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Abstract Despite the recognition of the functional role of

Hymenoptera (ants, bees and wasps) and Isoptera (termites)

in tropical ecosystems, their detailed feeding habits are not

well known. To examine the feeding habits of these groups,

we measured nitrogen (N) and carbon (C) stable isotope

ratios (d15N and d13C) of hymenopterans (12 families, C16

genera and C32 species) and isopterans (one family and 10

species) collected in a tropical rain forest, Sarawak,

Malaysia. We compared the isotopic signatures of these

insects to those previously reported for other consumers

collected in the same forest. The d15N and d13C values of

these insects overlapped with those of the other consumers,

indicating that they have access to diverse C and N sources

in the forest. The d15N values of ants and termites indicated

that their feeding habits range along a continuum from

herbivory (i.e. dependent on honeydew and nectar) to pre-

dation and from wood-feeders to soil-feeders, respectively.

In addition, the d15N values of wasps varied greatly from

-0.1% (Braconidae sp.) to 8.6% (Bembix sp.), suggesting

that their feeding habits also range from omnivory to pre-

dation. The ant species Camponotus gigas had d13C values

similar to those of invertebrate detritivores and omnivores

rather than to those of invertebrate herbivores, although the

diet of this species consists mostly of honeydew. This dis-

crepancy suggests that the ant uses carbohydrates as an

energy source, the isotopic signatures of which are not well

retained in the body tissues. Values of both d15N and d13C of

the predatory army ant Leptogenys diminuta and the soil-

feeding termite Dicuspiditermes nemorosus did not differ

significantly, indicating that both trophic level and the

humification of feeding substrates can increase the isotopic

signatures of terrestrial consumers.

Keywords Carbon and nitrogen isotopes � Ants �
Bees � Wasps � Termites � Lambir National Park

Introduction

Hymenoptera and Isoptera are highly abundant and diverse

insect groups within tropical ecosystems (Brian, 1978;

Roubik, 1989; Hölldobler and Wilson, 1990; Abe et al.,

2000). In an Amazonian tropical forest, ants and termites

comprise one-third of total animal biomass, and together

with wasps and bees, they constitute 75% of overall insect

abundance (Fittkau and Klinge, 1973). These animals have

long been recognised to play major roles in tropical rain

forest ecosystems. For example, ants function as scavengers

and predators (Hölldobler and Wilson, 1990), and through

associations with aphids and homopterans, some ant species

can access plant-derived food sources and thus function as

herbivores (Blüthgen et al., 2003; Davidson et al., 2003).

With the aid of microbial symbionts, termites decompose
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substantial amounts of organic matter at different stages of

decomposition, from fresh plant material to soil organic

matter (Breznak and Brune, 1994; Bignell and Eggleton,

2000; Watanabe and Tokuda, 2010). Wasps can function as

predators or parasitoids (Richter, 2000), and bees serve as

pollinators in tropical rain forests, where many plant species

are dependent on bees for pollen transfer (Roubik, 1989;

Momose et al., 1998).

Despite their importance in ecosystems, the precise

feeding habits of these insects are not well understood. One

reason for the lack of information is that the feeding

behaviours of some species are difficult to directly observe

due to their cryptic lifestyle (e.g. nocturnal foraging or

living in canopy layers or below ground). Another reason is

that the food sources of these animals consist of several food

items, making quantifying the relative contribution of each

food source difficult. For example, some ant and wasp

species feed on both nectar and animal prey (Hölldobler and

Wilson, 1990; Gadagkar, 1991; Matsuura, 1991). In addi-

tion, soil organic matter, which is the food source of

soil-feeding termites, is highly complex and composed of

minerals, decayed plant materials and micro-organisms

(Bignell and Eggleton, 2000). Most importantly, estimating

the food sources assimilated by insects is extremely difficult

using field observations.

Stable isotope techniques have been widely used to

determine the feeding habits and trophic positions of con-

sumers within ecosystems (Post, 2002; Fry, 2006). This

technique is based on the assumptions that the nitrogen

(N) isotope ratios (d15N) of animals are approximately 3.4%
higher than those of their diets, whereas the carbon (C) iso-

tope ratios (d13C) of animals are similar (\1%) to those of

their diets (DeNiro and Epstein, 1978; Minagawa and Wada,

1984). Considering the energy transfer efficiency through the

food chain (Lindeman, 1942) and resource partitioning,

which could allow species coexistence (Tilman, 1982), the

great biomass and diversity of the hymenopterans and iso-

pterans predict that many species are dependent on the most

abundant food sources in the ecosystem, such as primary

production or dead organic matter, and that they consume a

broad spectrum of food resources. Indeed, these predictions

have been partly confirmed by the stable isotope technique.

For example, the high abundance of ants in canopy layers

was once considered a paradox due to the scarcity of

potential prey that could support such large ant populations.

Nitrogen isotopic studies revealed that most canopy ants are

dependent on honeydew and nectar via aphids and homopt-

erans (Blüthgen et al., 2003; Davidson et al., 2003). In

termites, the C and N isotopic signatures correspond well to

their known feeding habits and vary greatly, indicating the

diversification of food resource utilization (Higashi and Abe,

1996; Tayasu et al., 1997; Bourguignon et al., 2009). How-

ever, the C and N isotopic signatures of many species of

tropical ants and termites, and especially of wasps, are still

unexplored.

Here, we measured the d15N and d13C values of ants,

bees, wasps and termites collected from a tropical rain forest

in Sarawak, Malaysia. We then compared their C and N

isotopic signatures to those previously reported for other

consumers of four trophic groups (detritivores, herbivores,

omnivores and predators) in the same forest (Hyodo et al.,

2010b). We hypothesised that the isotopic signatures of

these insects would indicate diverse feeding habits ranging

from herbivory, omnivory (and detritivory for termites) to

predatory, which could overlap with the other consumers.

Materials and methods

Study site and sample collection

Sampling was conducted in Lambir National Park (4�020 N,

113�050 E, 20–150 m asl), Sarawak, Malaysia, from

November 2004 to June 2005. Mean annual rainfall is

approximately 2,700 mm, with no distinct dry season. The

hymenopterans (12 families, C16 genera and C32 species)

and isopterans (one family and 10 species) used in this study

and their known feeding habits are listed in Table 1. These

insects were collected randomly from the forest floor or

from soil and deadwood. Some individuals were also col-

lected from canopy layers using a walkway and tower crane

system (Yumoto and Nakashizuka, 2005). Collected insects

were kept in a freezer for 24 h to terminate their activity and

were then dried in a drying oven at 60�C for 24 h. The

whole bodies of the insects were ground into powder using a

mortar and pestle prior to analyses. We also compared the

isotopic signatures of the hymenopterans and isopterans to

those previously reported for detritivores, herbivores,

omnivores and predators (Hyodo et al., 2010b). The data of

the fungus-growing termite, Macrotermes malaccensis and

the soil-feeding termite, Dicuspiditermes nemorosus have

already been reported (Hyodo et al., 2010b).

Stable N and C isotope analyses

For stable N and C isotope analyses, the samples were

placed in tin capsules, and isotope ratios were then mea-

sured using a mass spectrometer (Deltaplus XP, Germany)

coupled with an elemental analyser. The precision of the

online procedure was better than ±0.2% for both isotope

ratios. The natural abundances of 15N and 13C are expressed

in per mil (%) deviation from international standards: d15N

or d13C = (Rsample/Rstandard – 1) 9 1,000, where R in d15N

or d13C is 15N/14N or 13C/12C, respectively. Atmospheric

N and Pee Dee belemnite were used as the international

standards for N and C, respectively.
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Statistical analyses

To examine whether d15N or d13C values differed among

species within each group (i.e. ants, wasps and termites), we

used one-way analysis of variance (ANOVA) for samples

with more than three replicates of individuals (wasps) or

colonies (ants and termites). For comparisons of bee species

(Apis spp. and Trigona spp.), we used t tests. Some samples

of the same genera were treated as one group due to the

small sample size, assuming that congeners exhibited sim-

ilar feeding habits. These species included two species of

Apis (A. dorsata and A. koschevnikovi), four species of

Trigona (T. itama, T. melanocephala, T. fimbriata and one

unidentified species) and two species of Ropalidia (R. flavo-

picta and an unidentified species). Tukey–Kramer honestly

significant difference (HSD) tests were applied to examine

differences among species.

We also examined differences in d15N and d13C values

among all species with more than three replicates using one-

way ANOVA. Tukey–Kramer HSD post hoc tests were also

applied to test for differences among species. These statis-

tical analyses were performed using JMP statistical software

(version 8.0.2 for Macintosh; SAS Institute, Cary, NC,

USA).

Results

d15N of ants, bees, wasps and termites

d15N values varied significantly among ant species (F5,36 =

34.7, P \ 0.0001; Fig. 1; Table 1; Appendix). Cremato-

gaster borneensis, which depends on food bodies produced

by the myrmetic host plants (Macaranga trachyphylla), had

lower d15N than the other species, whereas the predatory

army ants Leptogenys diminuta had the highest values of

d15N. The d15N of honey bees (Apis spp.) was significantly

lower than that of stingless bees (Trigona spp.) (t = 4.80,

P = 0.00006). The other bees showed low d15N values. For

wasps, d15N values varied widely among species (F4,14 =

20.3, P \ 0.0001). The paper wasp Ropalidia spp. and the

nocturnal wasp Provespa anomala were significantly

depleted in 15N compared to the sand wasp Bembix sp., and

the parasitoid wasp Ichneumonidae sp. (Bembecinus sp.)

exhibited d15N values intermediate between these two

groups. The spider-hunting wasps Pompilidae sp. and

Chalybion bengalense had high values of d15N, which were

similar to those of Bembix sp., although the results for these

species were not statistically tested due to the lack of rep-

lication. The d15N of termites also varied widely (F6,44 =

197.0, P \ 0.0001). The soil-feeding termite D. nemorosus

had similar d15N values to those of the soil/wood interface-

feeding termite Prohamitermes mirabilis, both of which

were significantly higher than the other termite species. In

addition, the d15N of Homallotermes foraminifera, which

was classified as a soil/wood interface feeder, was signifi-

cantly lower than that of the soil-feeding termite, D. nemo-

rosus, but was similar to that of the litter-feeding termite

Longipeditermes longipes. The lichen-feeding termite

Hospitalitermes hospitalis had significantly lower d15N

values compared to the other termite species. The wood-

feeding termite, Microcerotermes sabahensis and the fun-

gus-growing termite (M. malaccensis and the other two

fungus-growing species) had intermediate d15N values.

Values of d15N significantly differed among all the spe-

cies examined (F19,93 = 64.4, P \ 0.0001). Bembix sp. was

the most enriched in 15N compared to the other insects, with

the exceptions of L. diminuta and D. nemorosus. Hospita-

litermes hospitalis was significantly more depleted in 15N

than the other species, except for Apis spp. and the fungus-

growing termite M. malaccensis. Note that the values of 15N

for the termites, D. nemorosus, P. mirabilis and Termes

rostratus did not significantly differ from those of the

predatory wasps, Pompilidae sp., C. bengalense and Bembix

sp., the parasitoid wasp, Ichneumonidae sp., or the army ant

L. diminuta.

d13C of ants, bees, wasps and termites

Values of d13C significantly differed among ant species

(F5,36 = 69.8, P \ 0.0001); the d13C of C. borneensis was

significantly lower than values for the other ant species. For

bees, Apis spp. were more enriched in 13C than Trigona spp.

(t = 4.795, P = 0.0006). The d13C values of wasp species

did not differ significantly (F4,14 = 2.796, P = 0.0698) and

the other bees had variable d13C values. Values of d13C for

termites differed significantly among species (F6,44 = 13.2,

P \ 0.0001). Termite species feeding on decomposed orga-

nic matter (i.e. D. nemorosus, P. mirabilis, H. foraminifera

and M. malaccensis) had significantly higher d13C than other

termites feeding on relatively fresh organic matter (i.e. M.

sabahensis, H. hospitalis and L. longipes).

d13C values significantly differed across all species

examined (F19,93 = 24.4927, P \ 0.0001). Bembix sp. and

Apis spp. had significantly higher d13C than the termite

species, except for D. nemorosus and M. malaccensis, as

well as the arboreal honeydew- and nectar-feeding ant

Tetraponera attenuata and the plant-ant C. borneensis. Of

all the species, C. borneensis was most depleted in 13C. As

observed for d15N, values of 13C for the soil-feeding ter-

mites, such as D. nemorosus, were indistinguishable from

those of the predatory wasps (e.g. Bembix sp.) and army ants

(L. diminuta).
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Table 1 Hymenoptera and

Isoptera examined in this study

(the feeding habits are also

shown)

n number of colonies or

individuals examined in this

study
a The feeding habits are based

on previous studies on ants

(Wilson, 1958; Maschwitz and

Mühlenberg, 1975; Buschinger

et al., 1994; Pfeiffer and

Linsenmair, 2000; Van Mele and

Cuc, 2000; Blüthgen and

Fiedler, 2002; Inui et al., 2009),

bees (Roubik, 1989; Michener,

2000), wasps (Bohart and

Menke, 1976; O’Neil, 2001;

Klein et al., 2004; Grimaldi and

Engel, 2005) and termites (Abe,

1979; Eggleton et al., 1999;

Bignell and Eggleton, 2000;

Jones and Praestyo, 2002)

No. Species n Feeding habitsa

Hymenoptera

Ants

Formicidae

1 Crematogaster borneensis 5 Plant-ant of myrmecophytic Macaranga plants

2 Crematogaster difformis 5 Plant-ant of myrmecophytic epiphytes

3 Camponotus gigas 9 Omnivorous ant

4 Leptogenys diminuta 3 Predatory army ant

5 Tetraponera attenuata 16 Arboreal honeydew- and nectar-feeding ants

6 Oecophylla smaragdina 4 Omnivorous weaver ant

Bees

Apidae

7 Apis spp. 3 Nectar and pollen feeding honeybee

8 Trigona spp. 10 Nectar and pollen feeding stingless bee

Anthophoridae

9 Amegilla sp. 1 Nectar and pollen feeding bee

Halictidae

10 Nomia sp. 1 Nectar and pollen feeding bee

11 Megachilidae sp. 1 Nectar and pollen feeding leaf cutter bee

Wasps

12 Braconidae sp. 2 Parasitoid wasp

13 Ichneumonidae sp. 4 Parasitoid wasp

Nyssonidae

14 Bembix sp. 3 Fly-hunting wasp

15 Bembecinus sp. 3 Homopteran-hunting wasp

16 Pompilidae sp. 2 Spider-hunting wasp

17 Scoliidae sp. 1 Scarabidae parasitoid wasp

Sphecidae

18 Chalybion bengalense 1 Spider-hunting wasp

Vespidae

19 Polybioides pescas 2 Predatory wasp

20 Provespa anomala 6 Predatory wasp

21 Ropalidia spp. 3 Predatory wasp

22 Vespa affinis 2 Predatory wasp

Termites

Isoptera

Termitidae

23 Hospitalitermes hospitalis 4 Lichen-feeding termite

24 Macrotermes malaccensis 5 Fungus-growing termite

25 Odontotermes sarawakensis 1 Fungus-growing termite

26 Odontotermes denticulatus 1 Fungus-growing termite

27 Microcerotermes sabahensis 4 Wood-feeding termite

28 Longipeditermes longipes 3 Litter-feeding termite

29 Homallotermes foraminifer 9 Soil-feeding termite (?)

30 Prohamitermes mirabilis 9 Soil/wood interface-feeding termite (?)

31 Termes rostratus 2 Soil-feeding termite

32 Dicuspiditermes nemorosus 4 Soil-feeding termite
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Comparison of the isotopic values of hymenopterans

and isopterans to other consumers in a tropical rain

forest

To characterize the isotopic signatures of the hymenopter-

ans and isopterans, we compared their isotopic signatures to

those previously reported for other tropical consumers,

plants and soil organic matter (Hyodo et al., 2010b). The

consumers include detritivores (e.g., cockroach, fungus

beetle and pygmy grasshopper), invertebrate herbivores

(e.g., leaf beetle, weevil and lepidopteran), vertebrate her-

bivores (e.g., fruit bat and dove), invertebrate omnivores

(e.g., katydid, cricket and darkling beetle), vertebrate

omnivores (e.g., squirrel and rat), invertebrate predators

(e.g., tiger beetle, praying mantis and spiders) and verte-

brate predators (e.g., vampire bat, tree shrew and black-

throated babbler). The d15N and d13C of hymenopterans and

isopterans overlapped with those of the other consumers.

Among all the consumers examined in the forest, Bembix sp.

had the highest mean d15N value and H. hospitalis had the

lowest mean d15N value, whereas C. borneensis had the

lowest mean value of d13C.

The comparison of the isotopic signatures of the spe-

cialist predator wasps with those of their prey allows for

the estimation of trophic enrichment within this forest

ecosystem. The spider-hunting wasps Pompilidae sp. were

more enriched in both 15N and 13C (by 3.8 and 1.6%,

respectively) relative to the average for all spiders (d15N:

3.6 ± 0.3%; d13C: -27.0 ± 0.2%; mean ± SE, n = 38).

The spider-hunting wasp, C. bengalense was enriched in
15N by 5% but depleted in 13C by 1.4% relative to the

average for all spiders. In addition, values of d15N and d13C

of the homopteran-hunting wasp Bembecinus sp. were 1.9

and 1.3% higher, respectively, than values for all homopt-

erans (Homoptera, d15N: 1.7 ± 0.6% and d13C: -27.8 ±

0.6%, n = 16).

Discussion

We demonstrated that d15N and d13C values for hymeno-

pterans and isopterans varied greatly and overlapped among

the four groups of insects. Furthermore, as hypothesised, the

isotopic signatures of hymenopterans and isopterans over-

lapped with those of the other consumers belonging to the

four trophic groups (i.e., detritivores, herbivores, omnivores

and predators). Considering that C and N isotopic signatures

are indicative of the flows of energy and material in food

webs, our results suggest that these insects use diverse C and

N sources, which likely explain their great abundance as

well as diversity in tropical ecosystems (Brian, 1978;

Hölldobler and Wilson, 1990; Abe et al., 2000).

The observed isotopic patterns of ants and termites were

generally consistent with the results of earlier studies. The

d15N values of ants ranged along a continuum from species

associated with canopy plants, such as T. attenuata, to those

foraging on the ground, such as L. diminuta (Blüthgen et al.,

2003; Davidson et al., 2003). Termites exhibited higher

d15N values as their feeding substrates become more

humified from wood to soil organic matter (Tayasu et al.,

1997). The lichen-feeding termite H. hospitalis was the

most depleted in 15N among all of the samples. These low

values can be explained by the dependence of H. hospitalis

on ‘‘food ball’’, which is made from lichens (Jones and

Gathorne-Hardy, 1995). The food balls have been reported

to have low d15N values (-3.4 ± 1.59, mean ± SD,

n = 11: -5.2 ± 0.72, n = 11) for the congeners H. bir-

manicus and H. bicolor, respectively (Tayasu et al., 2000).

The low d15N values of lichens likely reflect that N of

lichens originated from atmospheric N deposition, which is

depleted in 15N (-10 to 0%; Nadelhoffer and Fry, 1994).

The d13C values of termites were consistent with earlier

studies demonstrating enrichment in 13C when feeding

substrates were more humified or included fungal tissues

(Tayasu, 1998; Hyodo et al., 2003).

Our results confirmed the previously known feeding

habits of C. borneensis. This ant species inhabits the hollow

stems of its host plant (Macaranga trachyphylla) and feeds

Fig. 1 d15N and d13C values (means ± SE, circles) of ants, bees,

wasps, and termites, together with average values (from Hyodo et al.,

2010b) for other consumers (triangles) and plant material and soil

(squares) in Lambir National Park. The numbers on each value
correspond to the species listed in Table 1. IH invertebrate herbivores,

IO invertebrate omnivores, DT detritivores, IP invertebrate predators,

VH vertebrate herbivores, VO vertebrate omnivores, VP vertebrate

predators, UL understorey leaves, CL canopy leaves, LL leaf litter, WL
woody litter, Soil soil (0–5 cm)

d13C and d15N of Hymenoptera and Isoptera in a tropical rain forest 421
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primarily on food bodies provided by the plant (Fiala et al.,

1989; Itino et al., 2001). The low d13C values of C. borne-

ensis indicate its dependence on the food bodies, which also

exhibit low d13C values (average d13C = -33.7%, n = 2;

F. Hyodo, unpubl. data). The depletion in 13C of the food

bodies indicates that this food source is rich in lipids (Heil

et al., 1998), which are generally depleted in 13C relative to

bulk tissue (DeNiro and Epstein, 1977; Hobbie and Werner,

2004).

In contrast to C. borneensis, we observed a discrepancy

between the previously known feeding habit of C. gigas and

that inferred from the isotopic signatures. Pfeiffer and Lin-

senmair (2000) demonstrated that although C. gigas feeds

on other arthropods and bird droppings, its diet consists

mostly (90%) of nectar and honeydew on a by-weight basis.

However, the d13C values of this ant species were more

similar to the average values for invertebrate omnivores than

to those for invertebrate herbivores. Note that C. gigas

exhibited the relatively high d13C values, even though the

ant sample used in this study included the abdomen, which is

known to be depleted in 13C compared to the rest of the

body, likely due to the storage of nectar, honeydew and lipid

(Tillberg et al., 2006; Feldhaar et al., 2010). It was also

reported that the bullet ant Paraponera clavata exhibits

d13C values more similar to those of prey than to those of

nectar, even though nectar dominates its diet (Tillberg and

Breed, 2004). Given our results and those of previous

studies, the nectar and honeydew consumed by omnivorous

ant species are likely used as energy sources, and the iso-

topic composition is not well retained in the body tissues.

This is consistent with previous findings that the C isotopic

composition of the body protein of omnivores reflects only

the protein in its diet (Ambrose and Norr, 1993; Gannes et al.,

1997). Therefore, the C isotopic signatures may underesti-

mate the relative importance of carbohydrate sources, such as

nectar, in omnivorous hymenopteran diets. Further feeding

experiments are required to examine the fate of dietary car-

bohydrate sources in hymenopteran tissues.

The observed isotopic signatures provide insight into the

feeding habits of several species. For example, the feeding

habit of Crematogaster difformis, an arboreal ant that nests

in myrmecophytic epiphytic ferns (Inui et al., 2009), likely

differs from those of other arboreal ants. Arboreal ants tend

to depend largely on extrafloral nectaries provided by plants

and on honeydew excreted by homopterans (Blüthgen et al.,

2003; Davidson et al., 2003). In contrast, our isotopic data

suggest that C. difformis exhibits a more omnivorous

feeding habit similar to that of the weaver ant Oecophylla

smaragdina, which consumes honeydew and nectar sources

as well as other arthropods and often dominates the ant

community (Blüthgen and Fiedler, 2002). The unique

feeding habit of C. difformis among arboreal ants may be

consistent with the recent finding that this ant species

dominates the canopy ant fauna and regulates the density of

herbivores within the canopy layers (Tanaka et al., 2009).

Moreover, the relatively high d15N of C. difformis can be

explained by their consumption of the cockroach Pseudo-

anaplectinia yumoto, which also inhabits epiphytic ferns

(Inui et al., 2009). The average d15N of the cockroach

(-1.0%, n = 5) was approximately 3% lower than that of

C. difformis, whereas the d13C signatures of the two species

were similar (d13C for P. yumoto: -25.8%, n = 5).

The feeding habits of termites have been inferred using

field observations of feeding substrates and sites as well as

gut content analysis (Bignell and Eggleton, 2000). The

feeding habits of P. mirabilis, which inhabits the soil sur-

face rich in organic matter (Eggleton et al., 1999; Jones and

Praestyo, 2002; Jones et al., 2010), and of H. foraminifera,

which feeds on very decayed wood (Jeeva et al., 1999; Jones

and Praestyo, 2002; Jones et al., 2010), remain unclear. Our

results indicated that P. mirabilis does not differ from the

soil-feeding termite D. nemorosus in terms of C and N

isotopic composition, strongly suggesting that P. mirabilis

can be classified as a soil feeder. Furthermore, H. forami-

nifera is unlikely to be a soil feeder but can instead be

considered a wood feeder or a wood–soil interface feeder.

In general, predatory wasps consume arthropod prey or

scavenge animal protein to develop brood while consuming

carbohydrates, such as nectar and sap, as energy sources

(Matsuura, 1991; Martin, 1995; Richter, 2000). The spider-

hunting wasps Pompilidae sp. and C. bengalense and the

homopteran-hunting wasp Bembecinus sp. were indeed

enriched by about 3% in 15N relative to invertebrate prey.

This trophic enrichment in 15N is consistent with previous

results (3.4 ± 1.1%, mean ± SD) from food-web studies

(Minagawa and Wada, 1984; Post, 2002). Bembix sp., which

hunts flies (Bohart and Menke, 1976) and was frequently

observed hunting scavenger flies at the study site, had high

d15N values similar to the spider-hunting wasps Pompilidae

sp. and C. bengalense. This result suggests that the prey flies

may depend on dead body or faeces of consumers at higher

trophic level or on soil organic matters, both of which could

exhibit high values of d15N (Hyodo et al., 2010a).

Values of d15N of wasps varied greatly from -0.1% for

the parasitoid wasp (Braconidae sp.) to 8.6% for the fly-

hunting wasp (Bembix sp.). Parasitoid wasps oviposit on or

in arthropod prey, which then become the food source for

wasp larvae (Wäckers, 2004). The large difference in d15N

between the two groups of parasitoid wasps (Ichneumoni-

dae sp. and Braconidae sp.) may reflect the difference in

their hosts. Likewise, the wasps P. anomala and Ropalidia

spp. were more depleted in 15N compared to the predatory

wasp Vespa affinis and to the other general invertebrate

predators at the study site. Based on their isotopic signa-

tures, P. anomala and Ropalidia spp. probably use food

sources similar to those of omnivorous ants such as O.
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smaragdina and C. gigas. These results suggest that the

feeding habits of the wasps range from omnivory and some

degree of dependence on nectar and honeydew, which also

contains some amino acids (Baker and Baker, 1986;

Blüthgen et al., 2004), to predation and dependence mostly on

animal prey, as has been shown for ants (Blüthgen et al., 2003;

Davidson et al., 2003). Meanwhile, honeybees, stingless bees

and other bees exhibited low d15N values, which were indic-

ative of their use of plant materials. The significant differences

in d15N and d13C between Apis spp. and Trigona spp. may

indicate food resource partitioning (Roubik, 1989). The rea-

sons for the relatively variable d13C in these species remain

unclear. Future studies should examine the isotopic signatures

of their food sources, i.e. nectar and pollen.

Overall, the present results provide insight into the

feeding habits of tropical hymenopterans and isopterans.

Note that similar isotopic signatures of consumers do not

necessarily mean similar feeding habits, because the sig-

natures do not provide information about whether the

isotope ratios are brought about by feeding on single or

several food items, and because the trophic enrichment in
13C and 15N can vary between different taxa (McCutchan

et al., 2003; Vanderklift and Ponsard, 2003). This should be

taken into account especially when the isotopic signatures

of soil-feeding invertebrates are compared, because the soil

organic matter on which they feed is a mixture of organic

substrates, which can have different isotopic signatures

(Pollierer et al., 2009). In particular, the soil-feeding

termite, D. nemorosus exhibited values of d15N and d13C

that were indistinguishable from those of the army ant

L. diminuta and the fly-hunting wasp Bembix sp., despite

clear differences in the feeding habits of these species. This

result indicates that values of d15N and d13C can increase not

only from trophic enrichment, but also from the humification

of feeding substrates in terrestrial food webs (Hyodo et al.,

2008). Therefore, this study highlights that stable isotope

techniques should be coupled with knowledge of the natural

history and physiology of focal organisms to achieve a more

precise interpretation of the isotopic signatures.
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Appendix

d15N and d13C values of Hymenoptera and Isoptera exam-

ined in this study.

No. Taxa n d15N (%) d13C (%)

Mean (SE) Range (min–max) Mean (SE) Range (min–max)

Hymenoptera

Ants

Formicidae

1 Crematogaster borneensis 5 -1.2 (0.6) D hi -2.3 to 0.8 -33.9 (0.7) C g -35.7 to -31.7

2 Crematogaster difformis 5 2.6 (0.5) B de 1.0 to 3.7 -26.4 (0.2) A ab -27.0 to -25.9

3 Camponotus gigas 9 1.8 (0.4) B def 0.5 to 4.3 -26.9 (0.2) A ab -27.7 to -26.2

4 Leptogenys diminuta 3 6.3 (0.6) A ab 5.0 to 7.0 -26.6 (0.2) A abc -26.9 to -26.3

5 Tetraponera attenuata 16 0.3 (0.1) C gh -1.1 to 1.3 -28.4 (0.2) B cdef -29.8 to -26.3

6 Oecophylla smaragdina 4 3.1 (0.2) B d 2.6 to 3.5 -26.5 (0.2) A ab -27.1 to -26.0

Bees

Apidae

7 Apis spp. 3 -2.0 (0.1) B ij -2.2 to -1.7 -25.4 (0.3) A a -25.8 to -24.7

8 Trigona spp. 10 -0.6 (0.1) A ghi -1.5 to 0.0 -27.2 (0.3) B abcd -28.2 to -25.8

Anthophoridae

9 Amegilla sp. 1 -0.7 -28.9

Halictidae
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