
INTRODUCTION

Energy budgets of organisms are constrained by

resource acquisition or energy expenditure (Weiner,

1992). Thus, resources partitioned between life history

functions in order to maximise fitness are limited and a

compromise must always be made, something that Cody

(1966, after Price, 1984) formulated as “the principle of

allocation”.

Diversity in life strategies is caused by differences in

consumption and allocation of resources associated with

food type (Slansky & Rodriguez, 1987) and mortality

(Koz owski, 1992). Therefore, each habitat requires spe-

cific adaptations. Stem borers are unique with regard to

these requirements. Unlike in many other habitats, boring

into wood provides organisms with protection from para-

sites and predators (Fiske, 1908, after Haack & Slansky,

1987) and sufficient and seasonally invariable amounts of

food. However, stem tissues contain polymers that are

difficult to digest (e.g. cellulose, lignin) and lack

nutrients, especially nitrogen. Thus, animals living inside

a tree stem need energetically costly adaptations for food

utilisation such as complex enzyme sets, including cellu-

lases unique in the animal world and symbiotic relation-

ships with microorganisms (Haack & Slansky, 1987). The

nutritional quality of a stem decreases towards the centre

with the wood (xylem) as the least nutritious tissue

(Haack & Slansky, 1987).

Among terrestrial insects, 7 families of Coleoptera and

2 of Hymenoptera and Lepidoptera live exclusively inside

tree stems for at least a part of their life (Haack &

Slansky, 1987). They are characterised by traits that dis-

tinguish them from insects in other feeding guilds,

namely low growth rates, long developmental times, large

body size, low consumption rate and poor food utilisation

efficiency (Haack & Slansky, 1987; Slansky &

Rodriguez, 1987); albeit such data are scarce. Little is

known on the metabolic rate of wood-feeders. The

existing data, reviewed by Haack & Slansky (1987), do

not allow for an unambiguous description of the life

strategy of wood-feeding insects because of both the scar-

city of research on this subject and the lack of a coherent

methodology for determining their energy budgets.

The ecological energy transfer is usually described by

the following equation in ecological energetics (Phillip-

son, 1975, van Loon, 2005):

C = P + R + FU, (1)

where: C – total intake of food energy (= consumption), P

– energy content of the biomass of materials digested (=

production), R – the energy converted to heat and lost in

life processes (= respiration), F – the energy content of

undigested material (= egesta or faeces), U – the energy

content of digested material that is passed from the body

(= excreta or urinary wastes). The indices of growth and

production efficiencies are assimilation efficiency EA,

efficiency of conversion of digested food (= net growth

efficiency) ECD and efficiency of conversion of ingested

food (= gross growth efficiency) ECI (Waldbauer, 1968;

Slansky & Rodriguez, 1987). Finally, to compare bio-

energetic parameters among specimens of different sizes,

relative rates of consumption (RCR) and growth (RGR)

are calculated (Waldbauer, 1968; Slansky & Rodriguez,

1987).

The aim of this study was to estimate the bioenergetic

parameters of Corymbia rubra (Leptura rubra)

(Linnaeus) larvae (Coleoptera: Cerambycidae). They

spend their whole life inside dead trees, mostly pine and

feed on the cellulose in the xylem. As previously men-

tioned, this type of food is extremely poor in nutrients and

the insects that feed on it have specific adaptations

(Haack & Slansky, 1987). Thus, C. rubra, a typical

xylem-feeder, is a promising subject for research on the

bioenergetic strategy of wood-feeders.

In the present study, the relationships between respira-

tion, growth and production rates and body mass in C.
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rubra larvae were measured in 2002, and, in 2006 the

consumption rate and energy value were assessed. Based

on this species energy budget, conclusions were drawn on

its energetic adaptations for living in a stem environment.

MATERIAL AND METHODS

Beetle

Adults of Corymbia rubra emerge from June to September. A

female lays up to 700 eggs in holes in the stems of trees. The

larvae feed initially on sapwood and, later, on heartwood

(Dominik & Starzyk, 2004). They moult several times. The

whole lifecycle lasts 1–3 years, mostly 2–3 years (Dominik &

Starzyk, 2004).

Material

In autumns of 2001 and 2005/2006, stumps of pine trees cut

3–5 years earlier were collected from the Niepo omice Forest

near Krakow, Poland. In 2001/2002 the stumps were kept for

several months under laboratory conditions at a constant tem-

perature of 17°C in a dark room. For the experiments, larvae of

C. rubra were removed from the stumps, and kept at 17°C in

separate plastic Coulter containers (Beckman Coulter, USA)

with moistened gypsum mixed with active carbon and provided

with pinewood as food. The containers were kept in a closed

plastic breeding box (approx. 60 l) the bottom of which was

lined with moist gypsum to maintain a high humidity. Respira-

tion, production and growth rates were measured.

Larvae from stumps collected in 2005/2006 were used for

estimating energy content and consumption rates.

Respiration rate

Respiration rate was measured using a MicroOxymax respiro-

meter (Columbus, Ohio, USA). Larvae taken from the breeding

box (N = 78) were weighed and those of similar mass were

placed in plastic test tubes containing moist gypsum and cubes

of pinewood. Then, test tubes (N = 16) containing 4–7 larvae

were placed in 500 ml glass containers. The control containers

with only moist gypsum and cubes of pinewood were tested at

the same time. All the containers were kept at 17°C in the dark.

Respiration rate was measured twice, using different larvae. The

accumulative CO2 production over 4.5 days (ml CO2 × d–1) in

each trial was used in the analyses.

Energy value

In 2002, mixed pinewood samples (n = 6; 0.0030–0.0223 g of

dry mass) were dried for 24 h at 105°C and burnt in a calo-

rimetric microbomb calibrated with benzoic acid of known

energy value. In 2006, beetle larvae (N = 17, 0.0186–0.193 g of

dry mass) were exposed to –70°C for an hour and then dried at

60°C for 2 h. The dry body mass was determined for each

specimen using a moisture analyzer Mettler Toledo HR73 just

before measuring the energy content. Dry larvae were formed

into pellets and burnt in a calorimetric microbomb calibrated

with benzoic acid of known energy value. If the pellet exceeded

the mass suitable for analysis (0.08 g) then it was split into two-

three subsamples and the average energy per unit mass was cal-

culated. The energy content of a sample (kJ × g–1 of dry mass)

was determined using a calibration curve.

Growth and production rates

Growth rate was estimated as the difference in body mass

(precision of measurements = 0.1 mg) after 19 days for all the

larvae that survived (N = 75). Assuming that growth rate of

insect larvae is exponential (e.g. D’Amico et al., 2001) it can be

described as follows:

MT = M0 × eT×RGR, (2)

where: MT – body mass at time T, M0 – body mass at time 0, e –

base of natural logarithm, T – time period from 0 to T, RGR –

relative growth rate coefficient. The value of the RGR parameter

can be calculated using:

RGR = (ln MT – ln M0) / T. (g × g–1 × d–1) (3)

This formula is used for estimating the growth rate parameter

of insects, including wood-feeders (e.g. Hosking & Hutcheson,

1979). The increase in body mass over 19 days was also used

for estimating the production rate (g × d–1).

Consumption rate

Consumption rate was measured in 2006. Larvae of different

sizes were placed in rectangular (150 × 160 × 5 mm) slices of

pinewood, sandwiched between two 3 mm glass sheets and

closed with PVC tape (Hosking & Hutcheson, 1979). These

rearing units were kept at one of three different temperatures

(11.4 ± 0.3 SD, 21.1 ± 2.6 SD and 24.2 ± 0.2 SD centigrades).

After two months, the area of the larval galleries was estimated

by measuring their area on scanned slices (N = 45) using ImageJ

software (National Institute of Health, USA) and multiplying it

by the gallery’s thickness measured using millimetre graph

paper. Consumption rate was estimated by subtracting the mass

of faeces and pinedust from the gallery mass, calculated from

gallery volume (average mass density of pinewood = 0.49

mg/mm3; Surmi ski, 1993), and dividing it by the number of

days each larva was kept in a rearing unit. Moreover, because

the estimations in 2002 were carried out at 17°C, consumption

rate at this temperature was determined using the following for-

mula (Schmidt-Nielsen, 1990):

C17 = CT × Q10 ^ ((17–T)/10), (mg × d–1) (4)

where: C17 – consumption rate at 17°C, CT – consumption rate

at experimental temperature, Q10 – temperature coefficient indi-

cating the rate of change of biological processes as a conse-

quence of increasing the temperature by 10°C, T – experimental

temperature. A Q10 value of 2.25 was assumed, which is the

average of the 2.0–2.5 range of ectothermic Q10s (Withers,

1992, after Duncan & Dickman, 2001).

Assimilation and growth efficiencies

The mean values of the production, respiration and consump-

tion rates were converted to J × g–1 × d–1 units. The production

and consumption rates were calculated using the energy content

of 1 g of biomass of larvae or wood, respectively, and the respi-

ration data, assuming that for a carbohydrate diet RQ = 1 and

that the oxycalorific equivalent is 5.0 cal/ml O2 (Schmidt-

Nielsen, 1990). Using this data, assimilation, gross and net

growth efficiencies were calculated according to the following

formulas:

EA = (P+R)/C, (5)

where: EA – assimilation efficiency; P – production rate, R – res-

piration rate, C – consumption rate;

ECI = P/C,  (6)

where: ECI – gross growth efficiency, P – production rate, C –

consumption rate, and

ECD = P/(P+R),  (7)

where: ECD – net growth efficiency, P – production rate, R –

respiration rate.

Statistical analyses

The equations were fitted to data using Statistica 7.1; a

Simple Regression Model was used for linear data and a Non-

linear Regression Model (least squares) for other data.
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RESULTS

Respiration rate

The relationship between respiration rate and the mean

mass of groups of larvae is:

R = 99.7 × M0.77 (µl CO2/h)

[R2 = 0.78; p (exponent estimation) = 0.00011; 95% con-

fidence intervals for the exponent: 0.46–1.08]. The loga-

rithmic relationship between respiration rate and the

average body mass in each tube is shown in Fig. 1.

Energy value

The energy value scales linearly with the dry mass of

pelleted larvae (R2 = 0.97; p < 0.0001, Fig. 2), indicating

that the ratio is constant and does not change with larval

size. Thus, the average value of 23.5 kJ/g of dry mass

(6.8 kJ/g of biomass; water content = 70.7 ± 5.1 SD%) is

considered to be the energy equivalent of C. rubra larvae.

The energy value of mixed samples of pinewood is 16.7

kJ/g of dry mass (6.85 kJ/g of biomass; water content =

58.9 ± 14.6 SD%).

Growth and production rates

The average body mass of larvae at the beginning of the

experiment was 0.092 (range = 0.003–0.359) g. Because

the objective was to determine the continuous production

rate during an intermoult period, larvae that moulted (N =

11) or lost mass for unknown reasons (N = 2) were not

included in the analysis. The RGR value was 0.0121 ±

0.0078 SD mg × mg–1 × d–1 (0.0014–0.027; N = 62). The

relationship between the increase in body mass over 19

days (production – P) and individual body mass (M) is:

P = 0.10 × M0.67 (g)

[R2 = 0.50; p (exponent estimation) = 0.000005; 95%

confidence interval for the exponent: 0.40–0.94]. The

logarithmic relationship between production rate and

body mass of individuals is shown in Fig. 3.

Consumption rate

The average consumption rate is 0.097 g × g–1 × d–1.

The following relationship between consumption rate and

body mass of larvae was found:

C = 24.5 × M0.47 (mg/d)
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Fig. 1. The logarithmic relationship between respiration rate

(µl CO2 × ind–1 × h–1) and average body mass (mg) of the 4–7

larvae in each tube.

Fig. 3. The logarithmic relationship between production (µg)

measured over 19 days and body mass (mg) of individuals.

Fig. 2. The relationship between the energy value and the dry

mass of the sample of larvae.

Fig. 4. The logarithmic relationship between consumption

rate (µg × d–1) and body mass (mg) of individuals.



[R2 = 0.33; p (exponent estimation) = 0.0012; 95% confi-

dence interval for the exponent: 0.20–0.74]. The loga-

rithmic relationship between consumption rate and body

mass of individuals is shown in Fig. 4.

Assimilation and growth efficiencies

Using equation (1) the energy budget of an average C.

rubra larva was estimated as:

666.8 = 97.5 + 129.2 + 440.1 (J×g–1×d–1).

According to formulas (5)–(7), the assimilation effi-

ciency is 34% while gross and net growth efficiencies are

15% and 43%, respectively (Table 1).

DISCUSSION

The complete energy budget of C. rubra larvae deter-

mined in this study reveal valuable information about its

life strategy. Changes in energy budget parameters (pro-

duction, respiration and consumption rates, and energy

values) were monitored for a wide range of body masses.

The mass-independent metabolic rate of C. rubra

larvae, recalculated according to Kleiber (1932, after

Reinhold, 1999), is 0.11 ± 0.05 (ml O2 × g–0.75 × h–1),

while this value for several species of Coleoptera is about

0.76 ml O2 × g–0.75 × h–1 for flying- and about 0.20 ml O2 ×

g–0.75 × h–1 for non-flying species (Reinhold, 1999). There-

fore, the metabolic rate of C. rubra larvae is relatively

low compared to that of other Coleoptera.

The energy value for C. rubra, measured using a stan-

dard method, is greater than that of desert cerambycids

(19.7 kJ/g d.m.; Chen et al., 2004) but similar to that of

other beetles: 25 kJ/g for carabids (Marya ski et al.,

2002) and 21 kJ/g for adult beetles from an arid environ-

ment (Chen et al., 2004).

The relative consumption rate of C. rubra is similar to

that of the wood-feeder Anobium punctatum (0.1 mg ×

mg–1 × d–1, Baker et al., 1970, after Haack & Slansky,

1987), but low in the recorded range of insect consump-

tion rates of 0.002–6.90 mg × mg–1 × d–1 (Slansky &

Scriber, 1985, after Slansky & Rodriguez, 1987). It could

be caused by the long time needed for processing and

digesting wood.

The RGR values and production and assimilation effi-

ciencies of C. rubra compared to insects from other

feeding guilds are shown in Table 1. Although this inter-

specific comparison should be treated with caution

because the parameters could be measured or calculated

in different ways, the general pattern is that RGR

increases with the nutritional value of the food. The

exceptionally low RGR of predaceous insects is probably

associated with their low consumption rate (Hagen,

1987). Stored-product insects have relatively low RGRs

in spite of very high assimilation efficiencies, which may

be because of high energetic costs of producing and util-

izing of metabolic water (stored-products are a very dry

food). Their very low net growth efficiency accords with

this idea. The net growth efficiency of C. rubra is higher

than that of stored-product insects, but its RGR is much

lower. The relatively low assimilation efficiency implies

that the growth rate of C. rubra is limited by the low

nutritional quality of its food. They need to process large

amounts of food in order to obtain sufficient nutrients for

growth. Thus, the low nutritional quality of wood,

together with the consumption rate, limit C. rubra’s life

strategy, resulting in the low growth rate and long devel-

opmental time of the larvae. On the other hand, this

developmental strategy may be due to low predatory pres-

sure (Haack & Slansky, 1987). If the rate of mortality of

larvae were high, then developing for several seasons in

order to achieve the desired size at maturity would not be

possible.

The present study is the first attempt to describe an

insect life strategy in terms of the energy budget of its lar-

vae. It shows that the larvae of the wood-feeder, C. rubra,

grows slowly and have a low metabolic rate compared to

species in other feeding guilds and that these are conse-

quences of the low nutritional quality of wood (relatively

low assimilation efficiency) and a low consumption rate,

rather than high metabolic costs associated with proc-

essing wood (relatively high net growth efficiency).
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* data for north temperate saturniids; ** means for polyphagous and graminivorous species.

present study4315340.012xylophagous C. rubra

Haack & Slansky, 1987
35

(1)

21 ± 15

(8)

29 ± 19

(6)

0.02 ± 0.02

(3)

xylo- and cambiophagous

(N)

Hagen, 1987
34 (4–64)

(?)

39 (4–75)

(?)

86 (37–98)

(?)

0.01 (0.002–0.02)

(?)

predaceous, terrestrial

(N)

Baker & Loschiavo, 1987
11 ± 8

(25)

9 ± 7

(25)

77 ± 11

(25)

0.17 ± 0.04

(20)

stored-products feeding

(N)

Bernays & Barbehenn, 1987
34 ± 15

(35)
–

44 ± 16

(41)
–

grass-feeding **

(N)

Mattson & Scriber, 1987–
5–15

(?)
–

0.05–0.15

(?)

folivores of woody plants *

(N)

Tabashnik & Slansky, 1987–––
0.37

(180)

forb foliage-chewing

(N)

references
net growth

efficiency (%)

gross growth

efficiency (%)

assimilation

efficiency (%)

RGR

(mg × mg–1 × d–1)
feeding type

TABLE 1. The mean RGR, assimilation and production efficiency values for insects in different feeding guilds. N – indicates

sample size (species or different food types within a species); values given in references as ranges were excluded from calculations.
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