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ABSTRACT Pressure from subterranean termites is known to vary geographically across the United
States, but there are few quantitative studies concerning the threat of structural infestation for any
geographic region. We assessed the number and locations of termite colonies present on 20 infested
residential properties in central North Carolina, where subterranean termite pressure is considered
to be heavy. This was achieved by using microsatellite markers to determine colony identity of termites
collected over 6Ð14 mo from mud tubes in structures, below-ground monitors, and wood debris in the
yard. In total, we identiÞed 188 distinct colonies and determined their breeding structures. Reticu-
litermesflavipes(Kollar)wasby far themost commonspecies, accounting fornearly90%ofall colonies;
the remaining colonies belonged toReticulitermes hageniBanks andReticulitermes virginicus (Banks).
In four cases, there were two colonies infesting a structure simultaneously; in all other cases only a
single colony was detected in the structure. Colony densities were high, averaging 62 colonies per ha
(25 per acre) with a maximum of 185 colonies per ha (75 colonies per acre). Foraging ranges of R.
flavipes and R. hageni colonies were generally small (�30 linear m), and most colonies were headed
by a single pair of monogamous reproductives with nearly all the remaining colonies headed by
relatively few inbreeding descendants of the original monogamous pair. These results provide the most
detailed picture to date of the number, distribution, and colony characteristics of subterranean termite
colonies located in and around residential structures.
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Subterranean termites are major economic pests in
the United States, where they account for �$1 billion
per yr in damage and control costs (Su and Scheffrahn
1998). Despite their economic importance, many fun-
damental features of the ecology and population bi-
ology of subterranean termites remain poorly under-
stood. The main obstacle to progress in these areas has
been the difÞculty of identifying and delineating in-
dividual colonies by using traditional Þeld methods.
Because populations of subterranean termites, like
those of other social insects, are made up of collections
of individual colonies (Thorne et al. 1999), acquiring
such basic information as colony density, boundaries
of colony foraging areas, and colonyÐcolony dynam-
ics, requires that individual colonies be located and
their positions mapped. Several studies have used the
technique of markÐreleaseÐrecapture to investigate
subterranean termite populations by marking and
mapping individual colonies, especially around struc-
tures (Su and Scheffrahn 1988, Grace 1990, Su et al.
1993, Tsunoda et al. 1999, Haverty et al. 2000, Nobre

et al. 2007). However, there are several limitations of
this method that make it difÞcult to study large num-
bers of colonies. Among the major drawbacks are 1)
the large number of termites needed to effectively
mark a colony because of the low recapture rate; 2)
the amount of time and effort required to install traps,
collect, mark and release termites, and then monitor
traps for the presence of marked termites; 3) the
limited number of dyes available for marking; and 4)
the short-lived nature of the dyes (Thorne et al. 1996).

Molecular markers have emerged as a powerful
means to provide unequivocal identiÞcation of large
numbers of colonies to investigate colony foraging
areas and population dynamics, as well as for inferring
colonybreeding structure(reviewed inHussenederet
al. 2003). For example, in a recent study, Vargo et al.
(2006a) identiÞed 49 different colonies of four species
of subterranean termites in a South Carolina state park
from samples collected over a 2-d period. In a longer
term study, DeHeer and Vargo (2004) mapped the
locations of 32 colonies of three species of Reticuli-
termes at two undisturbed Þeld sites and followed the
colony dynamics over a 3-yr period, including the Þrst
documentation of colony fusion of subterranean ter-
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mites in the Þeld. Finally, in a study of colonies located
near structures, Vargo (2003a) monitored the fate of
35 colonies of Reticulitermes flavipes (Kollar) and one
colony of Reticulitermes virginicus (Banks) for at least
1 yr after feeding on hexaßumuron bait.

To obtain a more detailed view of the number and
distribution of Reticulitermes sp. colonies located in
and around infested structures in central North Caro-
lina, we used genetic markers to genotype samples
collected from mud tubes, closely spaced in-ground
monitors, and natural wood debris in the yards of 20
residential properties. From these data, we were able
to determine the numbers of colonies infesting each
structure, the locations and distributions of colonies
on the properties, and the breeding structure of col-

onies in each yard. Our results on 188 colonies provide
the most comprehensive view to date of colony den-
sity, size and shape of colony foraging areas, and col-
ony breeding structure in residential areas.

Materials and Methods

Twenty houses with active termite infestations in
and around Raleigh, Wake County, NC, were selected
for this study (Fig. 1). Sixteen of these properties were
located in the city of Raleigh, two were in the neigh-
boring town of Cary, and one each was located in the
nearby towns of Holly Springs and Fuquay Varina. The
mean � SD distance between sites was 13.9 � 7.5 km,
with a minimum of 0.8 km and a maximum of 32.1 km.

Fig. 1. Locations of study properties located in Wake County, NC. Details maps of properties BW and WP are provided
in Figs. 3 and 4. The other locations indicated refer to properties mentioned in the text.
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There was no treatment performed during the study,
and the treatment history of the properties before the
study started was unknown.

Monitoring stations were installed around the struc-
tures and in the yard areas between April 2001 and
May 2004. For each property, the monitoring stations
were installed either in a single day or over two con-
secutive days. Monitoring stations consisted of a 30-cm
length of 6-cm-diameter polyvinyl chloride (PVC)
pipe with 15-cm-long grooves cut down the sides con-
taining two pieces of 20-cm-long pieces of pine (3 cm
in width and 1.5 cm in thickness) attached with plastic
ties. The stations were capped at ground level with a
PVC cap. Holes for inserting the monitoring stations
were bored with a hand auger or power auger. There
was a mean � SD of 69.5 � 23.8 monitors installed per
property (range, 37Ð121). Monitors were placed in a
more or less concentric set of rings, with the inner ring
located �0.5 m from the foundation wall and spaced
approximately 3Ð6 m apart. Mean number (� SD) of
monitors in the inner rings was 25.6 � 11.3 (range,
13Ð53). The outer ring was located �6 m from the
inner ring, and occasionally, there was a second ring
of outer monitors with some stations located up to
23 m from the structure. In two cases, wooden survey
stakes were placed in the ground as accessory moni-
toring stations, either under a deck or in the crawl
spaces. Monitors were checked monthly a mean of
7.4 � 2.8 times (range, 4Ð13) over an average period
of 8.4 � 2.9 mo (range, 4.9Ð14.4 mo). Mud tubes along
the foundation wall also were checked for the pres-
ence of termites monthly. In addition, areas further
out in the yard containing stumps, Þrewood, and wood
debris were checked for the presence of termites at
least twice during the sampling period. Workers and,
when present, soldiers, were collected from monitor-
ing stations, mud tubes, and wood debris, placed in
vials containing 95% ethanol and stored at 4�C until
DNA extraction. On average, 37.6 � 25.5 samples were
collected per property (range, 9Ð105).

Termites were extracted using either the DNeasy
tissue kit (QIAGEN, Valencia, CA) or a modiÞcation
of the Gentra PureGene kit (Gentra Systems, Inc.,
Minneapolis, MN). Species identiÞcation was based
on the polymerase chain reaction (PCR)-restriction
fragment length polymorphism (PCR-RFLP) method
of Szalanski et al. (2003). Termites were genotyped at
10 microsatellite loci: Rf 24-2, Rf 21-1, Rf 15-2, Rf 6-1,
Rf 5-10, Rf 1-3 (Vargo 2000), and Rs 16, Rs 33, Rs 62,
Rs 76 (Dronnet et al. 2004). PCR conditions were as
described in Vargo (2000) and Dronnet et al. (2004).
The resulting ßuorescently labeled products were run
on 6.5% polyacrylamide, and the bands were detected
and recorded using a Li-Cor 4300 automated DNA
sequencer (Li-Cor, Inc., Lincoln, NE). Size standards
were run about every tenth lane. Allele sizes were
determined using Gene ProÞler version 3.56 (Scana-
lytics, Inc., Fairfax, VA).

Termites from each station containing foragers
were analyzed. However, if the same station had for-
agers on multiple occasions during the sampling pe-
riod (up to a maximum of seven times over a 13-mo

period), we analyzed foragers collected during at least
three time points, including the Þrst and last samples
taken and one point in the middle. In all cases, the
same colonies were found to be present at these three
time points and we therefore assumed that they were
the sole occupants of the stations throughout the en-
tire sampling period.

To determine colony identity of samples, we used
exact tests of genotypic differentiation as imple-
mented in the program GenePop on the Web (Ray-
mond and Rousset 1995). Samples on the same prop-
erty which shared the same genotypes and did not
differ signiÞcantly (P� 0.05) in genotype frequencies
according to the exact test were considered to belong
to the same colony. At least 10 individuals per sample
were used to determine colony identity. Colony
breeding structure was determined by analysis of at
least 20 worker genotypes per colony by using the
classiÞcation of several recent studies (DeHeer and
Vargo 2004, Vargo and Carlson 2006, Vargo et al.
2006a). Colonies were considered simple families if
the workers had genotypes consistent with the prog-
eny of a monogamous pair of reproductives and the
genotypic frequencies did not deviate signiÞcantly
from expected for full siblings (P � 0.05, G-test
summed across loci). Colonies were classiÞed as ex-
tended families if they had no more than four alleles
per locus (the maximum number of alleles for colonies
descended from a monogamous pair of founders) and
the workers either had genotypes inconsistent with
full siblings (e.g., Þve genotypic classes or three classes
of homozygotes), or they had genotype frequencies
that deviated signiÞcantly from expected for simple
families. Finally, colonies were considered mixed fam-
ilies if they had more than four alleles at one or more
loci. In all such colonies, the additional alleles present
occurred in numerous individuals and at numerous
loci.

The genetic structure of colonies was further as-
sessed as described in several previous studies
(Thorne et al. 1999, Bulmer et al. 2001, Vargo 2003b,
DeHeer and Vargo 2004, Vargo et al. 2006a) through
an analysis of inbreeding coefÞcients (F-statistics) and
coefÞcient of relatedness (r) among colony members
as implemented in the program FSTAT version 2.9.3.2
(Goudet 2001). In these analyses, colonies were
treated as subpopulations, and genetic variation was
partitioned among the total (T), colony (C) and in-
dividual (I) components. The resulting values of FIT,
FIC, FCT, and r were compared with values predicted
for various breeding structures of subterranean ter-
mites based on computer simulations (Thorne et al.
1999, Bulmer et al. 2001).

The size of the house and the size of the lawn and
natural areas of each property were determined using
a combination of direct measurements on the ground
and estimates from aerial photographs obtained
through the Wake County, North Carolina Geo-
graphic Information Services website (http://www.
wakegov.com/gis/default.htm).

We used the data on colony identities to estimate
linear foraging distances and colony foraging areas.
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For colonies collected at multiple sampling sites
(monitoring stations or natural area locations), linear
foraging distance was the maximum distance separat-
ing the sampling sites.Forcoloniescollectedat a single
sampling site, the maximum foraging distance was set
to 1 m, because we assumed that termites located at a
site could forage at least 0.5 m out in all directions from
the sampling point. Foraging area was estimated by
calculating a simple polygon connecting the various
sampling points from which a colony was collected.
For colonies present at two sampling locations, for-
agers were assumed to be active up to 0.5 m on either
side of the straightest line connecting the points. Thus,
a colony occupying two stations 10 m apart was given
a foraging area of 10 m2. Colonies collected at only a
single sampling site were assigned a foraging area of 1
m2. The estimates of the linear foraging distance and
foraging areas are admittedly imprecise and represent
only the points where termites were detected and
sampled. Thus, the results reported here should not be
taken as accurate assessments of foraging ranges, but
rather as the minimum sizes of foraging distance and
area. For the purposes of this study, the values used
were mainly for comparisons within and across the
variousproperties investigatedandweredeemedvalid
for this objective.

Results

The mean � SD size of the 20 properties was 1,854 �
1,860 m2 (0.5 � 0.5 acres), with a range of 364Ð7,568
m2. The houses averaged 293 � 175 m2 (3,154 � 1,884
feet2) and ranged in size from 364 to 789 m2. In total,
751 samples were collected. The number of samples
varied greatly across properties, ranging from nine
over a period of 344 d to 105 over 415 d. Of these, the
majority were R. flavipes. From these samples, we
identiÞed a total of 188 colonies, of which 169 (89.9%)
were R. flavipes, 14 (7.4%) were R. hageni, and Þve
(2.7%) were R. virginicus. In most cases, when R.
hageniorR. virginicuswere present on a property they
were represented by a single colony, although one
property (SB) had Þve colonies of R. hageni out of a
total of 24 colonies. In only one case (property PE)
were both R. hageni and R. virginicus present on the
same property.

There was an average � SD of 9.4 � 9.2 colonies per
property, with a range of 1Ð34 (Fig. 2A). Most houses
had only a single colony infesting them, although four
houses (20% of the total) were being attacked by two
colonies simultaneously. In all but one case, colonies
infesting structures were R. flavipes; the only excep-
tion was a single colony ofR. virginicus infesting house
RB. Two representative properties showing the de-
tailed locations of colonies are given in Figs. 3 and 4.
Figure 2B shows the distribution of colonies through-
out the yard. There was an average of 2.2 � 1.7 col-
onies (range, 1Ð8) either in the structure or in the
inner ring of monitors within 0.5 m from the structure.
In the outer ring of monitors located 6Ð25 m from the
structure, there was an average of 3.7 � 2.2 colonies
(range, 1Ð10). And in the natural areas, we found an

average of 6.4 � 7.1 colonies, with a range of 0Ð26.
After adjusting for property size, colony density av-
eraged 61.8 � 50.7 ha (range, 11.1Ð185.3), the equiv-
alent of 25.3 � 20.5 colonies per acre (range, 4.5Ð75.0).

Table 1 shows the number of each family type
present for colonies of all three species. Of the 188
unique colonies sampled, four (twoR.flavipes and two
R. hageni) had too few workers present (�10) to do
a robust analysis of family structure and were not
included in the subsequent analyses. Of the remaining
167 R. flavipes colonies, the majority (86%) were sim-
ple families, some 11% were extended families, and
there were three colonies of mixed families. Interest-
ingly, all three of the mixed family colonies were
located on the same property (BW). The 12 R. hageni
colonies for which we determined the family type
were also predominately simple families (71%), with
the remainder of colonies all extended families. Of the
Þve R. virginicus colonies studied, they were about
evenly split between simple families and extended
families.

The family types for the colonies infesting struc-
tures were representative of the colonies present
throughout the properties. Of the 23 R. flavipes col-
onies infesting structures, 20 of them (87% of the total)
were simple families, a proportion nearly identical to
the population at large (86%). The remaining three
structure infesting colonies of R. flavipes were ex-
tended families. The one case ofR. virginicus infesting
a house involved an extended family colony (prop-
erty RB).

The coefÞcients of inbreeding and of nestmate re-
latedness for colonies of all three species are given in
Table 2, along with values predicted for different
breeding structures based on computer simulations.
Simple families of R. flavipes had values that did not
differ signiÞcantly from those expected for popula-
tions consisting of colonies headed by monogamous

Fig. 2. Numbers, densities, and distributions of subter-
ranean termite colonies (mean � SD) located on 20 resi-
dential properties in central North Carolina.
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pairs of unrelated reproductives (Table 2, case A; all
P� 0.05, one-sample t-test). The simple families of R.
hageni had values signiÞcantly greater (all P � 0.01,
one-sample t-test) than those expected for outbred
simple families. The two R. virginicus simple families
were signiÞcantly more differentiated from each other
based on pairwise FST and had coefÞcients of relat-
edness higher than expected (both P � 0.05, one-
sample t-test) for outbred colonies.

In all three species, extended family colonies were
less inbred (higher FIT) than expected for colonies
containing three neotenics, the fewest that could be
present in an extended family colony; this difference
was signiÞcant in both R. flavipes and R. virginicus
(both P � 0.02, one-sample t-test). For all three spe-
cies, FIC, the coefÞcient of inbreeding in individuals
relative to others in their colony, was highly negative
(all P � 0.001, one-sample t-test), suggesting relative
few functional reproductives present on average, most
likely fewer than 10 (Table 2, cases B1 and 2). How-
ever, due to the very small sample sizes for R. hageni
and R. virginicus (n � 2 and 3, respectively) caution
should be used in drawing conclusions regarding the
breeding structure of these colonies.

The three mixed family colonies of R. flavipes, all of
which were located on the same property, also had a
signiÞcantly negativeFIC value (P� 0.025, one-sample
t-test), although it was signiÞcantly greater that than
the FIC values for either the simple or extended fam-
ilies of this species (both P � 0.03, t-test). All three
colonies were considered mixed families because they
had Þve alleles at one or more loci, indicating the

presence of two or more unrelated same sex repro-
ductives. In one colony, workers could be grouped
into one of two distinct families based on their geno-
types, ashasbeendone forothermixed familycolonies
of this species (DeHeer and Vargo 2004, Vargo and
Carlson 2006, Vargo et al. 2006a), indicating the pres-
ence of separate non interbreeding sets of reproduc-
tives. However, in the other two colonies, we could
not clearly differentiate workers belonging to differ-
ent family groups, suggesting some degree of inter-
breeding among the cohabiting families. More com-
plete analysis of these mixed families are reported
separately (DeHeer and Vargo 2008).

Data on colony foraging ranges are presented in
Table 3. Of the three species studied,R. virginicus had
the highest proportion of colonies spanning two or
more collection sites (3/5; 60%), followed by R. fla-
vipes (80/167; 48%) and then R. hageni (2/12; 17%).
Conducting pairwise comparisons of the proportions
of multiple site colonies among the species using
Fisher Exact Test, we found that only the difference
between R. flavipes and R. hageniwas signiÞcant (P�
0.05, two-tailed test). On average, colonies of R. vir-
ginicus had the longest foraging distances, with one
colony spanning 48.8 m, compared with maximum
distances of 26 m for R. flavipes and 10.7 m for R.
hageni. However, foraging distances in R. virginicus
did not differ signiÞcantly from either of the other two
species (both P� 0.20, two-sample t-test not assuming
equal variances), most likely due to the small number
ofR. virginicus colonies studied. The average foraging
distances of R. flavipes colonies was greater than that

Natural area

R. flavipes simple family
R. flavipes extended family
R. flavipes mixed family

R. hageni simple family
Monitor

Natural area

Driveway

Garage

House

10 m

Fig. 3. Study property BW located in Wake County, NC. We identiÞed a total of 30 colonies during the 208-d monitoring
period. The arrows indicate the locations of two colonies found to be infesting the garage. This property had three mixed
familycolonies.Colonies found tobe foragingatonlya singlepoint are indicatedbyacircle(R.flavipes)or triangle(R.hageni),
and they were assumed to have foraging areas of 1 m2. Colonies with more expansive foraging ranges are shown by overlapping
symbols. The yard areas between the house and the natural areas was largely lawn. Natural areas were wooded areas with
little or no landscaping and abundant wood debris. Colony density on this property was estimated at 100.2 colonies per ha
(40.5 colonies per acre).
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ofR. hageni (t17 � 2.28, P� 0.04, two-sample t-test not
assuming equal variances). Similarly, the mean forag-
ing area was greatest in R. virginicus, in which one of
the Þve study colonies occupied a foraging area of

318.2 m2, but this value was not signiÞcantly greater
than the foraging areas of the other two species (both
P � 0.25, two-sample t-test not assuming equal vari-
ances). The mean foraging area ofR. flavipes colonies,
in which only four colonies (2.4% of all colonies) had
foraging areas �100 m2 and a maximum of 173.9 m2,
was signiÞcantly greater than that of R. hageni (t39 �
2.23, P � 0.04, two-sample t-test not assuming equal
variances), which had a maximum foraging area of
21.1 m2.

Colony foraging range was not associated with fam-
ily type inR. flavipes, because there was no signiÞcant
difference between simple and extended families in
either mean foraging area or maximum linear distance

R. flavipes simple family

R. flavipes extended family

R. virginicus simple family

Monitor station

Wooden monitor stake

Natural area

Natural area10 m

Fig. 4. Study property WP located in Wake County, NC. The structure was a quadriplex, but only two of the units are
shown. Monitoring was conducted using in-ground monitoring stations, wooden stakes inserted in the crawl space, and
sampling mud tubes and natural wood debris. The arrow indicates the only colony known to be infesting the structure; it was
collected from numerous in-ground monitoring stations, multiple wooden stakes, mud tubes and wood debris located outside
the structure. One other colony was found feeding on an in-ground monitor outside the structure and on wooden stakes in
the crawl space but it was not considered to be infesting the structure because it was not found in mud tubes or in the structure
itself. Nine colonies were detected during the 431 d monitoring period. Colonies found to be foraging at only a single point
are indicated by a circle (R. flavipes) or a square (R. virginicus) and were assumed to have foraging areas of 1 m2. Colonies
with more expansive foraging ranges are shown by overlapping symbols. Colony density on the property was estimated to
be 185.3 colonies per ha (75 colonies per acre), the highest of any of the study properties.

Table 1. Colony family types of three species of Reticulitermes
spp. sampled on residential properties in the Raleigh, NC, area

Species
Total no.
colonies

No. simple
family

colonies (%)

No. extended
family

colonies (%)

No. mixed
family

colonies (%)

R. flavipes 167 145 (86.8) 19 (11.4) 3 (1.8)
R. hageni 12 10 (83.3) 2 (16.7) 0
R. virginicus 5 2 (40) 3 (60) 0
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(both t � 0.89, P � 0.3). It is interesting to note that
all three of the mixed family colonies of this species
were found in individual monitoring stations, suggest-
ing they had limited foraging ranges, but we consider
a sample size of three to be too small to draw strong
conclusions. There were too few samples in one or
more of the family classes in both R. hageni and R.
virginicus to make meaningful comparisons concern-
ing foraging range and colony family structure. Fi-
nally, looking across properties, there was no signiÞ-
cant correlation between colony density and either
linear foraging distance (r � �0.21, P � 0.2) or for-
aging area (r � 0.02, P � 0.7), suggesting that colony
density did not inßuence foraging ranges of colonies.

Discussion

In a map of subterranean termite pressure often
cited by the urban entomology community (e.g., Mal-
lis 1997), central North Carolina sits on the border
between “very heavy” and “heavy to moderate” pres-
sure. However, to our knowledge this classiÞcation has
not been based on any quantitative measure. Obvi-
ously, subterranean termite pressure is best measured
as the relative incidence of infestation. This will
largely be determined by a host of factors, including
the species composition of the subterranean termite
community located around structures, the density of
colonies, and the foraging range of the resident col-
onies. Our results provide the most comprehensive
picture to date of all three of these parameters for
residential properties.

We found an average of 62 colonies per ha (25
colonies per acre), up to a maximum of 185 colonies
per ha (75 colonies per acre), located on residential
properties in the Raleigh, NC, area. This amounts to a
mean of 9.4 colonies present on an average sized prop-
erty measuring 1,854 m2. Although these values should
prove a useful guide for predicting the numbers of
colonies located around residential structures in cen-
tral North Carolina, we wish to acknowledge two
caveats regarding our results. First, these values are
almost certainly underestimates of the true colony
densities present on the study properties because
large portions of the yards, especially the open lawn
areas where there was little or no wood debris and
where few monitoring stations were installed, went
unsampled. Second, because our study involved only
residences with active infestations, it is possible that
such properties have higher population densities than
similar-sized properties without infestations. If so, our
results may not be representative of all residences in
this area. Similar studies of properties chosen at ran-
dom with respect to the presence of termite infesta-
tion would be needed to determine whether colony
densities differ between properties with or without
structural infestations.

It is difÞcult to know how the values for colony
densities obtained in the current study compare with
thoseacross geographic locations, because littleequiv-
alent data exist for other areas. There are, however,
two previous studies involving careful censusing of the
subterranean colonies present in forest habitats, to
which these results can be compared. One of these
studies was also conducted in Raleigh, NC, the loca-
tion of the current study. Using molecular markers to
identify colonies, DeHeer and Vargo (2004) con-
ducted detailed studies over a 3-yr period of colonies
located in undisturbed forested sites. Although these
authors did not report colony densities, these values
can be estimated from the number of colonies re-
ported and the size of the study areas to yield values
of 300 and 125 colonies per ha (121 and 51 colonies per
acre, respectively). Thus, these forest sites had colony
densities two- to Þve-fold higher than the average for
the residential properties in the current study. This
difference may indicate that colony densities on res-

Table 2. Inbreeding and nestmate relatedness coefficients for
workers of subterranean termite colonies sampled in the Raleigh,
NC, area and expected values for possible breeding systems based
on computer simulations

Species/colony family type FIT FCT FIC r

R. flavipes (10 loci)
All colonies (n � 167) 0.029 0.262 �0.315 0.509
(SE) (0.014) (0.008) (0.009) (0.009)
Simples families (n � 145) 0.012 0.26 �0.335 0.514
(SE) (0.013) (0.007) (0.01) (0.009)
Extended families (n � 19) 0.134 0.278 �0.201 0.491
(SE) (0.027) (0.016) (0.019) (0.019)
Mixed families (n � 3) 0.153 0.227 �0.095 0.394
(SE) (0.05) (0.029) (0.04) (0.039)
R. hageni (8 loci)

All colonies (n � 12) 0.39 0.514 �0.256 0.742
(SE) (0.067) (0.052) (0.017) (0.04)
Simples families (n � 10) 0.396 0.523 �0.268 0.752
(SE) (0.076) (0.059) (0.019) (0.045)
Extended families (n � 2) 0.16 0.295 �0.193 0.512
(SE) (0.088) (0.054) (0.038) (0.056)
R. virginicus (8 loci)

All colonies (n � 5) 0.05 0.309 �0.376 0.589
(SE) (0.066) (0.031) (0.041) (0.028)
Simples families (n � 2) 0.195 0.442 �0.445 0.743
(SE) (0.128) (0.074) (0.07) (0.056)
Extended families (n � 3) 0.031 0.272 �0.332 0.529
(SE) (0.051) (0.029) (0.046) (0.042)

Simulated breeding system
(A) Simple families headed by

outbred reproductive
pairsa

0.00 0.25 �0.33 0.50

(B) Extended families with
inbreeding among
neotenics

(1) Nf � 2, Nm � 1, X � 1a 0.26 0.35 �0.14 0.55
(2) Nf � Nm � 10, X � 1b 0.33 0.34 �0.01 0.51

For the simulated breeding systems,Nf andNm represent the num-
ber of replacement females and males produced per generation,
respectively; X represents the number of generations of inbreeding.
a From Vargo (2003b).
b From Thorne et al. (1999).

Table 3. Minimum linear foraging distances and estimated
foraging areas of colonies of subterranean termites on residential
properties in central North Carolina

Species n
Mean � SD linear

foraging distance (m)
Mean � SD foraging

area (m2)

R. flavipes 167 4.4 � 5.5 8.4 � 21.4
R. hageni 12 2.2 � 3.0 3.1 � 5.9
R. virginicus 5 16.3 � 21.7 82.6 � 137.3
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idential properties are lower on average than in un-
disturbed forest areas possibly due to fewer suitable
food sources, especially in the lawn areas of the yard.
Alternatively, our monitoring efforts could have un-
derestimated the actual number of colonies present on
residential properties as described above. In any
event, we found considerable variation among resi-
dential properties in the current study, and the colony
density in some cases approached or exceeded those
in the undisturbed areas. It is of interest to note that
the average colony density reported here for residen-
tial properties was substantially greater than that re-
ported for an undisturbed site in Massachusetts where
the density of R. flavipes colonies (determined from
the data given in the paper) was seven colonies per ha
(three colonies per acre; Bulmer et al. 2001), suggest-
ing much lower colony densities in the northern part
of the range of subterranean termites than in North
Carolina. In a population from southern Mississippi,
Howard et al. (1982) reported a density of 6.8 colonies
per ha ofR.flavipes andR. virginicuscombined, a value
close to that reported for Massachusetts and nearly 10
times lower than we found in the current study. How-
ever, this was almost certainly an underestimate be-
cause the only criterion these authors used for sepa-
rating colonies was a minimum distance of 15 m, most
likely causing them to miss many of the colonies
present. Detailed studies similar to the current study
are needed from several locations spanning the range
of Reticulitermes spp. within the eastern United States
to accurately quantify subterranean termite abun-
dance in different regions and to determine the degree
to which it varies geographically.

There are few data on colony densities of other
subterranean termite species. Haverty et al. (1975)
reported a density of the desert subterranean termite
Heterotermes aureus (Snyder) of 190 colonies per ha in
a natural site near Tucson, AZ. However, the accuracy
of this value is questionable because these authors
used imprecise methods to distinguish among colo-
nies; groups of foragers in below ground monitors
were assigned to colony based on relative numbers of
individuals and proximity to other foraging groups.
And in another urban site, Messenger and Su (2005)
studied a 12.75-ha park in New Orleans, LA, using
markÐreleaseÐrecapture over a 4-yr period and found
a colony density of 1.5 colonies per ha, primarily of the
Formosan subterranean termite, Coptotermes formo-
sanus Shiraki (n � 13 colonies), with a small number
of R. flavipes colonies present (n � 6).

As expected, we found a preponderance of R. fla-
vipes colonies among the 188 colonies studied (89.8%
of total), with relatively few colonies of R. hageni
(7.2% of total) and only Þve colonies of R. virginicus
(3% of total). These values are similar to those found
in Umstead State Park in Raleigh, where colonies of
subterranean termites were studied in two 2-km per-
pendicular transects in undisturbed forest habitat (C.
DeHeer, T. Juba and E.L.V., unpublished data). Of the
147 colonies sampled in that study, 134 (91.2%) were
R. flavipes, seven (4.8%) wereR. hageni, and six (4.1%)
were R. virginicus. Thus, relative species abundance

around residential properties is very similar to that in
forested sites in this area. Further east in North and
South Carolina, R. hageni becomes much more com-
mon. Vargo et al. (2006a) studied 49 colonies of sub-
terranean termites from a state park in Charleston, SC,
where they found R. hageni to be the most common
species (43% of the total), followed by R. flavipes
(37%), C. formosanus (12%), and R. virginicus (8%).
And in a survey of 38 colonies of subterranean termites
in the Coastal Plain of North Carolina, E.L.V. and
Dalton (unpublished data) found 74% wereR. hageni,
21% were R. flavipes, and 5% were R. virginicus.

StudiesofReticulitermes inotherpartsof theeastern
and central United States based on samples collected
in or around structures (Scheffrahn et al. 1988; Mes-
senger et al. 2002; Austin et al. 2004a,b,c), show con-
siderable variation in species composition from one
region to another. These studies show that R. flavipes
was the most common species in all areas studied,
accounting for 58Ð78% of all subterranean samples
from Florida, Louisiana, Texas, Arkansas, and Okla-
homa. The relative abundance of the other two species
was highly variable;R.hageni ranged from 1 to 19% and
R. virginicus occurred at a frequency of 2Ð38%. Sur-
prisingly, the relative species abundances found in the
Raleigh, NC, area are more similar to Texas and Okla-
homa, where R. flavipes comprised �70% of the sam-
ples and the other two species made up �10% each
(Austin et al. 2004a,c), than to the species composi-
tions in Florida, Arkansas, or Louisiana (Scheffrahn et
al. 1988, Austin et al. 2004b).

One important component of relative pressure from
subterranean termites is the spatial expansiveness of
colonies; a single large colony could potentially pose
a greater structural threat than two or more small
colonies if it fedoverabiggerareaandconsumedmore
wood. Our results indicated that colonies ofR.flavipes,
by far the most abundant species present, had rela-
tively limited foraging ranges, with a maximum linear
distance of 26 m and an estimated maximum foraging
area of 174 m2. These results are consistent with pre-
vious Þndings on this species in both undisturbed
(Vargo 2003b, DeHeer and Vargo 2004, Vargo and
Carlson 2006, Vargo et al. 2006a) and urban sites
(Vargo 2003a) in North and South Carolina. The even
more limited foraging ranges of R. hageni are also in
agreement with results of previous studies in this re-
gion (DeHeer and Vargo 2004, Vargo and Carlson
2006, Vargo et al. 2006a). Our Þnding that some col-
onies of R. virginicus can have relatively extensive
foraging ranges, corresponds with results of previous
studies showing foraging activity over greater dis-
tances than sympatric colonies of R. flavipes or R.
hageni, spanning distances up to 125 linear meters
(Vargo and Carlson 2006, Vargo et al. 2006a).

Our results on the colony genetic structure of Re-
ticulitermes spp. are similar to those of previous studies
from central North Carolina. Combining the results of
several earlier studies from both natural areas (Vargo
2003b, DeHeer and Vargo 2004, Vargo and Carlson
2006) and urban sites (Vargo 2003a), 69% of 152 R.
flavipes colonies were simple families, 29% were ex-
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tended families, and 2% were mixed families. Of 17 R.
hageni colonies studied, 65% were simple families, 35%
were extended families, and there were no mixed
families. From six R. virginicus colonies previously
studied, 83% were simple families and 17% were ex-
tended families. In addition, the genetic structure of
the colonies of each species was similar to the present
results. In this and previous studies, simple families of
R. flavipeshad inbreeding and relatedness coefÞcients
consistent with colonies headed by monogamous out-
bred reproductives, whereas extended family colonies
likely contained relatively few neotenics that were the
F1 offspring of the founding pair. Also, simple family
colonies of R. hageni, unlike those of R. flavipes, were
highly inbred (FIT � 0.40), a result similar to previous
studies on this species in North and South Carolina
(Vargo and Carlson 2006, Vargo et al. 2006a), suggest-
ing that simple family colonies of this species are often
headed by related reproductives.

The mixed family colonies ofR. flavipes found in the
current study were of particular interest because they
were all located on the same property. Although this
property had 30 colonies, the second highest number
of any of the properties, the probability that the only
three mixed family colonies would all be located on
this property by chance alone is extremely small (P�
0.00001). These results suggest that there may be local
“hot spots” for genetically complex colonies, most
likely arising through colony fusion. This conclusion is
supported by the Þndings that all three of the other
mixed family colonies reported from the Raleigh, NC,
area, including a colony in which the fusion of two
genetically distinct colonies was documented (De-
Heer and Vargo 2004), were located in Schenck For-
est, a small forest area belonging to North Carolina
State University. Another reason these mixed family
colonies were of interest is that only one of them had
clearly identiÞable family groups, a pattern seen in Þve
other naturally occurring mixed family colonies stud-
ied in depth (DeHeer and Vargo 2004, 2008; Vargo and
Carlson 2006; Vargo et al. 2006a), suggesting the pres-
ence of distinct groups of reproductives with little or
no interbreeding between them. Two mixed family
colonies found in the current study had apparently
experienced interbreeding between groups of repro-
ductives, a phenomenon not observed in the Þeld
studies mentioned above or in a laboratory study of
colony fusion (Fisher et al. 2004). Thus, mixed family
colonies arising through colony fusion can sometimes
result in interbreeding between reproductives origi-
nating from more than one of the source colonies.
Alternatively, the complex genetic patterns present
among workers in these two colonies could possibly
have arisen through some mechanism other than col-
ony fusion, such as pleometrosis or adoption of unre-
lated reproductives by established colonies, but to
date only colony fusion has been demonstrated as a
mechanism producing mixed family colonies of sub-
terranean termites (DeHeer and Vargo 2004).

Mixed family colonies have been reported in other
populations of R. flavipes (Jenkins et al. 1999, Bulmer
et al. 2001), where they also occur at relatively low

frequencies. They also have been found in low fre-
quencies in Spanish populations of R. grassei (E.L.V.,
C. DeHeer and A. G. Bagnères, unpublished data) but
not in French populations (DeHeer et al. 2005), and
at least one naturally occurring mixed family colony of
R. speratus in Japan has been observed (Matsuura and
Nishida 2001). However, there are no reports of ge-
netically complex colonies occurring in other species
that have been studied rather intensively, includingR.
hageni and R. virginicus in North and South Carolina
(Vargo 2003a, DeHeer and Vargo 2004, Vargo and
Carlson 2006, Vargo et al. 2006a) or in several intro-
duced populations ofC. formosanus (Vargo et al. 2003,
2006b; Husseneder et al. 2005). Thus, the evidence
available so far indicates that genetically complex col-
onies in subterranean termites are uncommon and
rather spotty in their occurrence, both within and
among species.

In summary, we used a combination of intensive
sampling and molecular markers to determine the
species composition, numbers, locations and charac-
teristics of 188 subterranean termite colonies in and
around 20 residential structures in central North Caro-
lina. These parameters are all important determinants
of the likelihood of subterranean termite infestation.
Our data therefore provide a useful baseline for es-
tablishing the level of pressure that subterranean ter-
mites exert on residential structures, at least in a single
geographic area. No doubt there are several other
factors that we did not measure that are likely to
inßuence subterranean termite pressure, such as soil
composition and abundance of food resources near
structures. Future studies similar to the present one
covering a broader geographic range and incorporat-
ing some of these additional factors together with data
on the frequency of structural infestation would con-
tribute greatly to our ability to predict the probability
of attack by subterranean termites at both large (geo-
graphic region) and small (individual property) spa-
tial scales.
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