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Abstract Termite management has been a challenge since time immemorial. In 
good old days, plant products have been used with limited success. With the discov-
ery of organochlorine pesticides, the use of chemicals gained an impetus in manage-
ment. Due to longer persistence and health hazards, the use of organochlorine 
pesticides was banned in most countries. However, for several decades, chlordane, 
heptachlor, lindane, etc. were mainly used for termite management. Subsequently 
organophosphates and pyrethroids replaced organochlorines in this scenario. 
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Organophosphates and pyrethroids repel termites, but due to their highly toxic 
nature, ready availability, and relatively inexpensiveness, they are still being used in 
developing countries for management.

Termite management practices changed dramatically with the advent of newer 
molecules, viz., neonicotinoid (imidacloprid), phenylpyrazole (fipronil), pyrrole 
(chlorfenapyr), oxadiazine (indoxacarb), anthranilic diamide (chlorantraniliprole), 
etc. Majority of these compounds are of the slow-acting and non-repellent type. The 
termites fail to detect these insecticides and continue to forage in the treated soil for 
longer period and carry lethal amount of the toxicant to be later transferred to their 
nestmates. This behavior and the properties of the new molecules prompted research 
on bait technologies. Termite baiting has developed tremendously and has been 
commercialized over last three decades. Various bait matrices and bait stations have 
been developed successfully. The activity of termiticides varies widely depending 
on the soil characteristics and properties, as soil plays an important role in the suc-
cess of management practices. With these new termiticides, fairly long-term barriers 
could be established around wooden structures and buildings. Optimal termite man-
agement still remains a challenge and depends widely on the type of termiticides 
available, soil type, cropping system, expertise available, type of structure/building, 
and economics of the procedure.

Keywords Termites • Termiticides • Termite baits

11.1  Introduction

Termites belong to one of the oldest groups of insects comprising of more than 3000 
species and are reported to survive in all ecosystems except above snow line and the 
polar regions. The majority of the termite species are highly beneficial to mankind, 
and only a handful of species (Edwards and Mill 1986; Logan et al. 1990) are pests. 
Sustainability of life without termites is unimaginable. They are one of the most 
efficient organisms in food webs, helping in recycling nutrients in both agricultural 
and nonagricultural ecosystems. Though termites lack some of the very basic sur-
vival requirements, i.e., they are visually impaired, but their olfactory sense is 
extremely well developed, they are highly sensitive to changes in light, temperature, 
as well as humidity. With all these lacunae termites pose a formidable threat to agri-
cultural crops. Their ability to withstand adverse environmental conditions is pri-
marily due to their reproduction in large numbers at an astounding rate. Their social 
structure compliments in their ability to tide over adverse conditions. During last 
few decades as the demand for food production increased tremendously due to bur-
geoning population, damage caused to agricultural crops by termites has been real-
ized resulting in a steady increase in the related literature (Vargo and Husseneder 
2009). Even though damage control measures have been developed all over the 
world, including cultural practices, mechanical measures, and biological and chem-
ical measures, management of termites is still in infancy, because very little is 
known about their biology.
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Tremendous amount of data have been generated on termite management with 
synthetic insecticides. In the USA an estimated 77% of pest control market is repre-
sented by termite management using soil insecticides (Anonymous 2002). Various 
strategies have been developed to use different groups of insecticides, including 
botanical products (Verma et al. 2009). Investigations were carried out using natural 
enemies of termites, but their commercial viability is still lacking. Termites are 
known to thrive in conditions highly conducive for growth of microbes, leading to 
evaluation of several insect pathogens including bacteria, fungi, and viruses with 
limited success (Kramm et al. 1982; Rath 2000). In this chapter we shall discuss 
some of the most landmark studies carried out in termite management, with special 
reference to synthetic insecticides.

In subterranean termite management, mainly soil applicable formulations were 
used, and major strategies were followed for (a) prevention by soil treatment and (b) 
remedial control of active infestations, by applying insecticides directly into the 
infested soil. Both strategies have their own merits and demerits, the soil character-
istics and insecticide properties playing a deciding role regarding the method to be 
used. For prophylactic treatment the insecticide must have a long residual life in 
order to repel or kill the termites rapidly. For remedial treatments the insecticide 
must be odorless/non-repellent and should be relatively slow acting so that the ter-
mites are able to carry it to their nests and galleries. The affected termites must be 
healthy enough so that no panic is created in the nest, whereas the other termites do 
not exclude the treated area for foraging.

Su et al. (1982) concluded that evaluation of insecticides against termites could 
not be based on mortality alone. The behavioral responses must be considered 
indeed, because termites could seal off or avoid treated areas and effectively protect 
themselves. These authors found that such behavior was due to repellency of insec-
ticide itself or chemical factors associated with dead termites. They categorized 
tested insecticides into three groups, viz., Type I (including natural and synthetic 
pyrethroids), Type II (including commonly used insecticides, viz., diazinon, chlor-
dane, and carbaryl), and Type III (including Amdro®). Type I insecticide exhibited 
repellent action which initially kills some termites, and subsequently the emanating 
source can be sealed off by the other termites. In Type II group, the termites contin-
ued to move around on the treated surface, and only when some individuals have 
died and decayed, the area was sealed off. This indicates that the insecticides were 
not as such repellent, the termites realized in a period of time to avoid the treated 
surface. In Type III group, the termites did not detect any chemical and continued 
visiting the treated area since the affected termites did not die at one place and the 
insecticide did not exhibit any repellent action.

The newer insecticides recommended for termite management are of two types, 
viz., fast-acting repellents, at lethal doses, and slow-acting non-repellents, at lower 
doses. The organophosphates used in termite management are quick acting with rela-
tively short soil residual period, whereas the pyrethroids used in management have 
shown repellent properties which make the termites change their foraging area and 
persist in soil for longer period (Su et al. 1999a). Insecticides, viz., imidacloprid, 
fipronil, chlorfenapyr, indoxacarb, and chlorantraniliprole, belong to a novel group of 
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insecticides that, when used at recommended concentrations, act as repellents 
(Osbrink et al. 2001; Ibrahim et al. 2003; Hu 2005; Rust and Saran 2006). These 
insecticides induce harmful behavioral changes/dysfunctions among termites, and 
their toxic effects are transmissible from poisoned termites to nonpoisoned individu-
als in the colony, leading to substantial deaths (Haynes 1988; Hu and Hickman 2006).

Investigations on termite poisoning with insecticides are multidimensional studies. 
Termite mechanisms for picking up insecticides are walking on treated surfaces, casual 
contacts, mutual grooming and antennation, trophallaxis (stomodeal or proctodeal), 
exchange of food and chemicals, coprophagy, necrophoresis, necrophagy, cannibal-
ism, and contacting secondary contaminated surfaces (Smith and Rust 1990; Ibrahim 
et al. 2003; Kard 2003; Tomalski and Vargo 2004; Hu et al. 2005; Shelton et al. 2006; 
Song and Hu 2006; Tsunoda 2006; Spomer et al. 2008; Bagnères et al. 2009).

11.2  Termiticides

11.2.1  Repellent

All the organochlorine, organophosphate, carbamate, and pyrethroid insecticides 
are categorized as repellents. In the past, repellents were mainly used to protect 
wooden structures and buildings from attacks. One major advantage with a repellent 
termiticide is that it provides an effective barrier against termites and prevents any 
damage to structures and buildings. The use of inexpensive pyrethroid termiticides 
as a barrier was in vogue in the developed world for decades. The use of such barri-
ers has a serious limitation, i.e., perfect barriers cannot be created under fully con-
structed houses or buildings. The termite workers can locate the gaps, and where the 
barrier is improper, they gain access to the structures, causing damage by recruiting 
more workers.

Synthetic pyrethroids, viz., permethrin, cypermethrin, deltamethrin, fenvalerate, 
cyfluthrin, tralomethrin, lambda-cyhalothrin, tefluthrin, bifenthrin, and flucythri-
nate, act on the sodium channels located in the insect nervous system. Their contact 
activity quickly kills termites when applied at the recommended doses or causes a 
directional change in tunneling, away from the treated area (Su and Scheffrahn 
1990; Gahlhoff and Koehler 1999). Furthermore, repellents require rigorous 
 application to all the possible entry points, if the application is meant to create a 
continuous chemical barrier (a full barrier) around and beneath the structure, and to 
all interior active infestations, in order to get an immediate control. To ensure that 
the structure is thoroughly treated, termite professionals need an in-depth under-
standing of the construction type, methods, and architectural materials and of the 
building features. Any untreated or poorly treated area or gap can be used by ter-
mites to invade and infest.

Efficacy of insecticides depends on toxicity, mode of action, susceptibility of 
termites to the test compound, soil properties, formulation, and application methods 
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(Osbrink et  al. 2001). These authors further observed that fipronil was relatively 
slow acting on soldiers but quickly acting on workers. This slow action allows the 
soldiers to interact more with workers before death. The soldiers can identify the 
intoxicated individuals and separate or avoid contact with them (Osbrink et  al. 
2001). Su et  al. (1997a) suggested elucidation of termite penetration ability in 
insecticide- treated soil is essential to evaluate efficacy. If a sufficient amount of 
insecticide is not acquired by the termites due to repellency, eventually reduced 
mortalities may be observed, in spite of toxicity (Smith and Rust 1990). Manzoor 
et al. (2012) observed bifenthrin to be repellent and fipronil repelling termites only 
above 25 ppm, whereas chlorfenapyr was non-repellent.

11.2.2  Non-repellent

The use of slow-acting insecticides has been reported to be in practice in the first 
few decades of the twentieth century (Table  11.1). Randall and Doody (1934) 
reviewed the use of slow-acting arsenic dust in termite control, citing earlier works 
by Van Zwaluwenberg (1916) and Wolcott (1924) on colonies of the arboreal ter-
mite Nasutitermes costalis (Holmgren) that were killed by applying powdered arse-
nic in their runways. Sodium arsenate, DDT, trichlorobenzene, creosote, ethylene 
dibromide, and pentachlorophenol were used for subterranean termite control in the 
early twentieth century (USDA 1951). The objectives of using slow-acting non- 
repellent toxicants for termite control are to impact colony populations, either by 
suppression or elimination.

In the 1980s imidacloprid (a neonicotinoid) was first studied for management 
and registered for termite treatment in Japan in 1993 (Potter 1997). With the intro-
duction of new non-repellent termiticides in the 1990s, the application technologies 
changed drastically. Termites are unable to differentiate between treated and 
untreated soil when non-repellent insecticides are used. The unique properties of the 
newer molecules and formulations changed the termite management practices dra-
matically. The use of neonicotinoids rather than organophosphates is considered the 
choice for developing a new strategy to manage termites (Rust and Saran 2008; 
Smith et al. 2008; Ahmed et al. 2014; Ahmed and Saba 2014) as organophosphates 
are inherently more toxic than neonicotinoids for higher animals. Non-repellent 
insecticides often maintain the property of non-repellency even at high  concentrations 
(up to 500 ppm in Reticulitermes hesperus Banks) (Saran and Rust 2007). Thorne 
and Breisch (2001) observed that non-repellent insecticide allows termites to enter 
treated soil, to be killed before the pest is able to cause any damage.

Fipronil (a phenylpyrazole) was first investigated for termites in France in the 
late 1970s and was registered as a termiticide by BASF in 1999. This termiticide has 
a relatively low vapor pressure (3.7 × 10–4 mm Hg) and water solubility (1.9–2.4 mg/l 
at 25 °C) but a soil adsorption coefficient value (Koc) as high as 825 (Gunasekara 
et al. 2007). Chlorfenapyr (a pyrrole) interferes with an insect’s ability to produce 
energy by disrupting proton shuttles across the mitochondrial inner membrane 
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Table 11.1 History of termite control

Landmark achievements References

The first report of the presence of parasitic “head-inhabiting” 
nematodes in Reticulitermes lucifugus (Rossi)

Merrill and Ford 
(1916)

Slow-acting toxicants such as arsenic dust applied into foraging tubes 
in an attempt to impact on colony populations

Van Zwaluwenberg 
(1916) and Wolcott 
(1924)

Nematodes could not kill Coptotermes formosanus Shiraki under soil 
conditions

Pemberton (1928)

Soil termiticides widely used for control of subterranean termites since 
the early 1900s

Randall and Doody 
(1934)

Runway of Coptotermes formosanus may extend up to 50 m in length 
and 0.3–3.0 m in depth

Erhorn (1934)

The presence of the fungus Conidiobolus sp. on Nasutitermes sp. Kevorkian (1937)
Two bacterial species, Bacterium sp. and Serratia marcescens Bizio, 
killing laboratory colonies of Zootermopsis angusticollis Hagen

DeBach and McOmie 
(1939)

The presence of the fungus Conidiobolus sp. on Coptotermes sp. Altson (1947)
Juvenile hormone-regulated soldier formation in termites LuÈscher (1958)
Serratia marcescens could kill termites with “low vigor.” This report 
marked the debut of termite biological control research

Toumanoff and 
Toumanoff (1959)

Aspergillus flavus Link as a fungal pathogen of Reticulitermes sp. Beal and Kais (1962)
Serratia sp. and Aspergillus sp. used for termite control Lund (1962)
First field study using Serratia marcescens against Reticulitermes 
flavipes (Kollar)

Lund (1965)

Susceptibility of Reticulitermes flavipes to a formulation of Bacillus 
thuringiensis Berliner

Smythe and Coppel 
(1965)

Metarhizium anisopliae (Metsch.) Sorokin and Beauveria bassiana 
(Balsamo) Vuill. as the two most virulent entomopathogenic 
microorganisms against Reticulitermes flavipes

Toumanoff and 
Rombau (1965)

Isaria sp. (syn. Paecilomyces sp.) shown to be pathogenic to 
Reticulitermes flavipes

Smythe and Coppel 
(1966)

Entomophthora virulenta Hall & Dunn, in association with B. 
thuringiensis, used to control Coptotermes formosanus in Hawaii

Page (1966)

The first patented formulations of Aspergillus flavus and Serratia 
marcescens against termites

Lund (1966)

Patent of a combination of Entomophthora virulenta Hall et Dunn and 
Bacillus thuringiensis as biological control agents against termites

Page (1967)

Proposal to the US Navy to investigate the effect of various pathogens 
against Coptotermes formosanus, including nematodes (Steinernema 
spp.) and fungi (Metarhizium anisopliae and Beauveria bassiana)

Tamashiro (1968)

Dechlorane (Mirex®), a slow-acting toxicant, proposed to eliminate 
isolated populations of Reticulitermes flavipes in Canada

Esenther and Gray 
(1968)

Development of biopesticides to control Anacanthotermes ahngerianus 
Jacobs

Stadykov (1970)

(continued)
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(Silver and Soderlund 2005). Indoxacarb (an oxadiazine proinsecticide) perturbs 
voltage-gated Na+ channels in the insect nervous system by binding receptors at a 
site different from that affected by pyrethroids (Wing et  al. 2000; Nauen and 
Bretschneider 2001). Indoxacarb was initially registered with the Environmental 
Protection Agency (EPA) in the year 2000 as a “reduced-risk” insecticide for use on 
vegetable and other crops against Lepidopteran and sucking insect pests (McCann 
et al. 2001; Tillman et al. 2002). Chlorantraniliprole (anthranilic diamide) targets 
the ryanodine receptor and causes impaired muscle regulation, paralysis, and 
 eventual death of insects (Cordova et al. 2006). The intoxicated termites become 
uncoordinated or convulsive, which interferes with the normal colony activities such 
as foraging, grooming, feeding, and trophallaxis (Glenn and Gold 2003). 
Chlorantraniliprole binds to soil with an average Koc value of 328, which means it 
has less potential for leaching (McCall et  al. 1979). Ecotoxicological profile of 
chlorantraniliprole based on its persistence in different soil types makes it an invalu-

Table 11.1 (continued)

Landmark achievements References

Conclusion that field studies with various pathogens demonstrated 
sufficient pathogenicity to termites

Lund (1971)

Evaluation of various species of fungi against Reticulitermes lucifugus 
Rossi under laboratory conditions

Krejzová (1971)

Studies using Mirex™ bait blocks indicated that the continuous 
placement of toxic baits suppressed foraging activity of Reticulitermes 
spp.

Beard (1974) and 
Esenther and Beal 
(1974)

Field trials using juvenile hormone analogs such as methoprene and 
hydroprene against Prorhinotermes simplex (Hagen)

Lenz (1976)

The use of Bacillus thuringiensis, in an effort to develop a biopesticide 
against two termite species

Khan et al. (1977)

The first use of the mark-recapture method to estimate the cryptic 
foraging populations of subterranean termites. Importance of defining 
colony foraging territory using entomopathogenic fungi against 
Coptotermes formosanus

Lai (1977)

Ecdysis inhibition by diflubenzuron (Dimilin®) against Heterotermes 
indicola (Wasmann) and Reticulitermes flavipes demonstrated

Doppelreiter and 
Korioth (1981)

Termites exhibited behavioral mechanisms that reduced the possibility 
of epizootics

Kramm et al. (1982)

Organophosphates and pyrethroids used in termiticide barrier 
treatments

Mix (1988)

Surface treatment of borate solution, even at the label rate, did not 
protect wood beneath the treated surface from field populations of 
Coptotermes formosanus

Grace and Yamamoto 
(1994)

Using the trap + treat + release approach with sulfluramid, colony 
populations of Reticulitermes flavipes were significantly suppressed in 
city blocks of Toronto (Canada)

Myles (1996)

The first fipronil product in termite control in the USA (Termidor®) 
approved by the EPA in 1999

PANNA (2009)
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able termiticide (Spomer and Kamble 2011; Wagner et al. 2011; Shelton et al. 2014). 
Shelton et al. (2014) found that in USDA Forest Service field plot trials, chlorantra-
niliprole when applied at 0.05% provided 8 years of protection from termites.

11.3  Soil Properties

Soil treatment has been used for termite control since 1920 (Su and Scheffrahn 
1998; Peterson 2010). Su et al. (1982) found that soil properties, viz., texture, pH, 
moisture, temperature, particle size, organic matter content and microorganism 
diversity and content, and compactness, are important factors that determine the 
application rate, persistence, and movement of a termiticide in soil. Migration of 
termiticides is slower in soils with high clay and organic matter, compared to sandy 
soils. Groundwater contamination by termiticides is restricted in high-clay-content 
soils. Forschler and Townsend (1996) and Spomer et  al. (2009) observed that a 
higher amount of termiticide is required in soils to attain desired result in general 
perimeter treatment in soils high in organic matter content. The pH affects the bio-
diversity of soil flora and their activities leading to degradation of applied termiti-
cides. Gold et al. (1996) reported that in slightly acidic soils, low organic matter 
content, coupled with low soil temperature and moisture, helps in persistence of 
termiticides for a relatively longer period.

Non-repellent compounds are preferred for soil treatment because they do not 
seem to disrupt termite foraging in the treated soil zone and have a delayed mode of 
action that may contribute to movement of the active ingredient in the colony, 
through trophallaxis and social grooming (Kard 2003). Today, non-repellent liquid 
insecticides such as fipronil, imidacloprid, chlorfenapyr, and indoxacarb are gaining 
popularity, which have a delayed mode of action. The foraging termites fail to detect 
these insecticides and continue to forage on the treated soils. The termite foragers 
exposed to these insecticides are not killed immediately; rather they transfer the 
toxicants in lethal amounts to unexposed nestmates before death. In due course of 
time, the entire colony is seriously affected (Quarcoo et al. 2010). However, such 
effects are variable depending on physicochemical properties of soils, inherent tox-
icity of the insecticides, and termite behavior.

Temperature and other natural conditions in the field affect the uptake and trans-
fer of toxicants. At higher temperatures more intense tunneling, foraging, and feed-
ing activity have been noticed by Spomer et al. (2008), leading to higher uptakes of 
termiticides. Higher temperatures promote microbial degradation of termiticides 
leading to shorter residual effects in tropical climates (Reid et al. 2002). Osbrink 
and Lax (2002) found fipronil-treated sand had significantly greater and faster mor-
tality of the Formosan subterranean termite workers, from susceptible or unsuscep-
tible colonies, than treated soil or clay. This intense substrate effect also was 
observed by other researchers with other insecticides (Smith and Rust 1990; 
Forschler and Townsend 1996; Gold et al. 1996; Osbrink and Lax 2002). High-clay- 
content soils have high colloidal fraction which increases surface area, thus increas-
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ing the number of chemical-binding sites that promote hydrogen bonding and 
hydrophobic binding of hydrophobic insecticides (Saltzman and Yaron 1986). Sand 
particles retain more of the toxicant on the surface than other substrates (Harris 
1972) and may increase pesticide performance. Manzoor and Pervez (2014) found 
that biflex and fipronil were effective against Heterotermes indicola (Wassman) in 
sandy loam soil compared to sandy clay loam soil. They observed concentration and 
time both are inversely related to each other, relative to efficacy and biflex was more 
bioavailable than fipronil. Several workers have reported the use of organic matter 
to prevent termite damage to crops (Mando et al. 1999; Mando and Stroosnijder 
1999; Gould et al. 2001; Bokhtiar and Sakurai 2005).

Saran et al. (2014) reported Reticulitermes flavipes (Kollar) workers exposed to 
sand and soils treated with chlorantraniliprole at 50 ppm exhibited delayed mortal-
ity (it took >5 days to observe 90–100% mortality in termite workers). They also 
observed that exposure to chlorantraniliprole-treated sand (50 ppm) for as little as 
1  min stopped feeding and killed 90–100% of workers. Tunneling (~2  h) was 
observed in different soil types treated with chlorantraniliprole at 50  ppm, even 
those with high organic matter (6.3%) and clay content by (30%) caused immediate 
feeding cessation in worker termites and mortality in the next 7–14 days. Worker 
termites exposed for 1 and 60 min to sand treated with chlorantraniliprole (50 ppm) 
were able to walk normally for 4  h after exposure. Delayed toxicity, increased 
aggregation, and grooming were observed in exposed termites leading to horizontal 
transfer effects within colonies. Yeoh and Lee (2007) demonstrated non-repellency 
of chlorantraniliprole in tunneling assays. Ramakrishnan et  al. (2000) suggested 
that soil type affected termite worker mortality even after 7  days of continuous 
exposure to imidacloprid-treated sand or soil.

11.4  Baiting

Research on baiting technology developed during mid-twentieth century in Indonesia 
(Kalshoven 1955), Canada (Esenther and Gray 1968), the USA (Esenther and Beal 
1974, 1978), and Australia (Paton and Miller 1980; Lenz and Evans 2002) especially 
for protection of timber trees, where barrier treatments were unsuccessful. Before 
the development of the baiting technology, subterranean termite management was 
performed by application of slow-acting toxicants such as arsenic dust, directly into 
the foraging galleries (Randall and Doody 1934). French (1991) reported the use of 
bait blocks containing dechlorane directly into the active galleries of subterranean 
termites in Australia. He further reported that termite control professionals would 
drill a hole in the trunk of the infested tree and connect a conduit box bait container. 
Dechlorane was the most commonly used bait during these years, but the use of 
organochlorines was then discontinued by national regulations or as the result of the 
Stockholm Convention on Persistent Organic Pollutants in 2004.

Baits are an effective method of subterranean termite management, since only a 
small amount of insecticide is required (Su 1994) and, ideally, is in contact with a 
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relatively small proportion of the foraging population, who then proceeds to transfer 
the toxicant to other colony members. Baits are typically made of organochlorine/
organophosphorus/carbamate insecticides (Rust 1986). Baiting is mainly successful 
against the lower termite family Rhinotermitidae and is not effective against higher 
termites (Ngee et al. 2004). Baiting is a long-term approach to termite management 
because the impact is not visible immediately. The time taken by bait to show 
desired effect depends upon the type of insecticide used, inherent toxicity of the 
insecticide, the attractant used, the season when baiting is done, atmospheric tem-
perature, and relative humidity. In this system it is expected that the foraging ter-
mites would carry the insecticide and pass it on to unexposed workers in lethal 
doses. The desired results are hence noticed some days or weeks after treatment. 
The most important aspect of a baiting program is the proper monitoring and main-
tenance of the bait stations till the goal is achieved. Baiting research took an impetus 
with the availability of newer molecules by the end of 1980s. Now the research 
focuses on the development of baiting active ingredients (Prestwich et  al. 1983; 
Jones 1984; Su et al. 1987) and food matrices (Su et al. 1985; Su and Scheffrahn 
1986) that would attract more termites toward the bait stations, eventually leading 
to commercialization of these technologies (Su et al. 1995, 2001).

In baiting systems, routine monitoring is essential to achieve the desired success. 
Monitoring devices are placed in the affected areas and left for the termites to visit. 
Once the presence of termites is established, then the untreated baits are replaced 
with those containing a small amount of insecticide such as hexaflumuron or novi-
flumuron. A successful bait trial is assumed when activity is reduced or eliminated 
at all locations identified as being visited by the targeted termites (Su and Scheffrahn 
1996; Thorne and Forschler 2000). Some termite species that are sensitive to distur-
bance start avoiding the bait stations (Swoboda et al. 2004). Su (2007) evaluated 
cellulose baits containing 0.5% hexaflumuron in a hermetically sealed closed-cell 
polyethylene sheet envelope and placed in soil to test their durability and efficacy 
against field colonies of Coptotermes formosanus Shiraki and R. flavipes. He sug-
gested that the sealed baits may be placed in soil for months or years without the 
need of monitoring, would save labor costs by bypassing the monitoring phase, 
circumvent the station avoidance by some termite species, and enable the use of 
baiting technologies in large areas such as agricultural fields in which the manual 
monitoring is impractical.

Ripa et al. (2007) evaluated four different termite control strategies consisting of 
two soil treatments with cypermethrin and fipronil and two bait treatments with 
hexaflumuron and sulfluramid for their efficacy and potential for controlling R. 
 flavipes, in Quillota and Valparaiso, Chile. They reported that soils treated with 
fipronil and cypermethrin prevented termite access in 75% of homes. Sekamatte 
et al. (2003) used baits made of dead animals, meat bones, and sugarcane husks to 
poison Macrotermes mounds. They observed that ants were more attracted to pro-
tein-based baits resulting in more number of ant nests near maize plants leading to 
decrease in damage by termites and increase in maize yields. They suggested use of 
protein- based baits for integrated management of termites in maize in Uganda.
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Su (1994) and Su et al. (1995) showed that colonies of subterranean termites can 
be eliminated by using hexaflumuron bait matrix. However the same delivery sys-
tem cannot be used for managing arboreal termites (Su et al. 1989). For managing 
Mastotermes in Australian tropics, higher quantities of termiticides are required 
(Lenz 2002). Mound excavation is essential for control of Coptotermes spp. along 
the perimeter of baited homes in Malaysia, Thailand, and Singapore (Lee et  al. 
2007). Su and Scheffrahn (1990) screened and identified several toxicants as candi-
dates to be incorporated into subterranean termite baits under laboratory conditions. 
Henderson and Forschler (1997) reported that fipronil could be effectively used as 
baits against the Formosan subterranean termite, at levels 100 times lower than 
hexaflumuron.

Baiting technology seems to have achieved its aims, i.e., small quantity of toxi-
cant could suppress or eliminate termite colonies. However there was wide variation 
on the length of time taken to achieve the desired result, i.e., 24–80 weeks approxi-
mately (Pawson and Gold 1996; Haagsma and Rust 2005; Austin et al. 2008). Many 
workers have carried out studies on different bait technologies under laboratory and 
field conditions with highly encouraging results. However, the matter of concern is 
that majority of studies do not have untreated controls. These studies only include 
observations on termite activity either in monitoring or bait stations (Grace et al. 
1996; Su et al. 1997b; Tsunoda et al. 1998; Su et al. 2001). The major advantage of 
the baiting system approach is the capability of reducing populations of subterra-
nean termites, with the possibility of suppressing or eliminating colonies (Lax and 
Osbrink 2003). Ahmed Shiday and French (2013) showed flufenoxuron as a poten-
tial termite bait toxicant, particularly against Coptotermes species. There are some 
drawbacks in baiting systems, viz., initial treatment costs are higher, and it is a 
highly labor-intensive method and is based mainly on the treatment location area, 
with regular monitoring and maintenance hassles. However, the cost becomes neg-
ligible when weighed against the environmental safety, viz., no soil or ground pol-
lution is reported because very little amount of toxicant is used.

11.5  Capture, Treat, and Release

“Trap and treat” is a method wherein termites are first lured into a trap using a food 
as bait and then treated with a poison. Dusting with Paris Green was the first docu-
mented example (early twentieth century) of trap and treat in tropical Asia, Australia, 
Hawaii, and California (Froggatt 1905; Fullaway 1920; Keuchenius et  al. 1922; 
Jepson 1930; Kofoid et  al. 1934; Cleghorn 1861; Hickin 1971; Roonwal 1979; 
Watson 1988).

Over the last two decades, many workers investigated transfer of termiticides 
among nestmates (Thorne and Breisch 2001; Valles and Woodson 2002; Ibrahim 
et al. 2003). Tomalski and Vargo (2004) proposed a theory stating that pesticides 
adhering to the integument of exposed termites (donors) are transferred to unex-
posed nestmates (recipients) through interaction with the donors. Haagsma and 
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Rust (2007) observed that in termites with sealed mouthparts, transfer of imidaclo-
prid was through body contact, not trophallaxis. However, laboratory studies indi-
cated that toxicant transfer occurs among termites (Hu et al. 2005; Rust and Saran 
2006, 2008; Shelton et al. 2006; Song and Hu 2006; Saran and Rust 2007; Bagneres 
et al. 2009). Transfer of termiticide is a function of simple association among ter-
mites, i.e., common occurrence that happens is crowding during termite assays 
(Peterson et  al. 2004). Had it been a simple correlation, then the increase in the 
number of donors would certainly increase the number of receivers leading to 
quicker spread of the toxicants. Valles et al. (2000) found a twofold difference in 
LC50 between a pair of colonies of R. flavipes to permethrin.

The transfer of fipronil and imidacloprid among workers as well as between 
workers and soldiers has been studied (Thorne and Breisch 2001; Ibrahim et  al. 
2003; Saran and Rust 2007). Saran and Rust (2007) observed that body contact 
including grooming plays a major role in horizontal transmission of a lethal dose of 
termiticide compared to transmission by trophallaxis. A linear relationship was 
found between dose uptake and insecticide contact time, in subterranean termites. 
Ibrahim et al. (2003) observed the transfer of termiticides from soldiers to workers 
was significantly higher than from workers to soldiers. A study on distance of hori-
zontal transfer in the field showed that the lethal effects in Formosan subterranean 
termites may be limited (Su 2005).

Rust and Saran (2006) and Saran and Rust (2007) worked with R. hesperus and 
argued that a single donor carries very little amount of termiticide and only the ter-
mites directly interacting with it are killed. The receiving individuals in turn do not 
act as donors. The intoxicated termites are unable to travel long distances limiting 
the potential of spread of termiticide (Su 2005; Ripa et  al. 2007; Quarcoo et  al. 
2010). Myles (1996) indicated that termites coated in sulfluramid were groomed by 
other nestmates, passing the toxicant through the colony by trophallaxis. None of 
the traditional repellent termiticides have been shown to transfer by contact among 
termites in the laboratory (Shelton et al. 2005). Schoknecht et al. (1994) used micro-
encapsulated permethrin as a bait toxicant, which was transferred among nestmates 
by trophallaxis. Similarly, Iwata et al. (1989) argued that transmission of microen-
capsulated fenitrothion among C. formosanus individuals was accomplished by 
grooming. As on date only delayed-action, non-repellent termiticides are known to 
transfer among termites by bodily contact; however, the speed of lethality varies 
(Mao et al. 2011). To develop an effective bait technology, various workers have 
evaluated different ratios and proportions of different termiticides (Hu et al. 2005; 
Song and Hu 2006; Tsunoda 2006; Rust and Saran 2008; Bagneres et al. 2009).

11.6  Exclusion Barriers

During the 1940s the use of chemical soil barriers was in vogue and considered to be 
safer and more persistent, replacing the practice of dusting chemicals for termite 
control. Initially organochlorines (e.g., dieldrin and chlordane) dominated the 
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termite control scenario for more than a decade, followed by organophosphates (e.g., 
chlorpyrifos) and synthetic pyrethroids (e.g., deltamethrin and bifenthrin). Chemical 
soil barriers were the most commonly used method of termite management for the 
next five decades. The decline in the use of chemical soil barriers started in the early 
1990s due to environmental concerns (Carson 1962; Cropper et al. 1992).

The application of chemical pesticides against termites is generally aimed at cre-
ating a barrier to prevent access to plants. Effective chemicals are those with a degree 
of persistence or are able to penetrate into the soil profile to provide control. Therefore, 
insoluble compounds, or those that are not readily adsorbed onto clay particles, 
would be of no use unless they were thoroughly mixed into the soil. Soil termiticides 
have been widely used for control of subterranean termites since the early 1900s 
(Randall and Doody 1934). The major objective of barrier treatments is to exclude 
soil-inhabiting subterranean termites from structures in ground contact. Termiticides 
applied to establish soil barriers can be repellent, toxic, or both (Forschler 1994). A 
wide range of insecticides have been investigated, and their effects varied with envi-
ronmental factors or soil conditions, which affect the residual activity and longevity 
of biocides (Smith and Rust 1993; Forschler and Townsend 1996).

Chlorpyrifos is one of the most common insecticides used worldwide against 
termites since late 1980s, till date (Mix 1988). In 1996, Bayer Corporation (Kansas 
City, MO) introduced a new termiticide, imidacloprid (Premise® 75), that belongs to 
chloronicotinyls (Potter 1997). Boucias et  al. (1996) reported that imidacloprid- 
treated termites become sluggish, inhibited or reduced grooming and tunneling 
activity, eventually followed by death. Premise 75® when applied at the rate of 0.1% 
in concrete-slab tests in Arizona, Florida, and South Carolina provided 100% con-
trol for 5 years (Kard 1998). Kard et al. (1989) observed that 100% prevention of 
subterranean termite attack resulted when Dursban® TC was applied at the rate of 
1% solution in tests carried out in Mississippi for 21 years by the US Department of 
Agriculture (USDA) Forest Service, based on concrete slabs. Su et al. (1999b) sug-
gested that longevity of termiticides applied underneath and around structures could 
be underestimated in the USDA Forest Service trials because Dursban TC degraded 
faster in small plots such as those of the USDA Forest Service field trials compared 
with that of larger plots (40,000 cm2). Beal and Carter (1968) observed that 1 day 
after applying heptachlor (0.47 liter/0.093 m2) to Florida soils, 95% of active ingre-
dient (a.i.) penetrated down to a depth of 1.9 cm. In another study, Davis and Kamble 
(1992) found that subslab termiticide concentrations decreased depending on hori-
zontal and vertical distance from the termiticide injection point. Depth of termiti-
cide penetration in soil is a function of soil moisture at application time and presence 
of rocks, duff, and organic matter (Beal and Carter 1968).

Traditionally, an amount of 0.5–5 kg of a.i. is required to exclude soilborne sub-
terranean termites from a structure (NPCA 1985). A continuous horizontal barrier is 
created if the a.i. is applied correctly, which prevents entry of termites. However, the 
success rate depends on various factors, because in a termite colony, the gallery 
system may extend up to 50–100  m from an infested structure (King and Spink 
1969; Su and Scheffrahn 1988; Grace et al. 1989) and soil treatments rarely impact 
the entire colony population, despite the large quantity of insecticide applied (Su and 
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Scheffrahn 1998). Soil insecticide treatment is, however, widely used for prevention 
of structural infestations (Grace et al. 1993; Gahlhoff and Koehler 2001). For several 
years, non-repellent soil insecticides, e.g., pyrethroids, have become popular alter-
natives to the use of more repellent materials, as barriers, to termite penetration. 
Higher mortalities are observed due to lack of repellence and delayed mode of 
action, the termites moving freely within the treated soil before death (Kard 2001).

Hu et al. (2006) demonstrated that soil-barrier application of fipronil can sup-
press and eventually eliminate termite colonies. They showed that workers readily 
tunneled and repeatedly moved in and out of the treated soil barriers, depending on 
the treatment concentrations. They observed intoxicated behaviors of termites, 
including erratic walking, body shaking, fluid excretion from the anus and mouth, 
impaired mobility, and lying on the back, while twitching and shivering. There was 
no avoiding of dead termites by the live ones, as shown by the increasing number of 
dead termites at the nest site and the decreasing number of termites in the foraging 
and treatment areas. Remmen and Su (2005) found that thiamethoxam and fipronil 
at ≥8 ppm and ≥1 ppm, respectively, provided an effective barrier against C. formo-
sanus and R. flavipes. “Exterior-Only” and “Exterior Perimeter plus Localized 
Interior Treatment” (EP/LIT) strategy was proposed by Potter and Hillery (2002, 
2003). EP/LIT is a two-phase strategy: (1) a full volume treatment of the soil out-
side the foundation wall, to establish a continuous barrier in soil on the structure’s 
exterior, and (2) targeted applications to all known infested areas inside the structure 
by foaming, injection, or dust application. This strategy was more economic reduc-
ing labor, amount of insecticide, and intrusion into the structures.

Increasing public awareness concerns raised on the environmental fate of the 
insecticides applied led to development of physical barriers such as stainless steel 
mesh (Lenz and Runko 1994) and uniform-sized particle barriers (Tamashiro et al. 
1987). Su et al. (2004) found that sufficient quantities of λ-cyhalothrin were released 
from the impregnated polyethylene film into adjacent sand, to prevent termite pen-
etration. The impregnated film has less environmental impact than conventional liq-
uid termiticides, because the a.i. is kept in the polymer.

11.7  Termite Management in Cropped Areas

References to plant protection are found in ancient Indian literature, the Vedas (viz., 
Rigveda ~3700 BC, Atharvaveda ~2000 BC), Kautilya’s Arthashastra (~300 BC), 
Buddhist literature (~200 BC), Krishi Parashara (~100 BC), Sangam literature of 
Tamils (200 BC-100 AD), Agni Purana (~400 AD), Brihat Samhita of Varahamihira 
(~600  AD), Kashyapiyakrisukti (~800–900  AD), Surapala’s Vrikshayurveda 
(~1000  AD, Someshwara Deva’s Manasollasa (~ 1100A D), Lokopakara) by 
Chavundaraya (~1108  AD), Sarangadhara’s Upavana Vinoda (~1300  AD), 
Vishwavallabha of Chakrapani Mishra (~1577 AD), and some documents of the 
medieval and premodern period. A detailed methodology of seed treatment and sys-
tematic strategies of plant protection and grain storage were presented by Surapala 
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(~1000 AD) in Vrikshayurveda. Therefore, this period may be considered as the 
starting point of systematic plant protection in Indian agricultural history. Surapala 
suggested watering the trees with cold water for a week to get rid of insects from 
branches and roots, smearing the roots with a mixture of white mustard, vaca 
(Zingiber zerumbet Rosc. Ex Smith.), kushta (Saussurea lappa C. B. Clarke), and 
ativisa (Aconitum heterophyllum Wall ex Royle). For termite control he suggested 
application of extract of aak, Calotropis procera (Aiton) (8–10 Kg of aak is soaked 
in water for about 24  h and filtered and applied in soil infested with termites). 
Details of termite control can be found in Agni Purana, an ancient Indian scripture, 
wherein the remedies mentioned to get rid of termites and fruit cracking consider 
the application of a paste (containing 200 g of turmeric powder and 1000 ml of 
mustard oil) on the tree trunks. The mustard oil would attract ants, and the turmeric 
powder acts as an antibiotic for healing the cracks. Suggestion includes the use of 
aak leaf-filled gunny bags in irrigation channels to kill termites. In a document of 
the early nineteenth century from the Mewar region of Rajasthan, the use of sesame 
oil for soil and foliar application to trees to protect from frost and termites is men-
tioned. In olden days Indian farmers used to keep asafoetida (an oleoresin dry gum 
obtained from Ferula spp.) in a pack of cotton cloth at two or three points in 10–15 m 
irrigation channels, for controlling termites in affected crops.

The use of chemical insecticides is roughly 100 years old, and their soil applica-
tion for termite control in crops was developed relatively late. The earliest reference 
to soil-applied termiticides (called at the time “soil poisons” or, less commonly, 
“chemical insulation”) was a 1928 test in California for protection of utility poles 
(St. George 1952). Although adopted rapidly for use in structures, soil applications 
were thought to be less desirable than the good building practices (which minimize 
susceptibility) and wood treatments (which protect the wood directly). In the early 
1950s, chlorinated hydrocarbons, viz., aldrin, dieldrin, chlordane, and heptachlor, 
were used as soil termiticides and continued to dominate termite control scenario 
till the mid 1980s, when they were withdrawn from market due to public outcry for 
their long persistence in soil and other health hazards. In 1978 the US Environmental 
Protection Agency (EPA) canceled the use of chlordane on food crops and phased 
out other aboveground uses over the following 5  years. In 1988, all previously 
approved uses of chlordane in the USA were canceled by the EPA (http://www.epa.
gov). With the advent of newer insecticides, the application methodology changed. 
Subsequently several organophosphates (isofenphos and chlorpyrifos) and pyre-
throids (cypermethrin, permethrin, bifenthrin, and fenvalerate) were marketed for 
termite control in the USA.

In India, Roonwal and Chhotani (1961 and 1967) dealt with the Indian wood 
destroying termites, as described in the monograph by Sen-Sarma et al. (1975) on 
the Indian wood destroying termites. Other authors such as Beeson (1941), Harris 
(1961, 1971), Hickin (1971), Narayanan and Rattan (1952), Roonwal (1979), and 
Kapur and Bose (1972) provided some accounts on termites that are injurious to 
agriculture crops and their control. Thakur et al. (1956, 1957) suggested the use of 
aldrin and dieldrin for termite control in field crops. Gupta (1959) controlled ter-
mites with 5% BHC dust at 20  kg/ha, when applied in furrows in sugarcane. 
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Agarwala (1955) found that treatments of sugarcane setts with insecticides, viz., 
benzene hexachloride, aldrin, chlordane, dieldrin, etc., as dust or sprinkle were 
effective in termite control. Parihar (1985) reported that castor seed dressing with 
aldrin 30 E.C. at 10 ml/kg protected the crop against termites. He opined that pre- 
sowing soil application of 5% aldrin dust at 37.5 kg/ha also gave good results and 
the commonly used 10% HCH the least effective. Scheffrahn et al. (1997) suggested 
chemical toxicity, formulation, application method, drywood termite behavior, and 
gallery system architecture influenced the performance of local chemical 
treatments.

Singh and Singh (2001) reported sugarcane sett treatment with a 0.2% solution 
of imidacloprid 70 WS and soil treatment with phorate 10 G 2.50 kg a.i./ha, chlor-
pyrifos 15 G 2.50 kg a.i./ha, and chlorpyrifos 20 EC at 1 kg a.i./ha were the most 
performing in controlling the termite infestations. Rana et al. (2001) observed that 
plots where wheat seeds were treated with chlorpyrifos and endosulfan at 0.9 and 
2.4  g a.i./kg respectively  were least infested by termites. Delgarde and Rouland 
(2002) found the effective dose of thiamethoxam for Trinervitermes trinervius 
Rambur, Odontotermes smeathmani Fuller, and Amitermes evuncifer Silvestri to be 
0.3 ppm, which resulted in 100% mortality within 2–8 days, depending on the spe-
cies. They further observed that O. smeathmani consumed the product, and thia-
methoxam could be transmitted in the colony from contaminated individuals to 
healthy individuals. Thiamethoxam acted as an antifeedant for T. trinervius and A. 
evuncifer and not as repellent. Sekamatte et al. (2003) observed that soybean and 
groundnut were more effective in suppressing termite attack than common beans in 
maize-legume cropping system and suggested an integrated management strategy 
for termites in smallholder cropping systems in East Africa.

Santos et al. (2004) observed the phenomenon of social facilitation among ter-
mites when poisoned with endosulfan and chlorpyrifos. They found that group size 
significantly affected the median time for death. This observation has important prac-
tical implications because density of individuals (population density) within the col-
ony has significant role to play in time required to eliminate the colony and the doses 
are based on colony size and not on the population density reached inside the nest.

The sand termite, Psammotermes hypostoma Desneux, prefers to infest the 
places with a high moisture content and warm temperature (Hafez 1980; Moharram 
et al. 1992). Ahmed et al. (2015) found chlorpyrifos (48 EC) as the most potent, 
acetamiprid (20 SP) most toxic, and thiamethoxam (40 WG) most powerful insecti-
cide for management of P. hypostoma. They further observed that the reduction 
percentages on palm fronds damage had a linear relationship with increase in expo-
sure period (from 15–60 days).

Rust and Saran (2008) found acetamiprid very active against R. hesperus in topi-
cal applications. Moreover, they demonstrated that termites were quickly affected 
by short exposures to sand treated with acetamiprid (1 ppm) as within 1 h their 
locomotion was impaired. They also observed that acetamiprid was transferred 
from donors to recipients only when donors were held on deposits ≥50 ppm for 1 h. 
Deposits even as low as 1 ppm were repellent with termites failing to tunnel into the 
treated sand, without any significant mortality.
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Ahmed et al. (2007) suggested the use of thiamethoxam and imidacloprid either 
as sett treatment or soil application in connection with irrigation could be a good 
alternative to chlorpyrifos and bifenthrin, in sugarcane crops in Pakistan, where 
insecticides are the usual approach to manage termites in this crop (Sattar and 
Salihah 2001; Ahmed et al. 2007). Singh and Singh (2002) suggested application of 
chlorpyrifos, imidacloprid, and fipronil as sett treatment in furrows before the first 
irrigation.

Iqbal and Saeed (2013) evaluated toxicities of insecticides against Microtermes 
mycophagus Desneux collected from four locations (tree plantation, untreated 
building, treated building, agriculture area) of Multan, Pakistan. They found that the 
population collected from agricultural area was more tolerant to all insecticides 
compared to those of other three locations. They ranked the insecticide order of 
average toxicity as follows: chlorfenapyr  >  spinosad  >  thiamethoxam  >  fipro-
nil > indoxacarb > imidacloprid. Bhagawati et al. (2014) reported under field condi-
tions sugarcane setts treated with clothianidin 50 WDG at concentration of 1 ml/
liter registered the lowest infestation of termites and showed statistical parity with 
the combined application of acephate 50%  +  imidacloprid 1.8% at same 
concentration.

Gao et  al. (1985) reported successful control of termite infestations with 
dechlorane bait in fields. Actually, workers all around the globe are actively involved 
in developing new integrated termite management program which would be effec-
tive and sustainable.

11.8  Factors Deciding Management Methodology

It is very difficult to decide the best method for termite management because every 
situation is different. The major factors that determine the methodology are as 
follows:

 (a) Whether termite management is to be done in field, wooden structures, or 
buildings.

 (b) Termite species in question, whether mound forming or non-mound forming or 
subterranean or arboreal.

 (c) Soil characteristics, viz., clay content, organic matter content, pH, moisture 
content, bulk density, cation exchange capacity, etc.

 (d) The presence of previous crop residues, current crop present in the field, and 
cropping system followed by the farmer.

 (e) Type of insecticide/termiticide available and availability of particular formula-
tions in the local market.

 (f) Proper knowledge of cultural practices and pest control measures being 
followed.

 (g) Cost of protection, a very important factor. In less developed countries, small 
and marginal farmers dominate the farming community. The newer termiticides 
are expensive so they prefer to use cheaper organophosphate-based products.
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 (h) Whether a new structure is being constructed or termite management is to be 
done for an existing structure/building.

 (i) Soil type and structure, viz., clay, loamy, sandy loam, or sandy soils.
 (j) Depth of foundation and perimeter area.
 (k) Availability of proper barrier materials, especially for physical barriers.
 (l) Availability of termite management professionals, bait stations, and monitoring 

professionals.

11.9  Conclusion

Management of termites varies widely, depending on the situation and cost incurred 
in the procedure. Today numerous termiticides are available in the market, including 
organophosphates and pyrethroids, which are more economic to use and expensive 
non-repellent termiticides. Termites are highly organized and “intelligent” social 
insects; they reproduce at an alarming rate and are able to replenish any shortage in 
number of workers or soldiers quickly. Termite management science has progressed 
tremendously in the last two decades. Detailed studies related to their behavior and 
biology need to be carried out to achieve success in management.

Termite workers have generated voluminous amount of literature which has 
helped in developing new management technologies. Biological control is still in its 
infancy. However, some natural enemies have been reported, but literature indicat-
ing their successful use is limited. A number of plant products have been reported to 
have deleterious effect on termites, but economically and viable application tech-
nologies need to be developed. A thorough perusal of the literature shows that the 
use of synthetic chemical insecticides is the preferred way to manage termites. We 
believe, however, that an integrated approach represents the right path to follow. 
Insects have survived for more than 1.5 million years, and it is their adaptability that 
makes them stand against humans more firmly than any other species. Application 
of bait technology and liquid termiticides is used in different situations. These tech-
nologies have their own merits and demerits. We have to weigh the benefits against 
the demerits and decide which strategy to follow. No matter whatever strategy we 
may adopt, synthetic chemical insecticides still remain the backbone of termite 
management, and more experimental studies need to be carried out, to work out 
strategies to avoid their damage in a more pragmatic way.
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