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ABSTRACT

The Formosan subterranean termite is an important structural pest in the southern United
States, especially Louisiana. Baiting systems and spot treatment with non-repellent delayed
action termiticides are among the most eco-friendly control approaches. However, to achieve a
desired success from these approaches requires a sophisticated knowledge of foraging behavior
and food transfer system of these social insects. Moisture and temperature play a vital role in
influencing the foraging behavior of these desiccation prone insects. A series of laboratory
experiments were conducted to understand the subtleties of foraging behavior of Coptotermes
formosanus Shiraki in relation to moisture, relative humidity and temperature. Foraging
behavior, food consumption and distribution pattern were studied in a suitably designed sand
moisture gradient arena. Results showed that C. formosanus can adapt to a wide range of sand
moisture levels but not in dry and saturated sand. Next, termites were studied to determine how
combinations of various food moisture and temperature levels impact their foraging behavior. C.
formosanus was unable to maintain sustained feeding when the wood moisture was lower than
the fiber saturation point (~ 25% wt/wt). In the absence of moist soil, C. formosanus always
preferred the highest moisture wood with the optimum feeding and survival obtained at 28°C.

Relative humidity and temperature mainly determine the water loss from an organism.
Soldiers and workers of C. formosanus, which are extremely prone to desiccation, were exposed
to various temperature and relative humidity conditions to determine their survival. Even the
near saturated relative humidity (~99%) level was not sufficient to keep them from desiccating,
indicating that a continuous supply of moisture either from moist substrate or food is required for
their normal survival. Likewise, impact of food source disturbance on termites’ escape behavior

was studied with wet versus dry sand conditions in the periphery of the food source, and its



implications for termite baiting is discussed. Finally, exploratory tunneling behavior was
examined in different substrates in different moisture and temperature situations. With the same
moisture level, sand was found to be the preferred substrate for aggregation and tunnel

construction to sandy loam and loam.

Xi



CHAPTER 1

INTRODUCTION



Termites

Termites are eusocial insects with a complex social system (Wilson 1971). They belong
to the order Isoptera, which in Greek means equal wings, referring to the similar size, shape and
venation of the four wings in adults. They are polymorphic and live in large communities of
several hundred to several million individuals (Henderson and Fei 2002). As eusocial insects,
they are characterized by 1) an overlapping of generations, 2) cooperative care of young, and 3)
presence of a reproductive division of labor, or a caste system comprising of workers, soldiers
and reproductive forms (Wilson 1975, Henderson and Fei 2002). Termites are among the non-
hymenopteran eusocial arthropods evolved separately from the social Hymenoptera (Donovan et
al. 2000).

Origin and Phylogeny

Termites are reported to have evolved approximately 200 million years ago (Krishna
1992) from cockroach-like insects (Prestwich 1983). Systematists generally agree that mantids,
cockroaches and termites, which form a super order Dictyoptera, are phylogenetically closely
related (Boudreaux 1979, Henning 1981). However, the exact relationship of termites with the
other two dictyopterans is not yet fully resolved (Eggleton 2001). Cleveland et al. (1934)
suggested that termites might be closely related to the social wood-feeding cockroach
Cryptocercus on the basis of morphological and behavioral similarities as well as shared
flagellate gut symbionts between Cryptocercus nymphs and lower termite pseudergates, while
Boudreaux (1979) suggested that termites are the sister group of a mantid + cockroach clade and
Cryptocercus is placed within a cockroach clade, a view also supported by Thorne and Carpenter
(1992). Recent molecular studies by Maekawa et al. (1999) and Lo et al. (2000) have suggested

that termites are nested within the cockroaches.



Classification

Termites are classified into seven families where Mastotermitidae is placed as the most
basal termite group in the family tree (Donovan et al. 2000, Kambhapati and Eggleton 2000,
Thompson et al. 2000). Other termite families ordered from most basal to advanced are:
Hodotermitidae, Termopsidae, Kalotermitidae, Serritermitidae, Rhinotermitidae and Termitidae
(Donovan et al. 2000). Donovan et al. (2000) described all termite families except Termitidae as
lower termites. Although all lower termite families do not form a clade they have shared features
in having: a simple gut structure and symbiotic protozoans in their gut (Noirot 1995). Higher
termites, Termitidae, which are often described as the most derived family, represent about two
thirds of all described species (Donovan et al. 2000). Unlike many species of lower termites in
which workers are immature (“false workers” or “pseudergates”), all of the species of higher
termites possess a sterile worker caste (Noirot 1985).

Distribution

Termites are the major invertebrates in a tropical ecosystem (Wood et al. 1982, Collins
1983, Eggleton et al. 1996), with the highest species richness found in tropical forests (Eggleton
2000). They are sometimes referred to as “ecosystem engineers” due to their vital role in plant
decomposition (Wood and Johnson 1986) and other ecosystem services, such as altering soil
composition and structure (Lee and Wood 1971), improving drainage and aeration and
increasing exchangeable cations (Eggleton 2000, Holt and Lepage 2000, Donovan et al. 2001).
Termites’ niches include a wide range of terrestrial environments.

Food Habit and Economic Importance
Almost all species of termites feed on cellulosic plant materials at different stages of

decay (Bignell and Eggleton 2000) and specialized or occasional food may include fungi, algae,



lichens and members of their own colony (Wood 1978, Hinze et al. 2002). Cellulosic plant
materials include living, dead but fresh, dead decomposing and decomposed plant materials
(humus). In the quest of their staple food, cellulose, termites inflict indiscriminate damage to
even non-cellulosic materials causing significant loss to human interests. In the United States, a
conservative estimate of economic loss associated with termites is up to $11 billion annually (Su
2002). Due to this very destructive nature of termites, their important role in nature is often
overshadowed and people see them as harmful foes rather than ecological friends.

Termites have complex symbiotic relationships with gut microbes which help to break
the complex cellulose to simple digestible sugars (Breznak 2000). Lower termites have dominant
populations of flagellate protozoa in their guts (Inoue et al. 2000). In higher termites, however,
the flagellates have been lost and replaced by fungi and prokaryotes (in Macrotermitinae of
Termitidae) or prokaryotes alone (in other Termitidae) (Eggleton and Tayasu 2001).

According to their feeding habit and moisture requirement, lower termites are categorized
as drywood termites, dampwood termites and subterranean termites. Drywood termites
(Kalotermitidae) feed on sound dry wood (= 13% moisture) and do not need an extra moisture
source. Dampwood termites (Termipsidae) infest damp and decaying wood. Subterranean
termites attack moist wood and need a continuous supply of moisture for sustained feeding
(Potter 2004). For this, subterranean termites require some kind of contact with the ground soil,
or in the case of Formosan subterranean termites, ground contact can be cut off if the moisture
source is available above ground (Henderson and Fei 2002). Foraging in subterranean termites is
accomplished through the extensive excavation of soil to construct underground tunnels or
aboveground galleries around the nest, sometimes consisting of a number of satellite nests

connected by a tunnel network up to 100 m from the parent nest (King and Spink 1969).



Although there are more than 2600 described species of termites in 281 genera
(Kambhapati and Eggleton 2000), only 183 species are known to attack buildings worldwide and
83 of them are considered responsible for significant damage (Edwards and Mill 1986, Su and
Scheffrahn 2000). Subterranean termites constitute 80% of these economically important species.
In the United States, a total of 45 termite species have been reported (Su and Scheffrahn 1990a)
but only 9 of them are considered economically important. They include one higher termite,
Nasutitermes costalis (Holmgren); two drywood termites, Cryptotermes brevis (Walker) and
Incisitermes minor (Hagen); and six subterranean termites, Coptotermes formosanus Shiraki, C.
gestroi (Wasmann), Reticulitermes flavipes (Kollar), R. virginicus (Banks), R. hesperus Banks
and Heterotermes aureus (Snyder) (Su and Scheffrahn 1990a, Scheffrahn and Su 1995, Su et al.
1997, Scheffrahn et al. 2002, Baker and Marchosky 2005, Su et al. 2005).

The Formosan Subterranean Termite

The Formosan subterranean termite, Coptotermes formosanus Shiraki, was first described
from Formosa (Taiwan) in 1903 by Tokuichi Shiraki (Abe 1937). This termite is widely believed
to have originated in mainland China and transported to Japan and Taiwan in the 16" Century or
even before (Su and Tamashiro 1987). Introduction of this species to other tropical and
subtropical parts of the world is primarily by commerce (Su and Tamashiro 1987). This termite
was first reported from Hawaii at the advent of the 20™ Century and along the coast of the
continental United States in the mid-20" Century (Su and Tamashiro 1987).

The introduction of the Formosan subterranean termite in the mainland US is believed to
be through infested military cargo ships returned from Japan during World War 11 (Spink 1967,
Gay 1969). Although originally misidentified, C. formosanus was first reported from Charlseton,

South Carolina in 1957 (Chambers 1988) and eight years later, it was found in a Shipyard in



Texas (Spink 1967). In Louisiana, established colonies of C. formosanus were first discovered in
New Orleans and Lake Charles in 1966 (Spink 1967). Surveys done that same year indicated that
C. formosanus were introduced in the areas many years earlier (Spink 1967). Woodson et al.
(2001) reported that C. formosanus was found established in 11 states (including Louisiana) and
USAPHC (2010) reported the detection of isolated colonies of this termite in additional 4 states
namely Arizona, Arkansas, New Mexico and Virginia. Coptotermes formosanus disperse to new
habitats either by flying, budding or by passive transport (Forschler et al. 2001). Adults (winged
forms) are weak flyers, flying a maximum of 1 km from the parent nest (Messenger and Mullins
2005). Budding, a process where a portion of a parent colony loses contact or migrates away
from that parent colony, establishes a separate colony (satellite colony) by formation of
secondary reproductives (Thorne et al. 1999). Budding in Reticulitermes flavipes has been
reported via primary reproductives in Wisconsin where they ‘walk away’ from mother nest and
start a new colony (personal communication, G. Henderson). If not aided by man’s activities,
budding is also responsible for short distance dispersal. Dispersal through passive transport of
infested materials such as soil, wood or plant materials is the main mode of long distance
dispersal of this species (Spink 1967, Gay 1969, Weesner 1970, Oi 1998).

Coptotermes formosanus is the most destructive subterranean termite in Louisiana
(McMuichael 1998, Henderson 2001, Henderson and Fei 2002). Unlike native subterranean
termites, Reticulitermes spp., C. formosanus can attack water-bound trees, can establish above-
ground nests, can build colony populations to an extremely high number (up to several million
individuals) and is very aggressive in nature (Spink 1967, Tamashiro et al. 1980, Chambers
1988, Henderson 1996, Henderson 2001, Henderson and Fei 2002). Armed with all these

features, this invasive species is posing a huge challenge in Louisiana (and other southern states)



by attacking economically important structures such as buildings, homes, boats, utility poles,
railroad tiles and underground telephone poles, including live trees and mulches (Henderson and
Dunaway 1999, Henderson 2001). Recently, Henderson (2008) suggested that the piping on
sloped soil levees due to Formosan subterranean termites’ tunneling activities as well as eating of
bagasse in the floodwall seams may have possibly compromised the soundness of levee system
in New Orleans. New Orleans is believed to have the most severe infestation by C. formosanus
in North America, if not in the world (Lax and Osbrink 2003). The economic loss due to this
invasive pest was estimated to be over $1 billion nationwide with more than $300 million in New
Orleans alone (Suszkiw 1998, Lax and Osbrink 2003).
Control Strategies and Understanding Foraging Behavior

From time immemorial, humans have sought to protect their possessions from termites
with various measures. The history of termite control practices includes the use of wood
preservatives, physical barriers, application of liquid termiticides and baiting systems. Early in
the 1900s, arsenical compounds were popular wood preservatives (Randall and Doody 1934,
Preston 2000). Beginning from the late 1940s, the United States termite control industries began
to rely heavily on the use of cyclodiene (organochlorine) soil termiticides such as chlordane,
aldrin and dieldrin to prevent and control subterranean termites (Lewis 1980, Su and Scheffrahn
1990b). The cyclodienes became extremely popular termiticides as they were economical, very
effective and stable in soil, sometimes protecting homes from subterranean termites for decades
(Su and Scheffrahn 1990b, Grace et al. 1993). Unfortunately, the ‘panacea’ for subterranean
termites did not last long as people started to see the negative effects of these chemicals to the
environment and human health. Their long residual toxicity raised huge concerns about their

impact in the environment and their fat soluble nature resulted in biomagnification (accretion of



chemical in the fatty tissues) in humans and other animals (Carson 1962, Lewis 1980, Su and
Scheffrahn 1990b, Wood and Pierce 1991, Stevens et al. 1993, EPA 1998, Jitunari et al. 1995,
Nasir et al. 1998, Walker and Newton 1998). In 1988, EPA banned the use of these chemicals in
all forms (EPA 1998).

The next termiticides that came to the market were new formulations of
organophosphates (chlorpyrifos, pryfon) and synthetic pyrethroids. However, chlorpyrifos
quickly became unpopular due to its short residual activity and unwanted interaction with
environmental factors such as binding with clay and cellulose particles thus making it less
detectable and less toxic to subterranean termites (Lenz et al. 1990, Smith and Rust 1993). In
addition, chlorpyrifos was highly toxic to birds and aquatic animals and posed health risks to
human beings (Odenkirchen and Eisler 1988). These factors ultimately led the cancellation of its
use as a termiticide in 2000 (EPA 2000). Pyrethroids, on the other hand, effectively kill
contacted termites but their repellent property allows foragers to detect the chemical and avoid
the treated zones (Su and Scheffrahn 1990b, Rust and Smith 1993, Su et al. 1993, Forschler
1994). Therefore, instead of being killed, termites were more likely to be funneled to the
structures through the treatment gaps (Forschler 1994). Non-repellent and delayed action
termiticides, such as fipronil, imidacloprid and chlorfenapyr that appeared in the market from
late 1990s and early 2000s addressed some of the issues of earlier chemicals such as not
repelling the foragers and exhibiting delayed mortality thus allowing the termites to transfer
toxicants to their nestmates (Aventis 2001a, b, BASF Corp. 2001, Potter and Hillery 2001,
Wagner et al. 2003). However, all of these non-repellent termiticides are more expensive
compared to the cyclodiene termiticides that people were used to (Wagner et al. 2003).

Moreover, creation of a toxic soil barrier needs applications of large volumes of chemical in soil



which naturally raised concerns of the negative impacts to the environment (Su and Scheffrahn
1998, Potter and Hillery 2001, Verkerk and Bravery 2001).

With the continued issues of health risks and environmental hazards posed by the use of
liquid termiticides, renewed interest in termite baiting systems began to emerge in the United
States (Jones 1989, Tamashiro et al. 1991, Robertson and Su 1995). From the mid 1990s,
commercial termite baits, such as Sentricon™ system (active ingredient: hexaflumuron; Dow
AgroSciences), FirstLine® (active ingredient: sulfuramid; FMC Corp.), hydramethylnon bait
(Metabolic inhibitor; American Cyanamid Co.), Exterra® (active ingredient: diflubenzuron;
Ensystex), and other baits with different designs and active ingredients became available in the
market (Su et al. 1995, Pawson and Gold 1996, Henderson and Forschler 1997, Su and
Scheffrahn 1998, Potter et al. 2001). Subterranean termite baiting systems exploit the termites’
foraging behavior and their food transfer system (trophallaxis) to reduce the population or to
eliminate the entire colony from an area (Esenther and Beal 1979, French 1991, Su et al. 1995).
For a baiting system to succeed, foragers must find the bait stations, recruit more foragers,
consume sufficient amount of bait matrix, carry the toxicant back to the colony and transfer a
sufficient dose to the rest of the colony members by trophallaxis (Su 1995, Grace et al. 1996, Su
and Scheffrahn 1996, Grace and Su 2001). However, in practice, the subterranean termite
foraging behaviors are variable and not adequately understood (Thorne et al. 1996) thus the
success of a baiting system is also unpredictable (Forschler 1996).

Knowledge of termite foraging behavior is actually less important when the control
approach involves the use of wood preservatives or a large volume of soil barrier termiticides.
Success of baiting systems, on the other hand, relies heavily on the detailed understanding of the

complex foraging behavior of these cryptic social insects. Not only the baiting system but also



the spot treatment by non-repellent delayed action termiticides cannot be accomplished
successfully without understanding the subtleties of their foraging and food distribution systems.
However, subterranean termite foraging behavior is very unpredictable as it is influenced by an
array of biotic and abiotic factors. Of the abiotic factors, moisture and temperature probably play
the most important role in determining which areas are the most suitable for these desiccation-
prone insects (Emerson 1955, Rudolph et al. 1990). Previous studies (Delaplane and La Fage
1989, Rudolph et al. 1990, Sponsler and Appel 1990, Delaplane et al. 1991, Forschler and
Henderson 1995, Fei and Henderson 1999, 2002, Su and Puche 2003, Fei and Henderson 2004,
Nakayama et al. 2004, 2005, Hu and Song 2007, Cornelius and Osbrink 2010) have shed light on
some of the aspects of water and temperature relations of C. formosanus, however, there still
remain many questions unanswered. This dissertation attempts to answer some of those
unanswered questions by conducting a series of studies in the laboratory and discussing their real
world implications. More specifically, the studies examine the role of substrate moisture, food
moisture, relative humidity and ambient temperature on survival and foraging behavior of
Formosan subterranean termites.

The dissertation is divided into seven chapters where the first chapter is a general
introduction on termites and their economic importance with particular emphasis on Formosan
subterranean termites. The study in the second chapter investigates how sand (substrate)
moisture level impacts the feeding and habitat selection by these cryptic insects. Since substrate
moisture and food moisture are different things, the study in the third chapter examines how
various wood moisture levels and ambient temperatures influence their foraging behavior and
survival. After understanding the role of substrate moisture and food moisture in their foraging

behavior, the study in the fourth chapter demonstrates the influence of various relative humidity

10



and temperature levels on the survival of these desiccation prone termites in starved condition.
The fifth chapter describes a study that attempts to find an answer whether a mechanical
disturbance cause C. formosanus to abandon the already attacked food, and also to assess the
difference in escape behavior when the substrate in the periphery of the food source varies in
moisture content. This study will have implications in termite baiting systems where an
inevitable disturbance occurs during inspection of monitors and/or replacement with baits.
Finally, in the sixth chapter, an examination of the exploratory tunneling behavior of these
cryptic insects in various substrate types, substrate moisture content and ambient temperature
conditions is conducted. The seventh and the last chapter provides a summary of all the studies.
The findings from these studies are important in contributing to the overall understanding of the
foraging behavior of C. formosanus and hopefully will aid in the design of more robust, more
economical and more environmental friendly termite management practices.
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CHAPTER 2

EFFECTS OF SAND MOISTURE LEVEL ON FOOD CONSUMPTION AND
DISTRIBUTION OF FORMOSAN SUBTERRANEAN TERMITES (ISOPTERA:
RHINOTERMITIDAE) WITH DIFFERENT SOLDIER PROPORTIONS!

! Reprinted by permission of “Journal of Entomological Science”
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Introduction

Field studies have indicated that subterranean termites display seasonal variation in
activity (Haverty et al. 1974, Haagsma and Rust 1995, Forschler 1996), which is perhaps
influenced by extrinsic factors such as moisture and temperature (Haverty et al. 1974). Moisture
is one of the most important environmental requirements for the survival of subterranean
termites. Because of their soft cuticle with poor water-retaining properties (Moore 1969),
subterranean termites lose moisture through the integument more readily than from respiration
(Sponsler and Appel 1990) rendering them very susceptible to desiccation. Subterranean termites
obtain moisture either from the abiotic environment or from the food source. The water content
of the food source is, in turn, directly dependent on the water content of the substrate or soil
where the food source is located (Williams 1934). The moisture content of the nest material
provides a glimpse of their habitat moisture requirements. Sponsler and Appel (1990) examined
the nest material of several species of subterranean termites and reported a moisture content
ranging from 23 - 60% by weight. The variation in the moisture content of the nest material may
be due to the different types of substrates used by the different species of the termites and their
ecological requirements.

Green et al. (2005) studied the substrate moisture preference for 3 species of
Reticulitermes and reported that Reticulitermes flavipes (Kollar) and Reticulitermes tibialis
Banks had a slightly narrower substrate moisture preference range than Reticulitermes virginicus
(Banks). Unlike Reticulitermes spp., Coptotermes formosanus Shiraki is not native to the US and
is an extremely aggressive species (Tamashiro et al. 1980) that poses a greater threat to wooden
structures. Henderson (2001) reported a dramatic increase in the number of parishes in Louisiana

infested by C. formosanus by the end of 1990s, reaching 29 parishes from only 5 or 6 infested
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parishes reported by La Fage (1987). One of the main factors for its successful establishment in a
new area is its ability to forage and adapt to the new environment. Unlike its native counterparts,
C. formosanus is known to build above-ground nests in trees and buildings (King and Spink
1969) thereby reducing their dependency on below-ground nests (Forschler and Henderson 1995,
Henderson and Fei 2002). The adaptation of C. formosanus to the environment separated from
ground soil leads us to hypothesize that they readily forage in substrates having a relatively wide
moisture range. Although there have been some studies involving the moisture effects on C.
formosanus (Forschler and Henderson 1995, Fei and Henderson 1999, Su and Puche 2003), no
studies have been conducted to determine their substrate moisture level preference in multiple
choice situations.

Soldier proportion in C. formosanus varies seasonally, which is regulated by both
environmental as well as colony factors (Haverty 1979, Waller and La Fage 1988, Delaplane et
al. 1991, Henderson 1998, Mao et al. 2005). Wells and Henderson (1993) suggested that the
abnormally low number of soldiers in the foraging population of C. formosanus showed less
movement into new areas as compared with high number of soldiers while foraging. We were
interested to see if high or low soldier proportion has any role in the selection and aggregation
among various soil moisture levels. This study, therefore, was aimed at determining the substrate
moisture level preference for distribution and consumption by C. formosanus with different
soldier proportions in a 3-dimensional discrete moisture gradient arena.

Materials and Methods

Termites. Workers and soldiers from 3 colonies of Formosan subterranean termites were

collected from Brechtel Park, New Orleans, LA, on 29 May, 14 June and 26 July 2007 using

milk crate traps. This trap consists of a plastic milk crate (external dimension: L =33.2, W =
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33.2 and H = 28.1 cm; Rehrig Pacific Company, Los Angeles, CA) that houses a wooden lattice
structure composed of 44 pieces of softwood lumber of 2 different dimensions viz., 3.5 x 3.5 x
29.5 cm (for horizontal arrangement) and 3.5 x 3.5 x 27 cm (for vertical arrangement). A
potential Formosan subterranean termite infested area is identified in the field by inspecting in or
around live and dead trees, logs, tree stumps or any type of wooden structure. Once an area has
been identified as infested with the termites, the crates are buried within a few meters of the
infested spot and covered with 3 - 5 cm of soil. After 3 - 6 wks, the crates are examined for
termite infestation by pulling 1 or 2 wood pieces out of the crates. If sufficiently infested, the
crates are retrieved and replaced with new ones.

For the present experiments, termites were maintained in the laboratory for 1 — 3 months
before they were used in the bioassays. Healthy and uniform-looking (by size) termites were
collected using moist brown paper towels as described in Gautam and Henderson (2008).

Bioassay. The bioassay arena was constructed with 7 peripheral plastic containers (8.5
cm diam x 3.4 cm) and 1 central container (12.4 cm diam x 3.6 cm) (Pioneer Plastics©, North
Dixon, KY).The central container (release chamber) was connected to all the peripheral
containers (moisture chambers) with clear vinyl tubes (9.5 mm outside diam, 6.5 mm inside
diam, Watts Clear Vinyl Tubing, North Andover, MA) and all the peripheral containers were
connected side by side in a way that termites could have easy access from one chamber to
another through the tubes (Fig. 2.1).

Forty grams of dry sterilized sand (fine beach sand) were put in each peripheral
container. Distilled water was then added to create the required moisture content, viz., 4%, 8%,
12%, 16%, 20%, 24% and 28% wt/wt where 28% was the saturation level. The sand moisture

level in the peripheral chambers was increased sequentially from one direction (left to right in
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Figure 2.1. Moisture gradient bioassay arena with the central release chamber containing dry
sand (0% moisture) with no filter paper and the peripheral chambers containing sand having
moisture levels from 4 to 28% with a filter paper disc as a food source. Chambers are connected
in a way that termites can go to all the chambers from the central chamber and they would have
access to both higher and lower moisture chambers from any of the peripheral chambers (FP:
filter paper, SM: sand moisture).

some replications and right to left in others) to maintain a moisture gradient in the arena. The
sand and water was evenly mixed with a steel rod and leveled. The central chamber contained 80
g of dry sand. Dry filter paper discs (42.5 mm diam, Whatman®) were weighed and placed in
each of the peripheral chambers as a food source. No filter paper was put in the central release
chamber. After 2 h, the moisture content of each filter paper was measured and found to be
>100% by weight, i.e., even at 4% sand moisture chamber the moisture content of the filter paper
was very high. The relative humidity (RH) was also near saturation (> 98%) in all the moisture
chambers regardless of whether the sand moisture level was 4 or 28%, possibly because the
airspace inside the closed container was very small and became saturated with just a little

amount of moisture from the substrate.
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Three hundred termites with 3 different soldier proportions, viz., 4% (low), 16% (normal)
and 32% (high) were released in the central release chamber. Three colonies of termites were
used for the experiment with 3 replications for each soldier proportion from each colony.
Altogether, 27 experimental arenas were prepared. The experimental arenas were then placed in
a dark corner of the laboratory at 24 + 1 °C. Preliminary tests were conducted to determine the
water loss after 5 d in the plastic containers that were set up identical to bioassays but without
termites. The weight of the containers taken before and after 5 d indicated that there was no
substantial change in moisture level for any treatment chamber.

Daily inspections were made to record foraging patterns, particularly the aggregation
pattern of the termites and movement from one moisture level to another. On day 6, the
experiment was terminated. The chambers were carefully, but quickly, detached from each other
and the openings of the chambers (or tubings) were sealed with Parafilm® immediately. The
filter papers were removed, cleaned of any debris with soft forceps and a small brush and air-
dried before taking weights. The loss of weight before and after the experiment was the
estimation of the filter paper consumption. Location counts of the termites in each chamber were
conducted by dumping the sand from each container into a large plastic tray and counting
termites.

Statistical Analysis. Data were analyzed using SAS software (SAS 9.1, 2002 - 2003). To
stabilize the variance, data were transformed using appropriate transformation methods. Location
count data were square-root transformed, and the consumption data were log transformed before
they were subjected to analysis of variance using proc mixed models. Means were compared

using Tukey's honestly significant difference (HSD) at a = 0.05. Untransformed means were used
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for reporting. A simple linear regression analysis was conducted to determine the relationship
between distribution and consumption.
Results

Distribution (Aggregation). Colony had no significant effect on termite distribution in
different moisture chambers (F= 0.07; df = 2, 206; P- 0.9337). Similarly, soldier proportion also
had no significant effect on termite distribution (F= 0.11; df = 2, 206; P = 0.9001). Because there
were no colony and soldier proportion effects, the data for all 3 colonies and 3 soldier proportion
were pooled to determine the effects of sand moisture levels. Sand moisture level had a
significant effect on termite distribution (F= 6.39; df = 7, 192; P< 0.0001). Tukey's HSD
revealed that there were no significant differences in distribution among moisture levels from 4 -
24% but significant differences were present when these moisture levels were compared with
either 0 or 28% moisture levels (Fig. 2.2). The distribution pattern as shown in Fig. 3 was
obtained only after calculating and using the average of all 27 replications, which differed from

each individual replication (or experimental arena).
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Figure 2.2. Mean = SEM distribution of Formosan subterranean termites in various moisture
chambers recovered at the end of termination 6-d bioassay. Means with the same letter are not
significantly different ( P > 0.05) using Tukey’s HSD.
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Figure 2.3. Distribution pattern of Formosan subterranean termites at various moisture chambers
for 3 individual replications (A, B, C).

Immediately after release, termites began to explore the surroundings of the dry release
chamber. They quickly found their way out through the peripheral tubes leading to the moisture
chambers. After a few minutes, the release chambers were completely evacuated, and termites
were gathered in one or more of the peripheral moisture chambers. In the initial few hours,

termites were observed moving from one moisture level to another except for the one with
28



saturated sand moisture level (28%), where they would immediately retreat to the 24% or 4%
moisture level, depending on the direction from which they arrived. Similarly, termites would
not go back to the dry sand chamber. From day 2, there was clear evidence that termites
aggregated to 1 of the 6 moisture chambers ranging from 4 - 24% in each replicate. Examination
of each experimental arena revealed a distribution pattern where about 70 - 80% of the released
termites aggregated in 1 of the 6 moisture chambers and the remainder of the termites were
distributed in the remaining 5 of the 6 moisture chambers. A sample of individual experimental
arenas showing the distribution pattern of the termites is shown in Fig. 2.3(A, B, C). All 27
experimental arenas exhibited this distribution pattern. Table 2.1 shows the number of
experimental arenas (replications) that termites aggregated in a particular moisture chamber.
Once the termites were found to be aggregated in a chamber with a specific moisture level, the
majority of the termites remained in the same chamber for the entire experimental period, i.e., for
6 d (Table 2.2). Although termites wandered from one chamber to another, the movement did not
change the overall distribution pattern.

Table 2.1. Number of experimental arenas showing the aggregation of termites in different sand
moisture levels out of total 27 experimental arenas

Sand moisture level # experimental arenas termites aggregated
(% by wt.) (Out of total 27)
0 0
4 5
8 4
12 5
16 4
20 6
24 3
28 0
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Table 2.2. Termite aggregations from day 2 to day 6 in various sand moisture chambers

Treatments Termite aggregation in different sand moisture %
2" day 3%day 4Mday 5™day 6"day

4% soldier Colonyl  R1 12%, 16% 12%, 16%  12% 12% 12%

R2 4% 4% 4% 4% 4%

R3 24% 24% 24% 24% 24%

Colony2 R1  20% 20% 20% 20% 20%

R2 8% 8% 8% 8% 8%

R3  20% 20% 20% 20% 20%

Colony 3 R1 4% 4% 4% 4% 4%

R2  20% 20% 20% 20% 20%

R3  12% 12% 12% 12% 12%

16% soldier Colony 1 R1 8% 8% 8% 8% 8%

R2 4% 4% 4% 4% 4%

R3 8% 8% 8% 8% 8%

Colony 2 R1 16% 16% 16% 16% 16%

R2  24% 24% 24% 24% 24%

R3  20% 20% 20% 20% 20%

R2 8% 8% 8% 8% 8%

R3 8% 8% 8% 8% 8%

32% soldier Colony 1 R1 16% 16% 16% 16% 16%

R2  20% 20% 20% 20% 20%

R3  16% 16% 16% 16% 16%

Colony 2 R1 4%, 12% 4%, 12% 12% 12% 12%
R2 4% 4% 4% 4% 4%, 8%

R3  16% 16% 16% 16% 16%

Colony 3C1 4% 4% 4% 4% 4%

C2 20% 20% 20% 20% 20%

C3  20% 4% 4% 4% 4%

Consumption. Colony had no significant effect on filter paper consumption (F = 1.13; df

=2, 180; P=0.3262). Similarly, soldier proportions also had no significant effect on filter paper
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consumption (F= 0.25; df = 2, 180; P = 0.7828). Owing to no significant effects of colony or
soldier proportions on consumption, the data were pooled to determine the effects of sand
moisture levels. Sand moisture had a significant effect on filter paper consumption (F= 18.24; df
=6, 166; P < 0.0001). Filter paper consumption by the termites in the respective chambers
corresponded to their distribution (r = 0.829; Fig. 2.4). Tukey's means comparison showed that
filter paper consumption at 28% moisture level was significantly lower (in fact, it was almost
nonexistent) as compared with 4 - 24% moisture levels. However, no significant difference in
filter paper consumption among 4 - 24% was observed (Fig. 2.5). Like the distribution pattern,
the consumption pattern of individual replication also was very uneven; however, by using the

average of all 27 replications we obtained the consumption graphs as shown in Fig. 2.5.
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Figure 2.4. Relationship between numbers of termites retrieved in various moisture chambers
and the filter paper consumption in corresponding chambers.
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Figure 2.5. Mean + SEM consumption of filter paper in various moisture chambers by Formosan
subterranean termites over the 6-d bioassay. Means with the same letter are not significantly
different (P > 0.05) using Tukey’s HSD.
Discussion

Acceptable Range of Substrate Moisture for Foraging. The distribution pattern of C.
formosanus to different moisture chambers in multiple choice arenas suggests that a range of
substrate moisture levels are acceptable for C. formosanus provided other conditions are suitable.
Populations of subterranean termites often encounter different levels of moisture in nature
(Forschler and Henderson 1995). This may range from absolutely dry to full saturation or even
inundation. The fact that Formosan subterranean termites are found to infest water-bound trees
and are abundant in areas near levees (Forschler and Henderson 1995, Henderson 2008) suggests
that they may be able to forage near areas having a high moisture level. It is also possible that
their presence near waterways reflects their mode of dispersal via ships. On the other hand,
unlike Reticulitermes spp., C. formosanus constructs above-ground nests (King and Spink 1969,

Forschler and Henderson 1995), sometimes in complete isolation from the ground nest indicating

their ability to forage in relatively dry substrates. The current study confirmed that C.
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formosanus randomly foraged in the treatment chambers that had a range of sand moisture levels
from 4 - 24%. Although C. formosanus exhibits a range of acceptable moisture levels
preferences, they immediately evacuated the dry sand chamber, indicating that they quickly
avoid the unfavorable conditions. Our preliminary test with a filter paper in the center dry sand
chamber had shown that termites would not stay in the dry sand chamber irrespective of filter
paper presence. In this chamber, the filter paper was also dry, and the relative humidity of the
chamber was very low (~55%). A couple of termites that were present in the dry sand chamber
were found dead by the next day. We believe that subterranean termite nest and gallery systems
are designed to maintain a required moisture level and high RH.

Our results suggest that C. formosanus activities would be drastically reduced if
substrates are saturated. This is consistent with the findings of field studies by Forschler and
Henderson (1995) who reported a sharp decline in subterranean termite populations in the field
due to heavy rainfall. Similarly, Snyder (1962) reported the elimination of Reticulitermes from
an area coupled with frequent inundations. In the present experiment, we observed that C.
formosanus avoided the saturated substrate. However, when suddenly inundated with water
subterranean termites were found to enter a state of quiescence until more favorable conditions
prevailed (Forschler and Henderson 1995).

The moisture-retaining capacity of any soil primarily depends on the soil type. The sand
substrate that we used in the present study has a low water retention property, with a saturation
point at 28% by wt. Addition of clay or vermiculite in the sand would increase the moisture
absorption capacity making the saturation point higher. A mixture of equal volume of sand and
vermiculite (saturation point: 55% by wt.) was used by Green et al. (2005) to test the substrate

moisture preference for 3 species of Reticulitermes. They reported that most R. flavipes and R.
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tibialis showed the substrate moisture preference range of 35 - 55% and R. virginicus 25 - 55%
in multiple choice arenas having moisture gradient from 5 - 55%. Although it may not be
appropriate to directly compare their study with our present study because of different substrates
used, all indications are that Formosan subterranean termites can forage in a relatively drier
substrate as compared with Reticulitermes spp.

Our present results showing no significant difference in filter paper consumption by C.
formosanus among 6 moisture chambers (from 4 - 24%) is consistent with the field findings on
R. flavipes by Potter et al. (2001) who showed that there was no significant difference in damage
rate (bait consumption) between Sentricon® (Dow AgroSciences, INpolis, IN) stations placed in
soil having different moisture levels. Henderson et al. (1998) documented that ground monitors
placed near areas considered conducive for subterranean termite activity, i.e., near water and
food sources were attacked in greater numbers. Interestingly, according to the present findings,
any soil surface that is not completely dry or saturated might be an area conducive for C.
formosanus from a moisture point of view. This, perhaps, makes it even more complex to predict
the probable area of C. formosanus infestation but may help in avoiding the risks of overlooking
possible infestation sites based on some preconceived notion.

Aggregation Pattern. Aggregation is defined as a higher temporal and spatial density of
individuals than in the surrounding area (Southwood 1966, Camazine et al. 2001). It is one of the
most basic social phenomena, especially in social insects like termites (Deneubourg et al. 2002).
Mutual interactions mediated by information transfer among individuals result in the origin and
stability of social aggregates. This can induce group behaviors that are not merely the sum of
individual behaviors (Parrish et al. 1997). Group behaviors, like trophallaxis, allogrooming and

contact stimulation furnish the organizational glue to keep termite colonies cohesive and
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functional (Nalepa and Bandi 2000). In the present experiment, we reported that C. formosanus
aggregated in various moisture chambers. Aggregation to a particular chamber may have been
evoked by the trail pheromone produced by the pioneer foragers. However, it is surprising that
sand moisture levels ranging from 4 - 24% seemed to be equally acceptable sites for aggregation.
We noticed that termites started to aggregate in one chamber after a few hours of the release and
by the second day aggregations were observed in all the experimental arenas. By visual
estimation, about 70 - 80% of the total released termites were found to be aggregated in one
chamber from day 2 to day 5. This held true when we counted the termites on day 6 after
terminating the test. Moreover, the aggregation was consistently on the first chosen chamber
throughout the experimental period (6 days) in all the experimental arenas indicating that C.
formosanus feed heavily on the first attacked food before they move to the next one. Previous
studies have also reported that C. formosanus remained longer and consumed heavily on the first
attacked food whereas Reticulitermes spp. were not found so (Delaplane and La Fage 1987,1989,
Polizzi and Forschler 1999). The results from the present experiment suggest that there is an
equal probability of finding groups of C. formosanus in a soil irrespective of the soil moisture
levels except dry or saturated conditions. This type of random aggregation pattern exhibited by
C. formosanus in a wide range of substrate moisture levels should be taken into consideration
when placing monitors and baits in termite baiting systems.

Role of Soldiers in Aggregation. The primary role of soldiers in a termite colony is
defense (Deligne et al. 1981, Mill 1982, Noirot 1990). In some species, in addition to alarm and
defense, soldiers also are found to play a leading role in food search. For example, Nasutitermes
costalis (Holmgren) soldiers are reported to be responsible for discovering new food sources and

communicating their find to workers (Traniello 1981). On the other hand, worker-initiated
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foraging has been reported in species like R. santonensis Feytaud and R. flavipes where soldiers
arrive after the food source has been found (Robson et al. 1995, Reinhard et al. 1997). These
termite species have rather low numbers of soldiers (1 - 5%) in their population. The role of
soldiers in food search in foraging population of C. formosanus is not well established. Wells
and Henderson (1993) reported that C. formosanus with low numbers of soldiers (2.4%) showed
less tendency to move to new locations as compared with groups having a higher soldier
numbers (18.3%). They speculated that soldiers may be responsible for movement into new
areas. In the present study, although we did not determine if soldiers had a leading role in
initiation of the movements, we demonstrated that termite aggregation preferences for different
sand moisture levels were not affected by soldier proportion.
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CHAPTER 3

WOOD CONSUMPTION BY FORMOSAN SUBTERRANEAN TERMITES (ISOPTERA:
RHINOTERMITIDAE) AS AFFECTED BY WOOD MOISTURE CONTENT AND
TEMPERATURE?

2 Reprinted by permission of “Annals of the Entomological Society ofAmerica”
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Introduction

Moisture is one of the most important environmental requirements for the survival of
subterranean termites (Collins 1969). Unlike many other insects, subterranean termites have a
very thin, soft cuticle that readily desiccates (Moore 1969, Sponsler and Appel 1990). As a
survival strategy, subterranean termites always associate with moist and humid environments.
Moisture can be obtained from many sources, including metabolic breakdown of sugars (food
source) and wet food materials (Pearce 1997). Wood being the principle food of subterranean
termites, its moisture is one of the important factors that affect their mode of feeding and
ultimately their survival. Delaplane and La Fage (1989) suggested that high moisture content
makes wood bber soft and easy to masticate. They also reported that Coptotermes formosanus
Shiraki (Isoptera: Rhinotermitidae) preferred wet wood blocks over dry blocks. Behr et al.
(1972) showed a positive correlation between wood moisture level and the feeding by
Reticulitermes flavipes (Kollar).

In addition to moisture on the food source, relative humidity of the surrounding
atmosphere is of utmost importance to subterranean termites. Generally, high moisture on the
food source contributes to increased atmospheric humidity. However, high relative humidity
alone may not be sufficient for long-term survival if the food moisture content is not adequate.
Although wood and nest material moisture level of >16% makes the relative humidity of termite
galleries near saturation (Sponsler and Appel 1990), R. flavipes cannot survive on wood having
<16% moisture (McManamy et al. 2008).

Temperature is another important factor for feeding and survival of subterranean termites.
The highest feeding rate by C. formosanus was reported at 30°C (Nakayama et al. 2004). By

employing an acoustic emission (AE) technique, Imamura and Fuji (1995) reported the highest
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wood-attacking activity by these termites at 36°C. However, despite feeding rate being the
highest at these temperatures, termite survival is the critical factor for total consumption. The
highest survival of C. formosanus as reported by Fei and Henderson (2002) was obtained at
30°C. Given the importance of these factors, a fluctuation in either moisture or temperature will
impact the overall termite consumption and survival. Previous studies were undertaken either at
one constant temperature with different moisture levels or one constant moisture level with
different temperature conditions (Smythe and Williams 1972, Delaplane and La Fage 1989, Feli
and Henderson 2002, Nakayama et al. 2005). For example, Fei and Henderson (2002) reported
that wood consumption rates increased with increase in temperature, up to 30°C, but did not look
at the impacts by change in wood moisture level. Similarly, Delaplane and La Fage (1989)
considered only the moisture content change in wood but did not consider the impacts by
fluctuations in temperature. Given that environments are often heterogeneous, these studies may
not determine the optimum temperature and wood moisture combination for termites. Our
present study examines the impact of several ambient temperature and initial wood moisture
combinations on feeding and survival of C. formosanus at a constant high relative humidity
condition in both choice and no choice laboratory tests.
Materials and Methods

Termites. Formosan subterranean termites were collected from Brechtel Park and along a
floodway servitude bordering Tchoupitoulas Street in New Orleans, Louisiana in August 2008
using milk crate traps (Gautam and Henderson 2011). These termites were assumed to be from
different colonies based on the >1,000 m distance between the collection sites. The termites were

maintained in the laboratory for a maximum of one month before they were used for the
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bioassays. Healthy and active workers (externally undifferentiated larvae developed to at least
the third instar) and soldiers were selected for the experiment.

Modification of Moisture Content of Wood. Southern yellow pine (Pinus sp.) wood
was cut to equal sized blocks (1.9 x1.9 x 0.9 cm) with an electric band saw. The blocks were
oven-dried at 105°C for 24 hours and weighed. The blocks initially had 9-11% moisture content
at laboratory conditions and after oven-drying the dry blocks had moisture content from 0 to 3%.
This is because the oven-dried wood blocks had to expose for several seconds during the
weighing process and that probably increased the moisture content up to 3% in some blocks.
The dry blocks were then soaked in deionized water to make the desired initial moisture content
of the wood by weight. For high moisture content (125-150%), wood blocks were soaked in
water for 5 days. For medium moisture content (70-90%), the blocks were soaked for 5 hours.
Low moisture content (22-24%) was obtained by keeping the wood blocks in a container having
saturated relative humidity (RH) for 3 days. Finally, oven-dried wood blocks (0-3% moisture
content) were used as a control. The moistened wood blocks were weighed to determine the
moisture content before placing on the treatment dish and any blocks that had higher or lower
moisture content than a given range for a particular category were discarded from the tests.

No-choice Bioassay. The experiment consisted of 12 combinatorial treatments of four
wood moisture levels and three temperature levels. The three temperature levels, viz., 19°C,
28°C and 35°C were maintained in three incubators. Required number of wood blocks of four
different moisture levels were prepared as described above. A single block having designated
moisture content was placed in each Petri dish (100 by 15 mm, Fisherbrand, Thermo Fisher
Scientific, Waltham, MA) and 115 termites (103 workers and 12 soldiers) were released (Fig.

3.1A). Prior to this, termites required for the tests were counted and put in separate Petri dishes
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containing a moistened filter paper. A total of six replications were conducted with termites
taken from two different colonies. The Petri dishes were then placed in humidity chambers
(described below) to provide high relative humidity throughout the experiment and put in three
incubators set to the three different temperatures. No water was added to the units during the
bioassay period. On day 6, the units were taken down, termite mortality was recorded and the
wood blocks were cleaned and oven dried to calculate the total wood consumption.

Choice Bioassay. Choice tests used larger Petri dishes (100 by 15 mm, Fisherbrand,
Thermo Fisher Scientific) than the ones used for no-choice tests. Each dish consisted of four
wood blocks having four different moisture levels and 250 termites (200 workers and 25
soldiers) were released on the central point of the dish (Fig. 3.1B). The choice tests also
consisted of six replications with termites from two colonies. Total wood consumption and

termite mortality was recorded at the end of the experiment as described in the no-choice tests.

Wood block

Petri dish

Termite release point «———

Figure 3.1. (A) No-choice feeding test apparatus. (B) Choice feeding test apparatus.
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Preparation of Humidity Chamber. A Rubbermaid® clear box (capacity: 11.3 L,
Latchables, Rubbermaid Home Products, Fairlawn, OH) was filled with 1cm-thick layer of
sterilized sand. Distilled water was added to the level that the sand was oversaturated and a thin
film of free water was maintained. Three plastic plates were placed on top of the sand on which
the treatment Petri dishes were placed. Several holes were made into the lids of the Petri dishes
using a soldering iron and placed one above another in a way that the airspace inside each dish
was connected with the saturated airspace of the humidity chamber. The humidity chamber was
covered with aluminum foil to help maintain the saturated relative humidity inside the chamber
for the 6 d test period. Prior to this, the relative humidity inside the chamber was measured using
Testo® 625 humidity meter (Testo Inc., Sparta, NJ) and was found to be in saturated condition.
Preliminary tests were carried out to determine the relative humidity condition inside the
chamber for 6 days in the similar set up. The relative humidity measured daily for 6 days
indicated that there was a constant saturated humidity inside the chamber.

Statistical Analysis. Statistical analysis was performed using SAS 9.1 software (© 2002-
2003 SAS Institute Inc., Cary, NC). Colony effects were determined using two sample t-tests.
Analysis of variance (ANOVA) was performed to determine the effects of temperature, moisture
and interaction effects using proc mixed model. Tukey-Kramer’s honestly significant difference
(HSD) procedure was used for post-ANOVA comparisons. All significant levels were
determined at a. = 0.05.

Results

Temperature and wood moisture levels had significant and complementary roles in wood

consumption by C. formosanus. In the no-choice test there was a significant colony effect (T = -

2.23; df =70; P = 0.028). In both the colonies, wood consumption by C. formosanus
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significantly differed based on wood moisture (F = 124.04; df = 3, 59; P < 0.0001), temperature
(F =28.77; df = 2, 59; P < 0.0001), and wood moisture by temperature (F = 9.68; df =6, 59; P <
0.0001). In general, consumption of high moisture content (125-150%) wood was significantly
higher than low moisture content and dry wood at all three temperatures in both the colonies
(Fig. 3.2A, B). In colony 2, consumption of medium moisture content wood was also
significantly higher at all three temperatures as compared to low moisture and dry wood;
however, in colony 1, it was significantly higher at 28°C only. High moisture content wood
consumption at 35°C or 28°C was significantly higher than at 19°C. Similarly, consumption of
dry and low moisture content wood was substantially low at all three temperatures (Fig. 3.2A,
B).

In the choice test, colony had no significant effect (T = -1.56; df = 70; P = 0.122) and the
data from both the colonies were pooled for analysis. As in the no-choice test, wood
consumption by C. formosanus differed significantly based on initial wood moisture (F = 64.08;
df = 3,59; P =0.0001), temperature (F = 23.73; df = 2, 59; P = 0.0001) and wood moisture by
temperature (F = 7.65; df = 6, 59; P = 0.0001) (Fig. 3.3). Consumption of high moisture content
wood was significantly higher than low moisture content and dry wood at 28°C and 35°C. At
19°C, although the consumption of high and medium moisture wood was higher than dry and
low moisture wood, the difference was not statistically significant (Fig. 3.3).

There was no termite mortality during the test period in the choice test but termite
mortality was observed in the no-choice test. In the no-choice test, there was no significant
difference on mortality based on colony (T = 1.05; df = 70; P = 0.297) but significant differences
in mortality was observed based on wood moisture (F = 57.98; df = 2, 59; P = 0.0001),

temperature (F = 68.10; df = 2, 59; P = 0.0001) and wood moisture by temperature (F = 20.01;
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Figure 3.2. Mean = SEM consumption of wood by C. formosanus in no-choice test. (A) Colony
1, (B) Colony 2. Means with the same letter are not significantly different (P > 0.05) using
Tukey’s mean separation.
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Figure 3.3. Mean £ SEM consumption of wood by C. formosanus in choice test. Means with the
same letter are not significantly different (P > 0.05) using Tukey’s mean separation.

df =2, 59; P =0.0001). Significantly higher mortality was observed on dry or low moisture
content wood blocks than on medium or high moisture content wood blocks at 28°C or 35°C
(Fig. 3.4). Mortality at 35°C was almost 100%, which was significantly higher than at 28°C. At
19°C, however, termite mortality was very low irrespective of the wood moisture content (Fig.
3.4).
Discussion

Preference for high moisture content wood by termites may be due to the wood fiber
softness and ease to masticate (Delaplane and La Fage 1989). However, this does not imply that
C. formosanus always prefer soft wood species over hard wood species as there are quite a few
hard wood species that are equally preferred by this termite (Morales-Ramos and Rojas 2001).

For a given wood species (whether hard or soft wood), in addition to making the wood fibers
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soft, high moisture content is an added advantage for desiccation-prone termites since it is a
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Figure 3.4. Mean + SEM mortality of by C. formosanus in no-choice test. Means with the same
letter are not significantly different (P > 0.05) using Tukey’s mean separation.

water. In the choice tests, although termites contributed to enhance the process of equilibrium
among the wood blocks having different levels of moisture (Delaplane and La Fage 1989,
Gallaghar and Jones 2010), they were found to feed most heavily on the first attacked food.
Termites preferred the highest initial moisture content wood blocks early when the wood
moisture levels were more discrete, and then they continued to feed on those initially preferred
blocks. This is consistent with the findings by Delaplane and La Fage (1989) who reported that
C. formosanus preferred wood blocks having the highest initial moisture content offered (97%).
With Japanese red pine, however, Nakayama et al. (2005) reported that medium moisture content

(79-103%) wood was preferred over high moisture content (133-191%) wood by C. formosanus.
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Wood species and possible other factors may have played a role in determining wood block
preference in their experiment.

Of the temperatures tested, 28°C can be regarded as the optimum temperature for feeding
because at the higher temperature (35°C), although the feeding was not significantly different
than that at 28°C on high moisture content wood, a substantially high mortality was obtained
when the wood moisture levels decreased. On the other hand, at the lower temperature (19°C), no
substantial feeding occurred at any wood moisture level. Therefore, based on total overall
feeding and termite survival, we conclude that 28°C temperature and high moisture wood is the
best combination for feeding for C. formosanus among all the treatment combinations of this
study. Fei and Henderson (2002) reported that C. formosanus survival was higher at 30°C than at
25°C or 33°C. The desert dampwood termite, Paraneotermes simplicicornis (Banks) also had the
highest wood consumption at 28°C when they were exposed to various temperatures ranging
from 16°C to 36°C (Haverty and Nutting 1974). In the case of the temperate inhabiting western
subterranean termite, Reticulitermes hesperus Banks, however, the optimum temperature for
feeding was reported to be 21°C (Smith and Rust 1993). Smith and Rust (1993) further reported
that temperatures greater than 26°C produced very high mortality in R. hesperus in days. The
desert subterranean termite, Heterotermes aureus (Snyder) was reported to have the highest
consumption at 36°C (Haverty and Nutting 1974).

It is obvious from the present results that a high relative humidity environment alone is
not adequate for sustained feeding by Formosan subterranean termites. For sustained feeding, the
termites either need to be in contact with a moist substrate (soil) or the moisture content of wood
needs to be well above the fiber saturation point which is defined as the moisture content of

wood at which the cell walls are saturated with bound water and the cell cavities contain no free
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water (Babiak and Kudela 1995). Most wood species have a fiber saturation point from 25% to
30%, in which moisture becomes largely inaccessible to the degrading organisms (Morrell 2002).
This indicates that the wooden structures that are not in connection with outside water sources
may not be at high risk of infestation from C. formosanus even if the atmospheric relative
humidity is at saturation. Requirements of wood moisture above the fiber saturation point was
also reported for the eastern subterranean termite, Reticulitermes flavipes (Kollar), which could
not survive on wood with moisture content < 24% even if the relative humidity was at saturation
(McManamy et al. 2008).

Very low mortality at 19°C in the no-choice test, irrespective of the wood moisture level,
could be attributed to the low activities and reduced physiological mechanisms of the termites,
which probably allowed them to live longer. On the other hand, a substantially high mortality at
28°C or 35°C on the termites exposed to only low moisture or dry wood blocks but not on those
exposed to medium or high moisture wood blocks indicates that C. formosanus cannot survive
on low moisture wood even if the ambient temperature is favorable for consumption. These
results suggest that C. formosanus searches for high moisture content wood and ultimately
congregates on it. Smythe and Carter (1970) suggested that C. formosanus could be forced to
consume more wood of less preferred species in no-choice tests than in multiple choice tests,
however, our results suggest that they could not be forced to feed on the low moisture content
wood (at least for southern yellow pine wood) and therefore, have a critical requirement for
wood moisture above a certain threshold level.

Monitoring and baiting systems can possibly be improved by exploiting termite behavior
as affected by temperature and wood moisture. To make the monitoring device more effective,

provisions should be in place that attract termites and keep them for prolonged periods of time.
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Although numerous factors such as wood species and hardness, presence of secondary
metabolites, presence or absence of fungi, etc. play a role in wood consumption by termites
(Smythe et al. 1971, Carter and Smythe 1974, Nagnan and Clement 1990), our concern here is
with the moisture content of wood. For this, initial moisture content of the monitoring/baiting
stake should be higher. Possibly a continuous drip of water could be provisioned in dry areas to
maintain a high moisture level. Similarly, increasing the temperature around the monitors/baits
would be desirable if the soil temperature is below 28°C. Plastic mulches could be used since
they increase soil temperature and at the same time preserve moisture (Ramakrishna et al. 2006,
Locher et al. 2005).
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CHAPTER 4

RELATIVE HUMIDITY PREFERENCE AND SURVIVAL OF STARVED FORMOSAN
SUBTERRANEAN TERMITES (ISOPTERA: RHINOTERMITIDAE) AT VARIOUS
TEMPERATURE AND RELATIVE HUMIDITY CONDITIONS?

¥ Reprinted by permission of “Environmental Entomology”

55



Introduction

The invasion of a new habitat by an introduced species may depend on a number of
factors such as the suitability of the abiotic environment (Blackburn and Duncan 2001), the
ability of the species to adapt to the novel environment (Sax and Brown 2000) and the interaction
between the invader and the recipient community (Vitousek et al. 1996, Holway 1998). Invading
social insects are among the most harmful organisms, which disrupt indigenous communities,
impact large geographic areas and are usually expensive to manage (Holway 1998).

The Formosan subterranean termite, Coptotermes formosanus Shiraki, is one such
invasive social insect and has made its home in most of the states of the southern United States
(Woodson et al. 2001). Both biotic and abiotic factors play a role in the successful establishment
of this species. Of the abiotic factors, moisture and temperature play a vital role in determining
which areas are the most suitable for this invasive insect (Emerson 1955, Rudolph et al. 1990).
Some studies (Delaplane and La Fage 1989, Fei and Henderson 2002, Nakayama et al. 2004,
2005, Gautam and Henderson 2011a, b) have shown that moisture and temperature are important
determining factors for feeding preference and survival of C. formosanus. The workers and
soldiers, which comprise a large proportion of the colony’s population, have a soft integument
that makes them extremely vulnerable to desiccation (Moore 1969). Therefore, the availability of
moisture may be an essential precondition for the establishment of C. formosanus into an area.

Moisture studies on subterranean termites have mostly been focused on understanding the
feeding activities of termites at different temperatures, substrate moisture and relative humidity
(RH) conditions. For example, Yusuf et al. (2000) reported that the optimum RH for the activity
of C. formosanus was > 70% at a constant temperature of 28°C. Similarly, Nakayama et al.

(2004) reported the optimum RH conditions for feeding to be 90% for C. formosanus and 70-
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90% for Reticulitermes speratus (Kolbe) at 30°C. These authors provided moistened food in their
experiments. Providing moist food means termites would be able to obtain moisture from the
food source even if the ambient RH condition was recorded to be very low. It is probable that
moisture emitted from moist substrate or food contributes to the micro-atmospheric RH,
increasing the RH around the termite’s body. Sponsler and Appel (1990) reported that substrates
such as termite nest materials that have a moisture content > 16% usually have their interstitial
spaces at or near saturated RH levels. Therefore, a true RH study is probably not possible when
moist food is provided. In other words, stable and defined RH may only be possible when
bioassays are conducted in the absence of moist food (starvation condition) and/or moist
substrate. Although termites may have plenty of food in nature, it is not uncommon for foraging
groups to become isolated from their food sources and face periods of starvation during the
course of food search, or due to various reasons like natural calamities and human activities
(Husby 1980, Forschler and Henderson 1995, Strack and Myles 1997). Here, we attempted to
assess the preference for atmospheric RH at a constant temperature and the impact of various RH
and temperature levels in the survival of groups of C. formosanus under starvation conditions.
This study will be of practical use to obtain knowledge on how long termites will survive while
searching for food in a heterogeneous environment, for example, in housing structures where
apparently no tubing connection with the soil or moist food source remain established.
Materials and Methods

Termites. Formosan subterranean termites were collected from Brechtel Park and along

the flood walls on Tchoupitoulas Street in New Orleans, Louisiana in April and May 2008 using

milk crate traps according to the methods described in Gautam and Henderson (2011a). The
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termites were maintained in the laboratory in Rubbermaid® trash cans (121 L, Roughneck) with
wet wood under high RH for a maximum of 3 months before they were used for the tests.

RH Preference Trials. Experimental chambers for RH preference trials were constructed
by connecting five round plastic containers (inside dimensions: 10.3 cm diam by 12.1 cm deep;
“Pioneer Plastics Inc., North Dixon, KY) with small clear vinyl tubes (4 cm long, 0.64 cm inside
diam, Watts Co., North Andover, MA) in a linear arrangement. A small PVC coupling (LASCO
3.81 cm diam by 6.99 cm tall) was attached at the base inside each container with an adhesive
sealant (Loctite®, Hankel Consumer Adhesives Inc., Avon, OH) instant crazy glue, which served
as a stand for an open Petri dish (100 mm by 15 mm). The vinyl tubes were inserted into the
snugly fitting holes made by a soldering iron on the container and also the Petri dish placed on
the PVC stand inside the container so that termites could easily have access from one Petri dish
to another among the five containers (Fig. 4.1). The test containers were partially filled with
either silica gel or distilled water or a series of salt solutions so as to maintain a humidity
gradient of 9-98% in the test arena. Saturated salt solutions were prepared according to the
methods of Winston and Bates (1960). Previous studies have shown that the use of saturated salt
solutions to maintain a particular RH in a closed container had no adverse odor effects on insects
including termites (Smith and Rust 1993, Steidle and Reinhard 2003, Walters and Mackay 2003).
The subsequent RH provided by the salt solutions in the middle 3 containers, were as follows: -
MgCl,.6H,0 (33%), Mg (NO3),.6H,0 (53%) and NaCl (75%). The first container was partially
filled with dry silica gel which provided the lowest RH (9%) and the fifth was partially filled
with distilled water that provided an RH near saturation (98%). Each saturated solution was
prepared by dissolving the appropriate amount of salt in boiling water and adding more salt as

the solution cooled down so that some undissolved salt crystals remained in the solution. This
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solution was poured in the container and the container left to equilibrate for one day to insure the
desired RH in the chamber. On the second day, the RH in each chamber was measured using a
Testo® 625 humidity meter (Testo Inc., Sparta, NJ), and 50 termites (42 workers and 8 soldiers;
workers were externally undifferentiated individuals developed to at least the third instar) were
placed in the Petri dish of each container (total of 250 termites in each trial). The Petri dishes
contained a monolayer of autoclaved and oven-dried sand to facilitate the termite movement as
our preliminary tests showed that termites moved faster and easier in the presence of sand than
on a smooth dish surface. The containers were immediately closed and left undisturbed at ~
26°C. As the level of the salt solution was below the Petri dish level, there was no contact of
termites with salt solutions. The numbers and locations of living and dead termites were recorded
after 1, 2, 4 and 12 h. Six replications were conducted using termite groups from 2 colonies. To

reduce the effects of directional bias, replicates were placed facing in different directions in the

laboratory.
Tygon tubing Tight fitting lid
Open
o / Petri dish
i PVC
p— — — — — stand
S S
Silica gel MgCl,6H,0 Mg(NO,),6H,0 NaCl Distilled water
(9% RH) (33%ARH) (53% RH) (75% RH) (98% RH)

Figure 4.1. Diagrammatic representation of the humidity gradient arena established for the
relative humidity preference trials in the laboratory.
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Survival Trials. Test chambers for survival trials were constructed using the same
procedures as described in the preference trials except that the containers were not connected to
each other and no holes were present in the containers or Petri dishes. Individual containers were
partially filled with the aforementioned saturated solutions including dry silica gel and left to
equilibrate for 1 d. There were a total of 15 combinatorial treatments of 5 RH levels (9%, 33%,
53%, 75% and 98%) and 3 temperature levels (20°C, 28°C and 36°C; maintained in 3
incubators). After 1 d of equilibration, 50 termites (42 workers and 8 soldiers; workers were
externally undifferentiated individuals developed to at least the third instar) were placed in the
open Petri dish in each container and the containers were placed in 3 incubators set to the 3
different temperatures. Trials were replicated 3 times with termite groups collected from a single
colony. Dead and living termites were recorded after 1, 2, 4, 12, 18, 24 h and every 12 h interval
thereafter up to 180 h. Fungus growth on the dead termites was also recorded.

Statistical Analysis. In the RH preference tests, the proportion of living termites in each
RH chamber at various time periods was recorded. Dead termites were not counted so that the
proportion of living termites in all RH chambers always summed to one (or 100%). This type of
data is called compositional data and contains only relative information. If one component
increases, others must decrease, hence they are not independent. One way of dealing with such
data is the transformation of raw proportions to “centered logratio” (Aitchison 1986). The
centered log ratios are not constrained to sum to one (or 100%) and can therefore be analyzed
using standard statistical techniques (Pawlowsky-Glahn and Egozcue 2006). Here, the
transformed data were analyzed using repeated measures ANOVA with RH as between subject
effect and time as within subject effect. Since termites were used from two colonies, the colony

effect was analyzed using a two sample t-test.
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The survival data were arcsine of the square root transformed and analyzed using
repeated measures analysis where RH and temperatures were the between subject effects and
time as within subject effect. Analyses were performed using generalized linear model in SAS
software (°2002-2003 SAS Institute Inc. Cary, NC).

Results

RH Preference. Colony had no significant effect on termite aggregation among the
various RH chambers (two sample t-test: P = 0.99). There was a significant interaction effect of
RH by time (Fi2, 75 = 12.32, P <.0001). Similarly, there was a significant between subject effect
(effect of RH: F4 75 =53.28, P <.0001) but there was no within subject effect (effect of time: F3,
75=0.0, P = 1). After 1 h, a significantly greater percentage of the released termites aggregated to
the highest RH chamber (~ 46%) compared to any of the lower RH chambers. As more and
more termites moved to the highest RH chamber, ~ 97% of the termites aggregated in the highest
RH chamber after 12 h, which was ~ 85% of the total released termites (~ 12% termites died
during 12 h period, all in the < 75% RH chambers). The percentage of termites aggregated in the
4 lower RH chambers did not differ significantly among each other at any observation periods
except at the 4 h observation period where the percentage of termites in the 35% RH chamber
was significantly greater (~ 6%) than in the 74% RH chamber (~ 3%) (Fig. 4.2A-D).

Survival. Survival of starved C. formosanus in the laboratory test arena was impacted
significantly by the interaction of temperature and RH over time (F144 540 = 23.17, P <.0001), by
temperature over time (Fzs 540 = 101.13, P <.0001) and by RH over time (F72, 540 = 25.69, P <
.0001). Separate repeated measures ANOVA conducted for each RH solution revealed that in the
9% RH chamber the survival of the termites at 2 h post exposure declined significantly at 36°C

(74.67% survival) compared with those at 20°C or 28°C (100% survival in both). At 4 h period,
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Figure 4.2(A-D). Mean % (x SEM) of live C. formosanus aggregated in various relative
humidity chambers observed at 4 different time periods after release at a constant temperature of

~26°C.

there was ~ 5% survival at 36°C but the survival did not decline at 20°C or 28°C. At 28°C,
survival was reduced significantly at 12 h post exposure (8.6%) compared to that at 20°C
(97.3%). About one third of C. formosanus survived (32.6% survival) for 48 h at 20°C but this

was reduced to ~ 7% at 60 h post exposure at this temperature (Fig. 4.3A).
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Termites exposed to the 33% RH chamber survived relatively longer than in the 9% RH
chamber. At 4 h post exposure, the survival was reduced significantly at 36°C (63%) compared
to 20°C or 28°C (100% in both). The survival at 28°C was reduced significantly at 18 h post
exposure (4.6%) whereas at 20°C, > 98% termites were alive. At 60 h post exposure, ~ 25% of
the termites were alive at 20°C (Fig. 4.3B).

In the 53% RH chamber, 87% of the termites were alive at 4 h post exposure at 36°C
which was significantly lower than the 100% survival at 20°C or 28°C. Most of the termites died
at 36°C at 12 h period (2% survival). The same level of reduction in survival (2% survival) was
observed at 36 h of exposure at 28°C, whereas > 90% survival was observed during this period at
20°C. The survival reduced to 7% at 96 h of exposure at 20°C (Fig. 4.3C).

At 75% RH, termites survived relatively longer than in the lower RH chambers at all the
three temperatures. At 36°C, ~27% termites survived at 12 h post exposure but almost all the
termites died at 24 h post exposure which was significanlty different comapred to the survival at
28°C and 20°C (78.66% and 99.33% survival, respectively). At 28°C, the survival reduced to <
10% at 48 h post exposure whereas the survival was still > 97% at 20°C. There was > 40%
survival at 108 h post exposure at 20°C, but it was reduced to 11.33% at 132 h of exposure (Fig.
4.3D).

When the RH was near saturation (98%), termites survived the longest compared to all other
RH chambers at all the three temperatures. There was no significant difference in survival at 12 h
post exposure among the three temperatures. But at 18 h post exposure, the survival was
significantly lower at 28°C and 36°C (95.33% and 93.33%, respectively) than at 20°C (100%).
The survival was reduced to 30% at 60 h post exposure at 36°C but survivals remained

significanlty higher at 20°C and 28°C during this period (95.33% and 91.33%, respectively); all
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the termites died at 84 h post exposure at 36°C. After 120 h of exposure, although a higher trend
of survival was observed at 28°C (80%), the difference was not statistically significant compared
with that at 20°C (55% survival) (Fig. 4.3E).

Fungi attack was not observed on dead termite bodies in any of the RH chambers placed at
20°C, or in RH chambers at or below 75% at all the three temperatures. However, dead termites

at 98% RH chambers placed at 28°C and 36°C incubators were covered by fungal growth (data

not shown).
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Figure 4.3(A-E). Mean survival % (x SEM) of C. formosanus exposed to various temperature
and relative humidity combinations observed at different time periods.
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(Figure 4.3 contd.)
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Discussion

The results from this study supported our hypothesis that C. formosanus workers and
soldiers aggregate to the highest RH area. Individual workers and soldiers preferentially selected
the highest RH chamber in the RH gradiant arena, and at the group level, survival of C.
formosanus was greatest at the near saturated RH environment. In our previous study (Gautam
and Henderson 2011a), we reported that C. formosanus randomly aggregated to one of the
chambers that had high RH (> 98%) and moist sand substrate irrespective of the sand moisture
levels unless the sand was dry or saturated. However, when it comes to wood consumption, high
RH alone was not enough, rather they were found to preferentially select the wood having the
highest initial moisture levels (Delaplane and La Fage 1989, Gautam and Henderson 2011b).
These studies suggest that substrate moisture level and wood moisture level distinctly influence
C. formosanus biology. In the present experiment, there was no food source or moist substrate in
the bioassay arena (a monolayer of dry sand in the RH preference test arena was intended just to
facilitate termite walking), which means termites were influenced by environmental RH only and
they chose the aggregation site based on RH preference.

Termites are known to employ various behavioral mechanisms such as avoidance
(Steward 1981, 1982, Cabrera and Rust 1996, Gautam and Henderson 2011a) and aggregation
(Collins 1969, Minnick et al. 1973, Steward 1982) to minimize the effects of desiccation. Here
we suggest that the avoidance behavior by Formosan subterranean termites was observed as they
avoided low RH chambers. Strack and Myles (1997) suggested that foraging groups of R.
flavipes avoided the exposure of adverse temperatures by moving downward in the ground where
temperatures were more favorable. Similarly, Hu and Song (2007) demonstrated the behavioral

avaoidance of adverse temperature in foraging groups of C. formosanus. In the present
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preference test, the temperature was constant, therefore the high RH alone served as the cue for
C. formosanus aggregation.

Cuticular water loss represents the most important potential source of body fluid leakage
in terrestrial insects (Edney 1977, Hadley 1985). Water loss is enhanced by the large body
surface area to mass ratio of these small arthropods (Edney 1977, Hadley 1994). Insects with soft
cuticle, such as workers and soldiers of subterranean termites, are extremely susceptible to
desication because they lose moisture rapidly through the highly permeable integument (Collins
1969, Moore 1969, Sponsler and Appel 1990). The epicuticular permeability is affected by
environmental factors such as temperature and RH. Temperature alters the phase of the lipid
component of the epicuticular wax layer and RH influences the saturation deficit, or potential for
water loss (Edney 1977). We did not measure, however, how much impact was on RH in the
closed container by the water loss from termites’ body. We assume that since the RH chamber
was fairly big, the water loss might not have increased the RH level significantly. Survival of
groups of termites exposed to various temperatures and/or RH conditions is closely correlated
with their distribution and habitat patterns characteristic of that species. In this study, C.
formosanus showed a tendency of higher survival at high atmospheric RH (98%) and medium
temperature (28°C). These environmental conditions commonly prevail in most of Louisiana.
Southern parts of Louisiana, including cities like New Orleans and Baton Rouge, have mean
monthly temperatures around 28 + 2°C from May to September. Even in the condition where soil
moisture content is low, it should be sufficient enough to make the RH in the soil pores near
saturation making the substrate suitable for C. formosanus (Gautam and Henderson 2011a). We
believe that such a favorable habitat in most part of Louisiana is one of the important reasons of

a dramatic increase of C. formosanus infestation in the state (La Fage 1987, Henderson 2001).
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Collins (1991) reported that survival time for species of Rhinotermitidae exposed to 0-4%
RH and 34°C could be measured in minutes or hours. The present results showed a similar trend
in which < 5% C. formosanus survived more than 4 h at 9% RH and 36°C. The level of
desiccation tolerance varies even among species of Rhinotermitidae. For instance, Khan (1980)
reported that Coptotermes niger Snyder and R. speratus were more susceptible to desiccation
than Heterotermes indicola (Wasmann) and Reticulitermes tibialis Banks. He also reported that
termites of the same species but of the different geographical locations showed differences in
their resistance to desiccation. Temperature plays an inherent role to either enhance or delay the
rate of desiccation. In the present study, the fastest rate of mortality due to desiccation was
observed in termites exposed at high temperature (36°C) followed by medium (28°C) and then
low temperature (20°C) at a given RH condition. Survival of the temperate species like
Reticulitermes hesperus Banks was highest in cool temperatures (16 — 21°C) and high RH (>
99%) (Smith and Rust 1993). Unlike subterranean termites, drywood termites in the genus
Cryptotermes Banks have been reported to have an extreme desiccation tolerance capacity
(Minnick et al. 1973, Steward 1981, 1982, Rudolph et al. 1990, Collins 1991).

In the present survival tests, although termites were starved, starvation does not seem to
be the leading cause of mortality. In preliminary studies, where groups of C. formosanus were
released in moist sand substrate but no food source, not a single termite died of starvation when
observed after 2 weeks period. Song et al. (2006) reported < 10% mortality on starved C.
formosanus at 10 d. It was obvious that the leading cause of mortality on termites exposed to low
RH chambers (< 75%) was desiccation whereas a combination of factors, including attack of
pathogenic fungi, desiccation and starvation may have contributed for the death of termites

exposed to 98% RH chambers. We assume that starvation may have reduced the resistance of
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termites to pathogenic fungi attack and also to desiccation tolerance. Rudolph et al. (1990)
suggested that passive water uptake by an insect body from the atmosphere is not possible unless
the atmosphere is damp. He demonstrated that C. formosanus lost up to 10% of its body mass
within 1 d even when placed at atmospheric RH close to the saturation point, i.e. 98%. He
therefore concluded that atmospheric RH is only a minor and mostly indirect importance for the
water balance and the survival of subterranean termites. Our present results showing the
mortality of ~ 50% termites at 7 d even when placed at environmental conditions of 98% RH and
28°C indicated that C. formosanus needs additional sources of water for their normal activities
and survival.

Our results showed that termites were not attacked by pathogenic fungi at low
temperature (20°C) irrespective of the RH levels, or < 75% RH levels irrespective of the
temperatures, possibly because these environmental conditions were not favorable for the
pathogenic fungi to grow and proliferate (Gillespie and Crawford 1986, Hywel-Jones and
Gillespie 1990, Rath 2000). However, pathogenic fungi attack may have enhanced the termite
mortality at high temperatures and high RH conditions. Studies such as Higa (1981) and
Jayasimha and Henderson (2007) reported the possibility of high mortalities in termite colonies
maintained in the laboratory due to attack of pathogenic fungi. In nature, however, C.
formosanus may use naphthalene to fumigate its nest which inhibits the growth of the pathogenic
fungi (Chen et al. 1998).

Results herein suggest that starvation is not the major cause of death of foraging groups
of C. formosanus when they are isolated from a moist food source and/or moist substrate, rather
they will die from desiccation if the atmospheric RH is low and desiccation and pathogenic fungi

attack if the atmospheric RH is close to saturation point before they are directly affected by
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starvation. We suspect that the low movement (or activities) of termites in a confined situation in
the laboratory arena may also have weakened their natural immune power against the causal
mortality factors.
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CHAPTER 5

ESCAPE BEHAVIOR OF THE FORMOSAN SUBTERRANEAN TERMITE
(ISOPTERA: RHINOTERMITIDAE) IN RESPONSE TO DISTURBANCE*

* Reprinted by permission of “Journal of Insect Behavior”
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Introduction

The Formosan subterranean termite, Coptotermes formosanus Shiraki, is one of the most
destructive structural pests in the United States (Su and Scheffrahn 1990). This termite lives a
cryptic lifestyle where workers and soldiers forage through tunnels and galleries originating from
their nests. Popular control practices involve the use of non-repellent termiticides and baiting
systems (Henderson 2001). Although baiting is the most environmental friendly way of
controlling termites, about two thirds of the treatments by pest control companies rely on the use
of liquid insecticides in soil (Curl 2004). The success of baiting system is more variable than that
of the liquid soil termiticides (Forschler and Ryder 1996, Su and Scheffrahn 1996, Lewis 1997).
Baiting systems depend on the exploitation of foraging behavior of subterranean termites where
a subset of individuals from a colony feed on the cellulosic food material impregnated with slow-
acting toxicants and introduce the toxicants to the colony (Traniello and Thorne 1994, Grace et
al. 1996, Pawson and Gold 1996, Su and Scheffrahn 1998). The goal of a baiting system is to
eliminate the entire termite colony from an area with the least possible cost and harm to non-
target organisms in the environment (Su and Scheffrahn 1998).

Termite baiting protocols involve an inevitable degree of disturbance during periodic
checking of monitors and/or replacing with baits. There have been mixed reports about the
impacts of disturbances on the subterranean termites. Noirot and Darlington (2000) reported that
termites usually respond to a disturbance by leaving the food source or the nest. However, others
have reported that the escape was usually temporary and the time taken to return to the disturbed
area varied depending on the termite species, type of disturbance, soldier proportions and
environmental factors such as temperature (Hu et al. 2003, Schwinghammer and Houseman

2006). Hu et al. (2003) applied a vibrational stimulus on a group of C. formosanus without
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exposing them to outside air movement, which may not be comparable to the actual disturbance
encountered in the field while checking monitors or replacing with baits. With increased
investments in the development of termite baits, it is crucial to know whether the disturbance
commonly encountered during checking/replacement of monitors/baits have impacts on the
termites’ revisiting the disturbed site. Knowledge regarding this, even in laboratory conditions,
would add to our understanding of C. formosanus behavior and gives us an idea on how to
increase the effectiveness of the termite baiting system.

Here we conducted a laboratory study to investigate the effects of disturbance on the
escape behavior of C. formosanus. The experimental design is an attempt to simulate a situation
in the field where foraging termites encounter only one food source in a relatively large area,
especially likely when foragers cover a long distance in search of food. We tried to simulate the
disturbance with what is commonly encountered during a monitoring and baiting process. A
digital video camera was used to track the behavioral response of termites every second after
disturbance. We used wet and dry sand in the peripheral chambers to see whether favorable
versus unfavorable substrates on the outer periphery impacted time-lines to stay away from the
already attacked but disturbed food source.

Materials and Methods

Termites. Formosan subterranean termites were collected from Brechtel Park in New
Orleans, Louisiana in August 2008 using milk crate traps as described in Gautam and Henderson
(2011). The termites were maintained in the laboratory for a maximum of one month before they
were used for the bioassays. Healthy looking and active termites were selected for the

experiment.
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Preparation of Experimental Arena. The experimental arena was constructed from 5
equal sized round acrylic containers (size: 5.08 by 3.63 cm, Pioneer Plastics Inc, North Dixon,
KY) where one central container was connected to 4 peripheral containers with small clear vinyl
tubes (4 cm long, 0.95 cm outside diameter, 0.64 cm inside diameter, Watts Co., North Andover,
MA) arranged at equal intervals around the central container (Fig. 5.1). The peripheral chambers
consisted of a thin layer (12 g) of either moist sand (15% moisture w: w) or dry sand whereas the
central chamber contained two moistened filter paper disks (4.25 cm diameter, Whatman®) and a
moist wood block (1.9 x 1.9 x 0.9 cm Southern yellow pine, Pinus sp.) that was soaked in
deionized water for three days before using for the tests. The moist wood block and the filter
papers provided enough moisture and relative humidity for the termites throughout the 3 d test
period. The arena was affixed to the lab bench surface with instant crazy glue and transparent
tape to reduce vibration disturbance to peripheral chambers when applying a disturbance to the
central chamber because our intention was to create a disturbance in the central chamber only

and not in the peripheral chambers.

Figure 5.1. Experimental arena: The central chamber (disturbed chamber) containing a moist
wood and two filter papers is connected to 4 peripheral chambers containing 12 g of either moist
sand (15% moisture w: w) or dry sand with 4 cm long clear vinyl tube around the periphery at
equal intervals.

77



A Group of 150 C. formosanus individuals (120 workers and 30 soldiers; workers were
externally undifferentiated individuals developed to at least the third instar) was introduced into
the central chamber and left for acclimation for 24 hours. During this period termites would
move freely from one chamber to another but finally the majority of them settled in the food
containing central chamber. After the acclimation and immediately before disturbance, the
numbers of termites present in the central chambers (hereafter called ‘initial termites’) were
recorded to compare them with the respective numbers after disturbance. Termites were counted
from still images from the video recording.

Application of Disturbance. A disturbance was created in the central chamber as
described: the lid of the central chamber was opened, the wood block was lifted with a pair of
stiff forceps and termites were shaken off the wood block by tapping against the upper edge of
the central chamber. A 2 s puff of canned air (Stoner Gust Easy Duster, Quarryville, PA) was
directed to the central chamber from a height of 50 cm at an angle of 90°. The wood block was
placed back into its original position, 1 ml deionized water was added and the container was
covered with the lid. Caution was taken not to inflict injury to the termites and not to throw them
out of the container during the entire process. The disturbance applied in the central chamber had
no noticeable effect to the peripheral chambers. We believe that this type of disturbance
resembled the disturbance experienced during the actual replacement of monitors with baits in
termite baiting systems.

Video Recording. Termite activities before and after disturbance were video recorded as
in Nagendra et al. (2010). Prior to disturbance, a digital video camcorder (model ZR10A, Canon
Inc., Tokyo Japan) was set above the arena on a tripod. The area recorded by video camera

included the central disturbance chamber and the tubes leading to the four peripheral chambers.
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The videotaping started two minutes before the application of disturbance and continued for one
hour after the disturbance and was saved onto a miniDV tape. The video was then transferred to
Windows Movie Maker (version 2.1.4026.0, Microsoft Co., Redmond WA) software and
reviewed manually. Control groups were videotaped after acclimatization but without any
disturbance. Both worker and soldier movements from and to the central chamber were recorded.
The time of the movement, duration of the movement and the direction of the movement were
quantified.

To minimize variation, a prepared arena was disqualified if the number of initial termites
in the central chamber was < 60% of the released population. Ultimately, there were 14
replicates for wet sand arenas and 9 replicates for dry sand arenas. The data were standardized by
converting the numbers into percentages of the initial termites in the central chamber (also called
percentages of the disturbed termites). Percentages of the initial termites were calculated by
counting the number of termites in the central chamber at each time interval after disturbance
and dividing the number with the number of initial termites in the central chamber. The variables
measured after disturbance included the percentage of initial termites that escaped, time to
escape, percentage of escapees that returned to the disturbed area and time to return. A trend line
(curve) of mean percentage of initial termites in the central chamber over time was drawn and
the lowest point on the line was the maximum percentage of escapees (evacuees) and the highest
point after that was the maximum percentage of post-disturbance returnees. These lowest and
highest points on the line were also the time to evacuate from the disturbed area and time to
return to the disturbed area, respectively.

Statistical Analysis. Data were analyzed using SAS software (©2002-2003 SAS Institute

Inc., Cary, NC), which can handle unequal replications very well. All normally distributed data
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were analyzed using proc mixed model and type I11 sums of squares were used to get appropriate
statistics. Time to escape from the disturbed area and time to return to the disturbed area were
not normally distributed, so, they were assigned ranks and analyzed using Kruskal-Wallis
ANOVA tests. Tukey-Kramer’s HSD tests were used to compare post ANOVA results and the
significance was determined using a < 0.05.

Results

Immediately following opening of the lid, both workers and the soldiers displayed
unorganized and undirected movements. Removing of the wood block, dropping of termites back
to the chamber by tapping against the chamber edge and application of the air burst created a
larger disturbance in the central chamber. Workers exhibited accelerated movements away from
the source of disturbance, whereas soldiers moved with jaws open, heads turning left and right
and mostly remained congregated in the central part of the chamber. A few workers made back-
stepping movements in response to the sudden disturbance. After a few seconds (3-4 s), the
termites moved through the tubes into the peripheral chambers, with the tubes often having a
momentary heavy traffic of mostly outgoing but one or two incoming termites.

Mean response curves in dry and wet sand arenas for control and disturbed groups are
shown in Fig. 5.2A (response in seconds) and B (response in minutes). There were no escape and
return responses in control groups. Although termites were moving from and to the central
chamber, the number of termites in the central chamber in control groups was fairly uniform
during the 1 h period, and never went below 96% of the initial termites. The response curves in
Fig. 5.2A demonstrate an obvious escape response in disturbed groups. The time taken to escape
the maximum number of termites from the disturbed chamber ranged from 20 s to 210 s, the

mode being 30 s, followed by gradual return to the disturbed chamber. The return time was
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Figure 5.2(A, B). Mean (x SEM) response curves showing escape behavior by undisturbed
(control) and disturbed groups of C. formosanus workers and soldiers in wet and dry sand
experimental arenas at time intervals: (A) from 0 to 240 s post-disturbance. (B) from 4 to 60 min
post-disturbance. Data represent the number of termites in the central chamber (disturbed
chamber) standardized as a percentage of initial termites (initial termites = number of termites in
the central chamber just before disturbance).
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longer than the evacuation time which ranged from a few minutes to close to an hour in some
replicates. Within the first 15 min of disturbance, > 80% of the escaped termites returned to the
disturbed central chamber making the population of the central chamber > 90% of the initial
termites (Fig. 5.2B). After 15 min, there was a very slow but steady return of termites.
Eventually, by the end of 1 h, some replicates witnessed even more termites returned to the
central chamber than originally escaped due to some peripherally located termites at the time of
the disturbance.

A significantly lower mean percentage of initial termites escaped from the disturbed chamber in
dry sand arenas (30.55%) compared with that in wet sand arenas (43.28%). However, the mean
percentage of escapees that returned to the disturbed central chamber in dry sand arenas was not
significantly different compared with that in wet sand arenas (109.44% and 106.14%,
respectively). There were no significant differences in time to evacuate and time to return

between these two sand moisture conditions (Table 5.1).

Table 5.1. Mean percentage (= SEM) and ANOVA results comparing disturbed group of C.
formosanus that initially escaped, percentage of escapees that returned, time to escape and time
to return in dry sand and wet sand experimental arenas after a disturbance was created in the
central chamber.

Sand type
Dry sand Wet sand

Factor ANOVA results

Percentage of
disturbed escaped
Percentage of
escapees returned

Time to escape (S) 56.66 + 13.54a 50.71 £ 12.81a 7=0.16;df =1;P =0.68
Time to return (min) 3251 +7.67a 31.64 £ 6.51a 7’=0.05;df=1; P =0.81

30.55+3.13a  43.28 £4.40b F=441;df =1,21;P=0.04

109.44 +12.85a 106.14+8.95a F=0.05;df =1,21;, P=0.82

Numbers followed by the same letter are not significantly different at a = 0.05 (Tukey’s HSD).
Comparisons are made within the same row.
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In general, termites escaped from the disturbed central chamber through all four tubes. In
the wet sand arenas, the numbers of escapees through the four tubes were more or less uniform,
whereas in the dry sand arenas a significantly greater number of termites escaped through one
tube (north side tube) compared with another (west side tube) (Table 5.2). The first termite that
moved out in response to the disturbance was a worker in all the replicates except one where a
soldier escaped first followed by workers (data not shown). Fig. 5.3 shows the mean percentage
of initial soldiers (or disturbed soldiers) in the central chamber following disturbance. In the dry
sand arenas, the percentage of soldiers in the central chamber after disturbance was always
higher than before disturbance, whereas in wet sand arenas a few soldiers were found to escape

initially, followed by gradual return to the disturbed chamber.

Table 5.2. Mean number (x SEM) and ANOVA results comparing C. formosanus escaped from
central chamber through the tubes located in four directions in dry sand and wet sand
experimental arenas in 30 s® period after a disturbance was created in the central chamber®.

Mean (x SEM) number of termites escaped in 30 s

coﬁg?t?on from four directions ANOVA results
East North South West

Dry sand 18.44 + 2155+ 13.00 £ 11.77 + F=4.04;df=3,32; P
2.41a 2.63a 2.29a 1.69b =0.015

Wet sand 17.71 + 17.35 + 18.57 + 15.07+ F=051;df=3,52;P
1.55a 1.43a 2.47a 2.60a =0.674

The average time period required to escape the maximum number termites from the central
chamber after disturbance was 30 s.

*Numbers followed by the same letter are not significantly different at o = 0.05 (Tukey’s HSD).
Comparisons are made within the same row.

83



140 -
130
120
110
100

90

80 - —o—Disturbed wet
70 - =& Disturbed dry

60 -

50 T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 240

Seconds following disturbance

Mean % of initial soldiers in
central chamber

Figure 5.3. Mean (x SEM) response curves showing escape behavior by disturbed groups of C.
formosanus soldiers in wet and dry sand experimental arenas at time intervals from 0 to 240 s.
Data represent the number of soldiers in the disturbed central chamber (disturbed chamber)
standardized as a percentage of initial soldiers (initial soldiers = number of soldiers in the central
chamber just before disturbance).
Discussion

Following disturbance termites responded in a manner that indicated a stereotypic alarm
response. Stuart (1963) described two types of alarm in termites: ‘general alarm’ where a large
number of individuals are affected at the same time and ‘specific alarm’ where one or a few
individuals are affected. General alarm behaviors include stoppage of normal activity, increase in
excitation level, head bumping, bunching together or seeking cracks and crevices and pheromone
trail laying, whereas specific alarm behaviors include trail following, recruitment and preparing
for defense (Stuart 1967). In our study, C. formosanus first displayed general alarm behavior in
response to the disturbance. This behavior appeared to facilitate their escape through the tubes

into the peripheral chambers. Excited termites may have deposited trail pheromones while

escaping through the tubes.
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The partial escape (average: 31% and 43% of the initial termites escaped in dry sand and
wet sand arenas, respectively) was followed by an immediate but gradual return to the disturbed
area (average: 32 min and 31 min took to return to the disturbed chamber in dry and wet sand
arenas, respectively). Hu et al. (2003) reported that C. formosanus and Reticulitermes flavipes
(Kollar) showed only momentary escape (average time taken to return to the disturbed area: 160
s for C. formosanus and 226 s for R. flavipes) when disturbed by a vibrational stimulus. In their
experiment, they did not remove the food source and knock the termites off the food source, and
did not introduce air bursts, a series of activities that termites might encounter during checking
and replacing of monitors/baits in a termite baiting system. Interestingly, the present results
showed that even a large level of disturbance does not cause C. formosanus to abandon the
attacked food source for more than an hour. The return time for R. flavipes disturbed by puffs of
air was reported to be = 3 h. (Schwinghammer and Houseman 2006) and for Microcerotermes
crassus Snyder disturbed by knocking them out of wood was reported to be more than 1 day
(Wong and Lee 2010). The return of the termites to the central chamber could be explained in the
context of the specific alarm behavior. As noted by Stuart (1963) in Zootermopsis nevadensis
(Hagen) and Schwinghammer and Houseman (2006) in R. flavipes, we propose that general
alarm in C. formosanus translated into specific alarm when the escaped termites encountered the
undisturbed termites in peripheral chambers, prompting behaviors such as recruitment and
preparation for defense.

We were particularly cautious not to injure termites that might lead to their death in the
disturbed chamber. Therefore, none of the experimental chambers had dead termites. Previous
studies such as Su et al. (1982), Fei and Henderson (2005) and Woodrow et al. (2008) have

reported that the presence of dead termites either elicited an anti-feeding behavior or avoidance

85



behavior in C. formosanus. Wong and Lee (2010) found that food source disturbance and the
presence of dead termites deterred Microcerotermes crassus only temporarily but old carcasses
infected with fungi deterred them permanently. Campora and Grace (2007) reported that the
avoidance of borate treated wood by C. formosanus was neither due to a necrophobic behavior
nor a learned response, but probably due to a weak trail pheromone. Although there are mixed
reports on whether C. formosanus permanently abandons the sites because of dead termites, all
indications are that the death of termites will negatively influence the success of a baiting system
on C. formosanus. Our results suggest that a certain degree of disturbance, which is usually
inevitable during periodic checking of monitors and/or replacing with baits, does not cause C.
formosanus to abandon the food source. In fact, there is a possibility that such a disturbance
might even help to spread the toxicants in the termite population as different or sometimes more
individuals may visit the site after the disturbance. In a field study in Africa, Eggleton et al.
(2002) reported that lower termites like Coptotermes sjostedti Holmgren and Neotermes sp.
(Kalotermitidae) were found more abundantly in more disturbed sites than in less or undisturbed
sites.

It is likely that the disturbed termites escaped via the nearest exit discovered. Since all the
four tubes were located in equal distance interval around the periphery and the escape time was a
window of a very short period, probably the most efficient escape is to utilize all the available
routes more or less equally. It is also likely that the alarmed termites randomly met with the
peripheral tubes while moving away from the source of disturbance that eventually lead to
escape through the tubes, where each tube had equal probability of receiving the escapees. Why

a significantly higher number of termites escaped through one tube than the others in dry sand
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arenas is unclear. Such a difference in escape pattern was not observed in wet sand arenas
indicating that C. formosanus is more likely to aggregate under unfavorable conditions.

Substrate moisture is an important requirement for subterranean termites. Our previous
study (Gautam and Henderson 2011) showed that dry or fully saturated sand moisture conditions
are unfavorable for C. formosanus. In the present study, the escape of a significantly higher
percentage of the initial termites in wet sand arenas than in the dry sand arenas could be
explained by the unfavorable condition in the peripheral chambers in the dry sand arenas. This
finding may be biologically relevant because it suggests that an unfavorable substrate on the
outer periphery of the monitoring stake could increase the chance of higher bait consumption
given that baiting station itself has sufficient moisture. Interestingly, the time taken to escape
from the disturbed chamber, and later return to the disturbed chamber was not significantly
different between wet and dry sand arenas indicating that the speed of response to alarm signal or
disturbance and acclimation to said alarm or disturbance on C. formosanus appeared unaffected
by the substrate moisture level as opposed to temperature effects as observed by Swinghammer
and Houseman (2006).

Here C. formosanus workers played an important role in adjusting the foraging
population in a stressful situation. In both wet and dry sand conditions, workers were the first to
escape from most of the disturbed chambers indicating that workers move into action first by the
alarm signal or disturbance. This finding is consistent with the findings by Hu et al. (2003) who
reported that workers always escaped first in response to a vibrational stimulus in C. formosanus
and R. flavipes, and Reinhard and Clement (2002) who reported that workers were the first to
respond and be attracted to the alarm triggered by the squashed soldier heads in European

species of the genus Reticulitermes. Reinhard and Clement (2002) concluded that the presence of
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workers was crucial for alarm communication. The present findings showed that the disturbed
soldiers did not escape in proportion to the workers, rather there was a modest increase in soldier
number in the central chamber. Soldiers recruited for defense in the disturbed area.
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CHAPTER 6

LABORATORY STUDY OF THE INFLUENCE OF SUBSTRATE TYPE AND
TEMPERATURE ON THE EXPLORATORY TUNNELING BY THE FORMOSAN
SUBTERRANEAN TERMITE
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Introduction

Subterranean termites search for food by constructing a ramified tunnel and gallery
system underneath or above the soil. Usually the tunnels radiate out from the nest and as they go
farther away the main tunnels produce secondary and tertiary tunnels (Hedlund and Henderson
1999, Arab and Costa-Leonardo 2005). The efficiency of food search by subterranean termites
therefore depends on the organization of the tunnel systems (Traniello and Robson 1995).
Studies have shown that environmental factors such as soil texture, soil moisture, ambient
temperature and the presence or absence of food sources influence the search tunnel formation
by subterranean termites (King and Spink 1969, Smith and Rust 1991, Jouquet et al. 2002, Evans
2003, Su and Puche 2003, Fei and Henderson 2004, Arab and Costa-Leonardo 2005, Cornelius
and Osbrink 2010, Gautam and Henderson 2011).

Hedlund and Henderson (1999) demonstrated that the presence and amount of food
influenced the branching and total length of tunnel system constructed by C. formosanus and
Reinhard et al. (1997) reported similar findings in Reticulitermes santonensis De Feytaud. On the
other hand, studies such as Su et al. (1984) and Campora and Grace (2001) reported that food
search by C. formosanus is systematic and not affected by food in the foraging arena.
Nevertheless, these studies agree that the main and branched tunnels are organized in a way that
they avoid searching the area that was already explored.

Although there is no debate on the requirement of substrate moisture in the foraging
arena, there are still contradictory reports on the influence of a particular level of moisture in
different substrates for search tunnel formation by subterranean termites. Su and Puche (2003)
reported that early tunneling activity by C. formosanus was higher in high moisture sand than in

low moisture sand when provided with a moisture gradient, but during the later part of the 10 d

91



experiment the difference was not significant. Evans (2003) reported the increased rate of
tunneling in wet sand than in dry sand by C. frenchi Hill. Arab and Costa-Leonardo (2005)
reported that C. gestroi (Wasmann) constructed more secondary tunnels at 15% moisture sand
than in 5% moisture sand. In contrast, Potter et al. (2001) demonstrated from their field study
that there was no difference in damage ratings between Sentricon® stations placed in wet soil or
dry soil. One confounding factor here is the use of ‘dry soil” in the experiment. It is difficult to
determine whether the dry soil in these studies was completely dry or had low moisture levels,
because the survival of subterranean termites is a major issue in a completely dry soil. When a
wet food matrix is provided or when the dry soil is adjoined with wet soil then termites can
relocate water to make the dry soil moist (Grub and Rudolph 1999, Gallaghar and Jones 2010).
Like moisture, ambient temperature also influences the tunneling behavior of subterranean
termites. For example, Arab and Costa-Leonardo (2005) reported that C. gestroi and
Heterotermes tenuis (Hagen) constructed more secondary tunnels at 20°C and 25°C than at 15°C
in sand.

Soil texture impacts subterranean termite foraging both by its particle size and its water
holding properties. As the soil particles become coarser the water holding capacity of the soil
decreases (Khaleel et al. 1981); as a result, relatively more water is available for termites. In
sand, the moisture content as low as 4% by wt. provides sufficient moisture for C. formosanus to
tunnel and aggregate normally (Gautam and Henderson 2011). Cornelius and Osbrink (2010)
reported faster tunneling by C. formosanus in sand than in top soil and clay. In moist condition,
however, C. formosanus preferred to aggregate in soil with finer particles than in soils with
coarser particles and the opposite was found in dry condition (Cornelius and Osbrink 2010). C.

gestroi excavated significantly more secondary tunnels in soil with uniform particle size of 2.0
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mm than in soil with heterogenous particle size (0.002 - 4.00 mm) while H. tenuis could not even
penetrate the arenas filled with the latter soil type (Arab and Costa-Leonardo 2005). C.
formosanus and Reticulitermes hesperus Banks constructed different tunneling patterns based on
the particle size present in the soil (Smith and Rust 1991). In this study, first we aimed to test the
substrate preference between sand and sandy loam at two different moisture levels and second to
compare the rate and pattern of tunneling among sand, sandy loam and silt loam at two ambient
temperatures.
Materials and Methods

Termites. Formosan subterranean termites were collected from a heavily termite-infested
area of Brechtel Park in New Orleans, Louisiana in October 2010 using milk crate traps as
described in Gautam and Henderson (2011). The termites were maintained in the laboratory for
~3 months before they were used for the bioassays.

Preference Tests: Bioassay arenas were prepared according to Hedlund and Henderson
(1999) with some modification. Each arena consisted of two square Plexiglas® plates (33 by 33
by 0.3 cm) assembled together to make a tunneling chamber 0.3 cm thick. The upper and lower
plates were held together with test substrates sandwiched in the middle portion separated by 4
narrow edge strips (1.0 by 0.3 by 33 cm or 31 cm). An orifice (0.5 cm diam) was opened with a
soldering iron on the central point of the upper plate. The lower plate was divided into 4 equal
parts by 4 strips (1.0 by 0.3 by 14.0 cm). These divider strips were glued in a way that an open
space was created on the central point along the orifice of the upper plate and four equal gates
leading to four parts of the arena were formed. Each part of the arena was filled with one of the 4
treatment substrates: 15% moisture sandy loam, 5% moisture sandy loam, 15% moisture sand

and 5% moisture sand, and leveled with as uniform compactness as possible. A filter paper
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(Whatman®, 4.2 cm diam) was placed at each corner as a food source and the upper and lower
plates were clamped together with metal binder clips. A circular acrylic container (called release
chamber; size: 5.08 by 3.63 cm, Pioneer Plastics Inc, North Dixon, KY) with the same sized hole
on the bottom side was glued to the upper plate so that the two holes (holes of the upper plate
and the release chamber) were aligned with each other and the termites from the release chamber
could easily get access to the tunneling chamber (Fig. 6.1). We chose sand (fine construction
sand, Louisiana Cement Products LLC, Baton Rouge, LA) and sandy loam (collected from
backyard of the second author, St. Gabriel, LA) for the substrate preference study as sand
represented the low organic matter substrate with uniformly coarser particles and sandy loam
represented the high organic matter substrate with finer particle size (Table 6.1). Two moisture
levels were chosen based on our experience on conducting the laboratory experiments. Five
percent moisture represents the lower range of sand moisture for most laboratory experiment and
15% represents the upper range. Soil compaction was recorded by measuring the wet bulk
density of test substrate in the foraging arena, which was as followed: Sand 2.33 g/cm?®, sandy
loam 1.22 g/cm®and silt loam 1.32 g/cm®.

One hundred termites (88 workers, 10 soldiers and 2 nymphs; workers were externally
undifferentiated individuals developed to at least the third instar) were released in the releasing
chamber which contained 10 g mixture of both the substrates (sandy loam and sand) moistened
to 15% by wt. Nymphs were included in the tests since the field collected groups were composed
of workers, soldiers and nymphs. The test was repeated 5 times.

Number of termites present in each substrate was recorded after 24 h. To record the
number of termites present on both sides of the foraging chamber: the arena was placed on the

scanner, the individuals were counted from the top whereas the bottom was scanned at the same
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Fig. 6.1. Two dimensional experimental arena for substrate type preference tests

time so that duplication in counting was avoided. During the process, the arena disturbance was
minimized. The scanned image transferred on computer was used to count the termites seen from
the bottom part of the arena. Since the thickness of the substrate was only 0.3 cm, termites in the
tunnels were visible either from the top or from the bottom of the foraging chamber. Termites
not seen on the foraging chamber from either side were presumed to be present in the releasing
chamber and were not included in the analysis. Length of the tunnels was measured with the help
of a string overlaid on the tunnels. Only one measurement was taken of the tunnels that were
visible from both the sides of the foraging chamber otherwise separate measurements were taken.
Total length of the tunnels in each substrate was then calculated by adding the lengths of primary
and branched tunnels (branched tunnels included both secondary and the tertiary tunnels).
Tunneling Tests: The bioassay arena consisted of a similar structure as described in the
preference tests except that the release chamber was fitted to one edge of the square tunneling
chamber, a filter paper placed on the opposite edge of the chamber and the foraging arena was
filled with only one type of substrate, so, there were no dividers in the arena. One more substrate
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type, silt loam (collected from Ben Hur Research Station, Baton Rouge, LA) was added for
tunneling tests, which had higher organic matter than the sand but lower than the sandy loam and
had the finest particle of all the three substrates (Table 6.1). Sand was moistened to 15% by wt.
and sandy loam and silt loam to 30% by wt. These moisture levels were chosen to approximately
equate the saturation of the substrates based on their moisture holding capacity, as sand gets
saturated at ~28% moisture whereas the other two substrates get saturated at ~55%. Two
temperature conditions, 22°C and 28°C were chosen because the former temperature represents
the most common laboratory room temperature and the latter represents the temperature usually
maintained in the incubator for most bioassays. The release chamber contained 10 g of the same
substrate as in the foraging chamber.

One hundred termites (88 workers, 10 soldiers and 2 nymphs; workers were externally
undifferentiated individuals developed to at least the third instar) were introduced in the release
chamber and the arena was placed undisturbed either in the incubator set to 28°C or in the
laboratory room having a temperature at 22°C. There were 3 replications for each temperature
and substrate type. Tunneling was recorded after 14 h and 24 h of release. Different colored
permanent marker pens were used to trace the tunnels made at each time period. The number of
primary and branched tunnels was recorded and compared among the tested substrates. The total

length of the tunnels in the arena was calculated as described in the preference tests.

Table 6.1. Characteristics of substrates used in experiments

Particle size distribution (%)

Organic

Sample ID matter (%) Sand Silt Clay Textural class
Ben Hur Soll 6.56 20.6 53.1 26.3 Silt Loam
St. Gabriel Soil 15.09 68.4 22.8 8.8 Sandy Loam
Sand 0.09 99.1 0.6 0.3 Sand
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Statistical Analysis. Data analysis was done with SAS 9.1 software (©2002-2003 SAS
Institute Inc., Cary, NC). Tunnel volumes and number of primary and branched tunnels were
subjected to ANOVA using a generalized linear model. Location count data were square root
transformed to improve normality and analyzed using ANOVA. Untransformed data are reported
in the text. Multiple comparisons were done using Tukey’s honestly significance difference at o
=0.05.

Results

In the preference tests, a significantly greater total length of tunnels was excavated in
sand compared to sandy loam (F = 35.26; df = 1, 16; P < 0.0001) in the 24 h period. However,
tunnel length was not significantly different between the two moisture levels (F = 1.19; df = 1,
16; P = 0.29) and there was no interaction effect of the substrates and the moisture levels (F =
0.48; df =1, 16; P = 0.50) (Fig. 6.2). Likewise, after 24 h, a significantly greater proportion of
released termites were recovered in sand than in the sandy loam (F = 325.37; df =1, 16; P <
0.0001) but the moisture levels had no significant impact on the number of termites found on a
given substrate type (F = 0.69; df = 1, 16; P = 0.43) and had no interaction effect of the substrate
and moisture levels (F = 0.88; df = 1, 16; P = 0.36) (Fig. 6.3).

In the tunneling tests, substrate type had a significant impact on the length of tunnels at
both time periods (14 h post-release: F = 6.57; df = 2, 12; P = 0.0118 and 24 h post-release: F =
7.71; df = 2, 12; P = 0.0070). The length of tunnels was not significantly different between 22°C
and 28°C (14 h post-release: F = 0.03; df = 1, 12; P = 0.8745 and 24 h post-release: F = 0.01; df
=1, 12; P =0.9260), however, there was a substrate type and temperature interaction effect at 24
h post-release (14 h post-release: F = 3.77; df = 2, 12; P = 0.0538 and 24 h post-release: F =

5.28;df =2, 12; P =0.0227). Means comparison showed that there was no difference in the
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Figure 6.2. Mean length (x SEM) of tunnels excavated in two different substrates each with two
moisture levels (MC) in the preference tests in 24 h period. Bars with different letters are
significantly different (o < 0.05, Tukey’s test) from each other.
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Figure 6.3. Mean number (x SEM) of termites recovered in two different substrates each with
two moisture levels (MC) in the preference tests after 24 h period. Bars with different letters are
significantly different (o0 < 0.05, Tukey’s test) from each other.
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length of tunnels among the substrates at 28°C but only at 22°C. At 14 h post-release, the length
of tunnels was significantly greater in sand than in sandy loam and after 24 h post-release it was
significantly greater in both the sand and the silt loam compared to sandy loam (Table 6.2).
Substrate type had a significant effect on the number of primary tunnels after 24 h of
release (F = 7.75; df = 2, 12; P = 0.0069), however, there was no temperature effect (F = 1.33; df
=1, 12; P =0.2707) and also no interaction effect (F = 0.58; df = 1, 12; P = 0.5731). Similarly,
substrate type effected the number of branched tunnels (F = 10.07; df = 2, 12; P = 0.0027) but
not the temperature (F = 4.17; df = 1, 12; P = 0.638) or the interaction of substrate and
temperature (F = 3.31; df = 2, 12; P = 0.0717). The number of branched tunnels was greater in
sand or silt loam than in the sandy loam at 22°C and the number of primary tunnels was greater

in sand compared to sandy loam but not the silt loam at 24 h post-release (Table 6.3).

Table 6.2. Mean length (£ SEM) of tunnels excavated in 14 h and 24 h periods in three different
substrates at two temperature conditions

Substrate Mean length of tunnels in 14 h (cm)  Mean lengths of tunnels in 24 h (cm)
28°C 22°C 28°C 22°C
sand 80.00 + 16.64° 99.36 + 7.62° 104.83 + 13.49° 123.16 +9.09°
sandy loam  66.83 + 13.63 28.53 + 10.25" 86.73 +14.30° 39.90 +13.73"
silt loam 58.00 + 2.51° 72.33 +13.41% 72.33 +2.42° 103.83 +18.33°

Values with different letters in superscript within the same column are significantly different (a
< 0.05; Tukey’s test).
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Table 6.3. Mean number (£ SEM) of primary and branched tunnels excavated in 24 h period in
three different substrates at two temperature conditions

Substrate Mean number of primary tunnels Mean number of branched tunnels
in24 h in24 h
28°C 22°C 28°C 22°C
sand 2.33+0.33* 3.33+0.88° 9.33 +3.33° 18.00 + 3.60°
sandy loam  1.00+0.00°  1.00 +0.00" 4.66 + 1.20° 1.66 + 0.66"
silt loam 2.00+0.57° 2.33+0.33% 7.33+0.33° 13.66 + 2.90°

Values with different letters in superscript within the same column are significantly different (a
< 0.05; Tukey’s test).
Discussion

It is generally agreed that substrate moisture is one of the critical factors that favor
foraging activity of subterranean termites. However, there are variable suggestions when it
comes to concluding what is the preferred level of moisture for optimum tunneling activity (Su
and Puche 2003, Gautam and Henderson 2011, Arab and Costa-Leonardo 2005, Cornelius and
Osbrink 2010, Evans 2003). Su and Puche (2003) reported that C. formosanus tunneled faster in
higher moisture sand than in lower moisture sand for the middle 3-4 days of the 10 d test period;
tunneling rate did not differ the rest of the days. Evans (2003) reported higher tunneling rate in
wet sand than in dry sand by C. frenchi, but did not determine the exact moisture content of the
wet sand. The present data shows that the total tunnel length excavated by C. formosanus does
not differ between 5% and 15% moisture sand. Our earlier study on sand moisture preference
also showed that C. formosanus did not preferentially select a particular moisture level among a
range of moisture levels from 4 to 24% (Gautam and Henderson 2011). This suggests that C.
formosanus readily gets moisture required for its normal tunneling activities from sand that has
as low as 4% moisture. In sandy loam, C. formosanus constructed very short tunnels initially but
later stopped and very few termites were recovered at the end of the test period. Both less
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moisture availability and finer particle size could have contributed to make this substrate less
preferable over sand.

The rate of tunneling and the spatial dispersion of tunnel webs were influenced by the
substrate type and ambient temperature. A greater total length of tunnel network in sand than in
sandy loam at 12 h or 24 h post-release could primarily be due to the uniformly coarser particle
size present in the sand. Termites construct tunnels by picking up soil particles and depositing
them elsewhere to clear the way for tunnels. Cornelius (2005) reported that tunnel construction
by C. formosanus was faster in uniformly coarse sand (particle size: 0.59-0.84 mm) than in the
sand with varied particle size (0.30-2.0 mm). Although coarse particles would usually be faster
to excavate, very coarse particles also could be impenetrable for termites. Ebeling and Pence
(1957) reported that R. hesperus was unable to penetrate the sand particle size that ranged from
1.2-1.7 mm diameter and Tamashiro et al. (1991) reported that sand particle size ranging from
1.7 — 2.4 mm diameter was impenetrable to C. formosanus. As termites pick up individual
particles while excavating tunnels, they would have to do more back and forth movement to
displace the same volume of substrate in finer particles thus requiring more efforts and time to do
the same job. Li and Su (2009) suggested that termites can pick up 3-4 particles (0.300 — 0.355
mm) at a time depending upon the size. However, this may not necessarily mean that termites
always pick several fine particles from silt or clay to make the same bulk as would have been
from a single particle of coarse sand of maximum size they can grasp, and sometimes finer
particles may drop on the way requiring another trip thus delaying the excavation work. Our
observation where longer tunnels were recorded in sand than in the sandy loam or silt loam
demonstrates that C. formosanus excavates faster in uniform coarse particles than the substrate

having finer particle size.
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An efficient search tunnel system would be the one that minimizes the energy
expenditure in tunnel excavation and that would probably be achieved by minimizing the total
length of tunnels from origin to the first food source. Primary tunnels mainly determine how far
the foraging area is covered from the origin and the organization of branching system determines
how efficient the food search system foraging groups of subterranean termites employ (Hedlund
and Henderson 1999). Construction of a larger number of branched tunnels (secondary, tertiary
and quaternary tunnels) helps to exploit the maximum area of the arena. In the present
experiment, C. formosanus built more extensive tunnel webs in sand than in sandy loam as
evident from higher number of primary as well as secondary tunnels in both the temperature
conditions, although the difference was statistically significant only at 22°C. Arab and Costa-
Leonardo (2005) reported that C. gestroi and H. tenuis constructed more secondary tunnels at
20°C and 25°C than at 15°C in sand. Probably 15°C is very low temperature for normal activities
for the termites. It would be interesting to see how C. formosanus tunneling would be impacted
at 15°C. Surprisingly, silt loam, which has a lower proportion of sand than the sandy loam, had
greater number of branched tunnels and greater total length of tunnels. We do not think moisture
was a limiting factor in sandy loam or silt loam because the moisture content of these substrates
was 30% whereas that of the sand was only 15%. We assume that, in addition to particle size and
soil moisture, there may be some other factors that influence the speed of excavation. Organic
matter content was exceptionally high in the sandy loam and pH was slightly higher, however, it
is unknown whether these factors have a role to lessen the tunneling activities by C. formosanus.
An increase in tunneling activity by C. formosanus has direct biological relevance as it will
increase the likelihood of finding a monitor or bait placed in the nearby areas of infested

structures.
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CHAPTER 7

SUMMARY AND CONCLUSION
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Subterranean termites are some of the most destructive structural insects causing billions
of dollars of economic loss in the United States. The Formosan subterranean termite is an
introduced species in the United States that has surpassed the damage potential to its native
counterpart, Reticulitermes spp. in some of the southern states, including Louisiana. Owing to
their great economic importance, various control strategies are in place targeting subterranean
termites. Naturally, efforts are underway to develop less invasive, more economical and more
environmental friendly control approaches. Baiting systems and spot treatment (or minimum
treatment) by nonrepellent delayed action termititcides are some of the strategies to eliminate the
whole colony from an area. However, to achieve a desired success from these control strategies
require an in-depth understanding of foraging behavior and the food transfer system of these
social insects. Subterranean termite foraging behavior is impacted by an array of biotic and
abiotic factors. Of the abiotic factors, moisture and temperature play a vital role in influencing
their foraging behavior and distribution which ultimately determine their survival. The
importance of moisture and temperature is attributable mainly to these insects’ soft cuticle with
poor water retaining properties that renders them extremely vulnerable to desiccation. Because of
this compelling link between moisture and temperature and their survival, knowledge of water
and temperature relations of subterranean termites is indispensible to optimizing control
strategies. This dissertation research is one such study that aimed to aid in the understanding of
C. formosanus foraging behavior in relation to soil or substrate moisture, micro-environmental
relative humidity and ambient temperature.

Formosan subterranean termites were tested under laboratory conditions to determine
preferences among different sand moisture levels in a choice test. Foraging behavior, rate of

filter paper consumption and distribution patterns of the termites were studied among 3 soldier
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ratios: low (4% soldier), normal (16% soldier) and high (32% soldier) and 7 sand moisture
gradients (4, 8, 12, 16, 20, 24 and 28% wt/wt) in a circular 3-dimensional arena. Sand moisture
had a significant effect on termite distribution and filter paper consumption, whereas soldier
proportions had no effect. Treatment means comparisons indicated that there were no significant
differences in termite distribution or consumption among moisture levels ranging from 4 - 24%j;
however, significant differences were obtained when termite distribution or consumption on
these moisture levels were compared with that of the saturated sand (28% moisture). Termites
also were not present in the center release chamber (which had dry sand and no food) at any
observation point. Within the range of 4 -24%, we found a very uneven distribution pattern
where 70 - 80% of the total released termites aggregated in 1 of the 6 moisture chambers. Filter
paper consumption corresponded with the aggregation sites. Importantly, among the 27
replicates no particular moisture chamber was consistently chosen for aggregation indicating that
Formosan subterranean termites probably can adapt to a range of substrate moisture levels in
nature provided other conditions are suitable.

Food moisture level may impact subterranean termite foraging behavior in a different
way than the soil moisture level. To understand this, the relationship between the moisture
content (MC) of wood blocks and the feeding preference of C formosanus at three ambient
temperatures (19, 28, and 35°C) was investigated with multiple-choice as well as no-choice
bioassays. In multiple-choice tests, when four wood blocks with initial MC as dry (0-3%), low
(22-24%), medium (70-90%), and high (125-150%) were exposed to workers and soldiers, the
highest consumption was found in the high MC wood blocks at all three temperatures, although
high MC wood consumption at 19 °C was significantly lower than that at 28 or 35°C. The

preference for high MC wood blocks was detectable within the first few hours and continued for
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the duration of the test. In no-choice tests, the highest wood consumption also was obtained on
the high MC wood blocks at all three temperatures. However, in the no-choice tests, significant
mortality was observed with termites exposed to dry or low MC wood blocks. Termite mortality
was found to be higher with higher ambient temperature. Sustained feeding was not observed on
wood blocks with < 24% MC. Temperature played a vital and complementary role for wood
consumption at all moisture levels.

Relative humidity and temperature mainly determine the water loss from an organism.
Foraging groups of C. formosanus, which are extremely susceptible to desiccation, were tested
for their relative humidity (RH) preference in a humidity gradient arena in the laboratory at a
constant temperature of 26°C. Five RH levels (9%, 33%, 53%, 75% and 98%) were maintained
in the test arena comprising of a series of closed containers using dry silica gel, saturated salt
solutions or distilled water alone. Termites gradually aggregated to the highest RH chamber in
the arena. After 1 h, a greater percentage of termites (~ 46%) aggregated to the highest RH
chamber (98%) compared to the lower RH chambers (< 75%). After 12 h, > 97% of the termites
aggregated to the 98% RH chamber. In survival tests, where termites were exposed to 15
combinatorial treatments of 5 RH levels (9%, 33%, 53%, 75% and 98%) and 3 temperatures
(20°C, 28°C and 36°C) for a week, the survival was significantly influenced by RH, temperature
and their interaction. Higher mortality was observed in termites exposed to < 75% RH chambers
compared to 98% RH chamber at the three temperatures and significantly lower survival was
found at 36°C than at 28°C or 20°C.

The practical aspect of understanding the foraging behavior in relation to moisture and
temperature is the optimization of control strategies. Termite baiting system are the most

environmental friendly control approaches which rely on periodic checking of monitors and
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replacement with baits, so, involves an inevitable disturbance. The role of disturbance in baiting
activities has been noted as a confounding factor for the success of baiting systems. To
understand whether disturbance lead to food (or bait) abandonment, and whether wet versus dry
substrate in the periphery of the food source influence their escape behavior, Formosan
subterranean termites were tested in a suitably designed laboratory arena. Four peripheral
chambers connected to the central food chamber through tubes served as escape routes from
which escape patterns, escape and return times and differences in soldier and worker responses
were recorded. We used two sand conditions: moist and dry to test whether favorable versus
unfavorable conditions change their escape behavior. The post disturbance responses were video
recorded for one hour. C. formosanus quickly escaped from the central chamber when disturbed.
The time taken to reach the maximum number of termites that escaped ranged from 20 s to 210 s
followed by a gradual return to the disturbed chamber. The majority of the escapees returned to
the disturbed area within a few minutes after evacuation in both dry and wet sand conditions. A
significantly higher percentage of termites escaped in wet sand arenas (43%) than in the dry sand
arenas (31%). Our experiments demonstrate that C. formosanus is highly unlikely to abandon
bait stations for extensive periods of time as a result of mechanical disturbances regardless of
habitat quality.

Finally, to understand the exploratory tunneling behavior in various soil types, soil
moisture levels and ambient temperatures, C. formosanus were examined in the laboratory using
two-dimensional foraging arenas. In choice arenas consisting of two substrate types having two
moisture levels each, and conducted at a constant temperature of 22°C, significantly greater
proportion of termites aggregated in sand than in sandy loam and so was the tunnel length

excavated. In a given substrate, termite aggregation or tunnel length did not differ between 5%
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and 15% moisture levels. In no-choice tests, where three different substrates (sand, sandy loam
and silt loam) were tested at two temperature conditions (22°C and 28°C), significantly greater
tunnel length was excavated in sand than in either sandy loam or silt loam at 22°C. C.
formosanus constructed a significantly lower number of primary tunnels in sandy loam than in
sand and a lower number of branched tunnels were excavated than either in sand or silt loam. No
significant difference in tunnel length or number of primary or branched tunnels was found

between the two temperature conditions.
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