the relatedness of nest mate queens.
Genetic differentiation among sites was accounted for by us-
ing the ‘‘deme’’ function of the program. We used all cap-
tured queens to calculate the population allele frequencies
(P *), and groups (nests) were always weighted equally. Stan-
dard errors for the relatedness estimates were obtained by
jackknifing over nests; a relatedness value was considered to
be statistically different from zero if the 95% confidence in-
tervals of the estimate (r 61.96 3 SEM) did not overlap zero.

Within-nest correlations between the number of NRQs and
the number of older queens were calculated using Spear-
man’s correlation coefficient (rS). Significance of differences
in number of NRQs among sites and among days was assessed
with a G test of independence. A Kolmogorov-Smirnov good-
ness-of-fit test was used to determine if the numbers of new
queens accepted into nests differed from a Poisson distribu-
tion.

RESULTS

Time course of change in NRQ markers

Activity of the product of G3pdh–1 in our experimental
queens was noticeably greater than that of egg-laying, dealate
controls for the first 7 days after mating. These results are
consistent with previous studies of this enzyme in S. invicta
(Hung et al., 1979). The alate protein band showed a similar
decay pattern and was visible in queens through day 6 of iso-
lation. The wing muscles of experimental queens were notably
different from those of mature, dealate queens for approxi-
mately 5 days after the mating flight. Subsequently, the con-
tents of the thoracic cavity varied and became difficult to con-
sistently distinguish from dealate controls. The rate of histol-
ysis in this study apparently was slightly greater than that re-
ported in earlier studies (Glancey et al., 1980; Markin et al.,
1972). This difference may be attributable to the fact that
polygyne queens were used in this experiment, whereas mon-
ogyne queens were used in the earlier analyses.

Standardized fat content decreased linearly during the

time-course experiment (r2 5 .20, F1, 151 5 38.56, p , .0001),
with the relationship between fat content and time described
by the equation: fat content 5 20.013 3 day 1 0.507. An
average experimental queen reached the upper 95% limit (x̄
1 1.96 3 SD 5 0.32) for the approximately normal distribu-
tion of fat content in older dealate queens in about 14 days.
However, if the linear trend continued, the mean of the ex-
perimental queens would not equal that of the dealate con-
trols (0.16) for approximately 27 days.

We found no noticeable differences in the rate of decay of
the four markers between mated and unmated queens (data
not shown). When considering all the markers together, we
conclude that NRQs can be differentiated from mature
queens for roughly 1 week after shedding their wings and
initiating reproduction.

Distribution and characteristics of nests and queens

Of the 92 nests collected, 85 were considered to be polygyne,
whereas the remaining 7 contained either 1 or no queens and
thus were not included in other analyses. Table 1 shows the
sampling dates, number of nests, and number of queens col-
lected from each site and the entire population. Queen num-
ber per nest varied widely (mean 5 30.55, SD 5 41.46, range
2–257), although it did not differ significantly among sites (F5,

79 5 2.08, p . .05). Overall, the frequency of mated queens
(0.488) was relatively low, but close to that observed at a near-
by site in a previous study (Ross and Keller, 1995b).

Distribution and characteristics of NRQs
In total, 45 queens from 25 of the nests showed characteristics
consistent with being NRQs. However, two of these individuals
were homozygous at the locus Gp-9 and thus would not have
become permanent reproductives (Ross, 1997); therefore,
they were eliminated from further study, leaving a total of 43
NRQs from 24 nests.

NRQs accounted for 1.7% of all queens collected. Only 5
of the 43 NRQs (11.6%) could be confirmed as having mated,
a proportion that is significantly lower than for the older
queens in the population (z 5 63.49, p , .0001). Another
notable point is that NRQs were significantly lighter than the
mature queens in our sample (two-way ANOVA: colony, F84,

2487 5 16.39, p , .0001; queen status, F1, 2487 5 36.79, p ,
.0001; interaction, F23, 2487 5 1.36, p . .1). This result suggests
that the fecundity of mature, reproductive queens increases
after the recruitment period or that lighter NRQs undergo
higher rates of mortality after initial acceptance.
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Figure 1
Nest mate queen relatedness
calculated with nuclear and
mitochondrial markers. Esti-
mates are for older queens to
each other, newly recruited
queens (NRQs) to each other,
NRQs to older queens, and all
queens combined. The error
bars delimit the 95% confi-
dence intervals around the re-
latedness estimates.

Figure 2
Relationship between number of older queens and number of
newly recruited queens (NRQs) in 85 nests from a single polygyne
population of S. invicta. The correlation between the two variables
does not differ significantly from zero (rS 5 .004, p . .5).

Relatedness of nest mate queens
In accord with previous results (Goodisman and Ross, 1997;
Ross, 1993; Ross and Fletcher, 1985), the relatedness of the
older nest mate queens was indistinguishable from zero (95%
confidence intervals overlap with zero) when either nuclear
or mitochondrial markers are considered (Figure 1). Of spe-
cific interest for this study, however, are the relatedness esti-
mates of the NRQs to each other and to the older queens.
Except for the marginally significant, negative mitochondrial
estimate for NRQs, these values do not differ significantly
from zero.

Patterns of new queen recruitment
The proportions of NRQs differed among the six sites (G test
of independence, G5 5 24.53, p , .001) and among the 5
days on which samples were collected (G test of indepen-
dence, G4 5 23.82, p , .001). Because nests were collected
from most of the sites on only 1 day, the effects of site and
day are confounded and cannot be distinguished from one

another. However, there is no obvious trend between propor-
tion of NRQs and day collected (Table 1).

Spearman’s correlation coefficient was used to investigate
the relationship between the number of older queens and
number of NRQs within nests (Figure 2). The correlation be-
tween the two variables is not significant if all nests are in-
cluded in the analysis (rS 5 .004, n 5 85, p . .5) nor if only
nests that recruited new queens are considered (rS 5 2.125,
n 5 24, p . .5). Thus, our data cannot reject the hypothesis
that NRQs are recruited into nests at random with respect to
the number of older queens present. We also tested whether
the distribution of NRQs per colony differed from that ex-
pected under a Poisson distribution. A total of 61, 11, 10, 2,
0, 0, and 1 nests accepted 0, 1, 2, 3, 4, 5, and 6 NRQs, re-
spectively. This distribution does not differ significantly from
a Poisson distribution with a mean of 0.51 (Kolmogorov-Smir-
nov goodness of fit test, z 5 1.06, p . .2).

Confirmation of NRQ status

The markers developed to identify NRQs would likely mis-
identify as legitimate NRQs prereproductive queens that had
lost their wings accidentally due to the trauma of the collec-
tion process. These ‘‘traumatic dealates,’’ if present in sub-
stantial numbers, could substantially alter our conclusions re-
garding queen recruitment. Three tests can be conducted to
evaluate the importance of this potential problem.

Standardized fat content of gasters
If the sample of NRQs includes a large proportion of trau-
matic dealates, then the standardized fat content of the sam-
ple should approach that of alate controls. However, if the
putative NRQs actually are new reproductive queens, then the
standardized fat content of their gasters should be signifi-
cantly less than that of the alate controls. We found that the
mean standardized fat content of the NRQs (0.3860.01) is
significantly below that of alate controls (0.4960.01, t155 5
5.69, p , .0001) and significantly above that of dealate con-
trols (0.1660.01, t87 5 55.88, p , .0001). This intermediate
fat content is consistent with the NRQ designation.



432 Behavioral Ecology Vol. 10 No. 4

Relatedness of NRQs
Nest mate alates in introduced polygyne S. invicta populations
exhibit significant positive relatedness to one another (Ross,
1993). Therefore, if a large fraction of putative NRQs in our
sample were traumatic dealates, estimates of relatedness be-
tween NRQs would be expected to be greater than zero. More-
over, significant positive relatedness of traumatic dealates to
the older, nest mate queens that would have produced them
might also be expected. In contrast, if the individuals we iden-
tified as NRQs are indeed new queens, then their relatedness
to each other and to the older queens would be expected to
be indistinguishable from zero, as has repeatedly been found
to be the case for reproductive queens in this population
(Goodisman and Ross, 1997, 1998; Ross, 1993; Ross and
Fletcher, 1985). From Figure 1 we see that none of the nest-
mate queen relatedness estimates involving NRQs are signifi-
cantly greater than zero. Thus, these relatedness estimates are
consistent with the NRQ designation.

Frequency of wing breakage
To assess the probability of traumatic dealation during the
collecting process, 583 alate queens that were incidentally col-
lected from 8 of the nests for this study were examined to see
if one or more of their 4 wings were missing. If traumatic
dealation occurred frequently, then many of these alates
would have fewer than four wings.

Inspection of the alates revealed that 571, 10, 2, and 0 had
lost 0, 1, 2, and 3 of their wings, respectively. Using maximum
likelihood methods, we found that the distribution of wing
breakage matches a binomial distribution (exact test, p . .3)
where the probability of losing any single wing is 0.006. Thus,
the probability of a queen losing all four of her wings through
traumatic dealation is (0.006)4 5 1.3310–9. It therefore is un-
likely that any of the queens designated as NRQs were trau-
matic dealates.

DISCUSSION

We studied the process of queen recruitment in a wild pop-
ulation of introduced polygyne S. invicta. Newly recruited
queens constituted 1.7% of the total number of queens sam-
pled during late spring and early summer. Moreover, the re-
latedness of the NRQs to one another and to the older queens
in their nests was statistically indistinguishable from zero when
both nuclear and mitochondrial markers were considered. We
found no significant correlation between the number of
NRQs and the number of older queens within nests, and the
distribution of new queens within nests fit a Poisson distri-
bution. Thus, we conclude that NRQs are accepted into nests
at random with respect to existing queen number.

Frequency of recruitment and queen longevity

The frequency of NRQs observed in this study can be used to
estimate queen longevity within natural polygyne populations.
Such calculations require simplifying assumptions and there-
fore should be taken as providing only rough estimates. We
first suppose that our study population is at equilibrium with
respect to recruitment rate and queen number. We next as-
sume that all NRQs replace queens that died and that mor-
tality follows an exponential distribution (Lee, 1992). From
our laboratory studies, NRQs could be identified for approx-
imately 1 week, and so 1.7% of the queens within this popu-
lation die per week. If this rate is constant throughout the
year, then the mean life span of a polygyne S. invicta queen
is 58.8 (1/0.017) weeks, or approximately 1 year. However, if
recruitment only occurs during the period of substantial alate
production, which lasts from May through September in this

population (Vargo and Fletcher, 1987), then the expected life
span increases to almost 3 years. Our results are consistent
with a previous laboratory study of polygyne queens in this
species. Ross (1988) found that approximately 40% of poly-
gyne queens established in laboratory colonies died in less
than 1 year. If mortality occurred at a constant rate, then the
life expectancy of polygyne S. invicta queens from this study
is 1/0.4 5 2.5 years.

Tschinkel (1987) estimated the typical life span of success-
ful colony-founding monogyne S. invicta queens as ranging
from 5 to 7 years. The lower estimated life span of polygyne
queens in this species conforms to previous results from other
species (Keller and Genoud, 1997; Keller and Passera, 1990)
and expectations under life-history theory; polygyne queens
likely produce sexual offspring at an earlier age than mono-
gyne queens, and a shorter life span is generally associated
with earlier reproduction (Bourke and Franks, 1995, Keller
and Genoud, 1997).

Relatedness of NRQs

Our relatedness estimates for NRQs indicate that they are un-
related to each other and to the older queens in the nest.
These results are consistent with previous studies in polygyne
S. invicta in the introduced range that showed that nest mate
queens are no more closely related to one another than they
are to queens in other nests (Goodisman and Ross, 1997,
1998; Ross, 1993; Ross and Fletcher, 1985; Ross et al., 1996).
Thus, the NRQs appear to represent a random sample of the
potential reproductive queens in the population.

A laboratory study of Formica truncorum (Sundström, 1997)
and a field study of F. lugubris (Fortelius et al., 1993) reported
that polygyne workers do not discriminate between nest mate
and non–nest-mate females that are introduced into colonies.
However, polygyne queens of F. truncorum are related (Sund-
ström, 1993), indicating that such discrimination may occur
under natural conditions or that queen movement between
nests is substantially restricted. A similar experiment in poly-
gyne Leptothorax curvispinosus found that queens were more
likely to be adopted if they were introduced into their natal
nest (Stuart et al., 1993). Like F. truncorum, nest mate queens
in this species tend to be related (Stuart et al., 1993), and
thus the recruitment process likely displays substantial differ-
ences from that in the introduced fire ant.

Patterns of recruitment

The patterns of queen recruitment observed in this study may
be used to test hypotheses concerning the development of
polygyne nests. For instance, if queen number within each
nest remains approximately the same over time, then we
would expect a negative relationship between the number of
NRQs and number of older queens within nests. This corre-
lation should arise because all nests would only be replacing
queens that had died, and nests with many queens would
need to replace more queens than those with fewer queens.
However, our data do not reflect this pattern. Rather, our re-
sults are consistent with nests accepting NRQs at random with
respect to the number of older queens present. Thus, queen
number within nests appears to be subject to variation over
time.

It is somewhat surprising that the number of older queens
within nests does not influence new queen recruitment. Lev-
els of queen pheromones within polygyne S. invicta nests,
which appear to be related to queen number, play otherwise
important roles in the regulation of reproduction. For ex-
ample, queen-derived pheromones suppress the production
of sexuals, the initiation of reproduction by virgin queens, and
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queen fecundity (Vargo, 1992; Vargo and Fletcher, 1986a,b,
1987, 1989; Vargo and Laurel, 1994). Therefore, it might be
expected that the high levels of pheromone associated with
many queens would induce workers to reject additional
queens. If recruitment in introduced polygyne S. invicta nests
occurs at random, then queen number within nests potentially
can increase without bound, explaining the high queen num-
bers observed in some nests in older polygyne populations
(Goodisman and Ross, 1997, this study; Ross, 1993; Ross et al.,
1996).

The fraction of NRQs within our study nests did not show
any consistent change over the course of the reproductive sea-
son (Table 1). This finding differs from that of Fortelius et al.
(1993), who noted that queen recruitment in F. lugubris de-
creased through the flight season. It is possible that the re-
cruitment biology of S. invicta differs from F. lugubris. Also,
this study may have detected too few NRQs or extended over
an insufficient period of time to discern any seasonal pattern.

Matedness in NRQs

A notable feature of our data set is that older queens were
mated significantly more often than were NRQs. One possible
explanation for this result is that unmated queens are more
successful at entering polygyne nests than mated queens. In-
deed, two studies of polygyne Formica ants reported such a
result (Fortelius et al., 1993; Sundström, 1997). However, if
polygyne S. invicta nests accepted and retained unmated and
mated queens at the ratio observed in the new recruits, then
the proportion of older mated queens in the population
should be substantially lower than is observed.

It is possible that unmated NRQs mate intranidally after
entering nests. However, the proportion of mated queens col-
lected on the ground immediately after mating flights in this
study population is similar to the proportion of mated, older
queens within nests, suggesting that most mating occurs dur-
ing the flight and not after queens enter an established colony
(Goodisman M, DeHeer C, Ross K, unpublished data).

Another explanation proposes that workers eliminate mat-
ed and unmated queens at different rates (most queens at-
tempting to enter polygyne S. invicta nests are killed; Keller
and Ross, 1993a). That is, many of the mated queens that
attempt to enter nests are rapidly eliminated, and many of the
unmated queens initially observed also would be killed over
time. A related hypothesis is that the markers we used to de-
tect NRQs decay more slowly in unmated queens than in mat-
ed queens. Thus, newly recruited mated queens become in-
distinguishable from older queens sooner than their unmated
counterparts. Such hypotheses are supported by studies that
show that mating helps trigger physiological and behavioral
changes that mark the onset of oogenesis (Cupp et al., 1973;
Toom et al., 1976b). However, our experimental assessment
of the rate of decay of markers did not reveal any notable
differences between mated and unmated queens (data not
shown).

Comparison of recruitment patterns to those found in a
previous study

The results of this study differ substantially from those of a
related study in a different introduced population of polygyne
S. invicta. Glancey and Lofgren (1988) found that 10 of 16
confirmed polygyne nests recruited new queens, and 51.0%
of the total queens showed characteristics consistent with be-
ing NRQs. This proportion of NRQs is significantly greater
than that found in our study (1.7%, z 5 30.19, p , .0001).
The contrasting results are not likely due to variation in the
reliability of markers for new queens in the two studies be-

cause a common marker was used, nor are they likely due to
differences in season of sampling because collections were
made in the late spring in both cases. Rather, the contrasting
proportions of NRQs detected may be due to differences in
such demographic features as the density or age of nests in
the two populations.

Despite the difference in the proportion of NRQs observed,
this previous study displays important qualitative consistencies
with some results from the present investigation. For instance,
the correlation between the number of older queens present
in polygyne nests and the number of NRQs does not differ
significantly from zero (rS 5 2.022, n 5 16, p . .9) for the
Glancey and Lofgren data. Moreover, although the distribu-
tion of NRQs among nests in the Glancey and Lofgren study
differs significantly from a Poisson distribution (Kolmogorov-
Smirnov z 5 1.96, p , .001), it does not differ significantly
from a normal distribution (z 5 1.27, p . .05) with estimated
mean and standard deviation of 6.19 and 12.76, respectively.
The fit of number of NRQs in nests to random distributions
(the Poisson or the normal) in the two studies is consistent
with the hypothesis that queens in both populations may be
entering nests at random and without regard to the number
of older queens present.

Conclusions

Three hypotheses have been put forward to explain the ac-
ceptance of multiple queens into established social insect col-
onies: mutualism, kin selection, and parasitism (Crozier and
Pamilo, 1996; Nonacs, 1988; Pamilo, 1991). Under the mu-
tualistic hypothesis, cooperation leads to an increase in the
personal fitness of the NRQs and the older queens within
nests. Although our data cannot formally reject this hypoth-
esis, mutualism probably cannot explain queen recruitment
in polygyne colonies in introduced S. invicta because increas-
ing queen number decreases both queen reproduction (Var-
go, 1992; Vargo and Fletcher, 1986b, 1987, 1989) and queen
longevity (Bourke and Franks, 1995; Keller and Genoud,
1997; Tschinkel, 1987; this study). Kin selection hypotheses
also are unlikely to explain the acceptance of multiple queens
in introduced populations. In contrast to native South Amer-
ican populations (Ross et al., 1996), queens within introduced
polygyne S. invicta nests are statistically unrelated to one an-
other (Goodisman and Ross, 1997, 1998; Ross and Fletcher,
1985; Ross, 1993), and so existing queens likely gain no fitness
benefits by allowing new queens to enter. In addition, workers
in introduced populations do not appear to favor related sex-
uals in their nest (DeHeer and Ross, 1997), so that nepotism
does not seem to rescue inclusive fitness benefits for polygyne
workers.

Parasitism of preexisting nests by unrelated queens appears
to be the best explanation for the acceptance of multiple
queens in introduced polygyne populations of S. invicta. The
density of nests in North American populations greatly ex-
ceeds that in native South American populations (Porter et
al., 1992, 1997). This change may have led to the occupation
of most available S. invicta nesting sites, which would in turn
create selective pressure on prereproductive queens to enter
established nests (Crozier and Pamilo, 1996; Elmes, 1973; Her-
bers, 1986, 1993; Nonacs, 1988; Pamilo, 1991; Rosengren et
al., 1993; Ross et al., 1996). The number of queens attempting
to enter nests may be so high that recognition cues become
confused and workers are unable to prevent many queens
from joining the colony. Therefore, in this species, a proxi-
mate environmental change appears to have dramatically al-
tered the causes for the acceptance of multiple reproductive
queens.
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