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ENERGY BUDGET OF TRIBOLIUM CAS'fAIVEUM (Hbst) 
AT THE POPIJLATION LEVEL* 

ABSTRA er: Production, respiration and assimilation rates were measured with two methods in 
confined populations of T. castaneum (Hbst) developing in the renewed habitat. The populations were 
started with a small initial number of beetles and developed for 19 weeks under controlled conditions 
of temperature, humidity and food. All budget elements showed an oscillatory character with a 
tendency of diminishing oscillations with time. Both methods yielded similar results, the differences 
being attributed to cannibalism. The net production efficiency, being high at the moment of coloniza­
tion of the habitat, was found to diminish exponentially with time. Consumption was estimated by 
assuming that assimilation efficiency was 60o/o. The instantaneous and cumulative enetgy budgets of 
the population developing for four and a half months are given .. 
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1. INTRODUCTION 

There is a great deal of papers in literature dealing with bioenergetics of species. To 
• 

exemplify this let us mention only the names of several authors and objects of their studies: 
H i rat s u k a (1920) - Bombyx mori L., I v I e v (1939) - Tubifex tubifex L., 
R i c h m a n (1958) - Daphnia pulex Leydig, K I e k o w s k i and S h u s h k i n a 

*The study has been carried out in 1971 when the au Lhors ~ orked for the Nencki lnstitutr of Experi­
mental Biology, Polish Academy of Sciences, Warsaw. 
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(1966) - Macro cyclops albidu.r; J ur., K I e k o w s k i, P r us and Z y r o m ii k a - R u d z k a 
(1967) - Tribolium crv;t.aneum Hh~t., W h i l e (1968) - Trarheoniscus ral hkei B~andt, 

· M c D i f f e t t (l 970) - Pt r>ro rwrcys scotti Rick er, P r u s (1971, 1972) - A sr.llus aqua/ icu s 
L., F i s c h e r (1972) - IJ('SI P.S sponsa (llans.), F i s c h er and L y a k h no v i (~ h 
(1973) - (J'tr>ropharyngodon idella V al., Camp h ~ 11 and Sin ha (1 974) - SiloJJhilus 
granarius (L.), ~ z w y k o w s k a- R~ y (1974) - Sitophilu.ft gram1rius (L.), Sing h, 
C am p b e 11 and S i n ha (1976) - Sitophilus oryzaP (L.). 

The majority of. these studies were carri(~d out with separate individuals, o ftcn reat·cd in 
isolation and under optimum ~ nvironrncntal and food < ~ ondition~. Sueh budgPls ('an bt~ r~~ ferr<~cl 
to as budgets at an individual level. 

There is a fe\\' papers dealing \vith hio~nergetics of population. w(~ ('an HIC'nlion her<· pap<·r 
by S 01 a 1 I e y (1960) on ()rchelimum fidiciniutn R•~hn < ~ t llc~hard. C y l I c· n h (' r g ( 1969) 
has studied the energy flow through a grdssland population ()f C'iuJrlhipJnls p(,rall(·lus (Z('ll.),· 

S t a c h u r s k a (1970 and in K 1 (~ k o \V s k.i et al. 1972) invesligal(•d t•nc:rgy hucl~('l of 
Dileptus cygnu.~ Clap. et L~H·h. and Pi I a r s k a (1 972)- Bra!:hiottus ruiHJIIs Ehr., both in 
relation to different conecntration of food and at the populat iou level. ~ t r p i f' tt (I <J70) has 
elaborate.d physiological and ecological energy budget of R.hizoglyph~s (•( ·/zinopus 1:'. (•l 

R.. Horn- M r o z o w s k a (1976) has studied the energy h1:1dgel of a ncsl of }/ornlif'tJ 

pratensis Retzius. _ 
Tribolium castaneum is a spceies which was rather extenErive)y studied in popu)atiou a~lH·c·L s 

such as density , life' span,_ fecundity, mortality, eannibalism, and other features ( c~.g., P a .r k, 
l\1 er t z ·and P e t ruse w i c z . 1961, · Park et al. 1965, Park~ ~1 c~ r l ~ and 
N at ha n s on 1968). Bioenergetic approach to this species ean h~ found in paper. by 
K .} e k o w s k i, P r u s and Z 

• 
y r o m s k a - R u d z k a (1967). 'The en~rg) Lu dg<'L 

presented there ·i~ based on cultures of individuals reared under .optimum habitat and food 
• 

conditions. These studie!-\ did not eover co~~untption, which i~ e~pecialJy diffi(·tdl to a~~c·~~ in 
flour· beetles. Radioisotope methods with jlp also renders some difficulties (Do nt i n as 
1975). Nevertheless, with this method consumption was . measured in larvae of fifth instar 

• 
(ll. Dominas, R.- Z. I,Qekowski and H. Zyromska-Rudzka -unpublished dala) and the budget 
for this stage is given in paper by P r us (1975). Similarly, G up t a · and R ad h a k-

· r ish n a mu· try (1971) have measured consumption in larvae of T. casta.neunz and a nothe.r 
4 species using 45 Ca-labelled compouqd as a marker. 

An interesting method of aSsessing assimilation efficiency in T. confusum Duv. is that u~(·cl 
by ·B hat t a chary a and W.a Id b !I u e ,r · (1970). These authors measured uri(' . aeid 
'content in the mixture of food and faeces remaining after feeding T. confusum larvae as'" <"'11 as 
in faeces sorte~ · man:ually, ~sing ~nzyme-spectrophotometric method (B h a t t a c h a r y a 

and ·w a 1 db a u er 1969). Thus obtained valuffi of consumption, asshnilation and a sirnila­
tion efficiency were compared with the values obtained.by manual sorting o£;aece8 from food. 

The aim of the present paper was to measure or estimate elements of energy b.udget as well 

. as .. production efficiencies in developing populations of T. castaneu1n cl strain . (P a r k, 
Mer t z a~d P'e t r. use w i c z 1961). It ~ould b~~ritpr~~ing to compare the assessed values 
with the elen1ents and efficiencies of the ·energy budget for this strai'n of the species at the 
individual . level, presented by ·~ l e k o w s k i, P r u ~ and Z y r o m s k a - R u d z k a 
(1967). . . 

c~Iculations were based on forJnulae reported by I V I e V (1938): 
• : 

C = P + R + F, . A = P +.l:t, • 

https://obtained.by
https://Sitophilu.ft
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where: G' is consumption, P - production, R - respiration, F - egestio n, A - as~imilation. The 
components of the second equation were only rneasured which allowed to calculate the net 

production efficiency ace. to formula: K2 = ~ ·1 00. Consumption was estimated by a.ssuming 
• 

that assimilation efficiency in T. castaneum is similar to that of T. conf usum and amounts to 
60% (after B h a t t a c h a r y a and W a .I d b a u e r 1970). Gross production efficiency, 

K1 = f ·100, was also estimated. 

2. MATERIAL AND METHODS 
• 

Elements of energy budget were measured in continuous cultures of 10 populations of 
T. castaneum cl strain. The initial number of young beetles were 4 pairs per vial. The cultures 
were run in 8 g of standard medium (95% wheat flour "wroct~wska" + S% dry powdered yeast, 
by weight) in a dark incubator at a temperature of 29°C and relative humidity of 75%. The 

experiments were run in two series with time delay of two days between them. 
Every 7 days respiration of the populations was measured and, on the following day, the 

populations were removed by sifting from the old medium and the numbers of eggs, larvae, 
pupae and adults were counted. These stages were weighed to assess living bioma~s of the 
population. DeJd individuals and exuviae were also weighed and used later for measurement of 
calorific value and water content. Mter censusing, the populations .. were retumoo to new 
portions of medium which had been weighed with a high accuracy. The vials with population 

• 

and habitat were also weighed before startiqg the population censu~ and after returning the po-
pulation to a new medium. The cultures and measurements .were run for 19 weeks. 

census and after returning the population to a new medium. The cultures and measurements . . 
were run for 19 weeks. 

Two methods were adopted for measuring each budget element. 
F i r s t m e t h o d. Production was calculated from the changes of population hiomass in 

7 -day intervals. Production of a given stage was calculated as the difference betwee~ the two 
subsequent biomass values. Taking into account the different water content in the living 
biomass of different stages and variations in their calorific values, the energy equivalents of 
production for various stages were calculated. The total production of living biomass 'vas 
obtained by summing up the values of production by each stage. Weighing was done with 
semi-analytical balance to an accuracy of 0.0001 g, after a tharough separation of animals from 
the medium. Dead individuals and exuviae formed so-called dead production. ~his part of 
production and the production of living biomass were added up to fonn the total production. 

Respiration was measured in a Warburg apparatus every 7 days, on a day preceding the 
population census. This ensured performance of measurements with the least possible · 

disturbance of _he population by experimenters. Culture vials were at the same time .the 
respiratory chambers which could be easily connected to the Warburg apparatus. The only' 
disturbance was transferring the culture vials from the incubator to a water bath of the Warburg 

: apparatus. The volum~ of the culture vial together with that of the respirometer ·system was 
about 30 ml. Carbon dioxide was absorbed with 0.5 ml20% water solution of KOH and,, when 
measuring C02 evolution, 0.5 ml 20% water solution of CaCI2 was used. 

Measurements were taken from 8:00 to 19:00 hours with oxygen consumption meabured in 
the morning and in the evening, and evolution of C02 - at noon. Each of the 3 runs lasted at 

least 2.5 hours. The obtained results of oxygen consumption were presented as J,Ll 0 2 /popula-
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tion • hr, and then converted into calories/population • 24 hrs, according to the oxy-calorific 
equivalents based on RQ values which were measured each time. 

Assimilation was obtained as a sum of production and respiration, both converted into 
calories. 

S e c o n d m et h o d. This method depended on the fact that the p·opulation and its 
habitat formed an isolated system. Any loss in weight of the culture vials holding both 
population and its · habitat can he considered as energy loss for metabolism, or cumulative 
respiration for a given time (7 days). This part of food which is consumed is either respired, 
.which equals to the above mentioned weight loss, or it is built into population biomass, or 
egested as faeces to the habitat. Both, increase in biomass weight and egestion of faeces rlo not 
affect the total weight of the vial content since they remain in the system in an altered form, 
but the metabolized energy does affect it. 

Similarly, the amount of assimilated food (cumulative energy of assimilation) ~an he 
~easured as a difference in weight of the habitat which in this particular case is also food at the 
beginning and in the end of exposure, i.e., after 7 days. The weight of habitat changes only by 
the weight of the assimilated food, since faeee~ return to the habitat and are not affecting subs­
tantially the total weight of the vial content; substantially, since we are conscious of some slight 
changes in weights due to different hydration and calorific value of food, biomass, and faeces. 
Both respiration and assimilation were firBl calculated in terms of flour weight, and then con­
verted into calories. Production assesstJ with this method was obtained as a difference bet­
ween assimilation and respiration. 

Calorific value and water content in .. ,arious developmental stages and in food, necessary for 
calculation of the hiomass prodt.l;tion with the first method, and respiration, assimilation, and 
production with the second method, were accepterl after K I e k o w s k i, P r u s and 
-Z y r o m s k a - R u d z k a (1967). Calorific values of exuviae and dead adults were obtained 

by combusting these materials in the microbomh calorimeter (K I e k o w s k i and B f( c z -
k o w ski 1973) after assessing their dry matter content. 

Pearson's correlation and analysis of variance were the means of statistic~! operations carried 
out on the numerical data. 

3. RESULTS 

The population censusing allowed to describe changes in numbers and biomass of the 
~ developmental stages of the population as ~ell as in production, respiration and assimilation of 
the developing population. All this permitted to calculate an energy budget (without egestion), 
both instantaneous and cumulative one, for the period of 19 weeks. The net production 
efficiency (K2) \vas also calculated. The complete energy budget (with egestion) and gross 
production efficiency (K1) were estimated by accepting an arbitrary value of assimilation 
efficiency. 

Pop u I at ion numbers. The numbers of larvae, pupae and adults are presented in 
Figure 1. The lanrae were found to appeai' in the population periodically, every 4 weeks or so. 
The first peak of appearance is highest due to the minimum ~ cannibalism operating in the 
initial stage of the population development. Further the peaks become smaller and smaller so 
that the curve for numbers of larvae takes form of an extinguishing oscillation. Changes in 
numbers of pupae follow those of larvae, showing also an oscill~tory character with time shift 
of about 2 weeks. The 

~ 

numbers of adults, after eclosion of the first peak of pupae, increase to 
the level of about 120 individuals per vial. Further the recruting of adults is inconsiderable one 



. 
. 

, 

• 

• • 

Energy budget of population of Tribolium castaneum 119 

JSOP-------------------------------------------------~ 
I , ' \ 

I \ 

, I \ ' 
I 
, \ 

\ 

' . I I 

I ' ' JOO . ', . ' I \ 

\ ' 
, \ ' 

' I ' . f I I . ' ' ' I , ' , 
I \ I ~ I I I 

A I\ . , ' ' , ' ' ' ' , , ' I I I • ' ' . I ' \ 
\ 

, ' . 
\ 

I 
' 

y ' ,, •• 
I ' ' ' \ t , I .. I 

I 

I \ 

\ 

I , ' I \ , I ' " I ' , , ' . ' • I • ' I • • , • ' I • ' ' ' I I ---' ' ' I ' ' , • ' I 
, ' ' • ' • , • ' ' • , • ' ' it • ' • ' ,.._ I • • I 

I ' ' I , ,' 
I 

4 
I :t \ I 

I ' ' • • , ' • 
I 

' ' I • 
I 

' I 
\ I ' 

' I ' • ' 
I 

\I • • ' ' \ I ' 
I I 
I 

' ' • ' 
I 100 ' \ ' ' • I I ' 

I 

• ' ' 
I 

• \f\ 
\ 

• \ 1' 
\ ' 
\ 
\ .. 

\ 

j\ \ 
\ 
\ 
\ ' ___ 3 
\ 
\ ~ 

/ ' ' 

0 123456 7 8 9 10 11 12 13 14 15 16 17 18 19 
Weeks 

\ ' 

Fig. 1. Numbers of developmental stages in a confined population of T. castaneum cl 
1 -eggs, 2 - larvae , 3 :.._ pupae, 4 - adults, 5 -total without eggs+ rnean error 
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Fig. 2. Biomass of developmental stages in a confined population ofT. castaneum cl 
1 - eggs, 2 - larvae, 3 -pupae, 4 - adults, 5 - total + mean error 
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and the population attains the carrying capacity level of about 145 adults per vial. The total 

numbers after filling in the habitat by the population vary around 190-210 individuals per 
population. 

The changes in numbers and the periodical peaks of larval appearance are connected with 
the regulatory r8le of cannibalism (P a r k et al. 1965, P a r k, M e r t z and N a t h a n s o n 
1968, P r us 1968, and others). In Tribolium populations, active stages: larva~ and adults 
cp.nnihalize inactive stages, eggs and pupae. In the moment of pupation of majority of larvae the 
cannibalism rate decreases whicb allows for· t~e mass appearance of eggs and .a new group of 
young larvae. This situation is found in the initial period of population development, when the 
numbers of adults are relatively small. Later on, the egg cannibalism · by numerous' adults 
restricts the peaks of larval appearance. 

B i o m a s s. Changes in hiomas~ of the develoRmental stages concur with those in numbers, 
showing also extinguishing oscillations (Fig. 2). The amplitude of the changes in the total 

• 
biomass is higher than that of the numbers, showing also a diminishing tendency. Only the 
biomass values of adults and eggs maintain constant levels, similarly as their numbers, in the 
further period of popu~ation existence. After colonization of the habitat, the total biomass 
ranges from 340 to 420 mg wet weight per population, and the hiomass. of adults attains the 
level of 310 mg live weight in the middle of the experiment (after 10 weeks). The general 
variation of the hiomass among replications is of an order of 15-25 mg (cf. mean error in 

• 

Fig. 2). 
In order to convert the gravimetric data into calories, the palorific values and percentages of 

dry matter content of various stages were accepted from the paper by K I e k o w ski, P r us 
• 

and Z y r o m s k a - R u d z k a (1967), dealing with the same strain under the same food and 
• 

climate conditions. They are given in Table I. 

Table I. Dry matter content and calorific 'value of developmental stages , 
exuviae, and food of T. castaneum cl (after K I e k o w ski, P r us 

and i y r o m s k a-R u d z k a 19 67) 
. . 
I 

, . 
Dead 

Contents: Eggs Larvae Pupae Adults Exuviae* Food 
adults* 

. 

Per cent of dry . 
matter in wet 51.35 34.4 38.9 39.7 88.0 92.1 89.15 

. weight f.. 

. 

Calorific value • 

( cal/mg dry 5.038 5.897 6.195 6.300 5.135 6.247 4.255 
wt) 

Calorific value 
\( cal/mg wet 2.587 2.028 2.410 2.501 4.519 5.752 3.793 
wt) 

*l\'Ieasured in present study. 

P r o d u c t i o n. During the study period 5 peaks of positive production were obserVed, 
separated with depressions of negative productio~, CU1t·esponding to the periods of h.iomass 
decrease (Fig. 3). The highest production rate was recorded in the initial period .. of the po­
pulation existence, reaching value of 90 cal/population · 24 hrs. Variations among replicates 

) 
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First . method: 1.1 -total production + mean error, 1.2- production of living biornass. Second method: 

2 - total production 

I • 

ranged fro in 0.5 to 5.0 cal (cf. mean error in Fig. 3). Further on, the peaks and depressions of 
are production become smaller. The daily ·production of exuviae and the adult mortality 

· apparently insignificant, but being always positive, they affect total production considerably. 

The cumulative value of "dead production" according to the first method forms 4 7.5% o£ the 

cumulative total production, with mortality of adults being responsible for 10.6%. 

~he instantaneous production calculated with the second method shows a similar trend of 

changes, hut the absolute values and the amplitude of oscillations are greater. This discrepancy 

between methods is probably due to cannibalism which will be discussed later. It is noteworthy 

that the higher discrepancies in the instantaneous production rates assessed with the two 

methods are observed in the perio.ds of peaks of larvae - the stage which 'reveals a very high 

cannibalistic voracity (P a r k et al. 1965), whereas in the periods of peaks of pupae, when 

cannibalism by larvae is at its minimum, the discrepancies cease almost completely. 

R e s p i r a t i o n. The average oxygen consumption by the population follows the changes 

in population biomass. In the initial period, however, an extremely high peak is observed which 

may he accounted for by a very intense metabolism· of large numbers of 'fastly growing larvae 

(Fig. 4). Further oscillations of metabolism are much lo~er, but they always reflect the changes 

in numbers of larvae present in the population, since oxygen consumption by larvae is much 
• 

https://perio.ds
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' 
higher than that by the remaining stages (K I e k o w sk i, P r us and i y r o m s k a-
- R u d z k a 1967). Mean oxygen consun1ption by one adult in the initial stage of population 
development amount:; to 6.9.692 JJ.llhr and is comparable with the ox yge'n consumption by an 
average adult, reported by K l e k o w s k i, P r u s and i y r o nt s k a - R u fl z k a (1967) 
for the same species and tentperature: 6.801 JJ.I/hr. 
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Fig. 4. Respiratory rate per population and metabolic rate per mg wet weight of bioma~ in a <:onfined 
population of T. castane um cl · 

First method: 1 - mJ 0 •)/population • hr ± tncan error. 2 - Sll 0 ?/rug wt~t weight • lar - ... 

Respiration of. a related species, T. confusum, \\·as studied by Park (1936). This author 
found higher oxygen consumption in adult female than males both in fresh and conditioned 
media. Somewhat lower values of respiration rate in T. confusum adults than in the present 
paper for adults of T. castaneum \\rere obtained by 0 r z e c; h o \V s k i ( 1970). However~ this 

.author concludes that the oxygen consumption by separate stage , \\'hen summed up for total , 
is lo\\' er than that measured in all stages kept together. 

The oxygen consumption by population of T. cas la ne um cl , after filling in the habitat \\'" ith 
population, amounts to 0. 7-1.2 ml 0 2/hr with the metabolic rdte (per mg living biomass) 
ranging from 1.7 to 2.8 JJ.llmg . hr (Fig. 4). During ';olonization of the habitat, when the mass 
occurrence of larvae was recorded, the metabolic rate was 12.429 J.£1/mg living hiomass · hr 
(Fig. 4). General variation of respiration among replications, as expressed by mean errors, js 
small (cf. M. E. in Fig. 4). 

-
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Respiratory quotient (RQ) ranges from 0.722 to 0.949, showing changes correlated with the 

mass appearance of pupae in the popul:tlion (Fig. 5). When the pupae are numerous, RQ is low, 

approaching 0. 7, which proves that the lipid metabolism is prevailing in this stage. In the 

remaining periods RQ equals to about 0.8 and points to the mixed type of metabolism 
• 

(K I e k o w s k i, P r u s and Z y r o m s k a - R u d z k a 1967). Mean error ranges from 
0.003 to 0.02 (Fig. 5). 
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When converting oxygen consumption into calories, the oxy-calorific coefficients were used, 
according to H a r r o w and l\1 a z Q r (1958). 

It is interesting to compare the ·population metabolism assessed with the two methods 
(Fig_. 6). The courses of the lines are rather similar, with .greater similarity found when 
comparing the line of moving average for the first method with the direct data line of the 
second method rather than the two direct data lines (Fig. 6). This is comprehendible since the 
first method gives momentary values of respiration, whereas the second one - averages for 
7 days. Higher respiration of population on 6 and 7 week of the population existence and 
especially at the end o~ experiment (on 14th-19th week), wh.en measureq with gravimetric 
method, is unaccountable to us. 

The range of this energy budget element is about 80- 170 call population · 24 hrs, and the 
oscill~tions around an average level of about 100 call population · 24 hrs have also extinguishing 
character (Fig. 6). 

Significant correlation was found in respiration of population measured with the two 
methods, r = 0.7754 and is significant, when> 0.3211 at 0.001 probability level. 

A s s i m i l a t i o n. Daily values· of assirp.ilation rate (together with estimated consump-
• 

tion) are presented in Figure 7. Due to the periods of positive and negative production ~nd 
varying respiration, the oscillations of absolute values of assimilation, as measHred with the two 
·methods, are conspic~ous since' the oscillations of the two elements sum up. The range between 
the maximum and minimum values exceeds 100% (Fig. 7). Thus; a clear oscillation was 
observed in the assimilation rate, beginning with an immense peak of 260 cal/population 
• 24 hrs, according to the first method and 330 cal/population • 24 hrs, according to the second 
method, in the initial period of the habitat colonization. Further on, the (jjscillations diminish, 
so that the course of assimilation rate has also the character of extinguishing oscillations around 
a level of 100 cal/population. • 24 hrs since production in the later period of the population 
existence is very low. 
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Fig. 7. Assimilation and consumption rates in a confinrd population of T. castaneunl cl 
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Coefficient of conelation calculated for the population assimilation rates measured with the 
two methods is rather high: r = 0.8832 which points to the high similarity of the two line 
courses. However, the absolute values of the assimilation rate are always higher, when measured 
with the second method than with the first one. -

T~is difference can he explained by cannibalism operating in the confined population of 
Triboliu~ In the firsl· method, assimilation is the sum of production and respiration. It is 
obvious that such assessed assimilation is underestimated due to underestimated production on 
account of an intense egg cannibalism. Eggs produced and eaten within the census· interval are 
never counted as production with the first method or, to be more preci~e, only small fraction of 
their biomass, incorporated in biomass of other stages of population, is counted as production. 
On the other hand, the second method gives higher assimilation estimate since it includes also 
this part of assimilation which is necessary for production of eggs that will be cannibalized 
later. So, the production calculated with the second method as difference hetween·assimilation 
a~d respiration, both measured in terms of weight; is a better estimate of this energy budget 
element. K I e k o w s k i, · P r u s and Z y r o m s k a - R u d z k a ( 1967) point to the fact 
that "in the energy budget of a Tribolium individual, production of adults is foremost in the 
form of eggs. Under population conditions eggs are mostly cannibalizerl by the active stages (cf. 
egg numbers in the initial stage of the population development ~ith that of further periods in 
Figure 1). Similar situation probably holds for another inactive stage, i.e., pupae. Cannibalism 
in confined populations of T. castaneum was extensively studied by L 1 o y d (1965, 1968), 
P a r k et al. (1965), P a r k, M e r t z and N a t h a n s o n (1968), and others. 

A n a I y s i s 0 f V a r i a n c e. Within each m~thod, analysis of variance proved signifi.cant 
effect of time · both o.n respiration and assimilation (Table 11 and Ill, respectively). The 
significant time, method, and interaction effects were also found in respiration (Table II) and 
assim'ilation (Table 11~), when the analysis of va~ance was carried out using the whole data (I 
and II method together). · 

. Table Il. Analysis of variance of respiration ( cal/population · 24 hrs) measured with 
two methods 

A 

Method Source Sum of squares d. f. Mean square F p 

. 

time effect 175,148,08 16 10,946.75 20.60 < 0.005 
First deviations • 81 ,287.93 153 531.29 

total 25Q,436.01 169 
. 

. 
time effect 163,863.71 16 10 24I:48 12.65 < 0.005 -

Second deviations 123,914.1.5 153 809.90 
total 287.777.86 169 

. 

time effect 250,306.82 16 15.644.18 23.3~ < 0.005 
First method effect 13,560.48 1 13,560.48 20.22 < 0.005 . 

and interaction: . 88,704.97 16 5,544.06 8.27 < 0.005 
time X method second 
deviations 205,202,08 306 670.60 
total 557,774.35 339 

• 

https://557,774.35
https://5,544.06
https://88,704.97
https://13,560.48
https://13,560.48
https://15.644.18
https://250,306.82
https://287.777.86
https://163,863.71
https://25Q,436.01
https://81,287.93
https://10,946.75
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Table Ill. Analysis of variance of assimilation ( cal/population 24 hrs) measured with 
two methods 

• 

Method • Source Sum of squares d.f. Mean square F p 

. 
I · 

time effect 629~446.31 18 34,969.24 33.58 < ·0.005 
First deviations 178,097.58 171 1,041.51 

. total 807,543,90 189 I ' • 

time effect 935,515.86 17 55,030.34 32.72 < 0.005 
Second deviations 272,447.67 162 1,681.77 

total 1,207 '963. 53 179 

time effect 1,463, 796.02 17 86.J05.65 64.28 < 0.005 
method effect 20.052.10 1 20,052.10 14.97 < 0.005 

First 
interaction: 

and 85,187.24 17 5,011.01 3.74 < 0.005 
time x method 

• ' second 
deviations 434,043.43 324 1.339.64 , . 
total 2,003,078.79 359 

The significant time effect proves that the observed values of the budget elements tested 
'vith the use of the two rr1ethods undergo real oscillations. In spite of the significant 
correlations between the eletnents measured with the two methods, the absolute values differ, 
depending on the method used. Thus, one can infer that the energy budgets based on the two 
methods will also differ in a significant" way. Some remedy can be found in using for the energy 
budget calculation rathe~ moving averages of respiration than the direct values of respiration 
assessed with the first method, which was the case in preparing this budget. However, the 
an~lysis of vari(fnce for respiration was carried out on the instantaneous values of respiration 
measured with the first method, which deviated much more from the corresponding values of 
respiration obtained by the second method (Fig. 6). , 

C o n s u m p t i o n. Similarly as production and assimilation, the estimated consumption 
rate shows 5 peaks of an intense energy flo\¥ through the population, altered with the periods 
of a low consumption rate. The highest consutnption rate was observed on the 4th week of the 
population existenct ·and amounted to about 420 call population· ·24 hrs (I method) and 
520 cal/population • 24 hrs (II method). This peak is connected with very high numbers of large 

' 
larvae which were fastly growing and intensely feeding. The detailed discussion of this element, 
due to the •hypothetical assimilation efficiency that had to be accepted, seems unnecessary here. 
The changes in the consumption rate are a mere magnification, sort of a close-up, of changes· in 
the assimilation rate that were already discussed. , 

I n s t a n t a n e o u s e n e r g y b u d g e t. It consists of production presented in Figure 3 
and assimilation and consumption presented in Figure 7. Some numerical data are also given in 
Table IV. Here we wish only to draw atte1_1tion to an astonishing convergence in the courses of 
all budget elements. 

C u mu 1 at i v e e n erg y b u d g et. Such budget for the period of 19 weeks, based on 
the two methods of m.easurements, is presented in Figure 8. During the study period, according 
to the first method the population of T. castaneum cl assimilated 15.4 kcal. Of this amount, 
1.8 kcal was used for production of biomass and 13.6 kcal -for metabolism. Corre~ponding 
values obtained with the second method are the follo,ving: assimilation- 18.2 kcal, produc-

• 

https://2,003,078.79
https://1.339.64
https://434,043.43
https://5,011.01
https://85,187.24
https://20,052.10
https://20.052.10
https://86.J05.65
https://1,681.77
https://272,447.67
https://55,030.34
https://935,515.86
https://1,041.51
https://178,097.58
https://34,969.24
https://629~446.31


Table IV. Instantaneous and cumulative energy budgets of developing population of T. castaneum cl, assessed with two methods of 
measurement 

• 
Instantaneous Cumulative 

. ( cal/population · 24 hrs) (kcal/population) 

Method 
• 

• 

. 

produ<"tion 
time elements time 

• 

elements efficiency 
moment .interval (per cent) 

(for week): (weeks) 
p R A C* p R A C* * 

K2 Kl 
- 0 _, 

. 
~ 1st 4.753 9.991 14.744 24.57 0-1 0.033 0,070 0.103 0.173 32.2 19.1 ., 0 

c 4th 24.277 139.089 163.366 272.27" 0-4 0.984 ~ 2.745 3.729 6.215 26.4 15.8 -
First 9th -15.222 83.060 67.838 113.06 0- 9 1.293 6.260 7.553 12.588 

--· 0 
17.1 10.3 =' 

14th 19.394 105.330 124.724 207.87 0-14 ....., 0 
1.651 9.852 11.503 19.171 14.3 8.6 

19th 6.303 11~.640 118.943 198.23 0-19 1.795 13.648 15.443 25.739 11.6 7.0 
. 

1st . 8.648 15.616 24.264 40.40 0-1 0.061 0.109: 0.170 0.283 35.6 21.5 
4th -3.094 99.707 96.613 161.02 0-4 1.454 2.461 3.915 6.525 37.1 22.3 

Second 9th -26.892 88.924 62.032 103.39 0-9 1.822 6.802 8.624 14.373 21.1 12.7 
. 14th 32.669 105.483 138.152 230.25 0-14 2.263 10.420 12.683 21.138 17.8 10.7 I 

19th 11.944 188.810 199.050 333.00 0-19 2.454 15.787 . 18.241 30.402 13.5 8.1 

*Estimated on assumption of assimilation efficiency to be 60o/o. 
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Fig. 8. Cumulative energy budget of a developing confined population ofT. castaneum cl 
P - production, R -respiration, A -assimilation, F - egestion . 

• 

tion - 2.5 kcal, respiration- 15.8 kcal. The cumul~tive consumption for this period wo~ld he 
25.7 kcal (I method) and 30.4 kcal (11 method). . · 

When· cumulated, the difference resulting from the two methods becomes more con-
• 

sptcuo~s. · 
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Production efficicneics: K2 (uet) and J(1 (gross). lnstantaneuusnet 

production efficiency is very variable and ranges fron1 - 22.4% to 34.<J% (aee. to 1 rnethod) due 

to the periods of negative and positive production r&tes in Triboliu1n populations. Its rnean 

value is 9.19% hut has little ecologieal sense and should. uot he used for any further ealeu­

lations. 

The net production efficiency ean be rnuch better characterized by the etunulative form of 

this index, when the cumulated production is reJated to the cumulated a~sin1i}atio n. Sueh 
I 

index, based on the two methods, is presented in Figure 9. The production efficieney in the 

initial stage of population devcloprnent ir:; highest and a1nounts to 32.2%) · of assimilation 

(I method) and 35.6% (11 method), dirniui:.;hing later exponentiaJly ty .values of 11.6%; 
(T method) and 13.5% (II method). . 

In general, the course of this inde.· for the developing population resembles that of an 

individual male of T. castaneum after ecJosion ( ef.. K I e k o w ;.k i, . P r us and Z y r o tn -

s k a - R u d z k a 1967-). 
If fhe accepted as. irnilation efficieney is right, the cunndative gross production effieieney 

(K1) would change according to the first method from 19.1 ~) to 7.0%, or from 21.5% to 8.1 ~) 

according to the second method, after 19 weeks of the population existence. Its course due to 

the constant assimilation efficiency reflects that of the net production index (Fig. 9). 
Chosen. numerieal data of the in~tantaneou~ and eumulati~e energy budgets n·~ulting fron1 

the two methods as well as the eumulatlve production efficieneies are presented in Table l V. 

Five time mon1ents, for 1st, 4th, 9th, 14th and 19th week, were chosen arbitrarily. 

It is interesting to compar:e that amou~t of energy that passed throJigh the population '.vith 

the total amount of energy comprised in the experimentally restrieted habitat. We would like to 

recall that all populations developed in 8 g of food-habitat (renewed every week) whieh 

corresponds to 30.4 kcal. Such an1ount of energy is consutned by the p<)pulation within the 

• 
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Fig. 9. Cun1ulative 'nr.t (K 2) and· gross (K 1) production .efficiencies in a confined population of T. c~sta-
• · n('tJ.m cl . 

First method: 1.1- K1, 1.2 - /\ 2. Second m~tho~: 2.1 :._ K1, 2.2- K 2 

. 
period of about 4.5 months (II method), or son1ewhat' less (25.7 kcal) according to the first 

method . . This agrees · with casual o~servations whic.h are ·familiar· to anyone who dealt with 

Triboliunl. The culture of this species started in 8 g of the standard· medium and le~t over for 

long in the incuh~tor alrnost does not contain any medium after seve~al .m~)nths and the 

population extincts. This exa1nple, although trivial one, is very persuasive and roughly verifies 

the whole study. 

9 - Ekol. pol., 25, 1 
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It is worth of Jnentioning tltat on1y about J /l 0 of the energy eonsunted h<~eotnes living or 
~ 

dead hion1ass and about .1/2 is dissipated in the fonn of respiration. Kno\\riug these proportions 
:t is not difficult lo imagine ito'v detritnenlal1'riboliunt <'an be lo Lite sloe king of flour ,vhieh is 
one of the n1ain food co1npoucnts of the human population. llo,V(~vcr, ~onu~ rcconc:iliation <:an 
be found by realizing that the incrca~ing :ize of the living habitat in this speeie~ has a negative 
effect on productivity of population. 1\eeorJ ing to P e l r u s e w i e z, P r u s and 
R u d z k a (1963) larger voluntc of the . habitat yields srnal·ler rt~lative productivity per unit 
·volume. 

4. J)ISCUSSI ON 

These arc relationships hetw·cen elerrtents of the energy budget which deserve discussion 
rather than the direct data obtained in this study. 

Although assirnilatioq efficiency was not · ascertained in this paper, it- had to he accepted 
fr~tn 'vhat is kno,vn in the litcrat ure _in order to calculate the .complete budget. In an earlier 
paper (K I e k o w ski, P r u s and Z y r o m s k a- R u d z k a 1967), dealing with the sa1ne . 
strain at the individual level, a value o_f 46% was accepted according do the data reported by 
E V a n s and G 0 0 d I i f f c (1939) for TetH!brio rnolitor t. In rec~nt ye~rs, however, ne~ 
teehnique vere adopted or invented to assess a~siruilation effi<'ieuey in flour heetles and other 
gmnary ins cts. According to B hat t a ch ary a and W aId b a~ er (1969); the asslrniia­
tion efficien ·y in 1: rnolitor larvae seems to he higher by about 7.- 1 0%' as eompared with that 
reported by E V a 11 ~ and G 0 0 d I i f f e ( 19~19) and atnounts to 55.7% ( rnanual sorting of 
f.aeces from food) and 52.7% (uric acid method). In another experiment it .amount~ to 56.3% 
and 56.4% (rnanual sorting) or 52.3% and 53.7~, (uric acid), depending on the portion of faeees 
(~ollected (B h a t a c h a r y a and W a l d b a u e r 1969). . . , , . 

. ·1 . ff" . . T 1 . h · d · h 32P A ssimi atlon e ·tctency In castaneu1n e strain, w en con~umphon was n1casure wit 
1nethod (Do n1 in as 1975) w~s 56% for 10 days old larvae (P r us 1975). The data for . 
1: confusum larvae fed with standard food (95% wheat flour, 5% yeast) at 29°C and 70-75% 
R.fl. yielded assin1ilation efficiency of 62.9% (B h a t t a c h a r y a and W a I d b a u e r 

• 

1970). For other types of food, depending on the degree of partitioning wheat grain or 
• 

selecting son1e parts of the kernels (genns), the assimilation efficiency ranged from 58.0 to 
59.8%, irrespective to the 1nethod used or a1nount of faeces collected (B hat t a chary a 
andL W a ) d b a, u er 1970). Thus it seents plausible to accept 60% as assimilatio'n efficiency in 
T. conjl.Lsu1n and1 perhaps, adopt it to the other :=;pccies, T. castaneum. . 

Sing h, C a 1n p be 11 and Sin ha (1976) reported 79.8% to he an average assimilation 
e ficiency in Sitophilus or)'zae and their explanation for such a high assimilation efficiency in 
developn1ental stages of .this specie~ was that it results fro1n a high protein or antino acid 
contents in food (wheat genus and endosperrn were mostly consun1ed). 

In S .. granarius the corresponding value ranges between 70-80% (Camp bell and. 
i 11 h a 197 4). lio,\l'ever, S z w y~ k o w s k a - 'Re y (197 4) in the same species reared on 

'''heat grain at a temperature of 24.0°C and 7 5% R.H. obtained much lower values· 9£ assimila­
tion efficiency: 31.3% in fen1ales and 39.6% in males, and tnu<;h higher net production 
efficiencies (36.0% -- females and 34.4% - males), as cotnpared with those reported by 
Camp be 11 and Sin ha (1974). Is the difference in tetnperature the only reason of such . \ 

high ~ifference obtained in the two studies? Pethaps the results deviate on account of 
somewhat different spans of life history studies by their authors, or due to the d.ifferent 
1nethods use d . . 
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()n the other hand, sitnilarly high value~ of assimilation efficieney as those reported by 
Carnpbel l and Sin ha (l974)and Singh, Carnpbell and Sinha (1976)·were 

ascertained by S t fi pie n (1970) for an"oribatid rnite, Rhizoglyphus cchinopus, reared on rye 
gerrns at 25°C and 89% R.H. In active larvae, the assimilation efficiency was 86%, in active 
protonyrnphs and tritonytnphs it was still over 70%, and in adulto - 50-47%. The high 
assi1nilation efficiency in this species the author also attributes to a high content of proteins 
(37.1%) and lipids (7.6%) in the rye germs (S t ~pie n 1970). 

We will discuss now ~he cumulative net production efficiency in Tribolium. caslaneum cJ 
strain. At the population level it deereases front 31 .5% (I method) and 41.2% (11 method) on 
the 4th week ot population existen('e to 11.6% and 13.5% (I and II method, respectively) after 
19 weeks of population cx1stence. These values are rather different from \vhat mjght be 
expected fro1n the individ)lal energy budget of this species (K 1 c k o w s k i, P r u s and -. 
Z y r o m s k a- R u d z k a 196'7). The 1 2 of an average reproducing adult approaches 
asyJnptotically value of 46.9% due to an extremely intense ovipo~ition by a fern ale reared in · 
optima~ eonditions of iood and density (one pair per 8 g of flour). The K2 of a male, on the 
other hand, during its adult life is decrtasing exponentially to zero. 'This is due to the lacl{ of. 
any noticeable production of this sex in the mature stage (K I e k o w s k i, · P r u s and 
Z y r o tn ·8 k a- I{ u d z k a 1967). The similarity in the course of net production efficiency of 

• 
a developing, confined population and that of an individual male in its adult life results iron1 
the fact that In both the cases the producing unit achieves a certain maxirnum of hiomass 
(tnaxintutn weight of an individual and maximum population hiomass approaching the level of 
carryi.ug capacity of the habitat) and later on little or nothing is produced, although energy is 
continuously consumed, assin1ilated and respired. 

'fhe comparison of the energy budgets calculated at individual and population level proves 
how dif ficu)t and dangerous (because of possible eJTors) 'vould be to transfer individual energy 
budgets to population situations especially in insects which have developed special means of 
·self~regulation. In the case of Tribolium populations such means are: ( 1) suppression of · 
fecundity and (2) egg cannibalism., both due to the crowding and conditioning of ,the habitat 
(P r u s 1 968). 

The oscillatory type of energy flow through the Tribolium populations used as models 
seems to be typical for Jnany insects w:hich have several generations per year. The energy 

• demand by the insect population front the habitat has · a pul.satory character with ebbs and 
flows of 'ent~rgy required, which primarily depend on the population structure. • 

• 
5. SUMMARY 

'The energy budget of Tribolium castaneum cl populations, developing i~ restricted and renewt{d habitat, 
was acertained. Two independent methods (routine and gravimetric one) were used to measure proJluction, 
respiration and assitnilation rates during 19 weeks of the population existence. Significant difference 
(Table~ 11, Ill) in budget elements obtained with the two methods is explained by cannibalism operating in 
Triboliurn populations. All energy budget elements showed time variations described as extinguishing 
oscillation (Figs. :l, 7). Cumulative budget, calculated ace. to the first method for 19 weeks of population 
existence revealed that the population consumed 25.7 kca] (on assuming 60o/o of assimilation efficiency), out 
of which 15.4 kcal were assimilated. Of the assimilated energy 1.8 kcal was cumulative production and 
13.6 kcal ~ tumulative respiration. The cumulative net production efficiency was 11.6o/o. The corresponding 
''alucs obtained with the second n1ethod arc the following: C - 30.4 kcal, A - 18.2 kcal, P - 2. 5 kcal, 
R - 15.8 kcal, K 13.5o/o (Table IV, Fig, 8). 2 -

The c:ourse of cumulative net production efficiency showed a tendency to diminish exponentially with 
tin1e (Fig. 9) and was found to be similar to that obtained in another study (K I e k o w s ki, P r u s and 

https://carryi.ug
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Z y r o ru :; k a R u d z k a 1 967) for an adult rnale of this stra-in. Gross production efficiency, being based 
on ai~c·(·ptt· d as~i1nilation effidcney" followed the changes of net production efficiency index, diminishi.ng 
frorn] 9.1 to 7.0o/c (J mt•thod) or !:!1.5 to 8.lo/o (11 method) after 4.5 months of popUlation existence. 

Sorne g(•ncral cond11sions con<:erning,the energy flow through 
(.; 

the insect population are given. 

6. P()LISH SUMMARY (STRESZCZENIE) 

• Podano bilans cncrgetyczny populacji Tribolium castaneum cL rozwijaj~cej si~ w ograniczonym od­
na wianynt srodowisku. Uzy to dwu niezaleinych od siebie metod (standardowej i g{awiinctrycznej) do 
po1niar6\v ten1pa produkcji, respiracji i asymilacji w czasie 19 tygodili istnienia populacji. Stwierdzono 
istotnc roznice (tab. H, Ill) w elcmentach budietu otrzymanych dwiema metodami, wyjasniaj~c je zja­
wiskiem kanib41lizn1u \V populacjach Tribolium. Wszystkie elementy bilansu energetycznego wykazaly 
zn1iennos~ w czasie, opisan~ jako gasn(ica oscylacja (fig. 3, 7). Budzet kumulatywny wedlug I metody za 
okres 19 tygodni istnienia populacji wykazal', ze piZy zal'ozeniu 60 o/o wydajnosci asymilacji populacja 
konsutnuje 25,7 kcal. ~ czego 15,4 kcal jest asymilowafl:e. Z przyswojonej energii 1,8 kcal stanowi skumulo­
wan'l wat1osc produkcji, a 13,6 kcal -- resp,iracj~. Kumulatywna wydajnosc produk~ji nP.tto .(K2) wynosi 
11 ,6%. Analogiczne wat (osci -.1zyskanc na podstawie II metody SCl nast~puj~ce: C · 30,4 kcal, A - 18,2 kcal, 
P 2,5 kcal, R -- 1'5,8 kcal, K2 - 13,5% (tab. IV, f1g. 8). 

Przebicg ~ ~umulowanego wsk~inika produkcji netto wykazuje wykladnicz~ tendencj~ spadkow~ (fig. 9) i 
jest zblizony do przebiegu analogicznego wskainika podanego w innej pracy (K I e k o w ski, P r us i 
Z y r o n1 s k a- R u d z k a 1967) dla doroslogo samca tego gatunku. Wydajnosc produkcji brutto,'oparta na 
zaJozonej wartosci wydajnos"'i asymilacji, pokrywa si~ ze zmianami wskainika produkcji netto, zmniejszaj(ic 
SJ~ z 19,1% do 7% (wed lug I ntetody) lub z 21,5% do 8,1% (wed lug 11 metody) po 4,5 miesi'lcach istnienia 
populacji . 

.'Prdca zawiera pewne uog6lnienia na temat przeplywu energii przez populacje t>wad6w . .., 

• ,. 
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