Occologia (2006) 149:301-311
DOI 10.1007/s00442-006-0449-5

COMMUNITY ECOLOGY

Vertical stratification of the termite assemblage

in a neotropical rainforest

Yves Roisin * Alain Dejean * Bruno Corbara -
Jerome Orivel - Mirna Samaniego -
Maurice Leponce

Received: 26 October 2005/ Accepted: 26 April 2006/ Published online: 22 June 2006

© Springer-Verlag 2006

Abstract The importance of termites as decomposers
in tropical forests has long been recognized. Studies on
the richness and diversity of termite species and their
ecological function have flourished in more recent
times, but these have been mostly conducted in a thin
stratum within a standing man’s reach. Our aims were to
evaluate the specific richness and composition of the
termite assemblage in the canopy of a tropical rainfor-
est and to determine its originality with respect to the
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sympatric ground-level fauna. We conducted system-
atic searches for canopy termites, together with con-
ventional sampling of the sympatric ground-level
fauna, in the San Lorenzo forest, Panama. We hypoth-
esized that (1) the canopy accommodates two catego-
ries of wood-feeding termites (long-distance foragers
and small-colony ‘‘one-piece” species) and possibly
soil-feeders in suspended soil-like habitats; (2) due to
the abundance of soil-feeders, the overall diversity of
the ground fauna is higher than that of the canopy; (3)
differences in microclimate and resource accessibility
favour vertical stratification among wood-feeders.
Sixty-three canopy samples yielded ten species of ter-
mites, all wood-feeders. Five of these were not found at
ground level, although a total of 243 ground samples
were collected, representing 29 species. In addition to
long-distance foragers (Microcerotermes and Nasutiter-
mes spp.) and small-colony termites (mostly Kaloter-
mitidae), the canopy fauna included Termes
hispaniolae, a wood-feeding Termitidae from an alleg-
edly soil-feeding genus, living in large dead branches.
Soil-feeders were absent from the canopy, probably
because large epiphytes were scarce. As predicted, the
ground fauna was much richer than that of the canopy,
but the species richness of both habitats was similar
when only wood-feeders were considered. Vertical
stratification was strongly marked among wood-feed-
ers, as all common species, apart from the arboreal-
nesting Microcerotermes arboreus, could unequivocally
be assigned to either a ground or a canopy group. The
canopy, therefore, contributes significantly to the total
species richness of the termite assemblage, and the
diversity, abundance and ecological importance of can-
opy termites in tropical rainforests may be higher than
previously recognized.
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Introduction

Tropical rainforest canopies are a harsh environment,
receiving much more sunlight and experiencing stron-
ger variations in temperature and humidity than the
understorey and ground strata below (Bohlman et al.
1995; Madigosky 2004). In the aftermath of pioneering
studies of the biological diversity of various arthropod
taxa in canopies (reviews in Stork et al. 1997; Basset
et al. 2003a), a more comprehensive approach to forest
communities, encompassing all strata from the ground
to the upper canopy, is now emerging. Vertical differ-
entiation between the understorey and the canopy has
been demonstrated for leaf beetles and other herbi-
vores (Basset et al. 2001, 2003b; Charles and Basset
2005). Other taxonomic groups, such as ants, Collem-
bola, spiders or Acari, span the entire vertical range of
the forest, from the humus layer to the outer canopy
foliage and, therefore, constitute models of special
interest for the study of vertical stratification (Paoletti
et al. 1991; Rodgers and Kitching 1998; Yanoviak and
Kaspari 2000; Prinzing and Woas 2003; Sgrensen 2003;
Fagan et al. 2006). Within the framework of the IBI-
SCA-Panama project, an international initiative aimed
at studying the vertical stratification and beta diversity
of arthropods in a tropical rainforest (Springate and
Basset 2004; see also http://www.naturalsciences.be/cb/
ants/projects/ibisca_main.htm), we assessed the verti-
cal distribution of termites (Isoptera), a pre-eminent
group of decomposers of plant material in tropical eco-
systems (Martius 1994; Bignell et al. 1997; Bignell and
Eggleton 2000; Sugimoto et al. 2000).

Termite assemblages in pristine and/or degraded or
partially degraded tropical forests have been exten-
sively sampled in recent years (reviews in Eggleton and
Bignell 1995; Davies et al. 2003a). However, most of
these studies were restricted to a narrow stratum that
extended from a few centimetres below the soil surface
to a few metres above it. For instance, the widely used
sampling protocol developed by Jones and Eggleton
(2000) is limited to a height of 2 m. There are, however,
ample possibilities for termite presence in the forest
canopy. First, small-colony termites [Abe’s (1987)
“one-piece” life type] may colonize dead branches and
spend their entire colony life cycle within them. Sec-
ond, large-colony wood feeders, which are known to
build their nest at various heights on tree trunks and to
forage under an extensive network of wood carton tun-
nels, may be able to exploit dead wood sources at all
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levels of the forest. Third, “suspended soils’ that form
in and around large epiphytes or within hollow limbs
(Paoletti et al. 1991) may provide opportunities for
species feeding on decayed plant material.

Sampling such communities is, however, technically
difficult, and data on the actual presence of termites in
the upper forest strata remain limited (Martius 1994;
Basset 2001). Standardized collecting techniques, such
as fogging, provide poor results for termites (Adis et al.
1984; Eggleton and Bignell 1995; Basset et al. 2003c;
Hurtado Guerrero et al. 2003). Consequently, the cur-
rent knowledge base on termite canopy assemblages is
mostly limited to a few casual captures or observations
and single-species studies, with the focus on arboreal
carton nest-builders and long-distance foragers of the
family Termitidae (Abe 1978, 1979; Ellwood et al.
2002; Dejean et al. 2003; Gongalves et al. 2005). In par-
ticular, the colonization of dead branches in tree
crowns by small-colony species (especially of the fam-
ily Kalotermitidae) remains poorly documented. How-
ever, the trapping of swarming alates in Amazonian
forests suggests that several species, including some
Kalotermitidae, must be canopy specialists because
they escape detection when collecting is restricted to
near-ground habitats (Rebello and Martius 1994;
Martius 1997a).

The aim of this study was to evaluate the specific
richness and composition of the termite assemblage in
the canopy of a neotropical rainforest and to determine
its originality with respect to the sympatric ground-
level fauna. We put forward the following hypotheses.

1. Whereas the ground termite fauna of the San Lore-
nzo forest should comprise all characteristic ele-
ments of neotropical rainforests, including a large
soil-feeding guild (Constantino 1992; Davies 2002;
Davies et al. 2003a, b), two ecological categories
are likely to predominate in the canopy: long-dis-
tance wood-feeding foragers (e.g. Nasutitermes,
Microcerotermes spp.) and small-colony wood
feeders (e.g. Kalotermitidae). In addition, soil
feeders taking advantage of suspended soils may
be present in the canopy as well.

2. Because soil-feeding species are known to consti-
tute the major part of termite assemblages in neo-
tropical rainforests, the species richness of the
canopy fauna is expected to be much lower than
that of the ground fauna.

3. However, because microclimatic conditions as well
as dead wood distribution and accessibility (Bohl-
man et al. 1995; Yanoviak and Kaspari 2000; Madi-
gosky 2004) differs between the ground and the
canopy, the wood-feeding guild is likely to
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comprise different species in each habitat. In
particular, the canopy should accommodate species
that are good colonizers and resistant to dry condi-
tions; if present in the lower strata, such species
should be more frequently encountered at the edge
of the forest than in the interior (Toda 1992;
Didham 1997).

Study site and methods

Field work took place in the San Lorenzo Protected
Area (Colon Province, Republic of Panama), in the
vicinity of the Fort Sherman canopy crane. This site
averages 3000 mm of rainfall annually and an annual
air temperature of 27°C. The climate is wet all year-
round, with a drier season between January and mid-
April. The forest has been mostly free of severe
disturbance for the past 200 years and is evergreen,
with less than 3% loss in canopy cover by the end of
the dry season (Condit et al. 2000, 2004). Termites
were sampled during two campaigns, one in Septem-
ber—October 2003, one in May 2004. In both years, we
distinguished “ground’” sampling (up to 2 m above the
ground) from ‘“canopy” sampling, here defined as
encompassing all strata higher than 10 m above the
ground. As suggested by Jones and Eggleton (2000),
ground sampling was standardized by spending one
man-hour per 10 m? searching for termites in all suit-
able microhabitats (dead wood, litter, termite-built
mounds and galleries, humus, soil and trees up to a
height of 2 m). Canopy sampling was carried out with
the help of professional tree climbers. Whenever a tree
was selected for sampling, the climbers were instructed
to cut down as many dead branches as possible and to
check for occupied termite galleries on the trunk and
live branches. Small live branches, with flowers and
fruit if present, were cut to allow identification of the
tree species. Epiphytes were also taken down when-
ever possible, but large specimens were scarce. Cut
branches, gallery fragments and epiphytes were thor-
oughly searched for termites. Due to constraints result-
ing from the need to coordinate various sampling
programmes on different arthropod taxa, protocols
differed slightly between 2003 and 2004.

In 2003, ground sampling was centred on three
20x20-m? plots, which were focal to other sampling
programmes. The GPS coordinates of these squares,
almost perfectly aligned in a W-E line, were as follows:
9°16.550'N, 79°58.628'W; 9°16.547'N, 79°58.590'W;
9°16.550'N, 79°58.565"W. We slightly modified the pro-
tocol developed by Jones and Eggleton (2000), who
recommended sampling along a 100x2-m belt transect

divided into 20 successive quadrats of 5x2 m. Rather
than arranging sampling quadrats in a straight line, we
placed them parallel to the sides of the focal 20x20-m?>
square, leaving a 10-m buffer distance to prevent inter-
ference with other programmes and avoiding the side
through which access was provided. Each of our tran-
sects thus ran along three sides of a rectangle, which
were 30, 40 and 30 m long, respectively. Each 5x2-m
quadrat was searched for one man-hour as described
above. Canopy sampling was carried out within a
170x40-m area, starting 10 m west of the first focal
square and running W-E to completely encompass the
three focal squares. A total of 80 trees, each more than
15 m tall and in contact with the outer canopy, were
sampled as described above.

The 2004 campaign was more specifically aimed at
termites. As recommended by Roisin and Leponce
(2004), ground sampling quadrats were reduced to
5 m?, positioned every 10 m along a 400-m-long tran-
sect, and each searched for one-half man-hour. The
starting point (9°16.757°'N, 79°58.465'W) was situated
790 m NE of the starting point of the 2003 canopy sam-
pling area, and the transect proceeded W-E. Canopy
sampling was carried out on 42 large, emergent trees,
all within a 20-m-wide belt covering the ground quad-
rats.

Termite colony samples were collected in 80% alcohol.
They were identified to species or morphospecies level
with the help of original descriptions (see Constantino
1998 for a recent catalogue) and additional papers
(Nickle and Collins 1992; Roisin 1995; Constan-
tino 2001). The identification of Termes panamaensis
(Snyder) was possible thanks to the examination of the
type material (holotype, USNM type 00218; type col-
ony, USNM 003075). The identification of 7. hispanio-
lae (Banks) was facilitated by the loan of specimens
from Galeta Island, whose determination was made by
A.E. Emerson (USNM 004806), and by several sam-
ples from the West Indies (University of Florida collec-
tion). Samples consisting of wingless adults only,
recently settled after the nuptial flight, were discarded
from later analysis because they did not represent
established colonies. Species were qualified according
to the presence or absence of a specialized worker
caste, and classified into feeding groups. The absence
of specialized workers correlates with a small colony
size, a flexible development of immatures and the abil-
ity of colonies to accommodate themselves into rela-
tively small pieces of dead wood (Abe 1979; Higashi
et al. 1991; Roisin 2000). Feeding groups were defined
according to Donovan et al. (2001): group I are non-
Termitidae (all wood-feeders), group II are Termitidae
feeding on wood or solid litter items, group III feed at
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the soil/wood interface or on partly mineralized humus
(“intermediate feeders”, refer to DeSouza and Brown
1994; all from the family Termitidae) and group IV are
true (mineral) soil-feeders (all from the family Termiti-
dae). Because the distribution of social insects is highly
aggregative, we considered presence/absence data per
sampling unit (occurrences) rather than abundances.
Ground sampling units were individual quadrats; can-
opy sampling units were individual trees. One occur-
rence was thus defined as the presence of one species in
one sampling unit (quadrat or tree).

To overcome differences in protocols and allow
comparisons between ground and canopy samples,
graphs were scaled by individual occurrences rather
than by sampling units (see Gotelli and Colwell 2001;
Colwell et al. 2004). Rarefaction curves and biodiver-
sity indices were calculated using EsTIMATES ver. 7.00
(Colwell 2005).

Results

In 2003, the sixty 10-m® quadrats yielded 157 occur-
rences, with 23 species represented. Canopy sampling
provided 30 occurrences, representing nine species, from
26 trees. In 2004, the forty 5-m” quadrats yielded 86
occurrences, representing 21 species, of which six had not
been found in 2003. Despite the difference in quadrat
area, the distribution of the number of occurrences per
quadrat did not significantly differ between 2003 and
2004, as both distributions matched a Poisson distribution
with their common mean (2.43 occurrences per quadrat;
2003: ¥*=3.22, df=4, p>0.1; 2004: *=5.17, df=3, p>0.1).
From the canopy, we obtained 33 occurrences, represent-
ing eight species, from 19 trees. One of these species had
not been found in 2003. Over the two campaigns, 29 spe-
cies were found in ground samples, ten in canopy sam-
ples and 34 species in total (Table 1). Twenty species of
trees supported termites in their canopy. Details of the
canopy samples, including tree identifications, are given
in the two tables of the Supplementary Material. We
were unable to detect any specificity pattern in the rela-
tionship between canopy termites and trees.

Assigning species to feeding groups posed little dif-
ficulty. Our assignments generally agree with those of
Donovan et al. (2001) and Davies et al. (2003b) at the
genus level. Anoplotermes-group species were distrib-
uted between groups III and IV, with the most com-
mon species, Anoplotermes parvus, fitting in group IV.
Only the genus Termes presented a difficulty. Termes
species are presumed to be soil-feeders, or at least soil-
wood interface feeders (intermediate feeders, refer to
DeSouza and Brown 1994; group III, refer to Donovan
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et al. 2001; Davies 2002, Davies et al. 2003b). However,
T. hispaniolae was found inside dead branches, and
close examination of its worker mandibles clearly
revealed a wood diet (group II). In contrast, the soil-
dwelling T. panamaensis fits in group III.

The distribution of species and occurrences between
the ground and the canopy (Fig. 1) clearly shows the
predominance of Termitidae in both assemblages.
However, Kalotermitidae constitute a substantial part
of the canopy occurrences, while being almost absent
from the ground records. The opposite situation occurs
with the Rhinotermitidae. Small-colony species, devoid
of a specialized worker caste (Kalotermitidae and
Prorhinotermes), were almost exclusively found in the
canopy. Groupings according to diet revealed the pre-
dominance of soil feeders (groups III-IV) in the
ground fauna, whereas the canopy assemblage was
exclusively composed of wood feeders (Table 1).

Despite differences in ground sampling protocols
between 2003 and 2004, individual occurrence-based
curves were similar for both years. Species accumula-
tion rates and diversity indices (Fisher’s alpha and
Simpson’s 1/D) strongly differed between the ground
and the canopy (Figs. 2, 3): the canopy fauna displayed
a significantly lower diversity than the ground fauna. In
addition, the canopy rarefaction curve shows signs of
levelling off, whereas ground curves remain almost
straight on the log-linear graphs, which corresponds to
a logarithmic phase of species accumulation. However,
if only wood-feeding species are taken into account,
the accumulation curves of the ground and canopy spe-
cies become remarkably similar (Fig. 4).

Among wood feeders, the seven most frequently
encountered species ( 214 occurrences) were not ran-
domly distributed between the ground and canopy strata
(% =99.44, df=6, p<0.001). These frequent species clearly
comprise canopy specialists (Calcaritermes brevicollis and
Nasutitermes nigriceps), ground specialists (Heterotermes
convexinotatus, Cylindrotermes macrognathus, Amiter-
mes beaumonti and N. guayanae) and an ubiquitous spe-
cies, Microcerotermes arboreus. Among the less frequent
species, the other Kalotermitidae and 7. hispaniolae were
exclusively found in the canopy (Table 1).

Discussion

Hypothesis 1: faunal composition of the canopy versus
ground strata

Season and ground-level sampling protocols differed
between 2003 and 2004, but both campaigns yielded
similar results. Because the San Lorenzo forest
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Table 1 List of observed termite species and their occurrences® in ground and canopy transects
Family/subfamily/species Worker caste/ 2003 2004 Total
feeding group®
Ground Canopy Ground Canopy Ground Canopy

Kalotermitidae

Glyptotermes angustus (Snyder) No/l - 2 - 1 - 3
Neotermes holmgreni Banks No/l - 1 - 1 - 2
Rugitermes panamae (Snyder) No/l - 1 - 3 4
Calcaritermes brevicollis (Banks) No/I 1 3 - 10 1 13
Rhinotermitidae

Prorhinotermes molinoi Snyder No/l - 1 - - - 1
Heterotermes convexinotatus (Snyder) Yes/T 18 - 19 - 37 -
Coptotermes niger Snyder Yes/I 3 - 2 - 5 -
Termitidae

Termitinae

Microcerotermes arboreus Emerson Yes/I1 5 4 8 7 13 11
Cylindrotermes macrognathus Snyder Yes/IL 13 - 7 - 20 -
Amitermes beaumonti Banks Yes/IT 15 - 2 - 17 -
Termes hispaniolae (Banks) Yes/II - 3 - 3 - 6
T. panamaensis (Snyder) Yes/III - - 1 - 1
Orthognathotermes wheeleri Snyder Yes/IV 7 - 4 - 11 -
Neocapritermes centralis (Snyder) Yes/III - - 1 - 1 -
Syntermitinae

Cornitermes walkeri Snyder Yes/II 2 - - - 2 -
Embiratermes chagresi (Snyder) Yes/IIL 13 - 4 - 17 -
Nasutitermitinae

Nasutitermes nigriceps (Haldeman) Yes/II 2 13 - 6 2 19
N. guayanae (Holmgren) Yes/I1 12 2 2 - 14 2
Nasutitermes sp.1 Yes/II - - 2 2 2 2
Subulitermes sp.1 Yes/IIT 7 - 7 - 14 -
Coatitermes clevelandi (Snyder) Yes/ 111 - - 2 - 2 -
Apicotermitinae

Anoplotermes parvus Snyder Yes/IV 20 - 7 - 27 -
A. manni Snyder Yes/IV 1 - 2 - 3 -
Anoplotermes sp.A Yes/IV 5 - 6 - 11 -
Anoplotermes sp.B Yes/IV 3 - 1 - 4 -
Anoplotermes sp.C Yes/III 2 - - - 2 -
Anoplotermes sp.H Yes/III 13 - 4 - 17 -
Anoplotermes sp.1 Yes/I11 2 - - - 2 -
Anoplotermes sp.J Yes/III 1 - - - 1 -
Anoplotermes sp.K Yes/I11 2 - - - 2 -
Anoplotermes sp.L Yes/III 9 - 3 - 12 -
Anoplotermes sp.M Yes/II1 - - 1 - 1 -
Anoplotermes sp.N Yes/III - - 1 - 1 -
Ruptitermes sp.1 Yes/II1 1 - - - 1 -
Occurrences (total = 306) 157 30 86 33 243 63
Species (total = 34) 23 9 21 8 29 10

# Numbers shown are occurrences; i.e. the number of sampling units (quadrats or trees) in which each species was present

® Feeding groups as defined by Donovan et al. (2001)

remains humid and experiences almost no loss of
canopy cover during the January-April drier season
(Condit et al. 2000), the ground-level fauna should
hardly suffer from drought stress (Martius et al. 2004),
and little difference would therefore be expected in
termite activity between October and May. As was also
predicted (Roisin and Leponce 2004), reducing the
quadrat area from 10 to 5 m? had no tangible effect on
the number of occurrences. The ground-level fauna
was largely dominated by soil feeders (groups 111 and
IV, refer to Donovan et al. 2001).

Few other studies — carried out in neotropical rain-
forests following a similar protocol — are available for
comparison. From 13 transects in rainforest fragments
of various sizes in French Guiana, Davies et al. (2003b)
obtained 99 termite species. Although the Guianan
survey revealed a higher species density than our
study in Panama, the composition of the taxonomic
and feeding groups of both assemblages were similar.
In Davies et al.’s (2003b) study as in ours, Kalotermiti-
dae were very scarce and Rhinotermitidae were poor
with respect to species number, although a single
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Fig. 1 Distribution of termite
occurrences (top) and species
(bottom) by family (left) or

Termite families
Ground

Feeding groups
Canopy

Ground

Canopy

feeding group (right) in the © ©
ground and canopy samples. 9 9
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by Donovan et al. (2001) g g
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Fig. 2 Rarefaction curves for termite assemblages from canopy 25
sampling (pooled 2003-2004 campaigns: solid lines, shaded area)
compared with ground sampling campaigns (dashed and dotted
lines). Graphs show most likely estimates and 95% confidence 20 +
intervals, calculated by the Mao-Tau method (Colwell et al. c
2004). The abscissa is scaled logarithmically to reveal more clear- 8
ly the logarithmic or asymptotic nature of curves g. 15
) (%)
Heterotermes species accounted for a large number of 10+
records. The family Termitidae, especially rich in soil- © Ground 2003
feeding species, was highly dominant. Soldierless Apic- ¢ Ground 2004
.. . 5+ A Canopy 03-04
otermitinae (the Anoplotermes group) constituted

about one-third of the observed species richness at
both sites. In Brazilian Amazonia, DeSouza and
Brown (1994) recorded termite occurrence in transects
composed of successive 15-m? quadrats. They found
relatively few soldierless species (9 out of 64), but this
may be due to their sampling protocol, which did not
include systematic searches of soil samples. Neverthe-
less, their study revealed a high species density (64 spe-
cies in four 220x3-m transects), from which
Kalotermitidae were absent. The scarcity of Kaloter-
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Occurrences
Fig. 3 Fisher’s alpha (fop) and Simpson’s inverse index (1/D)

(bottom) for ground and canopy samples (mean + standard devi-
ation)

mitidae and the abundance of soldierless Apicotermiti-
nae thus appear to be general traits of neotropical
rainforest termite faunas, as long as near-ground sam-
pling is involved. These traits equally apply to African
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Fig. 4 Rarefaction curves for assemblages of wood-feeding ter-
mites from canopy sampling (pooled 2003-2004 campaigns: solid
lines, shaded area) compared with ground sampling campaigns
(dashed and dotted lines). Graphs show averages and 95% confi-
dence intervals, calculated by the Mao-Tau method (Colwell
et al. 2004). Abscissa is scaled logarithmically

rainforests, although these are also rich in soil-feeding
Termitinae (Eggleton et al. 1996, 2002). Mainland rain-
forests of Southeast Asia also accommodate a low
abundance of Kalotermitidae but are characterized by
the absence of soldierless Apicotermitinae and the
dominance of Termitinae in the soil-feeding guild
(Eggleton et al. 1999; Eggleton 2000; Davies et al.
2003a).

Canopy sampling yielded ten species, all of which
were wood feeders. Among these, the two expected
ecological categories (see Hypothesis 1) were repre-
sented. Five species out of ten and one-third of the can-
opy occurrences were small-colony species, without a
distinct worker caste (Kalotermitidae and the rhinoter-
mitid Prorhinotermes). Our results suggest that the
Kalotermitidae family may be much more abundant
and species-rich in tropical rainforests than previously
assumed on the basis of ground-level collecting efforts
(Davies et al. 2003a). Accordingly, the role played by
small-colony termites from the canopy in the wood
decomposition process in tropical rainforests could be
greater than previously recognized. This issue deserves
further attention in all of the world’s tropics.

Three genera of Termitidae were represented in the
canopy. Nasutitermes and Microcerotermes are pan-
tropical genera comprising arboreal as well as epigeous
nesters. Arboreal species build foraging wood-carton
tunnels over long distances, and these tunnels are com-
mon sights in tropical forests worldwide (Abe 1978,
1979; Leponce et al. 1997; Dejean et al. 2003; Gongal-
ves et al. 2005). The finding of T. hispaniolae in the
canopy (six occurrences up to 35 m high; none at
ground level) was unexpected, because Termes species
are allegedly soil or soil-wood interface feeders

(DeSouza and Brown 1994; Donovan et al. 2001).
However, T. hispaniolae was found inside dead
branches, feeding on sound wood. The fact that this
species is widespread in the West Indies (Scheffrahn
et al. 1994) is also consistent with its ability to live
inside of wood and disperse by rafting over water gaps
(Eggleton and Tayasu 2001). The occurrence of T.
hispaniolae in the canopy is interesting for two reasons.
First, this species does not fit into any of the pre-defined
ecological categories of Hypothesis 1: it is a wood
feeder, which neither fits into the small-colony “‘one-
piece” category (like most Kalotermitidae), nor into
the arboreal nest-building, long-distance foraging cate-
gory (like Nasutitermes or Microcerotermes spp.). It
suggests that another category of canopy termites,
comprising large-colony Termitidae, is able to live
their entire life cycle in large, dead branches. Such hab-
itats should be stable enough to allow the development
of termite colonies with a complex pattern of social
polymorphism, including a permanent worker caste
(Higashi et al. 1991). Second, T. hispaniolae may repre-
sent another instance of re-evolution of wood feeding
from soil-feeding ancestors, a transition that allegedly
occurred in several Termitidae lineages, such as those
comprising Amitermes, Microcerotermes or Nasutiter-
mes (Eggleton and Tayasu 2001). A better knowledge
of the phylogeny of Termes and related genera could
provide further evidence for (or against) this evolu-
tionary scenario.

The absence of soil-feeders from the canopy can be
explained by the near absence of large epiphytes able
to accumulate litter and generate soil-like environ-
ments. Soil-feeding termites live on an energetic knife-
edge (Eggleton and Tayasu 2001): soil is an energy-
poor resource that must be ingested in large amounts
at a low foraging cost to yield a positive energetic bal-
ance. It is therefore likely that only large aggregates of
epiphyte-associated, soil-like habitats may be colo-
nized by soil-feeding termites. Davies et al. (2003b)
actually encountered A. parvus from the casual sam-
pling of an epiphyte 25 m high in a forest in French
Guiana. We can therefore predict that soil-feeding ter-
mites will be found on a regular basis in tropical cano-
pies provided they are rich in epiphytes.

Hypothesis 2: specific richness of the ground versus
canopy strata

Unavoidable differences in sampling protocols pre-
clude direct comparisons of species richness and den-
sity between the ground and the canopy. Although the
canopy area actually searched for termites (approx.
6800 m? in 2003 and 8000 m? in 2004) was much larger
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than the ground area (600 and 200 m?, respectively), it
yielded fewer occurrences and species. This suggests
that the density of termite species in the canopy is rela-
tively low compared with the ground, even if only
wood-feeders are considered. Yet, despite the avail-
ability of professional tree climbers, canopy sampling
remains technically difficult, time-consuming and nec-
essarily less exhaustive than ground sampling. Alto-
gether, only 36% of the trees were found to be
colonized by termites. In the Brazilian Atlantic forest,
Gongalves et al. (2005) found a similar level of
occupancy, although their study was limited to
tunnel-building Termitidae (Nasutitermes spp. and
Microcerotermes cf. exiguus). These authors report that
tree circumference, height and branch density all
correlate positively with the presence of arboreal ter-
mites. It is likely that these variables also correlate with
the presence of dead wood in the canopy, which is
exploited by tunnel-building Termitidae as well as by
small-colony Kalotermitidae. The vertical distribution
of available dead wood should be a key parameter for
future studies aimed at quantifying the role of termites
at various levels of the forest. In Amazonian forests,
Martius (1997b) estimated that standing dead branches
could represent as much volume as standing dead
trees, but rigorous assessments are badly needed.
Consistent with Hypothesis 2, comparisons based on
equal numbers of occurrences clearly demonstrated
the higher diversity of the ground fauna, mostly due to
the diversity of soil-feeders. Ground transects not only
displayed a higher observed species richness than can-
opy transects, but their species accumulation curves
did not show signs of saturation. Consequently, one
could expect that extended sampling might lower the
relative part of the canopy fauna in the total species
richness of the termite assemblage below the presently
observed proportion of 30%. However, when only the
wood-feeding guild is considered, the canopy shows a
diversity similar to that found at the ground level. Fur-
ther collecting efforts are needed to obtain a more pre-
cise picture of the distribution of wood-feeding species
at all levels of the forest. In addition, an unknown fac-
tor influencing the respective richness of ground and
canopy termite faunas is their beta diversity. The diver-
sity of trees may render the upper layers more hetero-
geneous and, therefore, more likely to vary with
location than the ground environment (Basset et al.
2003b); on the other hand, the present study did not
indicate any specificity in the relationship between can-
opy termites and tree species. The patchiness of can-
opy habitats may also require greater dispersal
abilities, which should make canopy faunas more
homogeneous over large spatial scales (Fagan et al.
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2006). Whether canopy assemblages change more or
less rapidly than the corresponding ground assem-
blages remains open to future investigation.

Hypothesis 3: vertical stratification of wood-feeding
species

Although the diversity of the canopy fauna was similar
to that of the wood-feeding guild encountered at
ground level, these assemblages differed by their taxo-
nomic composition. The termite fauna of the canopy is
clearly more than just a subset of the wood-feeders
encountered at ground level: it is a distinct assemblage,
characterized by its richness in Kalotermitidae and by
the presence of specialist species of Termitidae.

According to Hypothesis 3, the canopy should pref-
erentially accommodate drought-resistant species,
which are also likely to be present in forest edge habi-
tats. The Kalotermitidae, long known to thrive in dry
wood and colonize marginal habitats, clearly match
those criteria. Dead branches theoretically constitute
ideal habitats for such termites, whose colonies are lim-
ited in size and can spend their entire life cycle within a
single piece of wood (Abe 1984, 1987; Higashi and Abe
1996; Eggleton 2000).

Among the Termitidae, M. arboreus was the only
species commonly found at all heights within the for-
est. Nasutitermes species were unevenly distributed: N.
nigriceps was preferentially found in the canopy,
whereas N. guayanae was more common near ground
level. Previous studies of the same genera in New
Guinean coconut plantations revealed the competitive
dominance of a large arboreal species, N. princeps,
over the smaller M. biroi, whereas the latter proved
faster at colonizing new sites (Leponce et al. 1996,
1997). Another nasute, N. novarumhebridarum,
showed a preference for isolated, dead trees. Whether
the same pattern of niche partitioning between arbo-
real Nasutitermes and Microcerotermes species occurs
in San Lorenzo would require further examination.
The fact that M. arboreus occurs at all heights indeed
suggests that this species behaves in an opportunistic
fashion.

The absence of N. corniger (or its synonym, N. cos-
talis: see Scheffrahn et al. 2005) from our samples is
noteworthy because this arboreal species is widespread
and abundant in Panama, especially in second-growth
habitats of the former Canal Zone (Thorne 1981) and
mangroves along the Atlantic coast (Levings and
Adams 1984). Casual sampling (unpublished results)
actually revealed its presence in the San Lorenzo area.
In French Guiana, this species was also found 20 m
high in a dead, inundated (‘“‘ghost’’) forest, albeit not in
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the rainforest itself (Davies et al. 2003b). The occur-
rence of this species in the canopy was thus expected.
Its absence can be best explained by the spatial struc-
ture of the canopy and possible competition from con-
generic species, particularly N. nigriceps. As judged
from their foraging range (Levings and Adams 1984)
and nest size (Thorne et al. 1994; Thorne and Haverty
2000), N. nigriceps is found on a much larger scale than
N. corniger and would, therefore, be better adapted to
large canopy trees, whereas N. corniger would thrive in
the denser network of branches and vines encountered
in second-growth areas. Although resemblances
between the forest edge and canopy and common fea-
tures of their faunas have been pointed out (Toda
1992; Didham 1997), the distributions of N. corniger
and N. nigriceps suggest that differences in forest struc-
ture may be an important factor limiting such similari-
ties. Further studies within the IBISCA framework
should reveal whether the distribution of other arthro-
pods follows a congruent pattern.

Perspectives: vertical stratification in other ecosystems

Because tall evergreen tropical forests are presumably
the ecosystems in which abiotic and biotic gradients
from the ground to the outer canopy are the strongest
and most stable, vertical stratification can be expected
to decline as one moves towards drier, higher or more
seasonal ecosystems (Basset et al. 2003d). Unfortu-
nately, comparative data on the vertical stratification of
termites in other ecosystems are almost non-existent.
Some recent data from drier tropical forest ecosystems,
however, support this hypothesis. For instance, in a
study of the Chacoan dry “monte”, the Kalotermitidae
represented 29% of the observed species and 19% of
the occurrences (Roisin and Leponce 2004), whereas in
a West African semi-deciduous forest, they repre-
sented 35% of the observed species and 6% of the
encounters (Attignon et al. 2005). This suggests that
taxa almost completely restricted to the canopy in
evergreen forests may be common near ground level in
more open, drier ecosystems. The direct sampling of
the canopy in such ecosystems is, however, still want-
ing. Conversely, one may expect that taxa usually
restricted to the ground level ascend to the higher
strata in more humid forests, whose canopy is less sub-
ject to dessication and richer in epiphytes (e.g. lowland
cloud forest: Gradstein 2006).

Finally, a more pronounced vertical stratification
should be expected in sites showing a high stability and
an even higher diversity of wood-feeding termites than
the San Lorenzo forest. For instance, some sites
in African forests yielded up to 15 species of wood-

feeding Termitidae — in addition to many soil feeders —
from a single 200-m? ground-level transect (Davies
et al. 2003a). A specific search for canopy-dwelling spe-
cies in such forests would be of utmost interest.

Acknowledgements The IBISCA-Panama project was set up by
Pro-Natura International, Océan Vert, I’Université Blaise Pascal,
la Universidad de Panama and the Smithsonian Tropical Re-
search Institute (STRI), with core funding from Solvin-Solvay
SA, STRI, the United Nations Environment Programme, the
Smithsonian Institution (Walcott fund), the European Science
Foundation and the Global Canopy Programme. Special thanks
are due to Yves Basset and Héctor Barrios for their contribution
to the project organization. We acknowledge technical assistance
in the field from the Canopy Crane team and from Les Accro-
Branchés. Thierry Aubert, Noui Baiben, Stéphane Bechet and
Julien Belleguic climbed trees for us. Andrea Dejean corrected
the English. YR received additional support from the Belgian Na-
tional Fund for Scientific Research (FNRS), and AD and JO from
the International Affairs Department of Université Toulouse III.
Experiments complied with the current laws of the Republic of
Panama.

References

Abe T (1978) Studies on the distribution and ecological role of
termites in a lowland rain forest of West Malaysia. Faunal
composition, size, colouration and nest of termites in Pasoh
Forest Reserve. Kontyii 46:273-290

Abe T (1979) Studies on the distribution and ecological role of
termites in a lowland rain forest of West Malaysia. Food and
feeding habits of termites in Pasoh Forest Reserve. Jpn J
Ecol 29:121-135

Abe T (1984) Colonization of the Krakatau Islands by termites
(Insecta: Isoptera). Physiol Ecol Jpn 21:63-88

Abe T (1987) Evolution of life types in termites. In: Kawano S,
Connell JH, Hidaka T (eds) Evolution and coadaptation in
biotic communities. University of Tokyo Press, Tokyo, Ja-
pan, pp 125-148

Adis J, Lubin YD, Montgomery GG (1984) Arthropods from the
canopy of inundated and terra firme forests near Manaus,
Brazil, with critical considerations on the pyrethrum-fogging
technique. Stud Neotrop Fauna Environ 19:223-236

Attignon SE, Lachat T, Sinsin B, Nagel P, Peveling R (2005) Ter-
mite assemblages in a West-African semi-deciduous for-
est and teak plantations. Agric Ecosyst Environ 110:318-326

Basset Y (2001) Invertebrates in the canopy of tropical rain for-
ests. How much do we really know? Plant Ecol 153:87-107

Basset Y, Aberlenc H-P, Barrios H, Curletti G, Bérenger J-M,
Vesco J-P, Causse P, Haug A, Hennion A-S, Lesobre L,
Marques F, O’Meara R (2001) Stratification and diel activity
of arthropods in a lowland rainforest in Gabon. Biol J Linn
Soc 72:585-607

Basset Y, Novotny V, Miller SE, Kitching RL (2003a) Arthro-
pods of tropical forests — spatio-temporal dynamics and re-
source use in the canopy. Cambridge University Press,
Cambridge

Basset Y, Hammond PM, Barrios H, Holloway JD, Miller SE
(2003b) Vertical stratification of arthropod assemblages. In:
Basset Y, Novotny V, Miller SE, Kitching RL (eds) Arthro-
pods of tropical forests — spatio-temporal dynamics and re-
source use in the canopy. Cambridge University Press,
Cambridge, pp 17-27

@ Springer



310

Oecologia (2006) 149:301-311

Basset Y, Novotny V, Miller SE, Kitching RL (2003c) Methodolog-
ical advances and limitations in canopy entomology. In: Basset
Y, Novotny V, Miller SE, Kitching RL (eds) Arthropods of
tropical forests — spatio-temporal dynamics and resource use in
the canopy. Cambridge University Press, Cambridge, pp 7-16

Basset Y, Novotny V, Miller SE, Kitching RL (2003d) Conclu-
sion: arthropods, canopies and interpretable patterns. In:
Basset Y, Novotny V, Miller SE, Kitching RL (eds) Arthro-
pods of tropical forests — spatio-temporal dynamics and re-
source use in the canopy. Cambridge University Press,
Cambridge, pp 394-405

Bignell DE, Eggleton P (2000) Termites in ecosystems. In: Abe T,
Bignell DE, Higashi M (eds) Termites: evolution, sociality,
symbioses, ecology. Kluwer, Dordrecht, pp 363-387

Bignell DE, Eggleton P, Nunes L, Thomas KL (1997) Termites as
mediators of carbon fluxes in tropical forests: budgets for
carbon dioxide and methane emissions. In: Watt AD, Stork
NE, Hunter MD (eds) Forests and insects. Chapman & Hall,
London, pp 109-134

Bohlman SA, Matelson TJ, Nadkarni NM (1995) Moisture and
temperature patterns of canopy humus and forest floor soil
of a montane cloud forest, Costa Rica. Biotropica 27:13-19

Charles E, Basset Y (2005) Vertical stratification of leaf-beetle
assemblages (Coleoptera: Chrysomelidae) in two forest
types in Panama. J Trop Ecol 21:329-336

Colwell RK (2005) Estimates: statistical estimation of species
richness and shared species from samples. User’s guide and
application published at: http://www.purl.oclc.org/estimates

Colwell RK, Mao CX, Chang J (2004) Interpolating, extrapolat-
ing, and comparing incidence-based species accumulation
curves. Ecology 85:2717-2727

Condit R, Watts K, Bohlman SA, Pérez R, Foster RB, Hubbell
SP (2000) Quantifying the deciduousness of tropical forest
canopies under varying climates. J Veg Sci 11:649-658

Condit R, Aguilar S, Hernandez A, Pérez R, Lao S, Angehr G,
Hubbell SP, Foster RB (2004) Tropical forest dynamics
across a rainfall gradient and the impact of an El Nifio dry
season. J Trop Ecol 20:51-72

Constantino R (1992) Abundance and diversity of termites (In-
secta: Isoptera) in two sites of primary rain forest in Brazilian
Amazonia. Biotropica 24:420-430

Constantino R (1998) Catalog of the living termites of the New
World (Insecta: Isoptera). Arq Zool 35:135-231

Constantino R (2001) Key to the soldiers of South American
Heterotermes with a new species from Brazil (Isoptera: Rhin-
otermitidae). Insect Syst Evol 31:463-472

Davies RG (2002) Feeding group responses of a Neotropical ter-
mite assemblage to rain forest fragmentation. Oecologia
133:233-242

Davies RG, Eggleton P, Jones DT, Gathorne-Hardy FJ, Hernan-
dez LM (2003a) Evolution of termite functional diversity:
analysis and synthesis of local ecological and regional influ-
ences on local species richness. J Biogeogr 30:847-877

Davies RG, Hernandez LM, Eggleton P, Didham RK, Fagan LL,
Winchester NN (2003b) Environmental and spatial influ-
ences upon species composition of a termite assemblage
across neotropical forest islands. J Trop Ecol 19:509-524

Dejean A, Durou S, Olmsted I, Snelling R, Orivel J (2003) Nest
site selection by ants in a flooded Mexican mangrove, with
special reference to the epiphytic orchid Myrmecophila
christinae. J Trop Ecol 19:325-331

DeSouza O, Brown VK (1994) Effects of habitat fragmentation
on Amazonian termite communities. J Trop Ecol 10:197-206

Didham RK (1997) An overview of invertebrate responses to for-
est fragmentation. In: Watt AD, Stork NE, Hunter MD (eds)
Forests and insects. Chapman & Hall, London, pp 303-320

@ Springer

Donovan SE, Eggleton P, Bignell DE (2001) Gut content analysis
and a new feeding group classification of termites. Ecol
Entomol 26:356-366

Eggleton P (2000) Global patterns of termite diversity. In: Abe T,
Bignell DE, Higashi M (eds) Termites: evolution, sociality,
symbioses, ecology. Kluwer, Dordrecht, pp 25-51

Eggleton P, Bignell DE (1995) Monitoring the response of tropi-
cal insects to changes in the environment: troubles with ter-
mites. In: Harrington R, Stork NE (eds) Insects in a changing
environment. Academic Press, London, pp 473-497

Eggleton P, Tayasu I (2001) Feeding groups, lifetypes and the glo-
bal ecology of termites. Ecol Res 16:941-960

Eggleton P, Bignell DE, Sands WA, Mawdsley NA, Lawton JH,
Wood TG, Bignell NC (1996) The diversity, abundance and
biomass of termites under differing levels of disturbance in
the Mbalmayo forest reserve, southern Cameroon. Trans
Roy Soc Lond Ser B 351:51-68

Eggleton P, Homathevi R, Jones DT, MacDonald JA, Jeeva D,
Bignell DE, Davies RG, Maryati M (1999) Termite assem-
blages, forest disturbance and greenhouse gas fluxes in Sa-
bah, East Malaysia. Philos Trans Roy Soc Lond B 354:1791—
1802

Eggleton P, Davies RG, Connétable S, Bignell DE, Rouland C
(2002) The termites of the Mayombe forest reserve, Congo
(Brazzaville): transect sampling reveals an extremely high
diversity of ground-nesting soil feeders. J Nat Hist 36:1239—
1246

Ellwood MDF, Jones DT, Foster WA (2002) Canopy ferns in
lowland dipterocarp forest support a prolific abundance of
ants, termites, and other invertebrates. Biotropica 34:575-
583

Fagan LL, Didham RK, Winchester NN, Behan-Pelletier V,
Clayton M, Lindquist E, Ring RA (2006) An experimental
assessment of biodiversity and species turnover in terrestrial
vs canopy leaf litter. Oecologia 147:335-347

Gongalves TT, DeSouza O, Reis R, Ribeiro SP (2005) Effect of
tree size and growth form on the presence and activity of
arboreal termites (Insecta: Isoptera) in the Atlantic rain for-
est. Sociobiology 46:421-431

Gotelli NJ, Colwell RK (2001) Quantifying biodiversity: proce-
dures and pitfalls in the measurement and comparison of
species richness. Ecol Lett 4:379-391

Gradstein SR (2006) The lowland cloud forest of French Guiana
— a liverwort hotspot. Cryptogam Bryol 27:141-152

Higashi M, Abe T (1996) Global diversification of termites driven
by the evolution of symbiosis and sociality. In: Abe T, Levin
SA, Higashi M (eds) Biodiversity: an ecological perspective.
Springer, Berlin Heidelberg New York, pp 83-112

Higashi M, Yamamura N, Abe T, Burns TP (1991) Why don’t all
termite species have a sterile worker caste? Proc Roy Soc
Lond B 246:25-29

Hurtado Guerrero JC, da Fonseca CRV, Hammond PM, Stork
NE (2003) Seasonal variation of canopy arthropods in Cen-
tral Amazon. In: Basset Y, Novotny V, Miller SE, Kitching
RL (eds) Arthropods of tropical forests — spatio-temporal
dynamics and resource use in the canopy. Cambridge Uni-
versity Press, Cambridge, pp 170-175

Jones DT, Eggleton P (2000) Sampling termite assemblages in
tropical forests: testing a rapid biodiversity assessment pro-
tocol. J Appl Ecol 37:191-203

Leponce M, Roisin Y, Pasteels M (1996) Reproductive mecha-
nisms and dynamics of habitat colonization in Microcerote-
rmes biroi (Isoptera: Termitidae). Ecol Entomol 21:178-184

Leponce M, Roisin Y, Pasteels JM (1997) Structure and dynamics
of the arboreal termite community in new Guinean coconut
plantations. Biotropica 29:193-203



Oecologia (2006) 149:301-311

311

Levings SC, Adams ES (1984) Intra- and interspecific territoria-
lity in Nasutitermes (Isoptera: Termitidae) in a Panamanian
mangrove forest. ] Anim Ecol 53:705-714

Madigosky SR (2004) Tropical microclimatic considerations. In:
Lowman MD, Rinker HB (eds) Forest canopies, 2nd edn.
Elsevier Academic Press, Burlington, pp 24-48

Martius C (1994) Diversity and ecology of termites in Amazonian
forests. Pedobiologia 38:407-428

Martius C (1997a) The termites. In: Junk WJ (ed) The Central-
Amazon floodplain: ecology of a pulsing system. Springer,
Berlin Heidelberg New York, pp 361-371

Martius C (1997b) Decomposition of wood. In: Junk WJ (ed) The
Central-Amazon floodplain: ecology of a pulsing system.
Springer, Berlin Heidelberg New York, pp 267-276

Martius C, Hofer H, Garcia MVB, Rombke J, Forster B, Hana-
garth W (2004) Microclimate in agroforestry systems in cen-
tral Amazonia: does canopy closure matter to soil
organisms? Agroforest Syst 60:291-304

Nickle DA, Collins MS (1992) The termites of Panama (Isop-
tera). In: Quintero D, Aiello A (eds) Insects of Panama and
Mesoamerica: selected studies. Oxford University Press, Ox-
ford, pp 208-241

Paoletti MG, Taylor RAJ, Stinner BR, Stinner DH, Benzing DH
(1991) Diversity of soil fauna in the canopy and forest floor
of a Venezuelan cloud forest. J Trop Ecol 7:373-383

Prinzing A, Woas S (2003) Habitat use and stratification of Col-
lembola and oribatid mites. In: Basset Y, Novotny V, Miller
SE, Kitching RL (eds) Arthropods of tropical forests — spa-
tio-temporal dynamics and resource use in the canopy. Cam-
bridge University Press, Cambridge, pp 271-281

Rebello AMC, Martius C (1994) Dispersal flights of termites in
Amazonian forests (Isoptera). Sociobiology 24:127-146

Rodgers DJ, Kitching RL (1998) Vertical stratification of rainfor-
est collembolan (Collembola: Insecta) assemblages: descrip-
tion of ecological patterns and hypotheses concerning their
generation. Ecography 21:392-400

Roisin Y (1995) Humivorous nasute termites (Isoptera: Nasutit-
ermitinae) from the Panama Canal area. Belg J Zool
125:283-300

Roisin Y (2000) Diversity and evolution of caste patterns. In: Abe
T, Bignell DE, Higashi M (eds) Termites: evolution, social-
ity, symbioses, ecology. Kluwer, Dordrecht, pp 95-119

Roisin Y, Leponce M (2004) Characterizing termite assemblages
in fragmented forests: a test case in the Argentinian Chaco.
Aust Ecol 29:637-646

Scheffrahn RH, Darlington JPEC, Collins MS, Kfecek J, Su N-Y
(1994) Termites (Isoptera: Kalotermitidae, Rhinotermitidae,
Termitidae) of the West Indies. Sociobiology 24:213-238

Scheffrahn RH, Krecek J, Szalanski AL, Austin JW (2005) Syn-
onymy of neotropical arboreal termites Nasutitermes corni-
ger and N. costalis (Isoptera: Termitidae: Nasutitermitinae),
with evidence from morphology, genetics, and biogeogra-
phy. Ann Entomol Soc Am 98:273-281

Sgrensen LL (2003) Stratification of the spider fauna in a Tanza-
nian rainforest. In: Basset Y, Novotny V, Miller SE, Kitching
RL (eds) Arthropods of tropical forests — spatio-temporal
dynamics and resource use in the canopy. Cambridge Uni-
versity Press, Cambridge, pp 92-101

Springate ND, Basset Y (2004) IBISCA 2003-2005, Panama: pro-
gress report. Bull Br Ecol Soc 35:21-23

Stork NE, Adis J, Didham RK (eds) (1997) Canopy arthropods.
Chapman & Hall, London

Sugimoto A, Bignell DE, MacDonald JA (2000) Global impact of
termites on the carbon cycle and atmospheric trace gases. In:
Abe T, Bignell DE, Higashi M (eds) Termites: evolution,
sociality, symbioses, ecology. Kluwer, Dordrecht, pp 409—
435

Thorne BL (1981) Differences in nest architecture between the
neotropical arboreal termites Nasutitermes corniger and
Nasutitermes ephratae (Isoptera: Termitidae). Psyche 87:235-
243

Thorne BL, Haverty MI (2000) Nest growth and survivorship in
three species of neotropical Nasutitermes (Isoptera: Termiti-
dae). Environ Entomol 29:256-264

Thorne BL, Haverty MI, Collins MS (1994) Taxonomy and bio-
geography of Nasutitermes acajutlae and N. nigriceps (Isop-
tera: Termitidae) in the Caribbean and central America.
Ann Entomol Soc Am 87:762-770

Toda M7 (1992) Three-dimensional dispersion of drosophilid flies
in a cool temperate forest of northern Japan. Ecol Res 7:283—
295

Yanoviak SP, Kaspari M (2000) Community structure and the
habitat templet: ants in the tropical forest canopy and litter.
Oikos 89:259-266

@ Springer



	Vertical stratification of the termite assemblage �in a neotropical rainforest
	Abstract
	Introduction
	Study site and methods
	Results
	Discussion
	Hypothesis 1: faunal composition of the canopy versus ground strata
	Tab1
	Fig2
	Fig1
	Fig3
	Hypothesis 2: specific richness of the ground versus canopy strata
	Fig4
	Hypothesis 3: vertical stratification of wood-feeding species
	Perspectives: vertical stratification in other ecosystems
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


