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ABSTRACT: Daily energy budgets of teneral and adult beetles of a few species of forest carabids
have been used to formulate a set of equations allowing for an approximate daily energy budget
estimation of the different life-cycle stages and species. Also, relations between the energy flow
through a population and both the adult beetle population density and fertility have been expressed in
the form of a regression equation that can be used for a rough estimation of energy flow under field
conditions.
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1. INTRODUCTION

Serious problems often arise when estimating population bioenergetics in the field, especially
if only one age-class can be quantitatively sampled. This, for example, is usually the case with

*Praca wykonana w ramach problemu migdzyresortowego MR 1I/15 (grupa tematyczna ,,Zbadanie struk-
tury i zasad funkcjonowania gtownych typow fizjocenoz Polski™).
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carabids (Col., Carabidae), where the population density of most stages in the life-cycle — with
the exception of adult beetles — cannot be easily estimated. Under such conditions, simplified
solutions are desirable, although they only provide rough estimates.

The present paper aims at a description of the general pattern of changes in the daily energy
budget of an individual that accompany its weight increase (this allows one to estimate the
energy flow through a population from data on the population density of the successive stages
of the life-cycle), and elaboration of a method for an approximate calculation of the energy
flow through a population, based on a limited amount of field data (this could be a useful
approach in the case of extensive studies carried out by using simple sampling methods).

2. DAILY ENERGY BUDGET OF THE INDIVIDUAL IN ITS LIFE-CYCLE

2.1. METHODS

The daily energy budget (DEB) of the individual is the sum total of daily biomass pro-
duction (P), resting metabolism rate (RMR), and working metabolism rate (WMR), that is the
amount of energy expended for mobility.

Daily biomass production includes production due to body weight inerease (£g) and gamete
production (Pr). It was assumed, for the sake of simplicity, that 1 mg d. wt of carabid body was
the equivalent of 24 Joules. This value is close to the upper limit of calorific coefficients —
varying between 24.66 k] (5889 cal) per 1 gd. wt and 25.28 k] (6039 cal) per 1 gd. wt — as
reported by different authors (Zyromska-Rudzka —in press).
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where: k — calorific coefficient, Wf — final dry body weight, Wi — initial dry body weight,
T — study period.
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where: v, — number of eggs produced by the female in the study period, Bz — dry weight
of the ripe egg, k — as above. The v, estimation method applied was described by G riim
(1973b). - :

RMR values were calculated on the basis of the following formula (G riim 1976b):

y = 2445 — 0309 x, r = -0.945, p < 0.001

LohLat+19°C, x — log, of dry body weight in mg.

where: y — 0, consumption in ul - mg™

Daily values of WMR wesg calculated according to the method worked out by Griim
(1978). The method is based on two assumptions: (a) the maximum daily biomass production
of individuals of the same developmental stage of different species is proportional to the initial
body weight of the individuals (this means that the daily maximum biomass production of the
2nd larval instar. of different species, for instance, depends — under constant extrinsic
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conditions, such as temperature and food — on the initial body weight of the larvae of different
species), and (b) the energy expended for mobility causes a certain decrease in the rate of
biomass production. Hence, by plotting the rate of biomass production of the individual against
its mobility, it is possible — on the data obtained for the same developmental stage of different
species — to draw the appropriate regression line, and calculate the decrease in the biomass
production rate per unit of weight and distance.

Fig. 1. Diagrammatic representation of a section of the sampling site
1 — releasing centre, 2 — pitfall, 3 — fence

The method of mobility estimation was presented earlier (G r it m 1971, 1978). It is based
on releasing marked individuals in the centre of a round, fenced sampling site, with pitfalls
located at two different distances from the centre (Fig. 1). Two variables are estimated: the
length of the distance passed by the individual between the centre and the pitfall, and the
time-lapse from the release till the capture day.

The probability of capture of the released individual in the pitfalls located on the perimeter
of ry radius (Fig. 1) equals (Grii m 1978):

d ) " i1y
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On the above principle, the distance the individual passed from the centre to the pitfall
is calculated according to the formula (both the distance and the other parameters are ex-
pressed in ! (linear) units, equal to the bady length of the individual):

e ) Go)es -

g
where: r; — radius of the fenced sampling site, r; — radius of the internal perimeter (Fig. 1),
P, — probability of capture in pitfalls located on the internal perimeter, as expressed by the
ratio of the number of captured in these pitfalls to the total number of marked individuals
captured in the sampling site, m; — sum of pitfall diameters located on the internal perimeter,
a — number of pitfalls located close to the fence, i.e., on the perimeter of r; radius, p, — as
above.
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Table I. Mean daily biomass production of the individual

P P
8 r
P + Pr
Species Beetle Month P . mean num-| . .
n untla'l boly 1 daily ber of ripe | rate of egg by weight | -daily Mg st Al 1)
weight inerement, i B O of ripe egg, | production (J -ind.” " -day ")
(mgd. wt)*| (mgd.wt)*| 8°P° - (mg d. wt)**| (mg d. wt)*
female
Carabus teneral Aug.-Sept. 279 2.43 0 0. 0 0 61.05
arcensis Hbst. adult June 80.7 0 2.63 0.089 2.49 0.583 14.61
C. glabratus teneral July 88.9 10.62 0.70 0.075 6.59 0.346 275.46
Payk. adult July 269.2 1.57 5.20 0.075 6.59 2,570 104.00%**
C. hortensis L. teneral July N5 “6.15 0 0 0 0 154.50
adult July 194.2 0 2.00 0.099 6.41 1.270 31.90
C. nemorilis teneral Aug.-Sept. 45.4 5.41 0 0 0 0 135.95
Miill. adult June 166.0 0 2.89 0.082 6.04 1.431 35.92
Pterostichus teneral July 39.1 2.48 5.20 0.141 1.01 0.740 80.89
niger (Schall.) adult July 81.7 0 3.40 0.141 1.01 0.484 12.14

*After Grim (1978). **After Griim (1973b). ***Current year adults.

Table II. Mean daily working metabolism rate and mobility of teneral and adult beetles

CEI

Wiy eI

' Number of Meari time | Probability of | Distance Mobility Working metabolism

Species .| Beetle Month individuals of stay capture in in- passed (m - d.y“l) rate 1 o)

. captured (days) temal pitfalls (m) J -ind.”" - day ")
o | teneral Aug.-Sept. 25 1.340 0.2400 18.04 13.46 90.35
Sowipaiproma® | it Jue 147 0.901 0.0680 718 7.97 154.79
& b teneral July 31 0.726 0.0317 4.90 6.75 144.45
4 : adult July 32 0.849 0.0317 4.90 5.06 347.19
\ teneral July L0 0.614 0.0851 8.19 13.34 229,61
- honuels adult Suly 12 0.917 0.0851 8.19 8.93 41728
b teneral Aug.-Sept. 27 %5 0.2572 19.29 1077 117.65
€ nomomlic adult June 77 1.149- 0.0649 7.02 6.11 244.10
; . teneral July 109 0.959 0.1376 11.58 12.07 11355
Propnticker wigwr | 'f Cpad July 23 0.674 0.0435 5.61 8.32 163.54

*After Griim (1978).
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The above method makes possible a
rough estimation of the herizontal
component of the distance passed by
the individual, and both  the
assumptions and detailed considera-
tions on this method of mobility
estimation are presented in a paper by
Griim (1978). Mobility of the
individual is expressed by the ratio of
the horizontal component of distance
to the time it has taken to cover it.

2.2. RESULTS

The data used for the calculations
of energy budgets were obtained in the
same sampling area and year. Most of
them were published in a few previous
papers (G r it m 1973b, 1973¢, 1975a,
1975b, 1976b, 1978). Hence, the data
quoted in the Tables include re-
ferences to the original papers.

In Table I the basic data and the
results of daily biomass production
calculations are shown, and Table Il
contains the same for the individual
mobility and WMR. The latter is the
product of the mean body weight of
the individual, its mobility, and the
value of an index of energy expended
per weight unit and distance unit.

The present author (G r ii m 1978)
pointed out that the index ef energy
expended per weight unit per distance
unit can be of different values for the
individual of the same species, de-
pending on the stage of the life-cycle.
Namely, the higher the maximum rate
of biomass production by the parti-
cular stage, the higher the index value,
and when the rate equals zero, the
index must be equal to zero even at
high mobility. Thus, values of the
index lower than the highest of the
values found do not reflect the
amount of energy expended per

Table III. Daily energy budget of teneral and adult beetles
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weight and distance units alone (this amount should be constant, provided that the locomotory
abilities of the animals involved as well as features of the substratum they move on or in are the
same), but mainly the dependence on the maximum rate of biomass production of the stage.
Consequently, the highest of the index values found should be considered as the closest to the
real ones. The mean of the highest values of the index — obtained for teneral beetles, and equal
to 9.59 mg- g~ - m—l, ie., 230]- g'l' m! — is, therefore, accepted as a measure of the
energy expended per weight and distance units.

DEB values of teneral and adult imagines of five carabid species (Carabus arcensis,
C. glabratus, C. hortensis, C. nemoralis, Pterostichus niger) belonging to two developmental
types, i.e., spring-breeders and autumn-breeders, are shown in Table IIl. Thus, for each of the
species two estimates of DEB were available for the individuals of different body weight: dry
body weight of the teneral beetle ranged from 27% to 48% of the adult beetle dry body weight,
depending on the species.

Two assumptions were made: (a) DEB of an individual equals zero when its body weight
equals zero, and (b) the curve descnbmg the dependence of DEB on the dry body weight of an
individual is of an asymptotlc type, i.e., generated by the function y =a — b (c¥).

The function type is indicated by the following: (a) a DEB value of the teneral beetle very
close to that of the adult beetle (Table III), and (b) a relatively high RMR per weight unit of
the larva (as compared with that of the adult beetle), as well as a relatively high rate of biomass
production of the larva.

The rate of biomass production of the larva of C. nemoralis, for instance, can be calculated
as follows: the dry body weight of the 1st instar and that of the 3rd instar are equal to 3.5 mg

and 29.5 mg, respectively, and the development time is about 40 days (all data after G riim
1975b). Hence, the rate of biomass productlon is approxlmately equal to (29.5 —
3.5)- (3.5 40)=1, that is, 0.737 mg - mg day 1 or 737 mg.g- day . The latter
figure is much higher than 119.2 mg- g~ day found for the teneral beetle of this species
(G rii m 1978). In addition, a high rate of biomass production necessitates a relatively high
mobility connected with the searching for food (G r i m 1978), and as a consequence, it causes
'a relatively high WMR. In general, it seems that DEB value of the larva is not much lower than
that of the teneral or adult beetle, and this justifies the above assumption on the function type.

The curves describing DEB changes accompanying the body weight increase of individuals
were drawn separately for each of the species listed in Table III. For each curve the correlation
coefficient was higher than 0.99 (Fig. 2). The curves relate to active individuals (productive and
mobile), and can, therefore, be exclusively used for an approximate estimation of DEB values
of the active stages of the life-cycle, i.e., larvae, teneral beetles and adult, reproducing ones.

Apart from that, the relation between the DEB value of adult individuals of different
species, and the body weight of these adults —assuming an asymptotic pattern of the relsiion —
has been described (Fig. 3):

y = 1130.5 — 1130.5 (0.997332%9) (1)

where: y — daily energy budget of the adult individual (DEB,) in J - ind. "1, W, — dry body
weight (mg) of the adult beetle.

Also, the regression was calculated of the ¢ coefﬁcxents in the asymptotic regression
equations, expressing DEB changes over the life-cycle, on the body weight of the adult beetles
of different species (Fig. 4):
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Fig. 2, Regression of DEB on body weight of the individual in its life-cycle
y — Joules per individual per day, x — mg d. wt
For explanation of 1-5 see Figure 8
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Fig. 3. Regression of DEB on body weight of the adult beetle of different species
y — Joules per individual per day, x — mg d. wi
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; Fig, 4. Regression of the ¢ coefficient on body weight of the adult beetle of different species
y — value of the coefficient, x — loge mg d. wt

y =0.70586 + 0.04781 log, W, - @

where: y — the ¢ coefficient, W — asin (1). In this case the highest correlation coefficient was
obtained for a logarithmic shape of the relation.

Equations (1) and (2) can be used for the estimation of approximate values of DEB of
different active stages of the life-cycle, and of various species. Let us take, for instance, the
available data on the mean body weight of adult and teneral beetles of Pterostichus oblongo-
punciatus (F.), ie., 22.1 mgd. wt and 8.8 mgd. wt, respectively (G riim 1973¢), and
approximate body wexght of the larva, i.e., 3.7 mg d. wt. The DEB_, that is, of the adult beetle,
obtained from equation (1), is equal to 70.81 J-ind.” day ], and the ¢ coefficient,
obtained from equation (2), equals 0.854. The following formula will enable us to estimate the
DEB values of the remaining stages:

DEB, = DEB, — DEB, (c¥5)

where: DEB_ — daily energy budget of the stage, DEB, — the same of the adult beetle, W, —
dry body welght of the stage, ¢ — the coefficient, equal to 0. 854 in this case.

The calculated DEB values are as follows: 48.65 ]« ind ~ day ! for the teneral beetie,
and 28.68]: ind.” day for the larva. Moreover, the time of active life of the stages —
recalculated from the data given by Grim (1975a) — approximately equ2l to 36, 18 and
62 days for the larva, the teneral beetle and the adult beetle in the 1st breeding season,
respectively — allows one to calculate the cumulative energy budget (CEB) of these stages:
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1032.5 - ind. ™! for the larva 875.8 J - ind.~! for the teneral beetle, and 4005.7 J - ind.~! for
the adult beetle. The total of these values — i.e., 5914.1 J - ind.~1 — is the cumulative energy
budget of the individual, for it’is only the active stages of the life-cycle that assimilate, while
the remaining, non-active stages live due to the energy accumulated by the active ones.
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Fig. 5. Relation between cumulative energy budget of the individual and daily energy budget of the adult
beetle
1 — spring breeders, 2 — autumn breeders

There are also other possibilities of an approximate estimation of CEB of an individual, name-
ly by the regression of the CEB values of different species on DEB (or body weight) of the adult
individual. However, no final conclusion in this respect can be achieved, because of the scarcity
of the data. Nevertheless, it is possible to suggest that CEB values of the spring-breeders
(C. arcensis and C. nemoralis) are lower than those of the autumn-breeders (C. glabratus,
C. hortensis and P. niger), as it is evident from Figure 5. This seems to coincide with the shorter
larval development of the former developmental type. As a result, the proportion of -energy
used for production (the ratio of P to A) is on the average higher in the representatives of
spring-breeders — from 5.26% (C. arcensis) to 8.58% (C. nemoralis) — than in the representatives
of autumn-breeders. The appropriate figures for the latter are as follows: 3.92% (P. niger),
4.83% (C. hortensis) and 6.81% (C. glabratus).

3. ENERGY FLOW THROUGH A SPECIES GENERATION

The data shown in Table IV — i.e., DEB values, duration of active life of separate stages of
the life-cycle, and mean population density of the stages — were used to calculate the assimi-
lation (the measure of energy flow) of one generation till the end of the 2nd breeding season.
Such a method for calculating the energy flow is based on a troublesome field estimation of
population densities of separate stages. Hence, simpler methods of energy flow calculation are
worthy of consideration.



Table IV. Calculated assimilation per generation

Stage Body P Assimilation
Species Stage duration weight 0 dD_ s _1) o - ?;B_l) .Mean denm;;z of the stage
(days) (mg d. wt) ' Y 1 (ind. - 100 m™™) (kJ - 100 m‘z)
[ 4 larvae 37 10.5 132.3 4.89 3341 163.37
Cambu:‘ameml's teneral beetles 19 279 198.9 3.78 11.13 42.07
adults, 1st breeding season 92 80.7 216.5 19.91 3.01 59.93
adults, 2nd breeding season 46 (80.7 216.5 9.96 0.20 1.99
- - - Z = 38.54 - Z = 267.36
larvae 105 21.6 278.0 29.19 16.59 484.26
C. iptebrons teneral beetles 20 88.9 527.6 10.55 3.60 37.98
A adults, 1st breeding season 78 285.2 559.0 43.60 1.79 78.04
adults, 2nd breeding season 39 285.2 559.0 21.80 0.64 13.95
J — - - Z = 105.14 - Z = 614.23
larvae 105 16.1 201.0 21.10 10.10 213.11
O hobtenth teneral beetles 20 a5 469.4 9.39 3.65 34.27
% adults, 1st breeding season 88 194.2 533.4 46.94 1.78 83.35
adults, 2nd breeding season 44 194.2 5334 23.47 0.44 10.33
- - - Z = 100.90 - Z 34126
larvae 40 16.5 219.4 8.77 10.89 95.50
G neboratis teneral beetles 20 45.4 331.2 6.62 5.14 34.03
i adults, 1st breeding season 62 166.0 3571 22.14 241 53.36
adults, 2nd breeding season 31 166.0 3571 11.07 0.09 1.00
- — - Z = 48.60 - z = 183.89
larvae . 105 13.6 166.2 17.45 80.30 1401.23
Prorostichis dlged teneral beetles 19 39.1 229.4 4.36 8.50 37.06
adults, 1st breeding season 86 81.7 237.0 20.38 4.00 81.52
adults, 2nd breeding season 43 81.7 237.0 10.18 1.10 11.20
- - - ‘T = 5237 - Z = 153101
*After Griim (1975a).
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Of such simplified solutions, the methods for estimating the biomass production of carabids
(Grim 1975b, 1976a) are going to be followed as an example. In an earlier paper (G rii m
1975b) the basis of calculations was the axiom that when there is no mortality until the
completion of body weight increase of an individual, biomass production due to the growth is
equal to the sum of body weight of all the fully grown individuals. Thus:

-1 _ o RO
P-Ba = 1, whennc-na =7
where: P — biomass production, Ba — total biomass of fully grown beetles, n. — number
of eggs laid, n, — number of offspring that completed their body growth.

In free-living populations, however, mortality causes a certain decrease in population density
of the consecutive stages of the life-cycle. Thus, on the basis of field data a relation between the
above-mentioned ratios has been established (G r ii m 1975b):

y = 093 + 041 x

where: y — P - Ba_l, z — log, (n, - na'l). However, three parameters have to be estimated
in the field, and this can be achieved in at least two consecutive years of study (n in the
Ist, and both n, and W, in the 2nd year).

A further simplification is due to the assumption of balanced natality and mortality in
stable populations. Hence, instead of the ratio of ng to n, one can apply a measure of
fertility (F)), that is the number of eggs produced by the female per breeding season. The
regression of P - Ba_1 on F is expressed by the equation (G riim 1976a):

y = —0.15 + 0.58 x

where: y — P - B;'l, x — log, F. In this case, the study period can be as short as one
breeding season or — when F is assumed constant — it can be even shortened to several

days necessary to estimate n, and W, .
Similarly:

A- (CEB-n)™' =1, when'ng - n71 =1

where: A — energy flow through population, CEB — cumulative energy budget of the
individual, ng - number of eggs laid, n, — number of offspring that survived until maximum age.
Because of the troublesome estimation of n. and CEB, it is often desirable to use the F
and DEB estimates instead. Therefore, relations between the ratio of 4 to DEBG - m,
and F were studied on the basis of the data shown in Table IV, and those on female fertility
taken from a paper by Griim (1976a).
The appropriate regression is as follows (Fig. 6):

y = —472 + 1794 x, r = +0.992

where: y — A - (DEB, - na)-l, x — F, n, — estimated in the middle of the lst breeding
season.
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Fig. 6. Regression of the ratio of population assimilation to the product of DEBa and population density of
: adult beetles on the fertility of females
y — ratio of A to DEBa nox — number of eggs produced by the female in the breeding season

The values of energy flow obtained for the species under study (Table I'V) cannot be directly
compared with others known from the literature, because different population densities,
different species and habitats have to be taken into account. Thus, a critical review of the
results obtained is only possible if one compares certain features of energy flow, such as the
ratio of P to A. For this purpose, the ratios were calculated for all the Carabus species studied.
Biomass production of these species, as estimated by G r ' m (1975b) in mg per 100 m* per
year, was recalculated and expressed in Joules per hectare per year: C. arcensis
37.93 k] - ha— 1. ¥r_1, C. glabratus 39.99 k] - ha~l. yr_l, C. hortensis
22.96 k] - ha~ 1. yr = and C. nemoralis 26.23 kJ - ha=!. yr_l. The respective percentages of
biomass production in the assimilation are as follows: C. arcensis — 14.2%, C. glabratus — 6.5%,
C. hortensis — 6,7%, C. nemoralis — 14.2%.

4. SOME FACTORS AFFECTING THE WORKING METABOLISM RATE

The dependence of the resting metabolism rate on certain properties of an individual (e.g.,
body weight), or its environment (temperature, for instance) is well evidenced and commonly
known. Far less is known about WMR in this respect. The impact of body weight on WMR is
undisputable. On the other hand, it seems unlikely that WMR is dependent on the temperature
of the environment alone, for there is good evidence that above a certain threshold value, a
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correlation between temperature and mobility does not exist in carabids (G r ii m 1959). On
the factors stimulating mobility, and thus WMR, hunger seems to play a significant role in
carabids (G riim 1966, 1971, 1978).

The set of data shown in Table IV makes it possible to draw approximate curves of the WMR
changes that accompany the increase in body weight of the individuals. Let us take the
following assumptions into account: (a) WMR equals zero when body weight equals zero, and
(b) WMR <DEB. Under such conditions the highest correlation coefficients (R > 0.99)
between the empiric and theoretical values of WMR were obtained for asymptotic regression
curves (Fig. 7). The shape of the curves (Fig. 7) appears different from those describing DEB
changes (Fig. 2) — see also the c coefficients. Attention is drawn by the particularly high WMR
of C. hortensis (Fig. 7). A casual inspection of Figure 7 suggests a necessity of analysing the
relations between the WMR and DEB curves. These relations are shown in Figure 8: the lower
left parts of the curves concern the fully grown adult beetles, and the lower the body weight of
the individual the further to the right hand it is in the curve. These curves illustrate the idea
that the lower the body weight of an individual the lower the percentage of energy expended
for mobility. However, the lower the body weight the higher the WMR value per weight unit.

40 +y
2
300 -
200 5
Ly=216.5-216 5056289 )
7 -mo-mwmm?
Ea
- é-za’m—zs’zafmmv
1 ' 5 | 5
0 50 100 150 200 250 300x

Fig. 7. Regression of WMR on body weight of the individual in its life-cycle
y— Joules per individual per day, x — mg d. wit
For explanation of 1-5 see Figure 8

Special attention should be given to the different “level” of each species curve (Fig. 8): the
highest for C. hortensis, a little lower for C. arcensis and P. niger, much lower for C. nemoralis,
and the lowest for C. glabratus. Generally speaking, this coincides with the mean (for teneral
and adult beetles) mobility of the species involved: C. hortensis 11.13 m -day_l, C. arcensis
10.71 m -day” L P. niger 10.19 m - day™ L C. nemoralis 8.44m - day'l, -and C. glabratus
5.90 m -day™ 5

According to previous suggestions, carabid mobility is stimulated directly by hunger, but
indirectly by difficulties of finding food in a space limited by microclimatic conditions
(Griim 1971). Carabids — like other litter-dwelling organisms — are distributed in a clumped
manner, and especially high values of clumped distribution index can be found for very small
sections of their population areas (G rii m 1973a, 1978). If so, clumped spatial distribution
should correlate with mobility and WMR.
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For each of the species studied the
data on the distribution of individuals in
pitfalls were obtained (Table V). The
sample unit (core) was one pitfall-day,
and the sample size was 2016 such sample
units. The measure of spatial distribution
was the mtom index (Lloyd 1967).

To standarize the WMR values of
different species, the WMR values per
weight unit were calculated for the indivi-
dual of 0.001 mg d. wt. The results were
plotted against the spatial distribution
index obtained for adult beetles (Fig. 9).
The relation is expressed by an
asymptotic  curve equation, with
R = 0.991 (to simplify the calculations the
x axis was rescaled: x #m- m_l, but
x=(m- m_l)—2). This confirms the
suggested relationship between the degree
of clumped distribution of individuals
and the amount of energy expended for
mobility; however, the relation between
the variables is not linear.

In practice, it is easier to estimate the
proportion of WMR in DEB of the adult
beetle, than the standardized WMR value.
For this reason, apart from the data
presented in Tables IV and V (concerning
the adult beetles of C. arcensis and C. ne-
moralis in June, and those of C. glabratus,
C. hortensis and P. niger in July) additio-
nal data on WMR proportion in DEB and

spatial distribution of C. glabratus, -

C. hortensis, P. niger and Pterostichus vul-
garis (L.) were included (Tables VI,-VII).
This way 12 simultaneous estimates of
both variables were obtained, and the

appropriate regression calculated
(Fig. 10):

y = 2.8+ 50.95 (0.315%), R = 0.759

where: y isth-m~1, x = (85 — WMR% in
DEB)- 5~ 1.

The relations shown in Figures 9 and
10 are in accordance: the higher the
degree of clumped distribution, the

T;lble V. Index of spatial distribution of individuals in pitfalls, calculated for teneral (i.b.) and adult (a.b.) beetles
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Fig. 8. Relations between WMR and DEB of the individual (cf. interpretation in the text)

1—- C. arcensis, 2 —

45

a5t

25

15

C. glabratus, 3 — C. hortensis, 4 — C. nemoralis, 5 — P. niger

Y=423-423(05535%)
R=0991

| 1 L 1

/4 /A

1
20x

Fig. 9. Regression of the standardized WMR value on the spatial distribution index of adult beetles
y — kJoules per g d. wt per day, x — (. m—1)_2



Table VI. WMR percentage in DEB of an adult beetle in different months

2% . p* RME* Weight* Mobility" WMR 1| Per cent dt
< ot g dayh | g-wd ! day™!) | (megd.wt) f(m-day™) | ¢ -ind”! . day”!)| WMR in DEB
Carabus June 42.29 107.60 285.2 5.15 353.47 70.2
glabratus Aug.-Sept. 106.01 107.60 285.2 8.28 568.34 27
Ao s June 0.00 85.83 194.2 8.91 416.44 829
f Aug.-Sept. 98.06 85.83 194.2 6.03 281.83 60.5
Pterostichus June 6.78 48.15 81.7 6.28 123.47 69.2
niger Aug.-Sept. 26.04 48.15 81.7 7.41 145.71 66.3
P. vulgaris June 23.36 35.17 53.8 4.24 54.89 48.4
*After Griim (1978).
Table VII. Index of spatial distribution of adult beetles in pitfalls
Number of samples with i individuals
Number of
individuals Carabus glabratus C. hortensis Pterostichus niger P. vulggris
in sample (i)
June Aug.-Sept. June Aug.-Sept. June Aug.-Sept. June
0 1965 1990 1999 1845 1950 1843 1721
£ | 48 24 15 155 60 144 241
2 3 2 2 13 6 27 39
3 3 1 9
4 -, { § 5
5
6 1
- mL 414 10.73 22.39 2.46 4.67 3.46 3.23
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y — WMR%, x — availability index, 1 — adult beetles, 2 — teneral beetles
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higher the WMR proportion in DEB. On the other
hand, the variability of such non-standardized values
of WMR is rather hiéh, because of the different
individual body weight of the species involved. It
seems, therefore, possible to improve the estimates of
WMR of the adult individual on the basis of daily
biomass production, RMR data and the index of
spatial distribution of the beetles in pitfalls. However,
because of the relatively low correlation coefficient
(R =0.759), there is a certain risk of erratic estima-
tes, especially at both low and high values of the
distribution index.

Grim (1978) noticed that WMR proportion in
DEB is influenced by the possibility of satisfying
energetical requirements of an individual, connected
with its rate of biomass production, and expressed by
satiation (or hunger). Hence, a certain relation of
WMR proportion in DEB to food availability is
suspected.

Let the measure of food availability be the
percentage of regurgitating (that is, satiated)
individuals (Table VIII) divided by mobility: the
possibility of satiation depends on — apart from
density and mobility of food items — the mobility of
the beetle searching for prey. As can be seen from
Figure 11, between the WMR proportion in DEB and
the accepted index of food availability a certain linear
relation occurs; however, the correlation coefficients
are rather low. The low values of the coefficients
seem to be related to some errors in the food
availability estimation: the percentage of regurgita-
ting individuals depends not only on the frequency of
finding food items, but also on the size of the prey,
digestion rateete.

a.b.
13.90

P. vulgaris
331

ab.
34.28

70

928

27.55
202

39.11

39.58

Pterostichus niger
t.b.

288

ab.
102
11.76

C. nemoralis
19.05

tb
42

5.55

183
8.20

ab
18

0.0
18

C. hortensis
tih.
106
7:55

ab.
53
11.32
119
18.49
22
13.64

C. glabratus

Table VIII. Percentage of regurgitating individuals
th.

N — number of individuals tested, R — percentage of regurgitating individuals, t.b. — teneral beetles, a.b. — adult beetles

69
37.68

11.79

ab
299

th
54
20.37

5. DISCUSSION

Carabus arcensis

Some comparisons of the results obtained in this
study with others known from the literature can be
useful for understanding the properties of the method
applied. Weidemann (1972), for instance,
estimated the cumulative energy budget of the indi-
vidual of P. oblongopunctatus, for the period
beginning with larval development and ending with
the 1st breeding season. The budget was equal to
about 1.59kJ, in which P~0.75 kJ, and

Month -
June
July
Aug.-Sept.
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Pg = 0.59 kJ. According to the methods presented in this paper, the budget of the individual of
the same species and in the same period should amount to over 5.86 kJ. Values of P and P, —
based on the data published earlier (G rii m 1973b, 1973¢c) — would be as follows: £, =
45.6 eggs times 0.293 mg d. wt of the egg biomass times 24 ] per 1 mgd. wt ~0.32 k].
P =221 mgd. wt of the adult beetle times 24 J~ 0.53 k]. Thus, the value of biomass pro-
duction of the individual (exuviae omitted) equals about 0.85 k] for the female. It is evident
from the above, that the difference in the cumulative energy budgets is due to different
estimates of respiration. ;

Manga (1972) and Weidemann (1972) calculated the values of energy flow through
populations of a few carabid species. Their values vary within quite narrow limits, i.e., from
33651 k- ha= 1. yr~! for Nebria brevicollis (F.) (Man ga 1972) to 45538 kJ+ ha= 1 yr~!
for P. oblongopunctatus (Weide mann 1972), and are close to the lower limit of the range
found in the ;ireserit studies (Table 1V): from 18389 kJ]-ha~!. yr"] {C. nemoralis) to
153101 kJ- ha™ "~ - yr_l (P. niger). The figure obtained by W eid e m a n n(1972) for the P to
A ratio in his studies on P. oblongopunctatus (a spring-breeder) was 43.15%, and that for
Pterostichus metallicus F. (an autumn-breeder) was 15.25%. The P to A ratios for the species
under this study are as follows: 14.2% (C. arcensis), 14.2% (C. nemoralis) for the spring-
-breeders, and 6.5% (C. glabratus), 6.7% (C. hortensis) for the autumn-hreeders. A thesis
propagated by T hiele (1977) that autumn-breeders, i.e., species of long larval developmerit
with winter hibernation of the larva, are characterized by a relatively high energy loss is thus
confirmed. The results obtained by Man ga (1972) for N. brevicollis (an autumn-breeder)
seem to be in contradiction to the above, because the P to 4 ratio was equal to 48.42%. It can
be concluded that there still exist different Pto A4 ratios due to different methods of respiration
measurement, though certain regularities can be stated.

One may put in doubt the reality of the above-presented results based on various principles
of respiration measurement: average daily respiration rate in constant laboratory thermic
regime (Man ga 1972), which seems to be close to RMR, and on the other hand, RMR and
also WMR estimated from a decrease in the rate of biomass production due to mobility
(Griim 1978). Generally speaking, because of the decrease in RMR per weight unit that
accompanies the weight increase of an individual (which must lead to a decreasing proportion
of RMR in DEB of the growing individual), errors in RMR calculation are less important in the
case of large carabids than in the case of small ones. Contrary to that, the errors due to
negligence or improper calculation of WMR can be of paramount importance in the case of
carabids of large body size.

Certain facts draw the attention to a possible influence of sexual behaviour on the
components of the daily energy budget. Namely, the degree of clumped distribution was always
higher for adult reproducing beetles than for teneral ones, i.e., sexually immature or maturing
(Table V). One may thus suppose that clumping tendencies are due — apart from habitat
patchiness — to the seeking for a sex partner. The latter seems to be a frequent behaviour in
carabids. An adult individual of Carabus, or Pterostichus, for instance, can copulate several
times in the breeding season (L. Griim — unpublished data), and repeated copulation was also
reported from other carabid genera (Murdoch 1966,Dijk 1973). On the other hand, the
behavioural mechanism involved in the seeking for the opposite sex individual is still unknown.
However, Wautier (1971), who studied the aggregational behaviour of Brachinus, found
evidence of chemical communication (by means of pheromones) between these beetles.
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6. SUMMARY

Daily energy budget (DEB) — consisting of P (biomass production), RMR (resting metabolism rate) and
WMR (working metabolism rate) — was calculated for teneral and adult beetles of five forest carabid species
(Carabus arcensis, C. glabratus, C. hortensis, C. nemoralis and Pterostichus niger) (Table I11).

On the basis of the budgets, a set of 3 regression equations was developed to estimate the approximate
value of DEB of an individual. The equations allow one to estimate the approximate value of DEB of
different active stages of the life-cycle of different species. The value of the daily energy budget of an adult
(DEBa) expressed in Joules can be calculated from the formula (Fig. 3):

DEB_ =1130.5 — 1130.5 (0.997332W0)

where: Wa — dry body weight of an adult beetle in mg.
An approximate value of daily energy budget of any other active stage of the life-cycle (DEB,) can be
obtained from the formula:

Ws
DEBS = DEBa - DEBO (c )

where: ¢ = 0.70586 + 0.04781 log, W @ W‘ — individual dry body weight of the given stage in mg.

The estimates of energy flow (A) through the populations of five species (Table IV) were related to the
DEB of the adult individual, population density of adult individuals (na), and to the number of eggs
produced by the female in the breeding season (F) (Fig. 6). The relation expressed by the following re-
gression equation makes possible a rough calculation of energy flow on the basis of three parameters

estimated under field conditions:
y=—472+17.94x, r = +0.992
where: y =A - (DEBa . na)"l, x=F.

A regression of WMR proportion in DEB of the adult beetle on an index of spatial distribution of the
beetles (Fig. 10) is suggested as a simplified method for the estimation of WMR in the field.

7. POLISH SUMMARY

OkreSlono dobowy budZet energetyczny (DEB) — na ktory sktadata si¢ produkcja biomasy (P), meta-
bolizm spoczynkowy (RMR) oraz energia zuZywana na ruchliwosé (WMR) — juwenilnego i w peini wy-
rosnigtego imago 5 leénych gatunkéw z rodziny Carabidae (Carabus arcensis, C. glabratus, C. hortensis,
C. nemoralis i Pterostichus niger) (tab. III).

Wartoéci badzetu energetycznego imagines stanowity empiryczng podstawe do skonstruowania 3 réwnan
regresji, za pomocg ktérych moZna okreli¢ przybliZong warto$é dobowego budZetu energetycznego aktyw-
nych osobnikéw réZnych gatunkéw znajdujgcych si¢ w réZnym stadium cyklu rozwojowego. Przyblizong
warto§¢ dobowego budZetu energetycznego w petni wyrosnigtego imago DEB)) - wyraZong w dZulach —
moZna oszacowac z réwnania (rys. 3):

DEB, = 11305 — 1130,5 (0997332 )
gdzie: Wa — cigZar ciata imago podany w mg suchej masy.
PrzybliZong wartos¢ dobowego budZetu energetycznego kaidego innego aktywnego stadium roz-
wojowego (DEBS) moZna otrzymaé z réwnania:
N ( Ws)
DE'BS = DEBa - DEBa c

gdzie: ¢ = 0,70586 + 0,04781 log, Wa, ws — cigZar ciata danego stadium podany w mg suchej masy.
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Oceny przeptywu energii (4) przez populacje 5 gatunkéw Carabidae (tab.1V) zostaly odniesione do
dobowego budZetu energetycznego w peini wyroénietego imago (DEB ), gestosci populacji tych imagines
(n,) oraz liczby jaj sktadanych przez samice podczas sezonu rozrodczego (F) (rys. 6). Odpowiednie, oparte
na powyzszych parametrach, réwnanie regresji pozwala szacunkowo okresli¢ przeptyw energii przez po-
pulacje od chwili ztoZenia jaj aZ do zakoriczenia drugiego sezonu rozrodczego imagines:

’
y=-472 + 1794 x, r = +0,992

gdzie:y = A - (DEB, - na)‘l, x

Przedstawiono takZe krzywa regresji udziatu strat energii na ruchliwo$¢ w dobowym budZecie energe-
tycznym osobnika wzgledem wskaznika rozmieszczenia przestrzennego ztowien imagines (rys. 10). Moze ona
by¢ zastosowana jako mozliwie prosta metoda szacowania strat energii zwigzanych z ruchliwo$cia osobnika.
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