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Abstract Termites  (Isoptera) belong to the classical eusocial insects and their 
resemblance to ant colonies is so striking that they are commonly known as ‘white 
ants’. However, the termites evolved social life independently, long before the ants. 
Their different ancestry also is reflected in several fundamental differences in the 
organization of the colonies. This chapter aims at summarizing the state-of-the-art 
in termite research and comparing the results with other social invertebrate  and 
vertebrate systems in an attempt to reveal common principles underlying social 
evolution. First, I provide an overview of termites’ biology and classification. 
I continue with a summary on the ‘hunt’ for a genetical explanation of the evolution 
of termite’ eusociality. Using a case study, I summarize ecological factors favoring 
cooperation in a lower termite and show the relevance of these results for other 
termite species. Based on these results I outline the potential evolutionary transi-
tions in termite eusociality. Finally, I compare the driving forces in termites with 
those in cooperatively breeding vertebrates  and offer a potential explanation why 
eusociality rarely evolved in vertebrates, despite often strikingly similar ecological 
pressures in both groups.

7.1  Introduction: An Overview of Termite Classification 
and Biology

Termites (Isoptera) are the oldest social insects with a social life that dates back to 
the Cretaceous when they had dinosaurs as their contemporaries. In the oldest fos-
sils from the Cretaceous (130 Mio), it is clear they were already social with 
 characters strikingly similar to modern basal species (Thorne et al. 2000). Although 
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their morphology was primitive, the Cretaceous termites were already reasonably 
diversified suggesting an origin in the upper Jurassic. Non-social termites, either 
fossil or recent, are unknown but termites, cockroaches  (Blattaria) and mantids 
(Mantodea) form a natural assemblage (Walker 1922) and are commonly grouped 
as suborders of the Dictyoptera (Kristensen 1991). The relationship among the three 
lineages is controversial (Nalepa and Bandi 2000; Eggleton 2001). Some authors 
contend that the primary dichotomy lies between the Isoptera and (Blattaria + 
Mantodea), and others that Mantodea diverged first, with Blattaria and Isoptera 
either as sister groups, or with Isoptera nested within the Blattaria (Hennig 1981; 
Thorne and Carpenter 1992; Grandcolas 1994; Klass 1995; Kambhampati 1995). The 
weight of evidence now suggests the latter (Inward et al. 2007). Most likely, they 
form the sister group of the Cryptocercidae  (woodroaches) (Eggleton 2001; Inward 
et al. 2007a). It is generally accepted that eusocial termites evolved from a subso-
cial ancestor (Thorne 1997; Shellman-Reeve 1997). Fossil and molecular data both 
suggest that eusocial termites evolved relatively rapidly from their non-eusocial 
ancestors, and with no intermediates in the fossil record, it difficult to resolve the 
phylogenetic relationships (Nalepa and Bandi 2000).

The termites form a diverse group with over 2600 described species that range 
across 281 genera and seven families: Mastotermitidae (only 1 species: Mastotermes 
darwiniensis), Hodotermitidae, Termopsidae, Kalotermitidae, Rhinotermitidae, 
Serritermitidae, and Termitidae (Kambhampati and Eggleton 2000; Eggleton 2001; 
Inward et al. 2007b). Classically, they are grouped into the lower termites (all 
families except the Termitidae) and the higher termites (Termitidae), the latter con-
stituting about 75% of all termite species (Kambhampati and Eggleton 2000). The 
phylogenetic relationship among the families is not completely resolved (Eggleton 
2001; Lo et al. 2004) but Mastotermitidae is now generally accepted to be the most 
basal termite group (Fig. 7.1). Termopsidae, Hodotermitidae and Kalotermitidae 
are all basal to (Termitidae + Serritermitidae + Rhinotermitidae), although their 
relative positions within that part of the tree are disputed (Eggleton 2001). Most 
recent studies support a sister group relationship for Serritermitidae and (Termitidae 
+ Rhinotermitidae). Recent molecular studies indicate that there is need for a major 
revision of the Rhinotermitidae that seem to be paraphyletic with the Termitidae 
nesting within this family (Lo et al. 2004).

Based on their ecology, and particularly their nesting and feeding habits, termites can 
be grouped into two life types  (Abe 1987, 1990): (i) One-piece type termites  
(Termopsidae, Kalotermitidae and Prorhinotermes within the Rhinotermitidae; here-
after called OP termites ): These species live in their food and spend their entire colony 
life in a single piece of wood that serves as both food source and shelter. As these ter-
mites do not forage for new resources, the availability of wood in the nest is of prime 
importance for the maximum longevity and the stability of the colony. (ii) Multiple-
pieces type termites  (including Abe’s intermediate type; hereafter called MP termites ) 
(Mastotermitidae, most Rhinotermitidae, Serritermitidae, Termitidae): These species 
live in a well-defined nest that is more or less separated from the foraging grounds. 
The fact that workers can explore new food sources outside the nest typically means 
that the nest’s longevity is less limited by food availability than in the OP species 
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(Fig. 7.1). This ecological classification is also reflected in the social organization of 
the colonies. Wood-dwelling OP termites have a flexible development in which workers 
are totipotent to explore all caste options (Lüscher 1974; Roisin 2000). In order to 
reflect this distinction, they have also been called false workers , pseudergates or helpers 
(Thorne 1996; Roisin 2000). However, the utility of these extra terms is unclear, the 
term pseudergate  is confusing and should be avoided. Pseudergate was originally 
defined for individuals that develop regressively from nymphs (in termite terminol-
ogy: instars with wing buds) into workers (Grassé and Noirot 1947; Noirot and 
Pasteels 1987). In practice, it is difficult to separate pseudergates sensu stricto from 
younger individuals as the former can regain the morphological appearance of the lat-
ter. These pseudergates sensu stricto are also not the only ‘workers’ in the nest, but 
the work force also consists of late instar larvae (in termite terminology: instars with-
out wing buds) and nymphs (Noirot and Pasteels 1987; Thorne 1997). In contrast to 
the OP termites, all species of the MP type have a true, morphologically differentiated 
worker caste with reduced reproductive potential. This reaches its extreme in the 
higher termites where workers are terminally differentiated and cannot proceed to the 
alate stage (Noirot 1990). In these species, a bifurcation into the neuter (workers and 
soldiers) versus the sexual line exists that is set at an early instar (Roisin 2000). In 
some species of the Termitidae, caste fate appears to already be determined in the egg 
(Roisin 2000).

Several other life-history traits correlate with this classification by nesting habit 
(see also Shellman-Reeve 1997). OP termites with their non-replenishable food 
source, have generally rather short-lived colonies (4–15 years in most species; Abe 
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Fig. 7.1 Family-level phylogeny for termites after Eggleton (2001) and Lo et al. (2004). The 
relative position of the three grey families is not clearly resolved. OP Wood-dwelling, one-piece 
nester termites, in which food and nest are identical; MP Multiple-pieces nester termites, in which 
nest and food are separated (for more information see text)
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1987; Lenz 1994) of small sizes (600–8,000; Lenz 1994). In contrast, MP termites 
are relatively long-lived (up to several decades; Roonwal 1970; Grassé 1984; 
Shellman-Reeve 1997; but see Soki et al. 1996 for short life-span of some 
Termitidae) and can reach large colony sizes (up to 1–5 million; Nutting 1969; 
Darlington 1979; Darlington et al. 1992; Lenz 1994). There, the life-span of a colony 
seems to be chiefly limited by predation (Bodot 1961; Longhurst and Howse 1979; 
Longhurst et al. 1979; Levieux 1983; Abe and Darlington 1985; Darlington 1986; 
Gotwald 1995; Korb 1997; Korb and Linsenmair 1999, 2001; Noirot and Darlington 
2000) and sometimes competition (Leponce et al. 1997; Lepage and Darlington 2000; 
Korb and Linsenmair 2001), while the availability of nesting space and the fecun-
dity of the reproductives sets the maximum colony size (Grassé 1984; Lenz 1994). 
There is a high degree of task specialization within colonies, reaching its peak in 
the Termitidae in which four morphological castes can often be distinguished that 
additionally exhibit age polyethism (Gerber et al. 1988; Veeranna and Basalingappa 
1990; Lys and Leuthold 1991; Traniello and Leuthold 2000).

The division into OP and MP termites is not identical with the classical division 
in lower and higher termites (Fig. 7.1). The higher termites  are confined to the 
 family Termitidae, which are MP termites, but there are also other MP termites (i.e., 
Mastotermitidae, Hodotermitidae, Serritermitidae and the Rhinotermitidae with the 
exception of Prorhinotermes) that belong to the lower termites. On the other hand, 
however, all OP termites are lower termites  .

7.2  Evolution of Sociality in Termites: the Hunt 
for a Genetic Explanation

The correspondence between life type (log and nest) and social organization in the 
termites highlights the central importance of ecological parameters  in their evolu-
tion (Higashi et al. 1991, 2000). Yet, like in other social insects, explanations for 
the evolution of termites’ sociality has mainly focused upon genetics and specifi-
cally kinship relatedness, which has become relatively easy to quantify with the 
advances in genetic techniques in the last 20 years. The altruistic behavior seen in 
insect workers, in which they reduce their lifetime reproductive success (direct 
 fitness ) in order to increase the fitness of the reproductives, can be explained by 
kin-selection theory : the propagation of genes via closely relatives (Hamilton 1964; 
Maynard Smith 1964). According to Hamilton’s rule, altruism will be favored when 
rb > c, where r is relatedness between the recipient and actor and b and c are the 
benefit and cost of the action to the actor and recipient respectively (Hamilton 
1964). The unusually high relatedness between sisters in the social Hymenoptera 
that occurs due to their haplodiploid  genetics (males derive from haploid unferti-
lized eggs and females from fertilized diploid eggs) was initially thought to explain 
the multiple origins of eusociality in this insect order and the female preponderance 
in these colonies (Hamilton 1964, 1972; for a recent discussion: Bourke and Franks 
1995; Crozier and Pamilo 1996; Queller and Strassmanm 1998; see Chap. 1 and 
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Chap. 6). In the diploid termites, no such easy genetic explanation was at hand to 
explain their resemblance to ant colonies, which is so striking that they are com-
monly known as ‘white ants’. The discovery of chromosomal translocations , in 
which a tight linkage of genes to the sex chromosomes occurs, seemed to provide 
a welcomed haplodiploidy analogy  (Luykx and Syren 1979; Lacy 1980). However, 
chromosomal translocations are not common in the clades thought to be closest to 
the non-eusocial ancestor of termites and the species in which translocation occurs 
do not show the predicted sex-discriminative behavior (Crozier and Luykx 1985; 
Hahn and Stuart 1987; Leinaas 1983; Vinque and Tilquin 1978; Roisin 2001). 
Another candidate genetic explanation was that of inbreeding-outbreeding cycles   
(Bartz 1979). Bartz suggested that unrelated alates found new colonies but are later 
replaced as king and queen by their offspring, which remain in the colony and breed 
together. After several cycles of such replacement, highly inbred and therefore 
highly homozygous, alate offspring are produced. Assuming that such inbred alates 
mate with unrelated, but also inbred partners, relatedness asymmetries comparable 
to those of the Hymenoptera could arise: offspring from the colony founders are 
more related to each other than they would be to their own offspring and raising full 
siblings could become selectively favored. However, although inbreeding does fre-
quently occur in termites, neither are the alates only produced by inbred reproduc-
tive nor is the number of inbreeding cycles high enough to produce highly inbred 
offspring (Myles and Nutting 1988; Atkinson and Adams 1997; Thompson and 
Herbert 1998; Husseneder et al. 1999; Shellman-Reeve 2001).

Thus, the hunt for a special genetic explanation for the evolution of eusociality 
in termites faltered and seemed to ultimately fail. A similar situation emerged in the 
eusocial Hymenoptera where the perceived importance of the haplodiploidy 
hypothesis faded as it became clear that haplodiploidy will only promote altruism 
relative to diploidy under rather restricted conditions, and eusociality was discov-
ered in more and more non-haplodiploid species (Queller and Strassmann 1998). 
The costs and benefits terms in Hamilton’s rule have at last gained the equal footing 
that they deserve alongside relatedness in explanations of altruism. As a result, 
explanations for why eusociality has evolved so often in certain insect groups have 
taken on a distinctly ecological flavor. However, studies that quantitatively tested 
any factors either ecological or genetic are scarce in the termites. In the next section 
I will present a case study that tried to fill this gap.

7.3 A Case Study: Cryptotermes secundus

7.3.1 Workers

The Australian drywood termite Cryptotermes secundus  (Kalotermitidae) occurs in 
dead mangrove trees that have a patchy distribution (Miller and Paton 1983; Korb 
and Lenz 2004). As is typical for OP termites, the workers are totipotent  and able 



156 J. Korb

to develop into all possible castes (Fig. 7.2): (i) sterile soldiers, (ii) replacement 
reproductives  via one neotenic molt when the same sex reproductive of the colony 
dies, or (iii) winged reproductives , which leave the nest to found a new colony, via 
several nymphal instars (Korb and Katrantzis 2004). In contrast to eusocial 
Hymenoptera or MP termites with morphological castes, therefore, being a worker 
is not a lifetime strategy but rather a developmental tactic that can be abandoned if 
conditions change. The basis for this developmental flexibility are progressive 
(increasing body size and/or wing buds), stationary (no morphological change), and 
regressive (decreasing body size and/or wing buds) molts (Korb and Katrantzis 
2004). Regressive molts  are a particularly unusual and important feature of their 
development because it allows individuals that have already started to develop 
towards sexuals to partially regress their development and become again a worker 
(pseudergates sensu Grassé and Noirot 1947) lacking any signs of wing buds.

Collections of natural field colonies together with laboratory and field experi-
ments have revealed that caste development in C. secundus workers is influenced 
by internal (e.g., colony size) as well as external factors (Korb and Lenz 2004; Korb 
and Schmidinger 2004; Korb and Katrantzis 2004; Korb and Fuchs 2006). The 
development into winged sexuals is largely regulated by season (Korb and 
Katrantzis 2004). Over a 7-month period, individuals gradually progress through 
five successive nymphal instars to become alates by August when the annual nup-
tial flight takes place. During this developmental period there appear to be dead-
lines for each successive nymphal instar on the way to becoming a winged 

Nymph
Primary

Reproductive

Egg
Larvae ‘Worker’

Soldier
(sterile)

‘Worker’ +
Neotenic

Reproductive

Fig. 7.2 Simplified developmental pathway of Cryptotermes secundus (Kalotermitidae). Eggs 
develop via larvae into workers. Then workers can develop (i) progressively via nymphal instars 
into winged sexuals (alates) that leave the nest to found a new colony as primary reproductives, 
(ii) into sterile soldiers, or (iii) via one neotenic molt into a replacement reproductive. The devel-
opment from nymphs to workers is reversible via regressive molts. Photos: J. Korb
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reproductive. Those individuals that do not reach a certain instar by a certain date 
(week) will regress their development and molt back into workers without wing 
buds (pseudergates sensu Grassé and Noirot 1947). Deadlines for earlier instar 
nymphs occur sooner than for older instars, which may be indicative of a reduced 
investment in progressive molts in response to the reduced likelihood of making the 
final deadline. These deadlines probably function to ensure that only individuals 
that are competent and well nourished to successfully disperse, fully develop into 
alates. This developmental strategy is in line with a mechanism suggested by Roisin 
(1994) for the evolution of workers in termites: According to the loser hypothesis, 
the termite worker caste evolved from individuals incapable of developing into 
sexuals. However, the ‘loser’ phenotype in C. secundus was not associated with 
aggressive manipulation  by siblings or parents (Korb 2005) as suggested by 
Zimmerman (1983) and Myles (1986). Being a worker rather seems to be a condi-
tional strategy (sensu Gross 1996) where individuals less competent for founding 
their own nest stay in the natal colony. Data for C. secundus show that this develop-
ment can be reversed again and that regressed workers can later resume alate devel-
opment (Korb, unpubl. data).

In addition to this seasonal regulation, alate development is also influenced by 
food availability  in the nest (i.e., size of the wood the colony is nesting in) that 
adjusts the number of remaining workers versus dispersing sexuals (Korb and 
Katrantzis 2004). When the wood size reaches a certain threshold (< c.a. 2.5 cm3 
per termite), individuals begin progressive nymphal development earlier in the year. 
Placing colonies 2 months after the nuptial flight into wood blocks below the 
threshold size immediately elicits progressive development, meaning that the first 
nymphal instars occur 3 months earlier than under abundant food conditions. As a 
result, more individuals reach the molt deadlines and mature into winged sexuals 
than in colonies with abundant food (Korb and Katrantzis 2004). Despite the preco-
cious start to progressive development, the sexuals in these food limited colonies 
still leave the colony at the annual nuptial flight because their development slows 
down as they reach late instar nymphs (Korb and Katrantzis 2004).

This increase in dispersal as sexuals makes adaptive sense for log dwelling ter-
mites like C. secundus because as the log diminishes, so too does the probability 
they will be able to reproduce in the natal colony before the wood runs out (see 
below). A central component of this response is the termites’ impressive ability to 
detect changes in the size of their log and so predict colony longevity (Korb and 
Katrantzis 2004). In C. secundus the loss of wood from the log occurs gradually by 
the termites own consumption of the wood but also suddenly when cyclones or 
heavy thunderstorms fragment their trees (Korb and Lenz 2004). Correspondingly, 
the termites cannot rely on extended excavations to measure wood availability. 
Instead, the termites continually sense the amount of wood from the vibrations 
generated during wood gnawing (Lenz 1994; Evans et al. 2005). These vibrations 
constitute reliable and fast cues of food availability. This predictable variation in 
food availability/colony longevity probably selects for the flexible development of 
workers in OP termites (Korb and Katrantzis 2004). This situation contrasts with 
the MP termites that leave their nest to exploit resources. They reduce the long-term 
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food variability but  experience short-term variation in food supply that lacks pre-
dictable cues allowing a plastic developmental response.

The obvious importance of ecology in the reproductive development of C. secundus 
contrasts sharply with variation in relatedness , which appears to have little effect. 
Colonies are founded monogamously (mainly by outbred pairs) resulting in a within-
colony relatedness of r = 0.5. However, variation in between- and within-colony relat-
edness is common due to two key processes, (a) reproductive replacement: the 
primary reproductives die and are replaced by inbred neotenic reproductives 
(increase in relatedness; c.a. 16% of colonies) and (b) colony fusion: colonies that 
were independently founded in the same tree meet and mix during colony expansion 
(decrease in relatedness; > c.a. 25% of colonies) (Korb and Schneider 2007). Fusion 
creates a single colony containing related and unrelated nestmates, and often, both 
reproductives of one of the original colonies are killed during fusion, which means 
that the workers of this colony are unrelated to the offspring produced after colony 
fusion. The decrease in relatedness resulting from fusion might be expected to cause 
more workers to leave the colony as dispersing sexuals. This is because the reduced 
relatedness means that the inclusive fitness benefits that they can get from helping 
other members of the colony will also reduce. However, there is no evidence that this 
occurs (Korb and Schneider 2007). This is not because the termites cannot detect the 
fusion event: workers can be observed do change certain behaviors (Korb and 
Schneider 2007) and seem to have the ability to even recognize kin (Korb 2006; 
Fuchs and Korb, unpubl. data). Also the developmental response of workers in 
inbred colonies does not seem to be linked to their increased relatedness, but to a 
higher likelihood of inheriting the natal colony (Korb and Schneider 2007).

The discovery that the workers stay in the colony even when they are not related 
to the king and queen can be explained by data that suggest they are not workers at 
all (Korb 2007). If the workers stay in the colony in order to help rear the colony’s 
offspring, then increasing the number of offspring should increase the benefits of 
working and decrease the likelihood that a worker develops into a dispersing sex-
ual. However, an experiment that added young instars to nests showed the number 
of offspring to raise did not affect the number of worker individuals developing into 
dispersing sexuals. Furthermore, the additional young instars nevertheless survived, 
although worker individuals left the colony (Korb 2007). Detailed behavioral obser-
vations further confirmed that the workers were not helping to rear offspring (Korb 
2007). There is no brood care, and foraging, an important and risky task normally 
carried out by workers of social insects, is unnecessary as the colony lives within 
its food. Interactions between individuals in general are rare and proctodeal 
trophallaxis (= anal feeding) and allogrooming are not altruistic because each indi-
vidual receives as much as it provides.

So why do workers remain in the colony if they gain no indirect benefit from 
raising siblings? It appears that they are hopeful reproductives . A model based upon 
long-term field data revealed that the number of individuals staying at the nest can 
be explained by the probability of inheriting the nest versus founding a new colony 
(Korb and Pirow, in prep). The probability of founding and inheritance  are both very 
low (< 1%) and certainly within the same order of magnitude (Korb and Schneider 
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2007). The exact values depend on the colony size, the age of the reproductives, and 
the potential longevity of the nest and these three variables can be used to accurately 
predict the number of individuals developing into dispersing sexuals in field colonies 
(for similar results in a stenogastrine wasp see Chap. 4). In summary then, it appears 
that C. secundus workers should be regarded as hopeful reproductives rather than 
true altruistic workers that stay for kin’s sake. This explains why ecological factors 
like food availability, i.e., the potential longevity of the nest which determines the 
value of inheriting it, influences the development of individuals, whereas variation 
in relatedness among colony members has no effect.

7.3.2 Soldiers

In contrast to the workers, C. secundus soldiers  that make up less than 5% of all col-
ony members, are a true altruist caste that gains indirect fitness benefits (Roux and 
Korb 2004). They are sterile and represent a developmental endpoint as they lost 
their capability to molt. They are morphologically highly specialized with large 
mandibles and a plug-shaped head that is heavily sclerotized and used to effectively 
block the wooden nest galleries (Fig. 7.3). An experiment in which soldier develop-
ment was inhibited has shown that soldiers increase the reproductive success of their 
colony and therefore gain indirect fitness benefits (Roux and Korb 2004). However, 
in contrast to general assumption, their function does not seem to lie in the 
defense of the colony against predators. Predators  are extremely rare in C. secundus 
because the wooden nest structure is a very effective protection preventing predators 
from entering the nest. Indeed, over 5 years of fieldwork involving more than 
600 studied colonies no predators or traces of predation were found (Korb and 
Roux, in prep.). The main threat for C. secundus colonies seems to be competitors  

Fig. 7.3 Phragmotic head of a Cryptotermes secundus soldier. Photo: Birgit Lautenschläger
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that live in the same tree and consume the non-replenishable wood. Beetle larvae 
(especially Buprestidae) are very common (in c.a. 25% of all trees) that consume 
considerable quantities of wood and render contacted wood unpalatable to termites. 
However, these are not repelled by the soldiers (Korb and Roux, in prep.). Beetle 
larvae are attacked by workers as well as soldiers but with little effect. Often the 
beetle larva is sealed off and continues to consume the wood from its sealed cavity. 
The main colony benefit provided by soldiers seems to occur through attacks on 
other termites, either of the same species or of the congeneric species C. domesticus 
that has very similar habitat requirements like C. secundus. As mentioned earlier, 
intraspecific encounters are quite common and arise when colonies founded in the 
same tree meet. When this occurs, the number of soldiers per worker present in a 
colony is a key factor that determines the survival success of a colony’s reproduc-
tives (Korb and Roux, in prep.). Thus, intraspecific competition (and probably also 
congeneric competition with C. domesticus) seems to be the prime factor selecting 
for the maintenance of soldiers in C. secundus.

That there is selection on the occurrence of soldiers, despite a lack of predation, 
is supported by a morphometrical study (Roux et al., in prep.). The dimensions of 
the plug-shaped soldier heads vary among colonies, but this variation correlates 
with the variation in gallery dimensions. Colonies with soldiers that have larger 
head widths inhabit nests with larger gallery dimensions, while this does not hold, 
for example, for soldier body size. This correlation is also not just a consequence 
of soldiers being the constructors of the galleries because they are excavated by the 
workers. Furthermore, the variability in the dimensions of defensive traits of sol-
diers’ morphology is consistently lower than those of non-defensive traits. This 
together with negative allometric slopes of defensive traits suggests that the defen-
sive morphology of soldiers is indeed under stabilizing selection .

7.4  Relevance of the Case Study: Comparison 
with Other Termites

7.4.1 Workers

Many of the features of C. secundus sociobiology are likely to apply to other log 
termites that live in a confined piece of wood (about 17% of all termite species; 
Kambhampati and Eggleton 2000) because, like C. secundus, they all have the fol-
lowing traits:

(a) Flexible development: workers seem to be able to explore all caste options (see 
above) (Shellman-Reeve 1997; Roisin 2000; Thorne and Traniello 2003) and 
all these species are characterized by a high potential of workers to develop into 
neotenic replacement reproductives (Myles 1999), thus having the chance to 
inherit the natal breeding position.
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(b) Well-protected nest: individuals are well sealed off against predators and 
extremes of climatic variation. Thus, survival rates in the nest are high.

(c) No foraging trips: living inside their food again improves survival and also 
reduces the value of care for other nestmates as all individuals have easy access 
to food.

(d) Predictable resources: the quality of the nest can be quickly and reliably meas-
ured. Vibrations generated by wood gnawing are the cues used to assess food 
availability (Lenz 1994; Evans et al. 2005). Thus, individuals have the informa-
tion necessary to adaptively adjust their development to potential reproductive 
opportunities.

(e) Predictable change in resource availability : the quality, and thus the breeding 
opportunities, in the natal nest changes predictably. All colonies inevitably 
experience a shortage of the non-replenishable food source and thus the disap-
pearance of their nest. This together with the reliability of the cues to measure 
nest size seems to select for a high developmental plasticity, because both reli-
able cues and predictability are parameters selecting for plastic development 
(Nijhout 2003). This may explain the correlation between the wood-dwelling 
life type in OP termites and their flexible caste development (Korb and 
Katrantzis 2004).

These shared features suggest that the workers of all wood-dwelling termites 
are in a similar situation to those in C. secundus that do not seem to be true 
workers at all. In support of this, reports exist for many species that colonies 
with low food availability produce more alates than colonies with high 
resources (Buchli 1958; La Fage and Nutting 1978; Lenz 1976, 1994; Korb and 
Lenz 2004).

7.4.2 Soldiers

The results from C. secundus also seem to apply more widely to the soldiers in 
other termites. Intraspecific competition seems to form a major threat to many 
lower termites with evidence from genetic studies that colony fusion  is common 
in several species (Clement 1986; Bulmer et al. 2001; Goodisman and Crozier 
2002; DeHeer and Vargo 2004). This suggests that colonies do not necessarily 
consist of closely related nestmates, as has generally been assumed and that com-
petition both within and between termite species is very important. Support for the 
role of intraspecific competition in the occurrence of soldiers was recently pro-
vided by Thorne et al. (2003), who found that reproductive soldiers in Zootermopsis 
nevadensis  are more common in colonies with a fusion history. These reproductive 
soldiers are a peculiarity of the family Termopsidae and are unlikely to be repre-
sentative for termite soldiers in general (Roisin 2000). They are not individuals 
with a reduced reproductive capacity such as the sterile soldiers of other termites. 
Rather they are neotenic reproductives with soldier-like traits and should therefore 
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better be called soldier-like neotenics/reproductives (Thorne 1997; Roisin 2000). 
Nevertheless, the Zootermopsis study shows the importance of intraspecific 
 encounters as a selective force for the development of defensive traits; in this case 
of reproductives which after a fusion event seem to have a higher chance to inherit 
the colony as replacement reproductive (Thorne et al. 2003). This links back to the 
occurrence of workers in C. secundus: in both cases, in C. secundus and Z. 
nevadensis, inheritance opportunities, and thus direct breeding benefits in the nest, 
seem to be the driving forces for their occurrence (Myles 1988). Indeed, such 
selection for the soldier caste was probably also important ancestrally because 
conspecific competition is likely to predate the major termite predators of extant 
termites (ants and mammals).

7.5  Outline for the Evolutionary Transitions  in Termites 
Eusociality

The view that OP termites with their flexible development reflect the ancestral state 
in termite evolution has been challenged (Thompson et al. 2000) but the molecular 
data currently still fail to resolve the relevant phylogenetic relationships (Fig. 7.1; 
Grandcolas and D’Haese 2002; Thompson et al. 2004; Inward et al. 2007b). Yet, 
other results leave less doubt about the basal position of the wood-dwelling life type 
(Parmentier and Roisin 2003; Parmentier 2006; Korb, in press). Therefore, I use it 
here to develop a tentative outline for the evolutionary transitions  of eusociality in 
the termites (Fig. 7.4).

The hemimetabolous subsocial termite ancestor, like the woodroach Cryptocercus 
punctulatus, most likely lived inside wood that served as nest and food (e.g., Nalepa 
1994; Thorne 1997; Fig. 7.4 Ancestor). Such a nesting type provided (a) a long-
lasting stabile, but non-replenishable food source, (b) a safe nest that is largely pro-
tected against predators and hostile environmental conditions, and (c) low-quality 
food that results in slow development and which can only be exploited with the help 
of symbionts. Thus the nest represented a safe haven  compared to the hostile and 
uncertain environment encountered during dispersal. Such conditions select for 
alternative reproductive tactics, namely staying in the nest to inherit the colony, as 
is also found in many aphids  and thrips  (see Chaps. 2, 3, 12; Stern and Foster 1997). 
These conditions also favor a flexible development (Fig. 7.4, stage I: Evolution of 
staying immatures): Firstly, it is important to be able to replace the reproductives 
immediately after their death (evolution of neoteny) and, secondly, to react to 
changing nest conditions that will inevitably occur when the food is exploited or 
when environmental hazards like thunderstorms suddenly destroy the nest (evolu-
tion of different molting types). Functional reproductives should not be killed as 
they are the parents of staying individuals; so kin selection is a very important 
component in this system as it reduces conflicts and guarantees group stability. 
Thirdly, as group size increases the chances to inherit decrease and competition 
among siblings for the breeding position increases. This should select for some 
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Stage III:
True

workers

Pre-adaptations: ‘Save haven’ nesting site
hemimetabolous, flexible development 
abundant, low-quality food
slow, flexible development

High mortality risk during 
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Selection on:
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Increased probability to inherit the 
natal nest as offspring are still in the 
nest when parents die
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flexible development and neoteny
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improved defense
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reduced longevity
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increasing synergistic benefits of group living
increasing colony size

Selection on:
exploitation of new food sources
transition to ‘MP’ termites
increasing colony sizes
division of labor, workers with reduced
reproductive potential, but indirect fitness gains

Food becomes a limiting 
resource

Stage I:
Staying

immatures

Stage II:
Soldiers

Ancestor

Fig. 7.4 Scenario for the evolution of termite eusociality. For further information see text

individuals leaving the nest even if it is still long-lasting. Those leaving individuals 
should be the most competent to do so (for a detailed discussion see Korb and 
Schmidinger 2004). The competence of different individuals may be ‘tested’ by 
developmental deadlines; individuals failing to reach them in time have to develop 
back to be ‘tested’ again for the next nuptial flight (see above). Thus, this evolutionary 
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stage (Fig. 7.4, stage I) would largely correspond to the ‘worker’ stage in C. secundus. 
Note that at this stage there is no help in raising siblings because this is unneces-
sary; as hemimetabolic insects, the young larvae are quite independent and food is 
easily accessible to everybody.

The result of this evolutionary step would be family groups, with group sizes 
depending on wood size and inheritance  opportunities. At this stage, living in a 
group may offer additional advantages such as improved thermoregulation, parasite 
resistance, or construction capacities (Rosengaus et al. 1998; Rosengaus and 
Traniello 2001; Traniello et al. 2002; Korb 2003; Korb and Heinze 2004). Also 
division of labor may evolve. All these advantages may offer further incentives for 
staying at the nest. On the other hand, intraspecific competition with colonies that 
had been founded in the same tree will increase as the groups are long-lived, and 
the likelihood increases that they will meet because of nest expansion. This would 
strongly select for a defensive morph, which may have a reproductive potential, like 
the soldier-like neotenics in the Termopsidae (Thorne et al. 2003), or which may not, 
like soldiers in all other termites and in the aphids  and thrips  (see Chaps. 2 and 3) 
(Fig. 7.4, stage II: Evolution of soldiers). As there is strong selection for a defensive 
morph to be sclerotized, these individuals lose the capability to molt. Therefore the 
defensive morph presents a terminal stage, again either a fertile soldier-like neo-
tenic or a sterile soldier. Why soldier-like reproductives are limited to the 
Termopsidae and soldiers of all other termites are sterile remains an open question. 
Defenders, however, make up only a low proportion of the group as the main pro-
tection against predators is provided by the nest (Noirot and Darlington 2000). In 
the case of soldiers, these groups can now be considered eusocial insect colonies 
similar to those  represented by the recent wood-dwelling termites in which soldiers 
make up < 5% of all colony members (Haverty 1977; Henderson 1998). Due to their 
small numbers, the indirect fitness gains of sterile soldiers are high (Roux and Korb 
2004), compensating for the high costs of the defensive task.

At this evolutionary stage (Fig. 7.4, stage II), the limiting factor for the colonies 
becomes the restricted amount of food, set by the nest size, and resulting in increas-
ing intraspecific competition. This constitutes a strong selection pressure to exploit 
new food sources, also offering the possibility to choose higher-quality food that 
allows faster development (e.g., selection of partly decayed wood that is easier to 
digest and where the inhabiting microorganisms present an additional nitrogen-
source). However, along with the exploitation of new food sources comes the cost 
of increased predation pressure during foraging. This has the consequence that get-
ting food is no longer cost-free and not easily accessible for all termites, especially 
for the young instars and the reproductives. Now brood care becomes obligatory and 
it is associated with increased mortality costs during foraging. These costs are com-
pensated by the indirect fitness gains of raising siblings (Fig. 7.4, stage III: Evolution 
of true worker) . Whether the step to sibling brood care only evolved at this late stage 
or whether some OP termites already show brood care, because it enhances develop-
ment, needs to be investigated. With the exploitation of new, better-quality resources 
colony size could increase, leading to an effective division of labor with several 
castes specializing on different colony tasks. The highest sophistication in recent 
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termites occurs in the Termitidae, and especially in the  fungus-growing termites 
(Macrotermitinae), where up to four different sterile castes exist in addition to 
 temporal polyethism within castes (Traniello and Leuthold 2000). The Termitidae 
represent those termites that are evolutionary and ecologically the most successful, 
constituting about 75% of all recent species (Eggleton 2000) and being the most 
important decomposers in many tropical ecosystems (Deshmukh 1989; Bignell and 
Eggleton 2000).

In summary, current studies suggest that, in contrast to previous assumptions, 
the first critical step to eusociality in termites was probably not offspring staying at 
home to raise siblings but rather individuals staying to inherit the colony because 
the nest is a safe haven (see also Myles 1988). From there, the evolution of soldiers 
rather than workers may have marked the initial transition to eusociality. 
Furthermore, it seems that intraspecific competition rather than predation pressure 
was the prime factor favoring the evolution of these soldiers.

7.6 Comparison with Cooperatively Breeding Vertebrates 

The potential importance of the role of inheritance in the evolution of termite euso-
ciality draws comparison with data from cooperatively breeding vertebrates . Here, 
the role of ecological factors has also been emphasized. The three most influential 
hypotheses to explain the evolution of helping behavior in vertebrates are: (a) eco-
logical constraint hypothesis  which argues that helping occurs because opportunities 
for independent breeding are limited or risky because of low availability of nesting 
sites or a high risk of mortality during dispersal (Emlen 1991, 1997); (b) life-history 
hypothesis  that emphasizes that certain life-history characteristics of a species limit 
the opportunity for independent breeding (Arnold and Owens 1998); (c) benefit of 
philopatry hypothesis  that stresses the long-term direct benefits of staying at the 
natal nest, such as inheritance of the natal territory (Stacey and Ligon 1991). In ver-
tebrates, the life-history hypothesis seems to be most successful in explaining inter-
specific variation in the occurrence of cooperative breeding, while the ecological 
constraint hypothesis is strongly supported by intraspecific studies (Hatchwell and 
Komdeur 2000). Besides, however, several examples also show the importance of 
long-term direct benefits of nest inheritance (Heinsohn and Legge 1999).

The termite studies support the benefit of philopatry hypothesis and the ecologi-
cal constraints hypothesis, the latter however with restrictions (see below). 
According to the results for C. secundus, in wood-dwelling termites the opportunity 
of the workers to become neotenic replacement reproductives that inherit the nest 
seem to be the major driving force for staying at the nest as the opportunities for 
successful independent founding are difficult. Similar to some birds in which indi-
viduals stay at the nest and either do not help (Veltman 1989; Magrath and 
Whittingham 1997; Boland et al. 1997) or help, but raise unrelated offspring (Reyer 
et al. 1986; Dunn et al. 1995), C. secundus workers stay to gain direct fitness bene-
fits. Why the termite workers do not work, although they would have the  opportunity 
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to help relatives and increase their inclusive fitness, could be explained by several 
factors, some of which are also proposed for the bird  examples (Heinsohn and Legge 
1999): (a) The costs of helping may be too high compared to the indirect benefit 
gains. Here a recently developed model provides interesting results (Jeon and Choe 
2003). Totipotency delays the evolution of costly helping, as the costs in direct 
reproduction are high. This model’s predictions match with the findings in termites 
with altruistic helping occurring in MP species. (b) There might be no need to help 
(Heinsohn and Legge 1999). Probably this applies to wood-dwelling termites. They 
live inside their food, so costly foraging and food provisioning is not necessary. 
Being hemimetabolous insects, the young instars are quite independent and do not 
need to be cared for, except for infestation with gut symbionts which is not costly. 
Similarly in some cooperatively breeding birds it has been shown that helping is 
associated with the need for help and that it can be a flexible response (Reyer and 
Westerterp 1985). A lack of need for help in wood-dwelling termites ultimately 
means a low benefit of helping and may explain why it is not evolutionary favored. 
(c) Under some conditions individuals may have to pay through helping in order to 
be allowed to stay at the nest (Kokko et al. 2002). This can be selected even if it is 
not optimal for the helpers to help, but when ‘pay to stay’ is better than not paying 
and leaving the nest. Such conditions occur when the nest is a very valuable resource 
and staying of individuals causes costs to the dominant breeders, especially when 
relatedness among helpers and breeders is low. In wood-dwelling termites this 
would be the case for fused colonies in which unrelated individuals stay and con-
sume the non-replenishable food resource. Yet, I do not have any indications that 
C. secundus workers have to pay under such conditions (Korb, unpubl. data).

The ecological constraint hypothesis applies to C. secundus as well because dis-
persal is very costly. However, appropriate nest sites are not in limited supply. The 
stochasticity of the habitat (e.g., thunderstorms that suddenly and with a sufficient 
frequency create new patches of dead wood) prevents habitat saturation. Furthermore, 
in contrast to cooperatively breeding vertebrates , wood-dwelling termites have no 
opportunity to check the availability of nesting/breeding vacancies as they never 
leave the nest before the nuptial flight (Roisin 1994, 1999). Thus, perceived eco-
logical constraints are constant for termites. Apart from these confinements, how-
ever, ecological constraints are important as they determine the costs of philopatry. 
Other factors being equal, if ecological constraints on founding a new colony are 
not very restrictive, then the benefits of philopatry need to be high to favor staying 
at the nest (Koenig et al. 1992; Kokko and Lundberg 2001). So the ecological con-
straints and the benefits of philopatry hypotheses reflect two sides of one coin. 
Hence, a combined approach that considers all factors is necessary to understand 
the evolution and maintenance of social life (Hatchwell and Komdeur 2000; Pen 
and Weissing 2000; Kokko and Ekman 2002). Such a unifying approach could be 
provided by reproductive skew theory, which aims to explain the extent to which 
reproduction is biased within animal societies by identifying the role of ecological, 
genetic, and social factors (Vehrencamp 1983; Reeve and Ratnieks 1993; Keller 
and Reeve 1994; Johnstone 2000). The tremendous development of skew theory 
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has lead to many new models in recent years, but their relevance in nature still 
needs to be tested.

7.7 Conclusions

Ecological factors play a central role in the evolution of group nesting in termites 
as well as in vertebrates. This suggests that rarity of eusociality outside the insect 
world is not explained by differences in relatedness but rather the tendency to 
become eusocial might be linked to life-history traits that differ fundamentally 
between groups. Of course, however, this is not to say that relatedness, which is a 
requirement for altruism and eusociality, is not important. It simply means that 
 differences in relatedness between different groups may not be the key factor in 
determining a predisposition to eusociality.

To the extent that it resembles the wood-dwelling termites, the first step in the 
scenario for the evolution of termite eusociality was very similar to many cooperative 
breeding vertebrates. Ecological constraints and benefits of philopatry favor staying 
at the nest. One fundamental difference though is the larger group sizes in the termites. 
This may, therefore, represent a key prerequisite for the evolution of eusociality as a 
loss in direct reproduction can be offset by indirect fitness gains through: (a) defend-
ing a large group of relatives instead of few siblings; (b) helping to raise many sib-
lings which is only possible if the mother has a high fecundity; (c) the occurrence of 
emergent properties that add further incentives for staying in the group (Fig. 7.5).

Accordingly, two prerequisites, which birds and mammals usually lack, are nec-
essary for the transition to eusociality: (a) a high fecundity and (b) large numbers 
of offspring that can stay at the nest and are not ‘forced’ to leave because there is 
no competition at the nest for food (no local resource competition ) (Fig. 7.5). Under 
most conditions, offspring are selected to disperse from the nest to avoid competi-
tion among siblings (Hamilton and May 1977). Two mechanisms can overrule this: 
a high abundance of food at the nest that lasts reasonably long (i.e., for at least two 
generations that can co-exist) and/or high ecological constraints which make dis-
persal difficult. The latter is commonly included in many models on the evolution 
of sociality (e.g., see above ecological constraint hypothesis, reproductive skew 
models; Johnstone 2000), while the former is often only implicitly assumed. The 
comparison with termites, therefore, suggests that the general lack of eusociality in 
vertebrates might be because they can only achieve small families due to their low 
fecundity and the difficulty to have enough food to overcome local resource com-
petition for more than two generations to coexist as individuals are large and rather 
long-lived compared to their food source (Fig. 7.5). Thus, the finally limiting trait 
accounting for the rarity of eusociality in birds and mammals would be their body 
size. Correspondingly, the only groups in which eusociality occurs are rodents, 
which are comparatively small mammals with a short generation time, high fecun-
dity and long-lasting food sources (see Chap. 10).
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