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ABSTRACT Colony and population genetic structure was determined for Reticulitermes flavipes
(Kollar) and Reticulitermes virginicus (Banks) collected from Sentricon Termite Colony Elimination
System monitoring stations at an apartment complex in Raleigh, NC. Once in each of 2000, 2001, and
2002, samples of termites were collected from monitoring stations just before the installation of bait
tubes containing 0.5% hexaßumuron. Twenty workers from each sample were genotyped at Þve
microsatellite loci. Comparison of worker genotypes among samples provided unambiguous colony
associations. Analysis of worker genotypes within colonies coupled with estimates of F-statistics and
nestmate relatedness showed that three fourths (30) of the 41 R. flavipes colonies and all three of the
R.virginicuscolonieswere simple familiesheadedbypairs of outbredmonogamous reproductives.The
remaining R. flavipes colonies were extended families, apparently headed by a few neotenic repro-
ductives. Most colonies appeared to be localized, occupying only a single monitoring station. Termite
pressure was initially heavy, with up to Þve colonies present around a single building simultaneously,
but it progressively decreased over time. Of 35 R. flavipes colonies and 1 R. virginicus colony baited
in 2000 or 2001, only a single R. flavipes colony was found again 1 yr later, but this colony was not
detected the following year. These results suggest that although treatment with hexaßumuron bait
successfully suppresses or eliminatesReticulitermes spp. colonies, new colonies can quicklymove into
areas vacated by treated colonies, but over time continuous baiting can reduce termite pressure and
effectively protect structures.

KEYWORDS Eastern subterranean termite,microsatellitemarkers, colony fate, social organization,
breeding system

TERMITES COMPRISE AN ECOLOGICALLY and economically
important group of social insects. Ecologically, ter-
mites are major decomposers in many terrestrial eco-
systems (Pearce 1997, Bignell and Eggleton 2000). As
consumers of cellulose materials, many termite spe-
cies are important economic pests of wooden struc-
tures. In the United States, subterranean termites
(Rhinotermitidae), especially species of Reticuli-
termes, are the most widespread group, inhabiting all
but the northern most regions of the mainland. The
cost as a result of damage and control ofReticulitermes
spp. is estimated at approximately $1 billion annually
in the United States (Su and Scheffrahn 1998).
The cryptic nesting and foraging habits of subter-

ranean termites have hindered our understanding of
many important features of their population biology,
especially the distinctness of colonies and the breed-
ing system within colonies. Colony distinctness can
potentially range from “unicolonial” populations with
no clear colony boundaries, to distinct colonies that
are spatially separated. The breeding structure of sub-
terranean termites can assume a variety of forms, from
simple families headed by a single pair of unrelated

reproductives, to genetically complex groups with
multiple reproductives. Multiple same-sex reproduc-
tives can be present in colonies, and these can differ
in number, the degree of relatedness, and the extent
to which they inbreed. There are several possible
origins of multiple reproductives. They can arise
through associations of multiple same-sex founders
during colony initiation (pleometrosis), the produc-
tion of neotenic (nonalate-derived) reproductives
within the colony, adoption of new reproductives into
established colonies, or colony fusion. Investigations
of colony distinctness have been conducted using one
or more of a variety of methods, including the mark-
release-recapture technique (reviewed in Su and
Scheffrahn 1996a), levels of agonism among workers
(Jones 1990,Havertyet al. 1999), chemical phenotype,
based primarily on cuticular hydrocarbons (Haverty
et al. 1999), morphometric analysis (Husseneder et al.
1998, Husseneder andGrace 2001a), and genetic anal-
ysis (Husseneder et al. 1998; Bulmer et al. 2001; Hus-
seneder andGrace2001a, 2001b;Vargo2003).Of these
different methods, genetic markers provide the most
powerful means for delineating the boundaries of col-
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onies and for determining colony afÞliation for groups
of foraging workers (Thorne et al. 1999, Bulmer et al.
2001, Vargo 2003). Microsatellite markers, with their
codominant nature and high variability, are especially
useful for investigations of colony distinctness (Vargo
2003). Microsatellite markers have recently been de-
veloped for a number of termite species, including the
termitidsMacrotermes michaelseni (Sjöstedt) (Kaib et
al. 2000) and Cubitermes subarquatus Sjöstedt (Harry
et al. 2001), the mastotermitid Mastotermes darwini-
ensis Froggatt (Goodisman et al. 2001), and the sub-
terranean species Coptotermes lacteus (Froggatt)
(Thompson et al. 2000), Coptotermes formosanus
Shiraki (Vargo and Henderson 2000), Reticulitermes
flavipes (Kollar) (Vargo 2000), andReticulitermes spe-
ratus (Kolbe) (Hayashi et al. 2002).
Genetic markers are also the most practical way to

determine colony breeding structure (Thorne et al.
1999, Ross 2001), and there have been a growing num-
ber of genetic studies of breeding systems in termites
(Luykx 1993; Atkinson and Adams 1997; Husseneder
et al. 1997, 1999; Thompson and Hebert 1998a, 1998b;
Husseneder and Grace 2001a, 2001b; Goodisman and
Crozier 2002; Vargo et al. 2003), including some on
Reticulitermes spp. (Clément 1981, 1984; Reilly 1987;
Jenkins et al. 1999; Bulmer et al. 2001; Clément et al.
2001; Vargo 2003). Themost detailed studies to date of
the eastern subterranean termite,R. flavipes, are those
of Reilly (1987) using allozymes, Bulmer et al. (2001)
using allozymes and mitochondrial DNA haplotype
data, and Vargo (2003) using microsatellites and mi-
tochondrial DNA sequence data. These studies have
revealed variation in colony social organization in R.
flavipes fromvery highly inbred colonies inTennessee
(Reilly 1987), to a mixture of approximately one third
simple families and two thirds inbred colonies headed
by many neotenic reproductives in Massachusetts
(Bulmer et al. 2001), to three fourths simple families
and one fourth inbred families with only a few neo-
tenics in North Carolina (Vargo 2003). The above
studies were conducted in natural areas, and there are
no comparable studies performed to date in urban
areas around buildings. Colony social organization in
R. flavipes may vary in response to local ecological
conditions (Bulmer et al. 2001), raising the possibility
that for a given geographic area, colonies in urban
habitats may differ in their social organization from
those in natural habitats. If so, then results of studies
conducted in natural habitats may not completely
apply to urban habitats, where most structural infes-
tations occur. Indeed, in a study of Reticulitermes hes-
perusBanks in southern California, Haagsma and Rust
(1995) found differences in colony size, foraging ac-
tivity, and body weight between colonies in natural
and urban habitats.
In addition to providing a powerful way to deter-

mine colony distinctness and to infer colony breeding
structure in subterranean termites, molecular genetic
markers are useful for applied studies, such as tracking
colonies over time after exposure to an insecticide
treatment and determining whether termites that re-
appear after treatment are part of the originally

treated colony or are from a neighboring untreated
colony that hasmoved into the area (Husseneder et al.
2003). Such studies are critical in the evaluation of
management practices that target speciÞc colonies
and aim to eliminate them or greatly suppress their
populations.
Baiting, in which a slow-acting active ingredient is

placed in a suitable food source, is used extensively to
target speciÞc subterranean termite colonies for elim-
inationor suppression (reviewed inSu andScheffrahn
1998, Su 2003). Bating technology relies on the trans-
fer of the active ingredient from foragers feeding di-
rectly on the bait to other colony members through
trophallactic exchange. The Sentricon Colony Elimi-
nation System (DowAgroSciences LLC, Indianapolis,
IN), which uses the chitin synthesis inhibitor hexaßu-
muron as the active ingredient (but this is currently
being replaced by novoßumuron), was the Þrst ter-
mite baiting system registered for use in the United
States. There have been a number of studies reporting
colony elimination or suppression using the Sentricon
baiting system (reviewed in Su 2003), but genetic
markers were not used in any of these studies to track
the fate of treated colonies, which in many cases re-
sulted in ambiguity about the identity of colonies that
reappeared in treated areas.
The objectives of the current study were twofold.

First, to infer the colony social organization of R.
flavipes in an urban habitat based on colony and pop-
ulation genetic structure and to compare this social
organization to that in nearby natural habitats (Vargo
2003). The second objective was to track the fate of
individual colonies after treatmentwithhexaßumuron
bait in a 10-building apartment complex over a 2-yr
period.

Materials and Methods

The Sentricon Termite Colony Elimination System
(Dow AgroSciences LLC) was installed 22 June 2000
around 10 buildings in the Apartments of Westgrove,
located at 4929 Faber Drive in Raleigh, NC. A total of
234 in-ground monitoring stations were installed ac-
cording to the manufacturerÕs speciÞcation, with
5Ð38 stations per structure spaced 3Ð6 m apart. Only
1 of the 10 buildings had an active subterranean ter-
mite infestation, and two above-ground stations (Re-
cruit AG, Dow AgroSciences LLC) were installed
over active mud tubes on this structure. Unlike in-
ground stations, above-ground stations are generally
used for treatment only and are typically removed
after termite activity in them ceases. The installation
and monitoring was carried out by a licensed pest
control technician, previously authorized by Dow
AgroSciences LLC to install and service the Sentricon
TermiteColonyEliminationSystem.Data on thepres-
ence of termites in monitoring stations and bait con-
sumption were recorded using theDolphin data scan-
ner (Dow AgroSciences LLC), and these data were
stored in the Prolinx database (Dow AgroSciences
LLC).
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Samples of termites (workers and soldiers) from
active stations were collected only once per year dur-
ing regularly scheduled monthly or quarterly service
visits. In accordancewith themanufacturerÕs protocol,
all monitoring stations were checked each visit, and
the monitoring devices from all active stations were
removed andaBaitube (DowAgroSciencesLLC)was
placed inside the station. On 17 August 2000, 29 sam-
ples were collected from in-ground stations and two
from above-ground stations. Samples were again col-
lected 17 October 2001 from 17 in-ground stations.
Finally, in 2002, samples from a total of 10 stations
were collected: one sample on 15 August, six on 18
October, and three sampleson22November. Innearly
all cases, 20Ð100 individuals were collected per sam-
ple, although in a few cases samples were limited to
�10 individuals. Live termites were placed directly
into vials containing 95% ethanol and were stored at
4�C until extracted. Soldiers were examined for spe-
cies identiÞcation using the key of Scheffrahn and Su
(1994). Voucher specimens have been deposited in
theNorth Carolina State University Insect Collection.
Genomic DNA was extracted from individual ter-

mites using the DNeasy Tissue Kit (QIAGEN Inc.,
Valencia, CA). A total of 899workers were genotyped
at each of Þve microsatellite loci: Rf 1–3, Rf 5–10, Rf
6–1, Rf 15–2, and Rf 24–2. Details of the polymerase
chain reaction conditions and genotype scoring pro-
cedures are given in Vargo (2000). Mendelian inher-
itance and conformance to Hardy-Weinberg equilib-
rium of all Þve loci have been previously conÞrmed in
nearby populations (Vargo 2003). To determine
whether workers in different samples belonged to the
same or different colonies, comparisons weremade of
the allelic composition and genotypes present in all
pairs of samples to ascertain whether there were pri-
vate alleles (those present in only one sample in each
pair of samples) and/oruniquegenotypes. In addition,
FST-values were generated for all pairs of samples.
Workers from different samples were considered to
belong to the same colony if the FST between collec-
tion points was not signiÞcantly different from zero
(basedon95%conÞdence intervalsoverlappingzero),
and if the workers had all the same alleles present. As
it turned out, pairs of samples that did not have sig-
niÞcant FST-values shared all the same alleles and had
identical genotypes, whereas sample pairs with signif-
icant FSTs differed in the presence of many alleles.
Because of the high variability of the markers and the
closegenetic afÞnities of colonymates (see “Results”),
colony identiÞcations were straightforward and un-
ambiguous.
Colonies were classiÞed as simple families or ex-

tended families based on worker genotypes. A colony
was considered a simple family if workers had geno-
types consistent with being the progeny of a single
monogamouspair of reproductives, and if the frequen-
cies of the genotypes did not differ signiÞcantly from
Mendelian ratios, i.e., those expected for the offspring
of a monogamous pair of reproductives. SigniÞcant
deviation from Mendelian ratios was determined by
performing a G-test for goodness-of-Þt between ob-

served and expected genotypes for each locus and
then producing an overall G-value for each colony by
summing the locus speciÞc G-values across the Þve
loci. A colony was considered an extended family if
there were more worker genotypes than is possible
with a single pair of reproductives, or if Mendelian
genotypeswere present but their frequencies differed
signiÞcantly from expected based on the G-test (P �
0.05). The term “extended family” seemedappropriate
for these colonies, because they all had genotypes
consistent with being headed by neotenic reproduc-
tives descended from the founding primary king and
queen, or possibly a combination of one or more pri-
maries together with neotenics (see “Results”).
To examine colony and population genetic struc-

ture, F-statistics were estimated for each species using
theprogramGeneticDataAnalysis (Lewis andZaykin
2000). I followed the notation of Thorne et al. (1999),
in which genetic variation is partitioned among the
individual (I), the colony (C), and total (T) compo-
nents. Using this notation, FIT is equivalent to the
standard inbreeding coefÞcient FIS. FCT is similar to
FST and represents genetic differentiation among col-
onies. FIC represents the colony inbreeding coefÞ-
cient, which is expected to be strongly negative for
simple families, will increase toward zerowith greater
numbers of reproductives, and will become positive if
there is assortative mating among multiple groups of
reproductives within colonies or there is mixing of
individuals from different colonies. Ninety Þve per-
cent conÞdence intervals (CIs) were generated by
bootstrapping over loci 1,000 times. Relatedness
among nestmateworkerswas estimated using the pro-
gram Relatedness 5.08 (Queller and Goodnight 1989)
with colonies weighted equally, and 95% CIs were
generated by jackkniÞng over loci. To infer features of
the breeding system in each species, the F-statistics
and relatedness coefÞcients were compared with pre-
viously published values generated by computer sim-
ulations for possible breeding systems of subterranean
termites (Thorne et al. 1999, Bulmer et al. 2001). In
addition, simulations were performed using themeth-
ods of Thorne et al. (1999) to generate values for a
population consisting of three fourths simple families
and one fourth extended families with few neotenics,
corresponding to the composition of the R. flavipes
colonies (see “Results”).
The quantity of bait consumed by all colonies sam-

pled in 2000 and 2001 was used to investigate possible
factors that might help explain the persistence of col-
ony BR00-25, the colony that was present in both 2000
and 2001 (see “Results”). I retrieved information on
the amount of bait consumed 1mo after samples were
collected (at which time the Baitubes were installed)
from theProlinx data base. The following categories of
bait consumption were recorded: bait tube full (no
consumption), 75Ð99% remaining, 51Ð74% remaining,
26Ð50% remaining, 1Ð24% remaining, and empty
(100% consumed). Consideration was given to track-
ing bait consumption over a longer period; however,
because samples were collected only once per year,
there was no way to verify whether the same colonies
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that were genotyped were those that continued feed-
ing on the bait months after the samples were col-
lected. Thus, to avoid possible confusion over the
identity of colonies feeding on baits, analysis was lim-
ited to bait consumption data for the Þrst month after
installation.

Results

Colony Designations. Of the 58 samples, 53 (91%)
were R. flavipes,whereas the remaining samples were
Reticulitermes virginicus (Banks), with four of the Þve
samples of the latter species turning up during the last
sampling period. The high level of variability of the
microsatellite loci (Table 1), together with the close
family structure of colonies (see below), made for
straightforwarddifferentiationamongcolonies.Exam-
ples of the clear genetic distinction between colonies
of R. flavipes are shown in Table 2. Colony designa-
tions unambiguously showed a total of 45 colonies
when summing the number of colonies present each
year (Table 3); however, as discussed below, there
was one R. flavipes colony present in both 2000 and
2001 (Table 2). There was strong and signiÞcant dif-
ferentiation among the R. flavipes samples belonging
to different colonies [mean (�SD) FST � 0.26 � 0.07;
range, 0.12Ð0.45]. Moreover, despite the fact that no
sample had more than four alleles at a locus, all pairs
of samples considered to belong to different colonies
had an average of 13.7 � 2.7 private alleles (range,
5Ð23) for an average of 2.7 private alleles per locus. In
fact, the number of private alleles in these pair-wise
comparisons accounted for approximately two thirds
(68.2%) of the total number of alleles (mean � 20.1 �
2.0) present in each of the colony pairs being com-
pared, indicating that the samples considered as dif-
ferent colonies were genetically distinct groups. In
contrast, pairs of R. flavipes samples considered to
belong to the same colony had FST-values not signif-
icantlydifferent fromzero(mean�0.01�0.02, range,
0.0Ð0.05). In addition, pairs of samples from the same
colonyhad identical alleles across all loci, aswell as the
same genotypes present among the workers (see ex-
ample in Table 2). Finally, relatedness betweenwork-
ers in different samples belonging to the same colony
were high (r � 0.471 � 0.064) and nearly identical to
the relatedness values among workers in the same

sample (r � 0.464 � 0.078) and among all members of
the presumed colony (r � 0.449 � 0.071).
Only three R. virginicus colonies were found at

monitoring stations, one during 2001 and two during
2002. As with the R. flavipes samples, colony designa-
tion was unambiguous. Pairwise FST-values between
samples belonging to different colonies were signiÞ-
cantly greater than zero (mean FST � 0.24 � 0.03),
whereas those belonging to the same colony were
much lower and not signiÞcant (mean FST � 0.00 �
0.02). In addition, samples belonging to different col-
onies had an average of 3.2 � 1.5 private alleles,
whereas those from the same colony shared all the
same alleles and had identical genotypes. Finally, all
threeR. virginicus colonies were simple families, mak-
ing the colony designations for these samples espe-
cially clear.
Most of the 45 colonies found were present during

the Þrst sampling period, followed by successive de-
clines in both the number ofmonitoring stations being

Table 1. Allelic diversity of microsatellite markers in 41 R.
flavipes colonies and three R. virginicus colonies in an urban North
Carolina study area

Locus

R. flavipes R. virginicus

No. alleles
Freq. of most

common
allele

No. alleles
Freq. of most

common
allele

Rf 1–3 11 0.28 5 0.53
Rf 5–10 7 0.57 2 0.71
Rf 6–1 11 0.53 4 0.42
Rf 15–2 4 0.91 1 1.0
Rf 24–2 26 0.10 4 0.53
Mean � SD 11.8 � 7.6 3.1 � 1.5

Table 2. Genotypes at two representative loci of R. flavipes
worker groups collected from the same monitoring station in 2000
and 2001; samples BR00-25 and BR01-16 were from the same
colony, whereas BR00-4 and BR01-3 belonged to different
colonies

Locus/
genotype

Same station/
same colony

Same station/
different colonies

BR00-25
(n � 20)

BR01-16
(n � 10)

BR00-4
(n � 20)a

BR01-3
(n � 20)a

Rf 5–10
147/153 4
147/162 2
150/153 9
150/162 9
153/153 9 5 4
153/162 11 5 10

Rf 24–2
128/155 3 2
128/176 4 3
155/194 8 4
161/188 9
161/191 7
164/179 7
164/200 5
170/179 3
170/200 3
176/194 5 1
179/188 3
179/191 1

a Only 18 genotypes were available for Rf 24–2.

Table 3. Numbers of colonies of R. flavipes and R. virginicus
present in samples collected from monitoring stations around
buildings

Year
Total
no.

samples

No.
R. flavipes
colonies

No.
R. virginicus
colonies

Total no.
colonies

2000 31 24 0 24
2001 17 12a 1 13a

2002 10 6 2 8
Total 58 41 3 44

a Includes a colony sampled in both 2000 and 2001; this colony is
counted only once in the total.
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“hit” and by the number of colonies detected (Table
3; Fig. 1). The decrease in both the number of active
monitors and number of colonies present around
buildings over time were signiÞcant, with the 2002
sample containing signiÞcantly fewer than the 2000
samples in both cases (Fig. 1). This reduction was
caused by fewer buildings being hit and fewer hits in
the buildings with active monitors. In 2000, 8 of the 10
buildings had termites present inmonitorswith amax-
imum of eight active stations in a building. In 2001,
there were seven buildings with occupied monitors
and amaximumof six activemonitors at a building. By
2002, there were Þve buildings with active monitors
and themaximumnumber ofmonitors hit at a building
was three.

Figure 2 shows the locations of the different colo-
nies sampled in2000, atwhich timeonlyR.flavipeswas
found. There were 31 samples representing 24 colo-
nies, with Þve colonies occupying two monitoring
stations and one colony occupying three stations. In-
terestingly, the two above-ground stations placed in
the front and back of the same apartment unit were
occupied by workers from different colonies. These
samples were the only ones collected from colonies
known to be infesting any of the structures. Activity in
these stations ceased in October 2000 in one case and
April 2001 in the other, and the stationswere removed
on these dates. As seen in Table 4, 75% of the colonies
sampled in 2000 were simple families.
In 2001, all but one of the stations contained R.

flavipes, representing 12 colonies (Fig. 2), 7 of which
were simple families. Two colonies occupied three
stations each, and both were simple families. Five
colonies occupied monitoring stations that had been
active during the previous yearÕs sample. In four cases,
the possibility that the newoccupants belonged to the
previous colony could be excluded based on the large
number of private alleles occurring between pairs of
colonies collected from the same monitoring station
during different years (mean � 13.3 � 2.2, range,

Fig. 1. Decrease in the mean (�SE) number of active
monitoring stations and number of subterranean termite col-
onies detected per building at a 10-building apartment com-
plex during three years of sampling. There was a signiÞcant
difference among samples in each comparison (one-way
analysis of variance; bothF2,27 � 3.31,P � 0.05). Sampleswith
different lower case letters in each comparison differed sig-
niÞcantly (P � 0.05, Tukey test).

Fig. 2. Location of occupied monitoring stations during the three sampling periods. Except for the two above-ground
(AG) stations, all stations were in-ground. Different stations containing termites from the same colony are encircled. Arrows
mark stations in which termites had been collected during a previous sampling period.

Table 4. Numbers of simple families and extended (inbred)
families of R. flavipes present in each of the samples collected in an
urban habitat in North Carolina

Year
Total no.
colonies

No. simple
families
(%)

No. extended
families (%)

2000 24 18 (75.0%) 6 (25.0%)
2001 12a 7a (58.3%) 5 (41.7%)
2002 6 6 (100.0%) 0 (0.0%)
Total 41 30 (73.2%) 11 (26.8%)

a Includes a colony sampled in both 2000 and 2001; this colony is
counted only once in the total.
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11Ð16) and the high FSTs between the colony pairs
(mean FST � 0.248 � 0.077, range, 0.20Ð0.36). More-
over, the average degree of relatedness between non-
nestmate workers in each pair was not signiÞcantly
different from zero (r � �0.033 � 0.086), whereas
relatedness among nestmates was equivalent to that
between siblings (r � 0.477 � 0.099). Thus, it is clear
from these analyses that in four cases the colonies
present in 2001 were different from those that occu-
pied the same monitoring stations in 2000. The one
exception was workers from sample BR01-16, which
were collected in 2001 from the same monitoring sta-
tion (designated BR00-25) in 2000; these samples had
the same alleles and same genotypes at every locus
indicating they were part of the same colony (Table
2). Furthermore, the coefÞcient of relatedness be-
tween workers in the two samples (r � 0.539) was
indistinguishable from the within-sample relatedness
values (r � 0.536 and 0.534, for samples BR00-25 and
BR01-16, respectively). Therefore, this colony, which
was a simple family, went from occupying a single
monitoring station in2000 tooccupying threeadjacent
monitoring stations in 2001. The four samples, one
from 2000 and three from 2001, were considered a
single colony and treated as such in subsequent anal-
yses. The one R. virginicus colony found in 2001 was
a simple family, and it occupied a monitoring station
in which an R. flavipes colony had been present in
2000.
The 10 samples collected in 2002 represented eight

colonies, of which six were R. flavipes occupying a
single monitoring station each, and two were R. vir-
ginicus, one of which occupied a single station,
whereas the other was found in three stations sepa-
rated by up to 54.3 m. All of the colonies of both
species collected in 2002 were simple families.

Colony Genetic Structure.All colonies of both spe-
cies formed close family units. Despite the highly
variable nature of the microsatellite markers in the R.
flavipes samples (Table 1), there was a maximum of
four alleles found at a locus in every colony. These
results are consistent with each colony being a simple
family or an extended family descended from a simple
family. Because only three colonies of R. virginicus
were sampled, far fewer alleles were found in this
species. However, larger sample sizes of this species
collected from the same area around Raleigh, NC,
show similar levels of variability to those found in R.
flavipes (C. DeHeer and E. Vargo, unpublished data).
The three R. virginicus colonies investigated in the
current study were simple families and were geneti-
cally distinct.
The F-statistics and relatedness coefÞcients are

shown in Table 5, along with values generated by
previous studies (Thorne et al. 1999, Bulmer et al.
2001) in which different possible breeding systems of
Reticulitermes spp. were simulated. The R. flavipes
colonies did not show signs of signiÞcant levels of
inbreeding based on the observation that the 95% CIs
for the FIT-values overlapped zero. Values for all the
F-statistics and for the relatedness coefÞcient among
the simple family colonieswere nearly identical to the

values expected for simple families headedby outbred
reproductives (Table 5, case A). The extended fami-
lies had low levels of inbreeding compared with those
expected for neotenic-headed colonies (Table 5, cases
B1Ð6), and in particular, had strongly negative FIC-
values, suggestive of colonies with low numbers of
reproductives. The values for the extended family
colonies are a reasonably good match to the values
expected for colonies headed by two female and one
male neotenic that are the direct offspring of the
original primary reproductives (Table 5, case C2i),
although we cannot rule out other possible colony
types with low numbers of reproductives, such as one
ormoreprimaries togetherwithneotenics. The results
of the computer simulations for a population consist-
ing of 75% simple family colonies headed by monog-
amous reproductives and 25% extended family colo-
nieswith femaleneotenics andonemaleneotenicwho
are the direct offspring of the founding pair (Table 5,
case C3) provide a reasonable Þt to the data for all the
R. flavipes colonies combined.
All of theR. virginicus colonieswere simple families

with F-statistics and relatedness coefÞcients very sim-
ilar to those for the R. flavipes simple families as well
as to the values expected for simple families headedby
a pair of outbred monogamous reproductives (Table
5, case A).

Colony Spatial Organization. By far, most colonies
were detected at only a single monitoring station.
Fewer than 20% of the R. flavipes colonies simulta-
neously occupied two or more monitoring stations
(Table 6). Five colonies, all sampled in 2000, were
found at two stations, and three colonies, one sampled
in 2000 and two sampled in 2001, were found at three
monitoring stations. Each of these colonies occupied
stations around a single building. All of these colonies
were simple family colonies, although simple family
colonies were not signiÞcantly more likely to occupy
multiple stations than were extended family colonies
(X2

1 � 0.209, P � 0.15). In R. flavipes, the maximum
linear distance betweenmonitoring stations occupied
by the same colonywas 23.5m(colonyBR01-16 found
at three stations, Fig. 2). Only one of the three R.
virginicus colonies, sampled in 2002 (BR02-5, Fig. 2),
was found at multiple stations. These were located
around two different buildings, and the maximum lin-
ear distance between stations occupied by this colony
was nearly twice that found in R. flavipes.

Bait Consumption by Colonies. There was consid-
erable variation in the quantity of bait consumed (Fig.
3). Of the 24 colonies baited in 2000, nearly one half
(11) consumed all of the bait within 1 mo of installa-
tion. The other colonies consumed various amounts,
including six colonies (25%) that did not consume any
bait. Colony BR00-25, the only colony found in more
than 1 yr, was present in one station in 2000 and had
consumedonly 1Ð25%of thebait placed in that station.
However, in 2001, this colony occupied three stations,
all of which were subsequently baited. No detectable
bait had been consumed in any of these stations 1 mo
after baiting in 2001. However, two of these stations
were baited again in spring 2002, and in both of these
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stations the entire Baitube was consumed; this colony
was not detected again in the 2002 sample collected in
November. In fact, of the 17 stations receiving Bai-
tubes in October 2001, noticeable quantities of bait
were consumed in only two cases (Fig. 3). It should be
noted that 11of the15 stations inwhichnoperceptible
quantity of bait was consumed in 2001 contained ter-
mites during at least one of the subsequent monthly
service visits, and these were baited again before sam-
pling in 2002. In Þve cases, they were baited a third
time before sampling in 2002. In these subsequent
baitings, the entire Baitube was consumed in three
cases, 26Ð75%wasconsumed inanother twocases, and
1Ð25% was consumed in two cases, for a total of seven
cases in which some perceptible quantity of bait was
consumed upon rebaiting.

Discussion

Thepresent results provide further evidence for the
power of moderately to highly variable microsatellite
markers to elucidate the breeding structure of sub-
terranean termite colonies and to determine colony
afÞliations ofworker groups, including colony identity
of foragers that reappear in monitoring stations
months or years after baiting. The results clearly show
that all of the R. flavipes investigated were either
simple families or extended families descended from
simple families. Nearly three fourths of the colonies
were simple families headed by outbred reproduc-
tives. The remaining colonies appeared to have low
numbers of neotenics that were not highly inbred.
Indeed, estimatesofF-statistics and relatedness among
colony mates suggest that, on average, the extended
family colonies were headed by only two female neo-
tenic and one male neotenic that were the direct
offspring of the original founding pair. These results
are very similar to those in a recent study ofR. flavipes
colonies in three natural forest habitats located 3.5Ð27
km away from the current study site (Vargo 2003). In
the previous study, a total of 56 colonies were inves-
tigated, and, as in the current study, all of those col-
onies were either simple families or extended families
derived from simple families. Moreover, 76.8% (43) of
the colonies in the forest habitat were simple families,
a percentage nearly identical to that in the current
study (73.2%). The F-statistics and relatedness values
for the simple-family colonies in natural habitats also
strongly indicated that they were headed by outbred
primary reproductives. The extended family colonies

had F-statistics and relatedness values very similar to
those in the current study (FIT � 0.21, FCT � 0.34, FIC
� �0.20, r � 0.51), suggesting that these colonies also
had low numbers of neotenics that were the direct
progeny of the original founding pair. Thus, the social
organization of colonies in urban habitats in central
North Carolina appears to be essentially the same as
those found innatural habitatswith regard to the types
of colonies present (simple and extended families),
their relative proportions, and the degree of inbreed-
ing.
All three R. virginicus colonies investigated were

simple families, apparently headed by outbred repro-
ductives.Although thepresent results provide theÞrst
genetic analysis of social organization of R. virginicus
colonies, the sample size is too small to draw any
strong conclusions about this species, and it is likely
that extended family colonies occur with some fre-
quency (Snyder 1915).
Social organization of R. flavipes colonies in central

North Carolina appears to differ somewhat from two
other populations of this species that have been stud-
ied using allozyme markers. In a middle Tennessee
forest, Reilly (1987) found workers were highly in-
bred (FIT � 0.62) and that the coefÞcient of inbreed-
ing in individuals relative to the colony was highly
positive (FIC � 0.26), suggesting extensive inbreeding
within colonies with mixing of workers from either
different reproductive centers within the colony or
from different colonies altogether (Thorne et al.
1999). Reilly (1987) did not provide information on
the family structure of individual colonies. In Massa-
chusetts, Bulmer et al. (2001) found differences be-
tween two forest sites separated by 0.5 km.At one site,
simple familiesheadedbyoutbred reproductives com-

Fig. 3. Quantity of 0.5% hexaßumuron bait consumed by
colonies within 1 mo of bait installation.

Table 6. Spatial organization of R. flavipes and R. virginicus
colonies in a North Carolina urban habitat

Species
No.

colonies

No. colonies
occupying
multiple

stations (%)

Intercolony distance
between stations (m)

Mean (�SD) Maximum

R. flavipes 41 8 14.3 � 4.8 23.5
(19.5%)

R. virginicus 3 1 54.3 54.3
(33.3%)

1278 ENVIRONMENTAL ENTOMOLOGY Vol. 32, no. 5



prised 37.5% (6 of 16) of the colonies, whereas the
other colonies at this site were inbred with values of
the relatedness coefÞcient and F-statistics indicative
of tens or hundreds of neotenics inbred for several
generations. At the other site, these authors found six
colonies that showed signs of high levels of inbreeding
and some commingling of workers from different re-
productive centers or from different colonies. Bulmer
et al. (2001) attributed the differences in colony social
organization between sites to variation in age struc-
ture and/or soil conditions. Although there may be
variation in R. flavipes social organization between
different geographic regions and even between
nearby sites within a region, the present results show
that in central North Carolina social organization can
be fairly uniform in habitats as different as undis-
turbed forests and an urban apartment complex.
The present results suggest that colonies of R. fla-

vipes in the study population are fairly localized with
a limited foraging range. More than 80% of the colo-
nies detected were found only at a single monitoring
station, and themaximumdistance spannedbya single
colony was 23.5 m. Again, these results are consistent
with those fromnearby forested areas, where termites
were collected from natural wood debris at 15-m in-
tervals, and only a single colony out of 56 sampledwas
found in two adjacent sampling points (Vargo in
press). Combining the present Þndings with the pre-
vious results from natural areas (n � 97), it appears
that R. flavipes colonies in central North Carolina in
both natural and urban areas are localized, with
foraging ranges generally not extending much
�15Ð20 linear m. Results from detailed analysis of
foragingareasof 31R.flavipescoloniesover a 2-yr time
span in forested habitats near Raleigh also show lim-
ited ranges (C. DeHeer and E. Vargo, unpublished
data). Thus, the spatial organization of R. flavipes
colonies in urban habitats does not appear to be dif-
ferent from that in natural areas. Although there were
only threeR. virginicus colonies found, it is interesting
that one colony had a foraging range nearly twice that
of themost expansiveR. flavipes colony. These results
are consistent with Þndings that R. virginicus colonies
are frequently much more expansive than sympatric
colonies of R. flavipes, including one R. virginicus col-
ony from a natural habitat near Raleigh that spanned
120 linear m (E. Vargo and J. Carlson, unpublished
data).
The rather limited foraging ranges of R. flavipes

colonies in the study population are similar to those
reported for this species in urban habitats in Georgia
(Forschler and Ryder 1996), but smaller than those
found in other areas. In Toronto, Grace et al. (1989)
studied two colonies and found linear foraging dis-
tances of 48 and 79m. In southFlorida, Su et al. (1993)
reported foraging distances in residential sites of up to
71m. Studies of otherReticulitermes spp. also reported
limited foraging ranges in urban habitats, e.g., R. hes-
perus in California (Haagsma and Rust 1995; Haverty
et al. 1999, 2000) and R. speratus in Japan (Tsunoda et
al. 1999).Thus, althoughR.flavipes colonies can some-
times forage relatively long distances, the localized

foraging activity found in the current study may be
more typical of this species in many parts of its range
and appears to be similar to that found in other Re-
ticulitermes species.
The combination of highly variable markers and

close family structure of colonies allow for a high
degree of certainty in determining colony afÞnities,
even in samples collectedmonths or years apart.Using
this method, I was able to collect information on 44
colonies, including 36 colonies that had been baited.
This is a far greater number of colonies than has been
previously reported in any single study. Su (2003)
recently reviewed the literature involving Þeld
trials of hexaßumuron bait to control subterranean
termites. Out of a total of 41 studies, themean (� SD)
number of colonies tracked over time was 3.9 � 4.9,
with amaximum of 22 reported in the study of Kistner
and Sbragia (2001) on R. hesperus in California.
Clearly, the use of genetic markers, such as microsat-
ellites, to “Þngerprint” and track the fate of colonies
allows for a substantially greater numberof colonies to
be studied than is practical using other methods.
In the current study, there was a surprisingly large

number of colonies around buildings, averaging more
than two per building at the start of the study with a
maximum of Þve colonies around a single building.
There have been a few other studies of R. flavipes
reporting up to two colonies present simultaneously
around structures as determined by mark-release-re-
capture (Forschler andRyder 1996, Su andScheffrahn
1996b, Prabhakaran 2001), but generally only a single
colony has been found at one time (e.g., Su et al. 1993,
Su 1994, Potter et al. 2001). Using cuticular hydrocar-
bon and mark-release-recapture data in California,
Haverty et al. (2000) found two cases in which there
were two colonies of R. hesperus present simulta-
neously at the same structure.Thus, the largenumbers
of colonies found in the current study are among the
highest reported to occur simultaneously next to
structures for any Reticulitermes spp., and results on
residential properties in theRaleigh,NC, area indicate
that it is not uncommon to Þnd Þve or more colonies
of R. flavipes present at one time around a structure
(V. Parman and E. Vargo, unpublished data).
That only one colony out of 36 colonies that were

baited in 2000 and 2001 was found again, and that this
colony was not detected again in 2002, is consistent
with elimination or substantial suppression of the
baited colonies. Furthermore, this elimination/sup-
pression generally occurred within 1 yr after baiting.
If the colonies were indeed eliminated or signiÞcantly
suppressed, then these results support the Þndings of
several other studies documenting elimination or sup-
pression of subterranean termite colonies by hexaßu-
muron baits (reviewed in Su 2003). However, as with
any study attempting to track the fate of colonies in
the Þeld, the lack of detection of a colony does not
necessarily mean that it was eliminated, only that no
foragers of that colony were present at any of the
monitoring stations at the time samples were col-
lected. An alternative explanation is that almost all of
the baited colonies moved out of the monitored area
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after a few months, resulting in a nearly complete
turnover each year. This seems unlikely, because it
would mean that during both years of the study all
colonies moved away from structures into the sur-
rounding unmonitored area before the next yearÕs
sample, and that none relocatednear structureswhere
they could be found inmonitoring stations.Moreover,
in a detailed longitudinal study of R. flavipes colonies
in natural habitats, we have detected very little move-
ment of colonies over a 2-yr period (C. DeHeer and
E. L. Vargo, unpublished data). Thus, the elimination
or suppression of colonies is the most reasonable ex-
planation for the failure to Þnd most colonies again 1
yr after treatment.
There was a steady decline in both the average

number of colonies detected around structures over
time, from nearly two per structure at the beginning
of the study to fewer than one by the end of the study
2 yr later. These results suggest that termite pressure
declines over time with an on-going baiting program.
Presumably, the elimination or suppression of colo-
nies after baiting leads to unoccupied foraging areas
that can be exploited by either established neighbor-
ing colonies or by newly founded colonies. These
coloniesmay in turndiscover andbegin feedingon the
monitoring stations, themselves becoming targets for
baiting. It is possible that these colonies reuse foraging
tunnels excavated by the original colony, thus facili-
tating the Þnding of previously visited monitoring sta-
tions (Grace and Su 2001). One would expect that,
over time, the number of colonies found around struc-
tures would stabilize, reaching an equilibrium be-
tween neighboring established colonies relocating or
expanding into vacated areas around structures and
the foundationofnewcolonies in thearea.Despite the
continued but declining presence of termite colonies
around the structures, noneof thebuildingshad active
termite infestations after the activity ceased in the
above-ground stations in April 2001, indicating that
the Sentricon Colony Elimination System effectively
protected the structures.
In conclusion, microsatellite markers are powerful

tools for inferring the breeding structure of subterra-
nean termite species, for delineating the foraging
ranges of colonies, and for differentiating between
colonies. The results obtained here show that R. fla-
vipes colonies in a central North Carolina urban site
had localized foraging areas, and were comprised of a
majorityof simple familieswith aminorityof extended
families headed by inbred descendants of simple fam-
ilies. The results were very similar to previous Þndings
on this species from nearby natural areas, indicating
no major differences in the spatial or social organiza-
tion of this species across two very different habitats.
Finally, the markers allowed the tracking of large
numbers of colonies after bait treatment, and analysis
of these data suggest that hexaßumuron bait resulted
in elimination of colonies or at least signiÞcant sup-
pression of the colony population. Additional studies
using these markers, or other genetic markers with
similar properties, promise to greatly expand our un-
derstanding of subterranean termite social organiza-

tion and foraging ranges. Moreover, future studies
with thesemarkers should improve our ability to eval-
uate termite management technologies through in-
creased capacity to accurately detect colony elimina-
tion and/or suppression.
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