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Subterranean termites in the urban landscape:
Understanding their social structure is the key to
successfully implementing population management
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Abstract. Subterranean termites will likely continue to be major economic insect pests in the urban environ-
ment. Public concerns about pesticide use will not abate but continue to drive development and implementation of
environmentally more acceptable control strategies for subterranean termites. Termite baits are a promising alter-
native to soil termiticide treatments for protection of structures, but the correlation between killing termites in the
landscape and protecting structures is tenuous given our current understanding of termite biology. We discuss the
problems associated with defining the efficacy of termite bait products in regard to determining termite population
parameters in the field. This discussion is in the form of six case histories involving measures of termite activity
and relatedness taken over a three-year period. Our findings highlight the need to include control populations
in studies of termite bait efficacy, the mobility of termite populations over time, the importance of defining the
techniques used to describe termite colony associations, and the need to use a multidisciplinary research approach
in addressing the question of termite social structure.
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Introduction

Subterranean termites, particularly members of the genera Reticulitermes and Coptotermes,
represent the most widespread and economically important structural insect pests in the
urban environment (Gay, 1969; Su and Scheffrahn, 1990). In their native woodland habitats
subterranean termites are a valued part of the ecosystem (Lee and Wood, 1971; Waller and
LaFage, 1987). However, when they take advantage of a ready-made food resource in the
form of the wood used in building construction, subterranean termites are afforded pest status
(Kofoid, 1934; Forschler, 1998a). With increased urban expansion into woodland habitats
this conflict of interest concerning lumber utilization will continue and likely increase in
scope.

Many species of Rhinotermitid termites live in the source of their food, wood and
wood products. Human commercial activities can, therefore, unwittingly transport them
to nonendemic areas. This is evidenced by the appearance of Reticulitermes infestations in
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Hallein, Austria, Hamburg, Germany, Devon, England, and Toronto, Canada and of Cop-
totermes in the southeastern United States, South Africa, and Japan (Gay, 1969; Su and
Tamashiro, 1987; Forschler et al., 2000; Jenkins et al., 2001). Thus subterranean termites
worldwide will continue to be a problem for urban and suburban property owners. Con-
trol efforts and damage repair due to subterranean termites annually exceeds $1 billion
in the United States alone (Su and Scheffrahn, 1990). More than two billion U.S. dollars
were spent according to the last worldwide survey of annual termite control costs, which
was conducted over 15 years ago (Edwards and Mill, 1986). That figure is certainly larger
today.

In urban areas, subterranean termite control has traditionally involved use of termiticidal
soil barriers (Brown et al., 1934; Edwards and Mill, 1986; Beal et al., 1989; Moore, 1990;
Potter, 1997). The aim of a termiticidal soil barrier is to exclude termites from the structure
with no regard toward impacting populations. The concept is sound. In practice, however,
it is extremely difficult to obtain a continuous and uniform distribution of insecticide at
the correct concentration to the soil around a structure (Gold et al., 1996; Forschler and
Lewis, 1997). The amount and concentration of insecticides used in soil barriers for subter-
ranean termite control exceeds the use of similar chemistries in an agricultural setting (Gold
et al., 1994). These factors combined with an increased awareness of and desire to reduce
pesticide use in the urban environment have fostered the reemergence of low-insecticide
input control strategies against subterranean termites. The result has been an increase in
the commercial use of termite baiting as a control tactic. A termite bait-control program
is a radical departure from exclusionary tactics because it attempts to manage populations
(Beard, 1974; Beal and Esenther, 1980; Forschler, 1998b). The assumption is that when
there are few or no termites in the vicinity of a structure it is protected from infestation.
Again the concept is sound. Yet the correlation between killing termites detected near a
building and protection from infestation is, in practice, tenuous (Forschler, 2000).

Measuring the efficacy of a subterranean termite population-management tactic is difficult
(Forschler, 1996; Forschler and Jenkins, 1999; Thorne and Forschler, 2000). Elucidating the
lifestyle of a cryptic eusocial insect that lives in organized groups containing hundreds of
thousands of individuals is not easy. This is especially true with Reticulitermes subterranean
termites whose life-forms, or castes, inhabit a diffuse network of tunnels connecting two
or more feeding sites and that have no central nest site—the reproductives being mobile
(Forschler, 1996; Thorne, 1998; Forschler and Robinson, 1999; Forschler and Jenkins,
1999). Research designed to determine subterranean termite bait efficacy generally involves
three elements.

First, several locations, essentially termite feeding sites, are established from which mea-
sures of termite activity can be recorded.

Second, the termiticidial bait is applied at (or near) one or more of those locations.
Lastly, termite activity is recorded at all locations over time.

A successful bait trial is assumed when activity is reduced or eliminated at all locations
identified as being visited by the targeted termites (Su and Scheffrahn, 1996; Thorne
and Forschler, 2000). Techniques available for measuring termite activity and therefore
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delineating their populations are, however, limited in scope (Jones, 1990; Forschler, 1996;
Thorne et al., 1996; Forschler and Robinson, 1999; Forschler and Jenkins, 1999). Re-
searchers and termite control practitioners can only observe termite activity through one
or more “windows.” At best, permanent observation posts, herein termed inspection ports
(IPs), are established to record a time line of activity. This limited view of the diffuse net-
work of tunnels and feeding sites occupied by a termite population is at the heart of the
problem of determining their population parameters. Conclusions, therefore, are based on
interpretation of data that is largely inferential and founded in the experience of the observer
(Forschler and Jenkins, 1999).

Recent studies of subterranean termite field biology and bait efficacy have assigned
“colony” associations using mark-release-recapture (MRR) data (Su et al., 1993; Su, 1994;
Forschler, 1994; Haagsma and Rust, 1995; Su et al., 1995; Grace et al., 1989; Grace
et al., 1996; Forschler and Townsend, 1996; Forschler and Ryder, 1996). This field tech-
nique involves collecting termites from a single IP, marking, and then releasing them back
into the same IP. Following a prescribed time period, all of the nearby IPs are exam-
ined for the presence of marked termites. The researcher connects the dots when marked
termites are found at an IP away from the release site and assumes that these termites
constitute a colony. Yet MRR has come under criticism as unsuitable for determination
of either termite population estimates or colony associations (Thorne et al., 1996; Evans
et al., 1998; Forschler and Jenkins, 1999). These criticisms center around indications that
termites released at one feeding site (IP) do not equitably redistribute themselves within
the population, negating an assumption of MRR models, and that colony associations are
more complex than can be determined by the presence/absence of a few marked termites.
Other techniques employed include assignment of colony associations based on morpho-
metric similarities and distance between feeding sites (Haverty et al., 1975; Howard et al.,
1982). Jones (1990) suggested combining MRR and agonism bioassay for delineation of
subterranean termite field colonies. Still others have used chemotaxonomic phenotypes or
isoenzyme analysis in combination with morphometrics and agonism bioassays (Clement,
1986; Haverty et al., 1999). Comparison of relatedness using genetic analysis and F statis-
tics were conducted by Reilly (1987), and recent studies have used gene sequence data
(Jenkins et al., 1999). But the technique(s) used in a particular study and inference remain
the driving forces in describing termite “colonial” relationships (Forschler and Jenkins,
1999).

We here report results from work in which six separate termite populations were delin-
eated using MRR, morphometric characters, agonism bioassay, hydrocarbon phenotypes,
and a genetic marker. This work highlights the difficulties encountered in ascribing colony
attributes to subterranean termites in the field (Forschler, 1996; Jenkins et al., 1999). The
term “population” is therefore used to describe those groups of termites identified using a
combination of techniques as visiting one or more IPs. This distinction is made because
we report results that raise questions concerning the determination of subterranean termite
colony parameters. Six case histories, that involve a potential bait active ingredient, fipronil,
are detailed as a backdrop for discussion of the importance of termite social structure as
regards commercial claims and implementation of baiting tactics as a subterranean termite
management tool.
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Materials and methods

All of the termite populations involved in this study were located on Sapelo Island, Georgia.
Six separate termite populations were selected because they consistently visited previously
established termite IPs from 1994 to 1997. All IPs are designated by a site name and
numbered in the sequence in which they were established at that site—not according to
physical proximity. The termite IPs, as described in more detail in Forschler and Townsend
(1996), were 16 cm lengths of 10 cm diameter PVC pipe sections buried in the ground. A
feeding and aggregation substrate was placed inside and the top was capped with a plastic
“knock-out plug.” One type of feeding and aggregation substrate consisted of ten pieces of
weathered pinewood (4 cm by 12 cm by 2 mm) separated by dowel sticks and held together
with an 18 cm length of plastic cable tie (herein called a pine sandwich). The other consisted
of a roll (12 cm by 295 cm) of corrugated cardboard. One roll of cardboard or two pine
sandwiches were placed per IP.

Measures of termite activity

Prior to this study each site was visited monthly from April of 1994 through January of
1997. During 1997, each IP was examined every four months—in January, April, August,
and December. They were examined at least every third month from March of 1998 to
October 1999; monthly from March through May 1998; in August, October, and November
1998, and monthly from February through October 1999. At the time of each inspection, the
aggregation and feeding substrate was removed and returned to the laboratory. The number
of termites, the average live weight per individual termite, caste proportions, and the amount
of wood or cardboard consumed were measured for each IP on every collection date. Caste
proportions were determined by separating the individual castes (soldiers, workers, larvae,
nymphs) and either counted or their number estimated by taking an average weight of
5 groups, 10 termites each, and dividing this average into the total weight of termites
collected. Cardboard or wood consumption was measured by drying the substrate in an oven
at 70◦C for 2 or 72 h, respectively, then reweighing after acclimation to room temperature
in a desiccator. The oven-dried weights of the wood before and after placement within an IP
were used to calculate the amount of wood consumed. For cardboard, oven-dried weights
were taken after placement in the IPs.

Characterization of termite populations

Related use of IPs was first determined during 1994 and 1995 using fluorescent spray paint
as a topical mark (Forschler, 1994). Further MRR work was conducted in 1995, 1996, or
1997 using an internal mark, the fat-soluble dye Nile Blue A, for estimation of population
numbers (Forschler and Townsend, 1996). In addition, over the two years prior to the
initiation of this study, termites collected from IPs were characterized using morphometric
phenotypes and hydrocarbon profiles (Scheffrahn and Su, 1994; Haverty et al., 1996).
Using these data in combination we were able to assign groups of two or more IPs to a
particular termite population based on related use as indicated by MRR and similarities
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in morphometric or chemophenotypic characters. We also attempted agonism bioassays,
but none of the termites from within these populations displayed any aggression toward
one another. Because agonism data obtained with Reticulitermes in the southeastern United
States are often equivocal, we seldom rely on this information when designating populations
(Polizzi and Forschler, 1998).

At the time of each collection, randomly selected termite workers and soldiers were
placed in 70% ETOH as vouchers. Soldiers were used for morphometric characterization
of species and worker termites for genotypic characterization (Scheffrahn and Su, 1994;
Jenkins et al., 1998). DNA was extracted from three to seven randomly selected individual
termites from each IP for selected dates. From these individuals part of the mitochondrial
cytochrome oxidase I (COI) gene was sequenced (Jenkins et al., 1999). This genetic marker
allows for identification of maternal lines (MLs) because the mitochondrial genome, and
therefore the conserved COI gene, is inherited directly from the mother. It is generally
believed that a termite colony is initiated by one adult female reproductive (queen) and that
all the individuals within that colony are the offspring of that single mother (Thorne et al.,
1996). Based on this monogyne concept of a termite colony we selected the mitochondrial
genetic marker to delineate populations.

DNA extraction, amplification, sequencing, and data analysis

DNA extraction was accomplished according to Liu and Beckenbach (1992) and Jenkins
et al. (1999) on individual whole worker termites preserved in 70% EtOH. DNA templates
consisted of total nucleic acids (Jenkins et al., 1999).

Oligonucleotide COI primers (C1J2195, TTGATTYTTTGGTCAYCCWGAAGT and
TL2N3014, TCYAWTGCAYTAATCTGCCATATTA) were used to polymerase chain re-
action (PCR) amplify as well as to prime forward and reverse sequencing reactions. COI
primers are according to Liu and Beckenbach (1992) with modifications designed from
Simon et al. (1994). Primer names and strand identification (J for majority strand and N for
minority strand) are according to Simon et al. (1994).

PCR amplification was performed in a standard 25 µl reaction with a minimum of
10 ng of total genomic DNA, 1 pmol of each primer, 2.0 mM MgCl2, 1.6 mM dNTPs, and
0.06 U/µl Taq DNA polymerase. Amplification was accomplished in a Perkin–Elmer Gene
Amp PCR system 9600 (PE Applied Biosystems, Foster City, CA, USA). It included a
precycle denaturation at 94◦C for 2 min, a postcycle extension at 72◦C for 7 min, and
25 cycles of a standard three-step PCR (50◦C annealing). Fragments were treated with
exonuclease I (10 U/µl) and shrimp alkaline phosphatase (1 U/µl). They were then incubated
in a Perkin–Elmer GeneAmp PCR System 9600 first at 37◦C for 15 min, then at 80◦C for
15 min (Jenkins et al., 1999). DNA (10–20 ng/100 bp PCR product) sequencing reaction
was performed with the Dye-Terminater Cycle Sequencing Kit (PE Applied Biosystems) in
a GeneAmp 9600 PCR system. Electrophoresis was accomplished on a 6% polyacrylamide
gel. Reactions were fractionated and initial base assignments were made by the ABI 373A
automated DNA sequencer system (PE Applied Biosystems, Foster City, CA, USA).

Sequencer 3.1.1 software (Gene Codes Corp., Ann Arbor, MI, USA) was used to edit
individual electropherograms and make contigs. Multiple individuals were processed per
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collection date and site. Following alignment of sequence data (forward and reverse) con-
sensus sequence was determined. Consensus sequence was assigned for the partial COI
gene when sequences from individuals were the same using Sequencer 3.1.1 software.
For the purpose of this manuscript a maternal line (ML) is defined as a unique consensus
sequence.

Treatments

Fipronil, a phenyl pyrazole chemistry that interferes with operation of the central nervous
system by blocking the GABA (gamma-aminobutyric acid) regulated chloride channel in
nerve cells was the insecticide used in these bait trials (Cole et al., 1993). Sections of fipronil-
treated cardboard (12.7 cm by 295 cm), at one of six rates, 0, 0.1, 0.5, 1, 5, and 10 ppm,
were provided by the manufacturer, Aventis Environmental Science (Montvale, NJ). Treated
cardboard was introduced into one IP for each termite population on 11 March 1998. Three
populations received untreated cardboard in an IP on the same date as a control to ensure
the cardboard used was not repellent. The remaining IPs, for all populations, continued to
receive untreated pine sandwiches. On 21 April 1998 the aggregation and feeding substrates
were removed for extraction of termites and calculation of the amount of cardboard or wood
removed. The IPs that received cardboard in March were provisioned with new cardboard
(both treated and untreated) on 21 April 1998. On 21 May 1998 the feeding and aggregation
substrates were again removed and all cardboard replaced with untreated pine sandwiches.
All IPs were provided, from May 1998 onward, with untreated pine sandwiches. Therefore
all termite populations were exposed to fipronil-treated or untreated cardboard for only
10 weeks (the middle of March to the end of May—71 days). A summary of treated
cardboard placements and amount removed is provided in Table 1.

Results

Results will be discussed as separate case histories for each population. To save space we
do not provide all of the termite activity data such as caste proportions, numbers of termites

Table 1. Summary of treated cardboard placements and amount of treated
cardboard consumed by population and fipronil concentration.a

Designated Treated Amount of
population cardboard Fipronil rate treated cardboard
number placed in IP#a (ppm) consumed (g)

1 NAb 0 NA

2 6 0.5 0

3 20 0.1 4

4 2 1 23

5 10 10 0

aIP# = inspection port number.
bNA = not applicable.
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collected, wood or cardboard consumption rates per inspection date—unless important to
the discussion of a particular site or point of discussion. A brief synopsis of the pertinent
characteristics of each of the populations follows.

Population 1

This population was not provided treated cardboard and is therefore considered the control.
Population 1 was identified as occupying six IPs along the south wall of the solarium at the
Reynolds Mansion study site (figure 1). The species was determined to be Reticulitermes
hageni Banks based on soldier morphometric characters and unknown based on hydrocar-
bon phenotype (Scheffrahn and Su, 1994; Haverty et al., 1996). During the final round of
MRR (1996–1997) using Nile Blue A, approximately 2000 marked termites were released
into IP #21 (September 1996), and marked termites were consistently recovered over the
next four months from IPs #21 and #24 (figure 2). Marked termites were recovered only
once from IP #28 (October 1996) and never from IP #19 although we collected termites only
once (January 1997) from IP #19 during the course of this MRR study (figure 2). Inspection
port #19 was included in our MRR estimate of colony association for three reasons. First,
IP #19 was positioned between IPs #28 and #21 where marked termites were recovered
(figure 1). Second, the recovery rate of marked termites is usually very low, generally less
than 1% (Forschler and Townsend, 1996). We assumed that given more chances (through
collecting termites more often than once in eight months) a marked termite would have been
found at that site. Third, the same species was recovered from all of the IPs assigned to this
particular population. Inspection ports #9 and #10 were included because the morphology

Figure 1. Location of inspection ports (IPs) for subterranean termite Population 1 along the south wall of the
solarium at the Reynolds Mansion test site and timeline of maternal lineage (ML) associated with them.
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Figure 2. Bar graph of the number of marked termites collected by month and inspection port following release
of Nile Blue A marked termites into Population 1 inspection port #24 in September 1996.—An asterisk indicates
that no termites were collected from that inspection port during that month.—Bars representing each inspection
port are aligned within each month on the graph coincidental with the physical proximity of the inspection ports
(see figure 1).

of the termites collected from those locations changed species from R. flavipes (Kollar) to
R. hageni during 1998. We assumed that termites from the nearby MRR-connected IPs
simply expanded their range of feeding sites. The population estimate conducted in 1996
indicated approximately 72,000 termites. The maternal lineages (MLs) varied (figure 1). The
ML (1.1) found in IPs #21 and #24, where marked termites were consistently recovered, was
exactly the same for three years (1997–1999). This same ML (1.1) was found in IP #9 during
1998 and 1999 indicating our assumption that the designated population expanded their feed-
ing sites in 1998 was justified. However, IP #10 contained a different ML (1.2) during 1998
and 1999. Inspection port #19, where we found no marked termites during the 1996–1997
MRR attempt, consistently contained yet another ML (1.3) during 1998 and 1999. Inspection
port #28, where we recovered marked termites only once during the MRR study, provided a
further ML (1.4). In 1999 the termites collected in IP #28 were determined, morphometri-
cally and genotypically (ML 1.5), to be a different species, R. flavipes (figure 1). Thus with
our control group we recorded two different species having occupied, at one time or another,
three of the six IPs in the three years of this study. In addition, the R. hageni population,
which was the focus of our population characterization, was represented by four different
MLs that for at least two consecutive years were consistently collected from the same IP
(figure 1).

Population 2

Population 2 occupied three IPs along the southeast side of the Reynolds Mansion study
site as identified by spray paint marking conducted in 1994 (figure 3). The species was
determined to be Reticulitermes hageni based on soldier morphometric characters and un-
known based on hydrocarbon phenotype (Scheffrahn and Su, 1994; Haverty et al., 1996).
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Figure 3. Location of inspection ports (IPs) for subterranean termite Population 2 along the southeast wall of
the Nursery at the Reynolds Mansion test site and timeline of maternal lineage (ML) associated with them.

The morphology of the termites collected from these three IPs remained the same dur-
ing the course of our study. We released approximately 1000 marked termites into IP #6
in 1996. However, no marked termites were recovered from any of the inspection ports.
Therefore we have no population estimate. In addition, no consumption of treated card-
board was recorded during the 71 days the treatment was present in IP #6. Termites were
collected from IP #6 twice during the bait study, in April and August 1998, after which
no termites were collected through October 1999 when the study was terminated. Termites
were consistently collected from IP #14 from April through August 1998 after which time
no termites were collected from this IP. Termites were collected from IP #12 every month
from April 1998 through July of 1999. Yet no termites were collected from July through
October 1999 when the test was terminated. The ML data showed that during 1997 all three
IPs contained a single ML (2.1) (figure 3). In 1998 IPs #6 and #14 contained the exact same
ML (2.1). During 1998 and 1999 IP #12 provided a second, different ML (2.2) (figure 3).
This population, identified by MRR in 1994 (yet unsuccessfully in 1996) provided con-
sistent species characters from 1994 through 1999 and was represented by one ML (2.1)
in 1997, two MLs (2.1 and 2.2) in 1998, and, following treatment, one ML (2.2) in 1999
(figure 3).

Population 3

Population 3 was identified as occupying three IPs along the northeast side of the Reynolds
Mansion study site as indicated by spray paint marking conducted in 1995 (figure 4).
The species was determined to be R. flavipes based on soldier morphometric characters
and hydrocarbon phenotype (Scheffrahn and Su, 1994; Haverty et al., 1996). The popula-
tion estimate conducted in 1995 indicated approximately 500,000 termites. Four grams of
fipronil-treated cardboard were removed by termites in April 1998 (Table 1). In April and
May 1998 there were thousands of dead and dying termites observed in IP #20 at the time
of collection. After May of 1998, no termites were collected in any of the three IPs assigned
to this population with the exception of 47 termites collected from IP #20 in October 1998.
This population as delineated by MRR in 1995 provided a consistent single-species pheno-
type through 1998. However, immediately prior to initiation of the bait study, after January
1998, no termite activity was recorded at IPs #7 and #23 (figure 4). During the bait study
(from March 1998 to October 1999) live termites were collected only twice from one IP
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Figure 4. Location of inspection ports (IPs) for subterranean termite Population 3 along the northeast wall of
the Kitchen at the Reynolds Mansion test site.

(#20), once in March 1998 (2750 termites) and once in October 1998 (47 termites). No ML
data were determined from this population because the treatment was considered effective
in eliminating all signs of termite activity. This case history represents the best-case scenario
for a successful termite bait-control attempt.

Population 4

Population 4 occupied 6 IPs along the south side of the Marine Institute Museum study
site as identified by spray paint marking in 1994 and again in 1995 (figure 5). The species
was determined to be R. flavipes based on soldier and alate morphometric characters, and
hydrocarbon phenotype (Scheffrahn and Su, 1994; Haverty et al., 1996). The population
estimate conducted in 1995 indicated approximately 640,000 termites. Termite activity was
consistent with no one IP displaying less than four consecutive months without evidence
of termite activity between 1995 and initiation of the bait trial in March 1998. Twenty-
three grams of treated cardboard were removed from IP #2 during April and May of 1998
(Table 1). During the course of the bait study termites were never collected from IP #6.
However, termites were collected from IPs #1, #2, and #5 during March 1998, IPs #3
and #4 during April 1998, and IPs #3 and #5 during May 1998, after which no termites
were collected for the remainder of the experiment (figure 5). Although termites were not
collected from any of these six IPs after May 1998, we did have evidence of termite activity
at IP #2 during October 1998. This activity was indicated by the presence of mud tubes and
wood weight loss from the pine sandwiches. Because termite activity ceased at all IPs and
we could claim a bait-treatment, effect no ML data were collected from this population.
This population delineated using both MRR and consistent phenotypic characters is another
classic termite bait success story.

Population 5

Population 5 occupied 3 IPs along the southwest side of the Marine Institute Breezeway
study site as indicated by spray paint marking conducted in 1996 (figure 6). The species was
determined to be R. hageni based on soldier morphometric characters and unknown based
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Figure 5. Location of inspection ports (IPs) for subterranean termite Population 4 along the south wall of the
Marine Institute Museum test site.

on hydrocarbon analysis (Scheffrahn and Su, 1994; Haverty et al., 1996). No population
estimate was conducted. Termite activity was consistent, never more than two consecutive
collection dates without termites, for all three IPs between January 1996 and January 1998.
Termites were collected from all IPs in March 1998. Thereafter we collected no termites
from IP #10, where the treatment was placed, for the next fourteen months, until May
1999. Termites were collected from IP #11 every month from March through May 1998,
yet thereafter none were collected until June 1999. Termites were consistently collected

Figure 6. Location of inspection ports (IPs) for subterranean termite Population 5 along the southwest wall of
the Breezeway test site and timeline of maternal lineage (ML) associated with them.
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from IP #9 for every month from March 1998 to October 1999 with one exception, May
1998. From June 1999 to the end of the study (October 1999) termites were consistently
collected from all three IPs. There was no evidence that termites removed any of the treated
cardboard (Table 1). The ML data indicated that in 1997 termites collected from IPs #10
and #11 had the same ML (5.1) yet a different lineage (ML 5.2) occupied IP #9 (figure 6).
In 1998, termites collected from IPs #9 and #11 represented two new MLs—5.3 and 5.4
(figure 6). In 1999 the termites in all three IPs were of the same ML (5.5) but different
from the previous lines (figure 6). This population represents the most intriguing case for
assigning population parameters.

Delimited by MRR in 1996, the soldier morphology consistently indicated R. flavipes over
the next three years, and the classic assumption would be that this population represented one
colony. Yet five separate MLs were present in this population from 1997 to 1999 (figure 6).
Two lineages were found in 1997, one in IPs #10 and #11 (ML 5.1) and a second in IP
#9 (ML 5.2). In 1998 we unfortunately did not retain any vouchers from the 651 termites
collected from IP #10 on 11 March 1998, the only date when termites were collected at this
IP in that year. Yet the termites collected from IPs #9 and #11 in 1998 provided two new
MLs (5.3 and 5.4) (figure 6). In 1999, all three IPs provided the same ML (5.5), yet this
lineage was different than all the previous MLs collected (figure 6).

Population 6

Population 6 occupied 2 IPs along the northeast side of the Marine Institute Office Building
study site as identified by spray paint marking conducted in 1995 (figure 7). The species was
determined to be R. flavipes based on soldier morphometric characters and hydrocarbon
phenotype (Scheffrahn and Su, 1994; Haverty et al., 1996). A population estimate conducted
in 1995 indicated approximately 180,000 termites. Termites were never collected from either

Figure 7. Location of inspection ports (IPs) for subterranean termite Population 6 along the northeast wall of
the Marine Institute Office test site.
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IP during the course of this study. The impact of our treatment on Population 6 is a moot
point because we never collected termites in the 4 months prior to, or for 17 months after,
bait application, although we recorded consistent termite activity at this site from 1994 to
1997 (figure 7).

Discussion

Research on management of Reticulitermes populations is essentially the study of unrepli-
cated case histories (Forschler, 1996; Forschler and Jenkins, 1999). Treatments can be
replicated, but each population is unique, and finding an exact duplicate is difficult if not
impossible. Such studies also require a long-term commitment of time and resources that
make it difficult to manage large numbers of replicates. This study includes, for the first
time, two significant approaches for better understanding the impact of bait technology on
subterranean termite populations. First, we recorded data from an untreated population,
the control, for monitoring “normal,” seasonal or weather-related changes in activity and
movement. Second, we used a genetic marker, the maternal mtDNA COI gene sequence,
to identify genotypes prior to and following treatment in combination with MRR and tra-
ditional phenotypic markers. Although the case histories reported herein were conducted
on an island, the data are no different from what we have collected from mainland urban
sites at Aldora, Atlanta, and Athens, Georgia (Forschler, 1994; Forschler and Ryder, 1996;
Forschler, unpublished data).

These case histories indicate that fipronil-treated cardboard has potential as a population
management tool. Yet, as these case histories highlight, there are often difficulties in deter-
mining population impacts following implementation of a termite bait trial. We can claim
success in reducing termite populations using fipronil-treated bait in as few as two or as
many as four of the case histories depending on the criteria used to determine population
parameters.

Population 1, the control population, illustrates many of these difficulties (figure 1). First,
this case history reiterates the potential for movement and the temporal nature of the data
collected during field studies. One should not assume, as we have in this study—and in the
past—that an established feeding site (IP) will harbor the same termite population over time.
A population shift is most apparent when there is a change of species that can be elucidated
through examination of phenotypic characters (Su and Scheffrahn, 1988). In what has been
considered an extreme case, we reported one IP that was occupied by three different species
over a three-year period (Jenkins et al., 1999). Is such movement an anomaly because it is
rarely reported in the literature? Without concurrent untreated controls this question cannot
be answered.

Our control group demonstrated considerable population movement between IPs. One IP
(#28) connected by MRR, in 1996, to two others (#21 and #24), was occupied by a different
species in 1999 compared to those found during 1996 to 1998 (figure 1). In addition, two
IPs (#9 and #10) also included in Population 1 had, in 1998–1999, been occupied by a
different species in 1996–1997 (figure 1). Therefore, of the six IPs included in the control
group three changed populations based solely on morphometric species designations in a
four year span (1996–1999).
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Population 1 also demonstrates the potential for a complex and dynamic social structure.
MRR techniques only connected Population 1 to three IPs (#28, #21, and #24) in 1996–1997
(figures 1 and 2). Another IP (#19) was included based on inference because of its proximity
between two already MRR-connected IPs (#28 and #24), past experience with recapture
probabilities, and morphometric similarities. Two additional IPs (#9 and #10) were included
in 1998 due to our past experience with mobility plus morphometric similarities and lack of
aggression. The genetic sequence data verified the inclusion of IP #9 within this population
because the ML (1.1) was the same as that of IPs #21 and #24 (figure 1). However, the
genetic data raised questions concerning termite colony composition because three of the
six IP’s occupied by R. hageni termites and designated Population 1 contained four different
MLs (figure 1).

Precedence using MRR and phenotypic similarities is the sole justification for describ-
ing the termites collected from these IPs as a single population. The exact, functional
relationship(s) between multiple MLs within the context of a colony as defined by MRR
techniques, nonaggression, and phenotypic markers has yet to be fully elucidated. These
data in conjunction with other recently published information clearly demonstrate that the
social organization of Reticulitermes societies is dynamic and cannot be defined using a
single technique like MRR or genetics (Jenkins et al., 1999; Forschler and Jenkins, 1999).
Obviously, more research is needed to verify the functional social dynamics of subterranean
termites collected within the same general area.

We used MRR, morphometric, and chemophenotypic similarity to delimit termite Pop-
ulations 3 and 4 (figures 4 and 5). These case histories provide the classic scenario sought
by researchers for measuring termite bait efficacy (Su and Scheffrahn, 1996; Thorne and
Forschler, 2000). Both populations consumed fipronil-treated cardboard and then disap-
peared from our field of view (Table 1). We did find evidence from both of these case
histories that termites visited one IP five months posttreatment. This one data point of ter-
mite activity was followed by a complete lack activity for the next 12 months. Intuitively,
if no activity is recorded for over 12 months following treatment we can assume a cause-
and-effect relationship and claim population impacts. Compared to the control group and
our past experience, 12 months of inactivity is significant and is generally accepted to be
indicative of a population reduction (Grace et al., 1996; Su and Scheffrahn, 1996; Forschler,
1996).

What is often not apparent in the presentation of termite activity data is that activity indices
are not always consistent for all IPs (Forschler, 1996; Forschler and Jenkins, 1999). This is
because data are usually combined for all IPs assigned to a given “colony” when reported in
the literature (Su et al., 1993; Su, 1994; Forschler and Ryder, 1996). For example, two of the
three IPs (#7 and #23) occupied by Population 3 showed no activity for three months prior
to baiting. Population 4 provided indices of activity from half or less of the IPs during any
one month, although the IPs harboring termites changed between sample dates. We included
the Population 1 MRR data in figure 2 to highlight the less-than-consistent visitation we
record at many of our termite field sites (see Forschler, 1996; Forschler and Jenkins, 1999).
When termite activity is reported as combined data, the reader is left with the impression
that activity is constant and consistent at all IPs delineated using MRR. This ignores the
potential for mobility or simple abandonment of a feeding site and could result in reporting
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false positives when recording bait efficacy from only one site. In the United States, for
example, termite bait practitioners often consider two consecutive months of inactivity,
following bait consumption, as an indication of elimination of a termite “colony.” Yet in our
control group (Population 1) we recorded two consecutive months without activity from
all four IPs during 1997 despite no attempt at control (figure 2). The “disappearance” of
termites from a feeding site is not an uncommon phenomenon. We have reported that up
to 30% of the termite populations we identify in the field “disappear” (more than 7 months
of no activity) every year without any intervention other than routine collecting (Forschler,
1996; Forschler and Ryder, 1996). In practice this “normal” fluctuation in termite activity
would have been considered a successful elimination of that “colony.”

Two other case histories, Populations 2 and 5, present additional problems in interpre-
tation. These case histories would represent a treatment failure using the field techniques
commonly employed for the past decade (MRR and phenotypes) because termite activity
was not completely eliminated from all of the IPs visited by the targeted population (Su
and Scheffrahn, 1996; Thorne and Forschler, 2000). However, when the genetic sequence
data are considered, because the MLs exposed to fipronil-treated bait “disappeared” after
treatment, some degree of population impact can be claimed (figures 3 and 6).

Population 2, according to MRR conducted in 1994, consisted of a group of subterranean
termites using three IPs (figure 3). Phenotypic similarity led us to assume that we continued
to observe a single population from 1994 to 1999. In 1997 this population was represented
by a single ML (2.1). In 1998 and 1999 a different ML (2.2) was collected from one of the
three IPs, #12 (figure 3). Thus if we assume a single queen or monogyne colony structure
and determine the populations by MLs the treatment could be deemed a success. Population
impacts can be claimed because the ML (2.1) exposed to the treatment disappeared from
our field of view after bait application. This claim centers on the assumption that ML 2.2
was not a functional, resource-sharing partner to ML 2.1—at least when bait was present
(March–May of 1998) (figure 3).

The DNA marker data also provide insights into Population 5 that suggest a population
impact following treatment (figure 6). Termites collected from these three MRR-connected
IPs displayed consistent phenotypes during 1996 to 1999, reinforcing the perception of
a single termite “colony.” Mitochondrial sequence data, however, indicated that a more
complex social organization was present prior to, during, and after bait application. The
two MLs (5.1 and 5.2) identified in 1997 “disappeared” prior to bait placement. Further
complicating interpretation of the population parameters for this group is that the MLs
(5.3 and 5.4) recorded during baiting in 1998 were replaced by another ML (5.5) in 1999
(figure 6). Thus, by defining the targeted populations using ML data, and disregarding the
probability that the MLs collected prior to treatment “disappeared” of their own volition, we
could declare a successful treatment. The justification for that claim lay in that the maternal
genotypes present during treatment were not collected for at least 12 months after treatment.

Case histories 2 and 5 would be considered treatment failures using MRR, hydrocarbon-
phenotype, aggression bioassay, and morphometric similarities to delineate the populations,
and a success if delineated by MLs. This apparent paradox is the result of two facts: our
lack of understanding of subterranean termite social structure and the assumptions made in
field research aimed at population management.
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The question at the heart of measuring the efficacy of a termite population management
control strategy remains, What is a termite colony? A simple definition of a biological
colony according to Webster’s New World Dictionary is “a group of similar animals living
together.” This broad definition would be acceptable to most biologists, but defining what
“living together” means within the context of a group of subterranean termites collected
from the field is complicated by their cryptic, mobile lifestyle and diffuse network of
interconnected feeding sites. We can propose several possible explanations to describe a
functional termite colony based on the data collected during these studies. The first set of
explanations is based on the concept that a termite colony is organized around a single
queen.

Membership in a monogyne termite colony can be defined solely on the basis of mater-
nal lineage because all offspring of a single queen (the colony members) carry a duplicate
copy of their mother’s mtDNA (Birkey et al., 1983). Therefore, under the monogyne ter-
mite colony scenario, our data indicate the complete inadequacy of MRR and phenotypic
techniques for delineation of colonial associations. Intuitively, MRR and phenotypic simi-
larities should identify groups of termites that are—at least—capable of sharing resources
and cooperating. The appearance of termites representing two different MLs at the same
IP could be indicative of several conditions given a monogyne social structure. One is that
the disturbance caused by sampling moves termites to feeding sites not normally occupied
by that population. Our previous work with kin recognition has demonstrated that termites
of different species can coexist in artificially contrived situations—so why not, for a time,
under field conditions (Polizzi and Forschler, 1999)? Given the temporal nature of the data
obtained by sampling we could be recording a temporary and anomalous condition when
a few marked termites appear at another IP. By assuming that the connections recorded
by MRR are continuous, researchers could be overestimating subterranean termite societal
relationships. This becomes especially important when using multiple MRR protocols that
mark all termites from each IP where marked termites were recovered in subsequent mark–
release episodes (Grace et al., 1989; Su et al., 1993; Haagsma and Rust, 1995; Forschler and
Townsend, 1996; Forschler and Ryder, 1996). Multiple MRR techniques could therefore
grossly overestimate colonial associations.

The second scenario under the monogyne colony concept is that termites from several
colonies will occasionally and purposefully share resources but maintain separate colony
affiliations. Maternal lines could indicate separate, functional colony units that sometimes
coalesce with, and at other times remain distinct from, neighboring colonies. This is similar
to the “open and closed societies” proposed by Clement (1986), which resulted from his
examination of subterranean termite populations using isoenzyme analysis and agonism
bioassay. The climate of the area where he worked displayed distinct wet and dry seasons,
and the termite populations he studied showed seasonality corresponding to the “open”
(coalescing) and “closed” (separate) phases. Our maternal gene sequence data from Pop-
ulations 1, 2, and 5 raise the possibility that Reticulitermes societies can display “open”
and/or “closed” phases yet retain a monogyne functional colony unit (figures 1, 3, and 6).
No seasonality is evidenced with our data. We could, however, describe the elimination
of ML 5.3 and ML 5.4 as having caught those populations in an “open” phase (figure 6).
The failure of our treatment to eliminate both ML 2.1 and ML 2.2 in Population 2 could
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be explained by our having placed the termiticidal bait during a “closed” phase while the
MRR was conducted, in both instances, during an “open” phase (figure 3).

The site fidelity displayed by the MLs in the control group (figure 1) was unexpected
given our past experience (Jenkins et al., 1999). However, it corroborates the site fidelity
noted in recent MRR studies with a mound-building Rhinotermitid, Coptotermes spp., in
Australia (Evans et al., 1998) and the kin-biased foraging, as reported by Kaib et al. (1996) in
another nest-building Rhinotermitid, Schedorhinotermes spp., termite from Africa. We can,
therefore, propose a colony organization with multiple primary queens (primary polygyny)
to explain why the Rhinotermitid populations, Reticulitermes spp. we examined might
contain multiple MLs. Under this scenario, the offspring of a single queen, would in general
forage, feed, and “hang out” mostly with their brothers and sisters (same maternal line).
The fact that we occasionally found marked termites in locations consistently occupied by
different MLs (Populations 1, 2, and 5) would thus be explained. In a polygyne subterranean
termite colony displaying kin-biased associations, the offspring of several queens would be
in contact with one another through a system of underground tunnels connecting several
IPs. Termites would move freely between sites but for the most part congregate at IPs with
their siblings. Occasionally offspring from another queen within that “colony” would travel
to sites not generally occupied by their sibling group. The proportion of those that “cross
over” would be small, yet we would, on occasion, detect a marked termite at an IP not
normally visited by that ML.

Conclusions

Interpretation of the temporal data obtained from field studies of subterranean termites is, by
necessity, inference and assumption driven in order to accommodate events between sam-
pling dates. The terminology, therefore, used to define a subterranean termite population
must be explained within the context of the techniques used in a particular study. Clearly,
the use of a single technique, whether MRR, agonism bioassay, morphometric characters,
genetic markers, or chemotaxonomic phenotypes, provides valuable information on the po-
tential for social interactions. MRR can describe the movement of termites between feeding
sites and indicates the potential for sharing resources (Grace et al., 1989; Su et al., 1993;
Haagsma and Rust, 1995; Forschler and Townsend, 1996). Agonism bioassay provides in-
formation on kin recognition that could be indicative of the potential for subterranean termite
populations to coexist (Clement, 1986; Jones, 1990; Polizzi and Forschler, 1999; Haverty et
al., 1999). Morphometric and chemophenotypic data delimit additional character states that
can be used to infer potential connections (Haverty et al., 1996; Brown et al., 1996). Genetic
markers provide data regarding relatedness but are dependent on the technique and region
of the genome examined (Reilly, 1987; Jenkins et al., 1999). The information provided by
these techniques is appropriate only for the time and location of the collection and must be
interpreted with caution to account for the potential mobility of termite populations. The
only way, therefore, to elucidate fully the extent of termite population interactions is to
collect data over time using several, if not all, of the aforementioned techniques (Forschler
and Jenkins, 1999).
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The term “colony” must be clearly defined when testing a population management tool
like termiticidal bait. We propose, as a result of our lack of understanding of the functional
social structure of subterranean termite colonies, that implementation of termite population
management tactics must, at this time, be considered rudimentary (Forschler and Robinson,
1999). The science of urban entomology is in its infancy in providing realistic population
management strategies for subterranean termites. Today, termite bait techniques operate un-
der a zero tolerance action threshold that arguably is acceptable given the current technology
(Forschler and Robinson, 1999; Thorne and Forschler, 2000). This study demonstrates that
a Reticulitermes population can be composed of several matrilines that could be completely
independent or associated in one form or other and highlights the potential dynamic nature
of subterranean termite social interactions. It is critical that practitioners of termite baiting
realize that a vacancy after bait application can mean that a true colony was eliminated, or
that the lack of activity is temporary, due to movement. Regular inspections for evidence of
structural infestation are currently the only method of documenting value from a termite-
baiting program. Long-term, regular inspection of termite detection devices provides only
limited information—the presence or absence of termites at specific locations around a
structure. To implement true population management of subterranean termites, we must
have realistic measures of termite population parameters. Those measures should allow
assessment of the risk presented by termites detected in the vicinity of a structure and form
the basis of the decision-making process prior to implementation of a management sce-
nario. Defining what constitutes a functional termite colony should be the first step toward
designing realistic, environmentally friendly subterranean termite population-management
tactics.
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