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Introduction 
 
 Termites are some of the most 
important invertebrate decomposer 
organisms and are found globally, largely 
in tropical habitats. Their impact on local 
ecosystems has been extensively studied 
(Lee and Wood, 1971) and it is clear that 
termite activities and the direct and 
indirect modification of some substrates, 
such as soil modification and 
Carbon/Nitrogen turnover, are 
intrinsically linked (Wood and Sands, 
1978). The termites consist of 
approximately 2600 species across 7 
families, although the finer details of the 
phylogeny are still under scrutiny (Engel 
and Krishna, 2004; Inward et al., 2007). 
The sister group of the cockroach genus 
Cryptocercus (Eggleton, 2001; Legendre et 
al., 2008; Ware et al., 2008) termites are 
most diverse within closed canopy rain 
forests in lowland tropical ecosystems 
(Eggleton et al., 2006) but also inhabit 
desert climates and savannahs (Elkins et 
al., 1986) and have even established 
colonies in the UK (Lainé, 2002).  
 
Evolution of feeding habits and 
diversification of functional morphology 
 

Termites are known to feed 
across the entire humification gradient; 
an ability unknown in any other 
invertebrate order. The humification 
gradient describes feeding substrates 
from dry wood at one end of the scale to 
pure soil at the other, in other words, the 
plant material becomes more humified as 
it moves along the gradient. All of these 
substrates contain cellulose and other 
dead or decaying plant material which is 

the essential nutrient group for termites. 
Some higher termites (from the family 
Termitidae) feed exclusively on soil 
(Bignell and Eggleton, 1995; 2000; Inward 
et al., 2007). Soil-feeding is known to 
occur in a few other arthropod groups; 
some Diptera, Hemiptera, Scarabaeidae, 
Collembola, Acarina and Enchytraeids, but 
in terms of ecological importance, only 
the endogeic earthworms rival the higher 
termites (Brauman, Bignell and Tayasu, 
2000). Many termites have a mutualistic 
relationship with intestinal protozoa or 
bacteria, which aid in the digestion of the 
cellulosic material on which they feed 
(Lee and Wood, 1971; Abe 1987; Bignell, 
2000). In addition to this, the family 
Macrotermitinae are fungus cultivators 
(the white rot Basidiomycete fungus, 
Termitomyces). By supplying the fungus 
with plant substrates, the gardens created 
by the termites act as an external gut, 
breaking down cellulose and lignin in the 
plant material. The fungal fruiting bodies 
are then later consumed by workers in 
the nest (Aanen and Eggleton, 2005; 
Inward et al. 2007). Donovan et al. (2001) 
suggests that soil-feeding may have 
derived from the fungus-growing 
termites. 

The extensive variation of feeding 
habits and nutritive regimes found across 
species has formed the basis for many 
classification systems created by 
biologists trying to understand termite 
evolution and diversification. Abe’s (1987) 
Lifetypes groupings were based on 
nesting and feeding habits - specifically 
whether or not termites nested within 
their feeding substrate - and were the 
first of their kind. Donovan et al. (2001) 
attempted to simplify these groups, 
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concentrating more on feeding habits, 
theirs was a four-group system. Eggleton 
and Tayasu (2001) combined the efforts 
of Abe and Donovan et al. to create a 
lifeway matrix classification, creating 
eight categories which reflected genuine 
differences in termite biology. These 
systems have all been used to help 
answer questions relating to termite 
evolution and diversification and proved 
to be a useful investigative tool for 
understanding global termite ecology 
more generally. 

Termite functional morphology 
has been the focus of attention for 
termite taxonomists for around a century. 
Holmgren (1909) pointed out that these 
characters were extremely important for 
the purposes of systematics and 
classification. Particular attention is now 
paid to the dentition of the imago-
workers, wing venation and soldier 
mandibles and labrum (Krishna, 1969) 
although only for the purposes of genus 
and species level taxonomy. More 
recently, with the aid of powerful 
microscopes and high definition imaging 
techniques, the digestive tract has been 
well documented and has been found to 
show characteristic variation between 
species, in particular specific features of 
the hind-gut (Grassé and Noirot, 1954; 
Noirot and Kovoor, 1958). Although 
soldier mandibles are often an important 
classification feature, they are not 
necessarily closely related to feeding 
substrate or more general ecological 
features.  The current study therefore 
focuses on the digestive tract and 
mandibles of workers, this being the most 
ecologically important caste with greatest 
relative abundance (Davies et al., 2003b) 
and also because some termite genera do 
not possess soldier castes 1. 
 Workers are responsible for 
providing nutrition to other termite 

                                                 
1
 A full account of external and internal termite 

anatomy and physiology can be found in Krishna 
(1969) 

  
 

castes, which are unable to feed 
themselves. Food is collected by the 
workers and is relinquished in the form of 
proctodeal regurgitations or stomatodeal 
secretions (trophallaxis). 

In general, the worker termites 
share the same external head and 
mandible structure as alates, although 
compound eyes and ocelli tend to be 
absent in the workers (Weesner, 1969). 
Although workers do not possess genitals 
or wings, they have strongly developed 
mandibles which are often reinforced 
with zinc and manganese (Cribb et al., 
2008; Eggleton, in press). Figure 1 shows 
the generalised mandible structure of an 
imago-worker termite. Each mandible has 
an apical tooth as well as a variable 
number of marginal teeth. Towards the 
basal end, the molar plate is adapted for 
either grinding of hard material in wood 
feeders or for pounding of soil-like 
material in soil/humus feeders (Figure 2). 

The digestive system of termites 
has been well described (Noirot and 
Noirot-Timotheé, 1969; Sands, 1998; 
Noirot, 2001) with particular focus on the 
hind-gut which can show great variation 
between family groups. The overall 
structure has a fore-gut, mid-gut, 
malphigian tubules and the hind-gut 
which has 5 segments (Figure 3). The fore-
gut contains the oesophagus, which leads 
directly into the crop, a structure of 
unstratified epithelium surrounded by 
muscle and connective tissue. Typically an 
extension of the crop, the final section of 
the fore-gut or stomatodeum, is the 
gizzard which has more powerful 
musculature and bears a number of 
characteristic folds in its walls. The mid-
gut or mesenteron is a continuous tube of 
consistent diameter and histology. Its 
epithelium rests on a series of small 
vacuoles known as ‘regenerative crypts’ 
which are responsible for the continuous 
regeneration of the epithelium. The 
mesenteron contains mid-gut caeca (in 
earlier branching clades) which are 
enzyme production and enzyme-product 
absorption sites (Eggleton, in press).  
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Figure 1: Generalised imago-worker mandibles, typical of wood feeding termite. This molar plate is adapted 
with several ridges for grinding hard woody material. Redrawn from Weesner (1969). 

 

 
Figure 2: a) worker mandibles of the soil feeder Ereymatermes piguina found in the Brazilian rainforest. Adapted 
and redrawn from Cancello and Cuezzo (2007) b) imago-worker mandibles of Reticulitermes spp and important 
wood pest. Adapted and redrawn from Weesner (1969). 

 
Malphigian tubules are found at the limit 
between the mesenteron and the hind-
gut or proctodeum. In higher termites this 
part of the gut can vary from the lower 
termites to what is known as a ‘mixed 
segment’ where the mesenteron is 
extended along one face of the intestinal 
tube causing a mix of mesenteron and 
proctodeum along the intestine. In this 
case the malphigian tubules are clustered 
and adhere to the mesenteric section. 

The proctodeum, is highly variable 
across termite groups in line with their 
feeding habits. Section 1 (P1) is variable in 
length, volume and dilation. Section 2 (P2) 
is formed of the enteric valve – which is 
characteristic of termites (Grassé and 
Noirot, 1954) – a muscular tunnel with 
folds or swellings and which bears teeth 
or spines. Section 3 (P3), also known as 
the paunch, is where the symbiotic micro-
organisms reside and are most abundant 
(protozoan flagellates in wood feeders 
and specialised bacteria in humus 

feeders). Section 4 (P4), the colon, is 
variable in length and sometimes has a 
dilation along its length. Finally, section 5 
(P5), the rectum, has a fairly uniform 
structure which is highly muscular and 
capable of strong dilations.  
 
The role of termites in ecosystems 
 
 Termites play a major role in the 
decomposition cycle of most forest and 
savannah ecosystems, except perhaps in 
Australasia where they are extremely 
important in the Australian savannah but 
are very depauperate in wet forests. In 
some savannah ecosystems they are able 
to consume dead plant biomass and 
respire at rates similar to that of the total 
herbivore community within the same 
region (Wood and Sands, 1978; Bignell 
and Eggleton, 2000). Assemblages can be 
described as complex systems containing 
a number of different species each with 
particular feeding habits and therefore  
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Figure 3: Digestive tract of Syntermes-group termite. Redrawn from Noirot and Noirot-Timothée (1969) 

 
having a specific interaction with the 
ecosystem in which they reside (Lee and 
Wood, 1971). Habitat modification by 
termites can be in the form of physical 
movement of soils and feeding materials 
and the building of nests as well as 
physical and chemical modification of soil 
and vegetation. With the exception of the 
Macrotermitinae, termites use some or all 
of their faecal matter to create carton or 
soil for mounds which at the end of their 
use are abandoned and become recycled, 
often creating nutrient-rich patches 
where seedlings may germinate 
(Mabberley, 1992). 

Some of the most important 
aspects of this modification are the 
chemical changes made to soil and other 
organic matter (Lee and Wood, 1971). 
This is largely a result of the extensive 
nest-building carried out by termites in 
response to their need for food and social 
homeostasis (Wood and Sands, 1978). By 
selection of specific soil particles, addition 
of saliva and faecal matter and the 
forming of carton for lining and building 
nests, many changes occur in the 
properties of the soil and organic matter 
being consumed. Increases in pH, 

Carbon/Nitrogen ratio, Calcium, 
Potassium and total exchangeable cations 
are found in termite-modified soils when 
compared with undisturbed sub-soils 
found in the same region (Wood and 
Sands, 1978).  
 Termites face relatively little 
competition for their food from other 
animals as cellulose and soil substrates 
are extremely difficult to digest, however 
they are in constant competition with 
fungi for dead plant matter (Eggleton, 
personal communication). Termites are 
also an abundant food source for many 
other tropical animals such as predatory 
invertebrates and insectivorous birds and 
mammals. Their sheer abundance, rather 
than their species diversity – being 
relatively small when compared to other 
rain forest invertebrates – have a long 
lasting effect on their local ecosystem and 
in some ways make them similar to 
vertebrate primary consumers within the 
same habitat (Wood and Sands, 1971). 
 
The evolution of tropical rain forests  
 

Tropical lowland evergreen rain 
forests are known to be the most species 

Fore-gut 
(stomatodeum) 

Mid-gut 
(mesenteron) 

Hind-gut 
(proctodeum) 
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diverse environments on the plant. The 
broad fossil record shows clearly that 
such forests first occurred around the 
Early Tertiary period within wet, high 
temperature climates (Morley, 2000). 
These forests provide a generally stable, 
tropical environment promoting high 
species diversity. The stable temperature 
allows plants and animals to interact 
without the need to develop homeostatic 
adaptions against fluctuating weather and 
the permanent sunshine ensures there is 
no seasonal depletion in food availability. 
This also promotes highly specialised 
niche-adaption and can account for the 
huge array of invertebrate and vertebrate 
species (Butler, 2006). This perhaps 
makes the trend towards soil-feeding 
seem somewhat obscure, given that much 
more nutrient-rich food sources are 
constantly available in such locations, 
however, these sources are very strongly 
competed for suggesting that soil-feeders 
evolved into competitor-free space.  
 The huge diversity of flora within 
tropical rain forest habitats creates many 
feeding niches which can be exploited by 
animals of all sizes, this is known as 
resource partitioning (Madderley, 1992). 
It has been argued that tropical rain 
forests are diversity hotspots due to the 
creation of refugia (Connell, 1978; 
Huston, 1994; Madderley, 1992). This is 
caused by a fluctuating climate, changing 
from wet to dry causing fragmentation 
into small islands. Within these refugia, 
organisms can recolonise, exploting new 
niches and creating new species. 
Subsequently, the refugia will merge over 
time allowing new species to merge or to 
co-exist (Madderley, 1992; Huston 1994). 
Many rain forest invertebrates are 
particularly abundant and diverse within 
canopies, affecting their structure and 
processes (Fox and Morrow, 1992). 
Moreover, leaf litter and decaying plant 
material are an important food source 
exploited by many invertebrates including 
termites, cockroaches, mites and 
earthworms (Furch and Junk, 1997). As a 
result of the creation of refugia and the 

abundance of feeding niches, invertebrate 
colonisation has been particularly 
successful within tropical rain forests. 
 The relationship between global 
palaeoclimatic history, the evolution of 
megathermal rain forests and the 
evolution of termite functional traits was 
discussed in detail in Davies et al. (2003b). 
They hypothesised that the soil-feeding 
termites “may not have arisen, and 
certainly had not become widespread, 
until the evolution of closed canopy 
multistratal tropical rainforests” and 
therefore the diversification and instances 
of soil-feeding termites is intrinsically 
linked with the evolution and subsequent 
disturbance of the tropical rain forest 
habitats in which they reside. That study 
lays out a synthesis of the evolution of 
termite functional diversity which argues 
that modern patterns of termite 
assemblages/species diversity has been 
affected by ecological, energetic and 
mutualistic factors. 
 The most species-rich regions for 
termites lie near the equator, more 
specifically in closed-canopy tropical 
forests at low to moderate altitude 
(Eggleton, 1994; Eggleton, 2000). These 
same regions are home to the most 
diverse range of soil-feeding termite 
species and have been identified as the 
most important habitats for cladogenesis 
and evolution of termite functional 
diversity (Eggleton, 2000). It is assumed 
that soil-feeding has not evolved easily 
(Eggleton, personal communication) and 
such termites are extremely sensitive to 
habitat disturbance, having little energy 
from their diet to direct towards 
extensive foraging and dispersal of new 
colonies. Creating energy from soil is 
difficult and requires very sophisticated 
guts and the production of numerous 
workers in order for the colony to be 
successful. This essentially suggests that 
only the most stable of forest habitats 
should harbour the most soil-feeding 
species and that soil-feeding is a relatively 
recent evolutionary trait, tied intrinsically 
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to the stabilising of rain forest habitats in 
equatorial zones.  
  
Termite phylogenetics, distribution and 
biogeography 
 
 Phylogenetic data for termites 
was limited until around 10 years ago and 
now continues to come under scrutiny 
(Engel and Krishna, 2004; Inward et al., 
2007; Legendre et al., 2008; Engel et al., 
2009). Termite systematists also benefit 
from a strong correlation between 
biogeographical distribution of species 
and phylogeny allowing for accurate 
estimates the origin of many clades across 
time and space (Krishna, 1970). The 
diversification of African termites towards 
soil-feeding began with wood-feeders, 
which evolved into fungus-growers and 
from this into humus-feeders. At this 
point the feeding habit diverged; some 
families reverted to wood-feeding and 
dispersed elsewhere or evolved soil-
feeding traits. 
 Termite global diversity patterns 
show longitudinal and latitudinal 
anomalies (Eggleton, 1994). Their 
distribution also contradicts energy-
diversity theory (see: Currie and Paquin, 
1987; Currie, 1991), with the most diverse 
termite assemblages within rain forests 
being found in regions with the lowest 
NPP (Eggleton et al., 1994). This is 
perhaps counter-intuitive since termites 
are such an important decomposer group 
and play a key role in the energy 
dynamics of their habitats.  

Alfred Emerson was responsible 
for the early investigations on the 
biogeography of termites. He concluded 
that all extant families of termites had 
evolved and dispersed to tropical regions 
towards the end of the Mesozoic period. 
Subsequently, he postulated that the sub-
families and genera of termites 
differentiated in the Mesozoic and 
Tertiary periods (Emerson, 1952). Krishna 
(1970) recognised that there was a unique 
cluster of factors affecting termite 
distribution including their restricted diet 

and habitat requirements, vulnerability to 
predators, need for a nest and weakness 
of flight. He argued that these factors 
have historically limited the global 
dispersal of termite clades where other 
invertebrates may have flourished.  

Eggleton (2000) originally 
reviewed termite distribution data 
concluding that termites evolved before 
the Cretaceous on the Pangaea. After an 
initial dispersal across the supercontinent, 
the existing termite clades were 
separated due to continental drift and 
subsequent convergent speciation 
occurred. More recent investigations, 
however, have made it clear that this 
hypothesis is not well corroborated. 
Aanen and Eggleton (2005) found that 
fungus-growing termites originated in 
African rain forests and “later repeatedly 
dispersed into savannahs, into Asia, and 
to Madagascar” rather than evolving in 
those regions and the most recent theory 
(Davies et al, 2003b) suggests that wood-
feeding termites originated in 
Gondwanaland, explaining also the larger 
proportions of termite assemblages found 
in the southern hemisphere (Eggleton, 
1994). Beginning as wood-feeders (Group 
I) (an explanation of feeding groups can 
be found in Table 1) termites dispersed to 
other biogeographical regions via rafting 
(Gathorne-Hardy et al., 2000) or overland 
migration and once settled in these new 
regions, further habitat-driven speciation 
has occurred (Inward et al., 2007).  This 
theory is also supported by fossil 
evidence; the lower termites (wood-
feeders) have a much longer fossil record 
than the higher (soil-feeding) termites 
with the proportion of fossil examples of 
extant species being 27% and 3% 
respectively (Eggleton et al., 1994).  
Ultimately this suggests that the wood-
feeding termites, having evolved 
elsewhere, have dispersed into Africa and 
that the Macrotermitinae (fungus-
growers) and later the Termitidae (soil-
feeders) have subsequently evolved from 
these dispersal colonies. It is probably 
true that the patterns found in the  
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Table 1: List of termite families and general groupings (taken from Jones and Eggleton, in press) and their feeding 
group as summarised in Donovan et al. (2001) 
 

Feeding group Termite groups 

Group I  
Lower termite deadwood 
and grass feeders 

Mastotermitidae 
Termopsidae 
Hodotermitidae 
Kalotermitidae 
Serritermitidae 
Rhinotermitidae 
 

Group II  
Termitidae with a range of 
feeding habits including 
deadwood, grass, leaf litter 
and micro-epiphytes 

Macrotermitinae 
Sphaerotermitinae 
Amitermitinae (part) 
Cylindrotermitinae 
Protohamitermitinae 
Nasutitermes-group Nasutitermitinae 
(part) 

Group III  
Termitidae feeding in the 
organic rich, upper layer of 
soil 

Foraminitermitinae 
Anoplotermes-group Apicotermitinae 
(part) 
Amitermes-group (part) 
Pericapritermes-group (part) 
Termes-group (part) 
Subulitermes-group Nasutitermitinae 
(part) 
Nasutitermes-group Nasutitermitinae 
(part) 

Group IV  
True soil-feeding 
Termitidae 

Apicotermes-group Apicotermitinae 
(part) 
Anoplotermes-group Apicotermitinae 
(part) 
Amitermes-group Amitermitinae 
(part) 
Cubitermes-group 
Pericapritermes-group (part) 
Subulitermes-group Nasutitermitinae 
(part) 

 
distribution of the Macrotermitinae are 
indicative of the Termitidae as a whole. 

Figure 4 summarises the 
evolution of feeding habits in termites. It 
is quite clear that many families have 
evolved into soil-feeders only to later 
revert to wood- or humus-feeders, and 
that this has occurred on several 
occasions. 

Eggleton et al. (1995) investigated 
the effects of habitat disturbance in five 
forest plots on the species richness of 
termites. They found that soil feeders 

were most abundant in the undisturbed 
sites, while wood feeders were more 
resilient to habitat disturbance. Further to 
this, Lawton et al. (1998) studied the 
effect of habitat disturbance on 
biodiversity indexes for several forest 
organisms, including termites. This 
studied six forest types from near-primary 
through to complete clearance regions 
and finding again that termite diversity 
suffers greatly in the most disturbed 
habitats. Davies et al. (2003) also 
suggested a relationship between species 
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richness in local termite assemblages and 
the level of habitat disturbance in those 
regions, suggesting that termites evolved 
in less disturbed rain forests were more 
diverse. The study also described the 
species richness of termites collected 
from transects in five biogeographical 
regions: Africa, Australia, Central and 
South America, South East Asia and 
Madagascar (Figure 5). The vast majority 
of soil-feeding termites (Group IV) are 
found in Africa, with a few in South 
America. The true Group I wood-feeding 
termites are found spread across South 
East Asia, Madagascar and Australia. 
According to new, unpublished data 
based on the most up-to-date termite 
phylogenetic tree (Eggleton, unpublished 
data) the oldest termite clades are found 
in Africa (where soil-feeders are very 
diverse) and the youngest clades in 
Madagascar and Australia (where soil-
feeders are absent or sparse). This 
suggests that there could be a 
relationship between the age of a termite 
clade and the degree to which it has 
diversified towards soil-feeding, and this 
assumes that soil-feeding can only evolve 
under constant, buffered conditions. 

In summary, we can hypothesise 
that the older the termite clade is, the 
more the clade should have developed 
soil-feeding genera and also that termite 
clades evolving in minimally disturbed 
habitats will have higher species richness 
and more soil-feeding genera. 

Figure 4: Tree with characters mapped on using 
maximum parsimony, showing feeding groups. 
White branches are equivocal. Lower termites are 
shown as monophyletic merely for graphical 
convenience. Taken directly from Inward et al. 
(2007) 
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The current study assesses the 
evolution of functional morphology in 
worker termites in minimally disturbed 
tropical rainforests across five 
biogeographical regions. We also analyse 
dispersal data to investigate relationships 
between dispersal time and functional 
trait distributions. This will directly 
address the hypothesis that habitat 
stability has played a major role in the 
diversification of termite clades towards 
soil-feeding, assuming that an older clade 
has spent longer under buffered rain 
forest conditions, and it is expected that 
any functional traits promoting soil-
feeding will be correlated with dispersal 
time.  

Modern termite assemblages are 
a result of long-term diversification 
processes, radiation and dispersal and are 
also influenced by the environment (Jones 
and Eggleton, in press). The most species 
diverse regions are equatorial tropical 
forests in Africa, South America and, to a 
lesser extent, South East Asia (see Figure 
5). These are also the regions where the 
highest numbers of Group IV soil-feeding 
termites are found and which also contain 
the oldest clades. Although previous 
studies have described the functional 
traits of termites (Donovan et al., 2001) 
and their global species richness in 
relation to functional diversity (Davies et 
al., 2003), none have attempted to bring 
these two elements together and assess 
functional traits across biogeographical 
regions with regard to clade age and 
habitat stability.  

We can hypothesise that each 
area has a unique diversification history 
(i.e. phylogenetic history) and therefore 
has potentially a unique functional 
identity. This obviously potentially affects 
the ecological processes that are 
mediated by termites in the different 
areas. This study also aims to widen our 
understanding of the role of termites 
within tropical ecosystems. 
 
 
 

Materials and Methods 
 
Data sources 
 
Data for the current study were taken 
from a pool of 87 transects collated by 
Davies et al. (2003b). These were 
transects which had either been 
previously published and analysed 
(Davies, 1997; Davies et al., 2003a; 
Donovan et al., 2002; Eggleton et al., 
1995; Eggleton et al. 1997; Eggleton et al., 
2002a; Eggleton et al. 2002b; Gathorne-
Hardy et al., 2000; Gathorne-Hardy et al., 
2001; Jones, 2000; Jones et al., 2003; 
Jones and Eggleton, 2002) or which were 
published for the first time in the Davies 
(2003b) study. One additional recent 
transect from Peru was also added (Palin 
et al., 2010). The current study is 
concerned only with termites from 
minimally disturbed rain forest, having a 
disturbance level of 1 (undisturbed 
primary or near-primary closed canopy 
forest) or 2 (old secondary/regenerating 
closed canopy forest) along the 
disturbance gradient as defined in Davies 
et al. (2003b). Twenty of these transects 
were excluded, having a disturbance level 
of 3 or more. Transects were then 
grouped together according to their 
location; any transects falling within a 30 
km radius of one another were 
considered pseudoreplicates. From these 
groups one transect was chosen at 
random for use in the final analysis, thus 
eradicating pseudo-replication within the 
study. A total of 32 transects made the 
final analysis. The transects followed the 
protocol described in Jones and Eggleton 
(2002). The number of transects in each 
region were uneven. Australia had only 
one transect and Madagascar was not 
well represented. The most sampled area 
was South East Asia. 
Regional, site and individual transect 
environmental data and species richness 
data were collected for each of the 31 
transects. These were taken either 
directly from the Davies et al. (2003b) 
study or in the case of the Peruvian data 



10 L. Cuttiford 

 

 
Figure 5: Mean per transect species richness (mean ± 1 SE) between the four termite feeding groups (Donovan et 
al, 2001) in a) undisturbed lowland equatorial forests across South America, Africa and South East Asia and b) 
high-latitude tropical forests across central America, Africa, South East Asia, Madagascar and Australia. Total 
mean species richness per transect is indicated above the columns for each region. Feeding groups are coded: 
Open column – Group I; Diagonal hatching – Group II; Horizontal hatching – Group III; Black column – Group IV. 
From Davies et al. (2003b).  
 
were taken partially from Palin et al. 
(2010) included with the transect data 
and the rest found using tools in Google
Earth (Google™, 2010). The local 
maximum Net Primary Productivity (NPP) 
data was taken from Williams (1999) 
WORLDMAP squares software. The 
software includes a map containing 
information about NPP for each square 
which is set at 10o longitude across a 
world map (see: Eggleton, Williams and 
Gaston, 1994). These were collected 
across Africa, South East Asia, 

Madagascar, Australia and Central and 
South America in 29 locations (Figure 6). 
The nature of the transect locations were 
as such that termites representing all four 
of the Donovan et al. (2001) feeding 
groups could be collected and accounted 
for, although there were very few Group I 
termites. A full explanation of the 
environmental data collected can be 
found in the Appendices.
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Figure 6: Top: Taken directly from Davies et al. (2003) World map illustrating locations of the twenty-nine sites, 
across five regions, where standardized termite species richness sampling was carried out. Sites are number 
coded as follows: 1, Las Cuevas; 2, Paruima; 3, St Euge`ne; 4, Mbalmayo; 5, Akok; 6, Awae; 7, Nkoulfoulou; 8, 
Mayombe; 9, Nyika Plateau; 10, Ranomafana; 11, Manombo; 12, Vevembe; 13, Gunung Leuser (West); 14, 
Gunung Leuser (East); 15, Jambi Province; 16, Way Kambas; 17, Krakatau, Rakata; 18, Krakatau, Panjang; 19, 
Ujung Kulon; 20, Pangandaran; 21, Maliau; 22, Danum Valley; 23, Belalong; 24, Tai Po Kau; 25, Doi Suthep-Pui; 
26, Khao Yai; 27, Surat Thani Province; 28, Pasoh; 29, Danbulla. Latitudinal lines: upper, 10_ N; middle, equator; 
lower, 10_ S. 
Bottom: WORLDMAP of termite genera of the world created using an equal area grid map of the world (grid-cell 
area c. 611,000 km2, based on intervals of 10_ longitude) taken from the WORLDMAP system (Williams, 1999) 
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Collation of the data 
 

In order to perform the RLQ 
analysis, the transect data were collated 
into three dataframes. The first was a 
matrix showing count data of genera 
present in each transect (genera-transect 
matrix - L). There were 135 genera across 
all transects.  

The second was a matrix showing 
the environmental data collected for each 
transect including rainfall, Net Primary 
Productivity (NPP), distance from ocean 
etc. (the environment-transect matrix - 
Q).  

The final matrix showed the data 
pertaining to trait morphology for each of 
the 135 genera (the trait-genera matrix - 
R). This final matrix was based on 
information taken from Sands (1998) 
taxonomic treatment where each trait 
was assigned a code number for possible 
morphologies (from 1 to 4, for example). 
This work was originally carried out by 
Sarah Donovan as part of Donovan et al. 
(2001) study on feeding group 
classification and was extrapolated to 
account for all 135 genera in this study. 
This was done by grouping 
phylogenetically closely related termite 
genera together and applying the same 
traits to all the genera in these groups. 
Forty-three of the 46 genera included in 
the Donovan et al. (2001) study appear in 
the current study and it was the trait data 
for these genera that were used.  
 The raw data used was not 
uniform as they were collected by 
different teams in different parts of the 
world. The count data for genera present 
in each transect was sometimes given to 
species level and sometimes grouped into 
family or sub-family level. As far as was 
possible, each count was assigned to a 
genus name although in the case of 
Kalotermitidae this appears as a family 
group in the data. There were also several 
missing data points in the original matrix 
formed by Donovan et al. (2001), so four 
traits were excluded on the grounds that 
they did not contain data for the majority 

of genera (traits 32, 34, 45 and 46, see 
Appendices). Some traits were 
polymorphic and in these cases the lowest 
code number was assigned for the 
purposes of analysis. Further to this, an 
additional trait was created pertaining to 
the presence or absence of a mixed 
segment in the gut. A full account of the 
traits used in this study and the final 
dataframes can be found in the 
Appendices.  

The plots for environmental 
factors and traits were combined to form 
an ordination bi-plot (Figure 7). Once the 
bi-plot was formed, less influential traits 
were excluded; these being defined as 
traits with an arrow length (i.e. vector 
length) of less than two thirds that of the 
strongest trait (calculated using 
Pythagoras’ theorem). This reduced noise 
on the bi-plot and allowed consideration 
of the most important, indicative traits. 
 
RLQ analysis 
 

An RLQ analysis of the data was 
performed using R (R Foundation for 
Statistical Computing, 2010) and the 
additional package ‘ade4’ (Chessel, 
Dufour and Dray, 2009). An RLQ analysis is  
a double inertia analysis of two arrays 
(denoted by R and Q) with a link 
expressed by a contingency table 
(denoted by L). For the purposes of the 
current analysis, the two arrays R and Q, 
represented the trait-genera matrix and 
the environment-transect matrix 
respectively. The link table, L, represented 
the genera-transect matrix. The rows of L 
and R must correspond and the columns 
of Q must correspond with the rows of L. 
A correspondence analysis was carried 
out on the genera-transect matrix (L) and 
was followed by a ‘Hill and Smith’ method 
analysis of the environmental-transect 
matrix (Q) and the genera-trait matrix (R). 
The ‘Hill and Smith’ method performs an 
ordination analysis with mixed continuous 
and nominal variables. The outputs of the 
initial analyses we used to perform the 
RLQ analysis. A plot of the outputs shows 
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a scatter plot of the R row scores (the 
transects), a scatter plot of the Q row 
scores (the genera), scatter plots of the R 
and Q canonical weightings 
(environmental factors and traits). 
Eigenvalues for each axis are also 
included. The original RLQ output plot and 
code used can be found in the 
Appendices.  
 
 
 
 

Results 
 
RLQ analysis and bi-plot 
 
 The RLQ analysis provided the 
basis for the ordination bi-plot (Figure 7). 
Chosen variables were plotted and 
marked with arrows or centroids 
depending on their status as categorical 
(biogeographical regions) or continuous 
(traits and environmental gradients). 
 
 

 
 
Figure 7: Ordination bi-plot of the RLQ analysis for Axis 1 and Axis 2. The eigenvalues are 0.87 (Axis 1) and 0.14 
(Axis 2). Centroids indicate the transect biogeographical region (Africa – Africa; CSAm – Central and South 
America; Australia – Australia; Madgas – Madagascar; SEAsia – South East Asia). Black arrows show the 
quantitative environmental variables (Lat1 – latitude transformed to a number of degrees south of 25

o
 N 

(decimalised); Lat2 – latitude as degrees from the equator (decimalised) with no distinction between N and S; 
Long – longitude (decimalised number of degrees east of longitude 100

o
 W); Rain – annual rainfall (mm); NPP – 

local maximum Net Primary Productivity (tonnes dry weight ha-1 year-1) for corresponding WORLDMAP square 
(Williams, 1999); LgEdge –log10 shortest distance to nearest forest edge (m); Shelf – shortest distance to 
continental shelf (km); Ocean – shortest distance to nearest ocean (km). Coloured arrows show the functional 
traits, teal arrows are traits which were also found to be significant in the analysis carried out by Donovan et al. 
(2001) and pink arrows show traits which have been found to be significant in the current study (a list of traits 
can be found in Table 2). 
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Axis 1, which has a very significant 
eigenvalue (0.87), clearly represents the 
humification gradient moving from wood-
feeding on the left to true soil-feeding on 
the right, Figure 8 shows the proportion 
of each feeding group along Axis 1 and an 
ANOVA shows clearly that there is a 
significant difference between the 
positions of each feeing group on Axis 1 
(F=430.31, p>0.001 on 136 d.f.) and 
confirms the movement from Group I on 
the left to Group IV on the right.  

Axis 2 is the next most significant 
axis – by eigenvalue – from the RLQ 
analysis. In Figure 7 it is not immediately 
clear what Axis 2 represents, however in 
Figure 9 there is a clear funnelling pattern 
of diversification from low (Group I) on 
the left to high (Group IV) on the right. 
This would seem to to represent the 
differing traits in Group IV termites 
between Africa and South America. The 
biogeographical region centroids fall 
along Axis 1 from left to right as might be 
expected from the species richness data 
in Figure 5. Madagascar and South East 
Asia contain the largest proportion of 
wood feeding termites and Africa contains 
the largest proportion of soil feeding 
Termitidae. The length of the trait arrows 
relates to how quickly particular traits are 
diversifying, with longer arrows depicting 
traits which are diversifying rapidly. The 
length of the arrows representing the 
quantitative environmental variables 
show the degree to which each variable 
explains the variance in community 
composition. 

The genera shown in Figure 9 
show interpretation biases towards 
biogeographical regions. Group IV (soil 
feeders) tend strongly towards the 
biogeographical region Africa (as in Figure 
7). Simlarly, Group I and Group II feeders 
tend more towards Madagascar and 
South East Asia and the Group Group III 
feeders tend more towards Australia and 
Central and South America. It is clear that 
the Group III and Group IV termites have 

a strong influence on the overall pattern 
on the data. 

 
Discussion 
 
Interpretation of the RLQ analysis 
 
The RLQ analysis shows clearly the 
relationship between assemblage pattern, 
functional groupings and traits. Many 
influential traits indicate a tendency 
towards soil-feeding, particularly in Africa 
and a few others are continuing to vary 
towards wood-feeding, in the regions of 
Madagascar and South East Asia (Figure 
7). Figure 10 shows clearly the 
assemblage groupings with Groups I and II 
appearing together with a narrower range 
of functional traits at the wood-feeing 
end, Group III around the centre (humus-
feeding), with more variation within 
functional traits and finally at the far 
right, soil-feeding end are the Group IV 
with the most variation. This analysis also 
supports the feeding group classification 
(Donovan et al., 2001). This is particularly 
noticeable in Figure 8 where a similar 
pattern of feeding groups across the Axis 
1 humification gradient is found to that in 
the Donovan et al. (2001) study. This 
study has built on the findings of that 
study, breaking down the functional 
traits, analysing them in terms of 
biogeographical regions and 
environmental traits, resulting in a more 
sophisticated summary of how the factors 
are related. 

Table 2 shows a list of the traits 
from the bi-plot (Figure 7), a description 
of the traits and their position along Axis 
1 to show how they associate with either 
wood-feeding or soil-feeding. The traits 
are quite heavily influenced by the 
termites of Africa since colonies there 
have the highest diversity and the most 
soil-feeders. The traits with positive 
positions are diversifying towards soil 
feeding and the negative positions 
towards wood feeding. 
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Figure 8: Box and whisker plot indicating the distribution of feeding groups across Axis 1. Wood-feeding termites 
can be found at the lower end of the humification gradient, while soil-feeding termites can be found at the upper 
end of the humification gradient.  
  

 
The evolution of soil feeding termites in 
stable rain forest habitats 
 
In addition to the eight functional traits 
found to be significant by Donovan et al. 
(2001), this study also found four new 
significant traits (see Table 2); relating to 
the left mandible apical tooth, the right 
mandible second marginal tooth, the 
mesenteric part of the mixed segment 
and the armature of the enteric valve. 
This analysis (Figure 7) of trait and 
environmental data clearly shows that 
there are many more soil-feeders in sites 
at high Axis 1 values and that there are a 
number of traits associated with those 
soil feeders; eight of the 12 traits being 
associated with the humified end of the 
gradient. The data are largely driven by 
the African and South East Asian 
transects, with the most transects coming 
from South East Asia and the highest 

number of genera found in Africa. The 
traits diversifying towards soil feeding 
span the mandibles and most parts of the 
gut whilst those traits diversifying 
towards wood feeding are mainly 
concentrated on the mandibles. These 
major changes in gut morphology show 
that the digestion of soil requires a 
different digestive process and this is 
supported by findings by Eggleton et al. 
(1998) that in tropical forest assemblages, 
soil feeding termites have larger bodies 
and larger digestive tracts than wood 
feeding termites. The environmental 
variables are also influencing the 
diversification process. Altitude appears 
to be strongly related to the African soil 
feeders; these transects had the highest 
mean altitude (940m) compared with 
Madagascar (750m) and South East Asia  
(276.52m), however, these results are 
somewhat confounded by the span of 
latitudes (Davies et al., 2003b). Rainfall  
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Figure 9: Scatter plot showing distribution of genera in relation to Axis 1 and Axis 2. Symbols represent feeding 

groups (Donovan et al, 2001) (    = Group IV;       = Group III;      = Group II;     = Group I). Letters represent 
groups of genera, described here as the most typical genera for the whole group with the number in brackets 
being the total amount of genera in that group) : (A (9)– Cubitermes; B (3) – Cubitermes; C (5) – Coxotermes; D 
(7) – Termes; E (5) – Labiotermes; F (4) – Pericapritermes; G (17) – Nasutitermes; H (10) – Kalotermitidae; I (2) – 
Hospitalitermes; J (8) – Rhinotermes; K (6) – Mirocapritermes; L (7) – Amitermes; M (7) – Macrotermes; N (10) – 
Subulitermes; O (4)– Amicotermes; P (10) – Anoplotermes; Q (2) – Tuberculitermes; R (2)– Acanthotermes; S (2) 
– Microcerotermes; T (2) –Syntermes). Biogeographical region centroid positions (shown in teal) have been 
multiplied by 3 for the purposes data visualistation (Africa – Africa; Madgas – Madagascar; SEAsia – South East 
Asia; Australia – Australia; CSAm – Central and South America). Lines on the diagram act as an indicator of the 
funnelling of diversity along the humification gradient. 

 
 
and NPP move in an opposing direction to 
the African soil feeding groups. Since we 
know that NPP tends to be lowest where 
species diversity is highest (Eggleton et al., 
1994), this is an expected trend. We can 
therefore report that rainfall is lowest 
where species diversity is highest, 
although this is likely to be just a present 
day artefact. Average rainfall across 
African transects was 1513mm compared 

with 2742mm across South East Asian 
transects. In summary, the bi-plot shows 
that the termites recovered from these 
transects are largely soil-feeders and the 
traits that have been assessed clearly 
show diversification toward soil-feeding. 
Having a clearer picture of the traits 
associated with soil-feeding will enable a 
deeper understanding of the evolution 
and diversification of functional traits.  
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Table 2: A detailed description and position on Axis 1 of each trait found in Figure 7. Colours of the trait numbers 
correspond with the colours of the arrows in Figure 7; teal colour shows traits which were also found to be 
significant in the analysis carried out by Donovan et al. (2001) and pink colour traits have been found to be 
significant in the current study. 

 
Trait Description Position on Axis1  Trait function 

X30 Left mandible apical tooth in relation to 
first marginal tooth (1) longer and more 
prominent (2) equal in prominence (3) 
shorter and with retracted point 

-0.966 
Tending strongly 
towards Group IV 

Large apical tooth 
used for cutting off 
large pieces of soil 

X39 Left fourth marginal tooth in front view (1) 
proximal end clear of molar prominence 
(2) just reaches tip of molar prominence 
(3) just reaches side of molar prominence 
(4) proximal end hidden behind molar 
prominence 

-0.930 
Tending strongly 
towards Group IV 

Function unknown 

X44 Right mandible second marginal tooth with 
anterior edge (1) bearing a small tooth at 
the base (2) having a rounded bulge at the 
base (3) uniform or slightly sinuate at base 

0.444 
Tending moderately 
towards Group I 

Function unknown 

X48 Right molar plate ridges state of 
development (1) prominent (2) concave (3) 
much reduced (4) absent 

0.802 
Tending strongly 
towards Group I 

Grinding of soil 
material 

X49 Number of molar plate ridges (0) 0 (1) 1-5 
(2) 6-11 (3) 12-17 (4) 18-22 (5) 24 or more 

-0.743 
Tending strongly 
towards Group IV 

More ridges for 
grinding of hard 
cellulosic material 

X51 Proventriculus (armature) (1) fully armed 
with sclerotised plates (2) armature much 
reduced 

0.924 
Tending strongly 
towards Group I 

Digestive grinding of 
wood/grass particles 

X55 Mesenteric part of mixed segment or 
oblique junction (1) external to loop of 
intestine (2) internal to loop of intestine 

0.606 
Tending moderately 
towards Group I 

Apicotermitinae-
specific character 

X62 Attachment of malphigian tubules 
(position) (1) at mesenteric-proctodeal 
interface (2) some distance up mesenteron 

0.793 
Tending strongly 
towards Group I 

Apicotermitinae-
specific character 

X75 Caecum-like diverticulum from third 
proctodeal pouch separate from enteric 
valve (1) absent (2) present 

0.540 
Tending moderately 
towards Group I 

Soil-feeding (Group 
IV) trait, specific to 
the Cubitermes-
group 

X79 Enteric valve ridge predominantly (1) 
sclerotised (2) unsclerotised (3) reduced 
(4) undeveloped 

-0.561 
Tending moderately 
towards Group IV 

Digestive grinding of 
cellulosic material 

X89 Longest spines of main armature of enteric 
valve (1) straight and evenly tapered 
(2)curved or hooked (3) dilated towards tip 
(4) pectinate 

0.546 
Tending moderately 
towards (1) 

Function unknown 

X94 Membranous wall of enteric valve 
between and beyond ridges (1) without 
spines or spicules (2) minute spines or 
spicules (3) short spines or spicules (4) 
large spines or spicules 

0.320 
Tending moderately 
towards (1) 

Function unknown 

 
 

 
 



18 L. Cuttiford 

 

 

 

 
Figure 10: Scatter plot detailing the relationship between the length of time since dispersal and position along 
the humification gradient (Axis 1). There are 38 clades represented here in total, some of which share identical 
histories and therefore share the same co-ordinates.  

 
Soil-feeding is a potentially 

difficult niche for an invertebrate to 
occupy. It reduces the amount of free 
energy available to the colony, limiting its 
ability to re-colonise and to forage at 
wider distances from the nest (Bignell, 
1994; Davies et al., 2003b). It also greatly 
reduces dispersal to new regions and in 
some ways may inhibit further evolution. 
Most importantly, in the event of a major 
habitat disturbance, soil-feeding termites 
will almost certainly die out (Eggleton et 
al., 1995). Despite this, soil-feeding is 
evolving within modern termite clades 
and now accounts for c. 50% of extant 
termite species (Davies et al., 2003b). Soil 
is perhaps preferable to other, less 
abundant food sources and so it has less 
nutritional value, it will always be readily 
available and will reduce the need for 
colony movement and inevitable 
vulnerability to predators. 

Analysis of time since dispersal data 
 
 In order to test the hypothesis 
and to fully understand the RLQ analysis, 
it was necessary to assess where the 
various termite clades fell along the 
humification gradient. Data pertaining to 
the time of dispersal to different 
biogeographical regions of the termite 
clades was taken from work carried out 
by Eggleton (unpublished data). The dates 
were derived from recent phylogenetic 
data pertaining to the evolutionary 
history of a wide range of termite genera 
(Inward et al., 2007) and it is used here to 
address whether clades that have been in 
a region for a long time have penetrated 
further up the humification gradient. 
Initially, the genera belonging to each 
clade were grouped together and their 
co-ordinates on Axis 1 summed and the 
mean and standard deviation calculated. 

Group I & II 
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The age (in MY) and mean Axis 1 value 
were then analysed using a linear model 
in R (R Foundation for Statistical 
Computing, 2010) to determine any 
relationship between the time of dispersal 
and clade tendency towards soil-feeding. 
The Capritermes clade was excluded from 
the analysis as it did not have an 
estimated dispersal time. The dispersal 
data and dataframe used for analysis can 
be found in the Appendices. 

Each clade’s estimated dispersal 
time and mean position on Axis 1 were 
tested using a simple linear model. Figure 
10 shows a scatter plot of the dispersal 
times. The African Termitidae, having the 
oldest dispersal time, at 58MY are clearly 
driving the data. There was a moderate 
but significant relationship between 
dispersal time and Axis 1 position 
(t=2.288, p>0.01 on 31 d.f.). This adds 
further support to the hypothesis that age 
and stability are important factors since 
we can see clearly that the lower termites 
(Groups I and II) are grouped together at 
the lower end of Axis 1 as well as being 
the most recently dispersed amongst the 
clades. There are two major outliers 
which appear to be very early dispersing 
clades – Tumuli (wood-feeding) and 
Anoplotermes (soil-feeding) – but as the 
dispersal data is fairly new, this could be 
due to inaccuracies in the data. Further 
investigation of dispersal times would be 
of great use. 

 
Do age and stability drive the evolution of 
soil feeding? 
 

With the African Termitidae being 
the driving force behind these data we 
must address possible explanations for 
this diversification down the humification 
gradient. There could be a quantitative 
difference between the habitats, there 
are some environmental disparities 
between the habitats, however soil 
feeding does occur in all but one of our 
biogeographical regions (South East Asia). 
It may be differences in the disturbance of 
habitats – disturbance and fragmentation 

kill off the soil feeding genera first - so any 
severe and fairly recent disturbance may 
have affected the local assemblage 
structure. Age does seem to be the most 
appropriate factor to explain 
diversification towards soil feeding. Figure 
10 helps to visualise this as the youngest 
clades are clustered at the wood feeding 
end of the humification gradient and the 
oldest (African) clade is very clearly a soil 
feeding clade. The regression analysis of 
the dispersal data shows a weak but 
significant relationship between dispersal 
and position on Axis 1 (t=2.288, p>0.01 on 
31 d.f.) supporting the hypothesis that as 
the age of a termite clade in a stable 
habitat increases so does it’s 
diversification towards soil feeding. 
 
Conclusions 
 

There are some limitations to the 
analysis in the current study. Grouping 
genera together (132 genera in 32 groups, 
see Appendices) based on similarity 
probably reduced the significance of the 
results. Some of the groupings were only 
somewhat similar meaning that some of 
the genera within the groups could only 
be loosely associated with each other. 
This of course makes the picture created 
by the results less accurate than it could 
be if trait data were known for all the 132 
genera, however time constraints and 
availability of data meant that only a 
simplified data set could be analysed. 
Once this data is available, a complete 
and more accurate analysis can be carried 
out. 

As this study was only concerned 
with clades based in the same habitat 
type (minimally disturbed closed canopy 
rain forest) the analysis can only provide 
data regarding those habitats which could 
not be generalised. Further investigations 
would need to assess the differences in 
termite assemblages between 
biogeographical regions and between 
habitats. The current study deals only 
with minimally disturbed closed canopy 
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rain forest, however termites do occupy 
more disturbed habitats and savannahs.  

This data set also suffered from 
an uneven representation of each 
biogeographical region. Of the total 32 
transects, 19 were South East Asian, 5 
were African, 4 were Central and South 
American, 3 were Madagascan and 1 was 
Australian. Although it is certain that all 
the feeding groups for each region are 
covered by these transects, there may be 
several more genera that could be 
analysed. Any further analysis would 
benefit from a greater number of 
transects and a more even distribution of 
those transects across regions.  

In conclusion, the results of this 
initial analysis give some support to the 
hypothesis that age and habitat stability 
have an effect the instance of 
diversification towards soil feeding 
regimes in rain forest dwelling termites. 
As time progresses, clades residing in 
undisturbed rain forest habitats are likely 
to evolve into soil feeders despite the 
obvious energy deficiency problems. 
Further investigation is required to map 
functional traits for all termite genera and 
to analyse these traits within 
biogeographical regions and within and 
between habitats. 
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