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The paper deals with self-regulation processes in confined populations of
Tribolium. Using the marking method, studies were made of the effects of adult population
density and of conditioning of the medium on fecundity and egg mortality resulting from
cannibalistic predation in experimental populations, The estimates were made of rates
of fecundity, egg cannibalism and the survival of eggs. The two species revealed very
efficient regulatory mechanisms which, under certain ecological conditions, can restrain
almost completely the recruitment of new larvae to the populations. It was found that
in T. confusum it was the egg cannibalism which was the major mean of regulation, and
in T. castaneum — the restriction of potential fecundity, associated with crowding and

conditioning of the medium.
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I. INTRODUCTION

E cology of population is chiefly concerned with studying and explaining
the phenomena of population control. There is a great deal of theories pertain-
ing to this problem. One can mention of the earliest interpretations that given
by Howard and Fiske (1911), also theories by Chapman (1928), Allee
(1931), Allee et al. (1950), Solomon (1949), Andrewartha and Birch
(1954), Nicholson (1954), Naumov (1961), Petrusewicz (1965), and
many others. These theories, although accepted various leading factors in the
process of population control, differed one from another in giving the essential
importance to a particular ecological or environmental factor in this process.
However, they all were in agreement as to the possible mechanisms of popu-
lation control.

Any population can be controlled through changes in natality, mortality,
and migration. The causes of these changes can be biocenotic and then one
deals with biocenotic type of control, or they can be populational and then
one deals with intra-populational control, or self-regulation.

Thus the changes in natality of a population, oscillations in its mortality
resulting in variable ecological longevity of individuals, and migration patterns
are the regulatory mechanisms which can limit the numbers of an isolated po-
pulation. When there is no possibility of migration,the whole process becomes
simpler. Then, there are only two phenomena, natality and mortality, which
govern the population numbers. Both natality and mortality are density-de-
pendent. Another factor which is important in regulation of numbers is the
conditioning of medium.

Considering mortality of a Tribolium population one can distinguish its
two types, natural mortality (either senile or ecological one) and cannibalistic
mortality that results directly from the population activity, that is, from preda-
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tion and destruction of eggs by beetles. The latter mortality is one of the
important self-regulatory mechanisms in these populations.

When considering natality in Tribolium, it seems interesting to analyze at
least two of many ecological factors which can affect it, i.e., density of popu-
lation and conditioning of medium.

The limiting effect of the adult density upon the rate of reproduction in
populations of Tribolium is a well-known phenomenon. The diminishing fe-
cundity with increasing density of adult beetles was reported by Chapman
(1928), MacL agan (1932), Stanley (1942), Crombie (1942, 1943), Birch,
Park, and Frank (1951), Rich (1956), and Prus (1961) for T. confusum,
and by Birch, Park, and Frank (1951), Sonleitner (1961), and Prus
(1961) for 7. castaneum. .

These authors looked for various explanations of the phenomenon they
observed, ascribing the diminishing fecundity mainly to two factors: to the
direct effect of density upon the physiological fecundity of females and to the
egg cannibalism. The effect of conditioning was mentioned as the third factor,
although it has been often eliminated from the experiments by renewing the
medium. The density effect was expected to follow through deterioration of the
nutritious conditions or through disturbance of copulation and oviposition.
According to Boyce (1946), the density effect was found to occur im-
mediately after the numbers of adult beetles were increased and therefore the
effect was thought to follow through disturbance of oviposition.

Some authors (Chapman 1928, Stanley 1942, and others) connected
the diminishing fecundity with egg cannibalism. Sonleitner (1961), who
dealt with spatial structure of populations of T. castaneum, has developed an
interesting and somewhat different interpretation of this phenomenon. Accord-
ing to him, the diminishing fecundity with the increasing density of adults
is related to the incidence of adults on the surface of medium. The increase
in surface numbers is, in turn, brought about by more frequent encounters
among beetles which stimulates the release of ethylquinone repellent. This
substance causes the conditioning of the medium, and the conditioning is' den-
sity-dependent. These complex dependences are also affected by the age of
beetles. |

The effect of conditioning of the medium upon the reproduction rate in
Tribolium was also the topic of many experimental studies (P ark 1934a, 1935,
1936, P ark and Woollcott 1937, Bond 1961, Prus 1961, Sonleitner
1961, Ghent 1963, and others).

Park (1934a, 1935, 1936) and Park and Wooll cott (1937) have found
that the heavy conditioning of the medium depressed considerably net fecundity
of T. confusum. They also proved this depression to be reversible: the beetles
transferred to a fresh medium re-established a normal fecundity rate. Similar
was found by Sonleitner (1961) for T. castaneum. In both investigations,
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the conditioning was rather heavy since the flour used in these experiments
was taken either from declining populations (Park and Woollcott 1937),
or after 3 months of population development (Sonleitner 1961).

The effect of less conditioned medium was also studied. Slight condition-
ing was achieved by ‘‘dilution’” of heavily conditioned flour with fresh flour
(Park 1936, Park and Woollcott 1937). One of Boyce’s (1946) expe-
riments involved a quantitative measuring of conditioning. The experiment
depended on examining apparent fecundity of beetles kept at different densities
in unrenewed medium. Another quantitative approach was that applied by the
author (Prus 1961).

To explain the mechanism of the conditioning effect on net fecundity was
not an easy task since there was no information gathered to what degree the
conditioning affected physiological fecundity directly, and what was its in-
direct effect through changes in intensity of egg cannibalism. Some light has
been shed to this problem when Rich (1956) applied for the first time the
marking method. Besides apparent fecundity, it allowed to estimate also real
fecundity and the rate of cannibalism.

In Tribolium, cannibalism takes an extremely drastic form In confined
populations, all the active stages, adults and larvae, eat more or less vora-
ciously the remaining, inactive stages, eggs, pupae, and callows. A rather
extensive paper on this subject was published recently by P ark, Grodzinf-
ski, Mertz, and Prus (1965). All cannibalistic situations in Tribolium
were either studied or discussed there. The paper is preceded by a vast litera-
ture review from which the reader is kindly requested to draw more information
on this problem.

Chapman (1928), Chapman and Baird (1934), Stanley (1942),
Crombie (1943), Boyce (1946), Birch, Park, and Frank (1951), Rich
(1956), Polnik (1960), Sonleitner (1961), Brereton (1962), P ark,
Mertz, Grodzinski, and Prus (1965) have dealt with egg cannibalism
in Tribolium as well as with its role in self-regulation of population. Two
periods can be distinguished in these studies. The first one, which lasted up
to the moment of application of the marking technique by Rich in 1956, involved
rather investing hypotheses and assumptions than revealing facts. In that
period it was impossible to estimate the cannibalism rate in populations which
consisted of both sexes. In the second period this difficulty was overcome and
it became possible to study cannibalism in reproducing populations of Tri-

bolium.
This study aims at defining the effects of density of adult beetles and of

conditioning of medium upon fecundity and mortality of eggs in experimental
populations of Tribolium confusum and T. castaneum. These will form a basis
for estimation of the importance of these factors in the self-regulation of Tri-

bolium populations.
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The density of adults and the degree of conditioning of medium were the
variables. The conditioning was expressed as the time a known number of
beetles had lived in a given amount of medium. The following were measured
or estimated: (1) apparent fecundity, (2) real fecundity, (3) cannibalism rate,
(4) total cannibalism, and (5) larval birth rate. The age of adult beetles was an
additional factor which, nolens wvolens, varied with time. The amount of
medium was constant, and conditioning was homotypic.

II. MATERIAL AND METHODS

There were two categories of material used in the experiments (1) the
biological material and (2) the culture medium.

1. Biological material

For experimentation, so-called wild strains were used, Tribolium confusum
Duval — b ““Chicago” and T. castaneum Herbst — ¢ *‘Brazil’’. They had been
brought from the laboratory of Professor Dr. Thomas Park, of the University
of Chicago.

Two developmental stages, adult and egg, were involved in the studies.
In the embryonic sense, the latter stage was a developing embryo with egg

shells.

2. Culture medium

Standard medium was used both for stocking and for experimentation. It
consisted of a mixture of wheat flour and dry yeast at weight ratio 95:5. Such
mixture will be further referred to as: medium, substrate, or simply but erro-
neously — flour. Prior to experiments the substrate was partially sterilized at

a temperature of 60°C for 24 hours.
All the experiments were run in 8 g of medium, placed in standard vials

with flat bottom, 2.5 cm in diameter.

a. Conditioning of medium

The medium was conditioned according to the method described earlier
(Prus 1961). This method depended on placing a known number of adult
beetles in a given amount of medium for variable time, with eggs being removed
every 5 days. When conditioning, the density was always 4 individuals per
gram of medium. Two thousand beetles were placed in 500 g of medium. The
time of conditioning differed with treatments. Particular degrees of condition-
ing were started one after another with a sequence of intervals so that they
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ended at the same moment. The exact experiment started 30 days later. The
conditioned medium was stored in tightly closed jars, kept in a cool room.
Prior to experiments, the conditioned substrate was acclimatized for two days,
and the fresh flour, which had been heated and dried up — for at least 6 days.

The described manner of conditioning permits to measure quantitatively
the contamination process as well as to combine the density of beetles and
the time of their stay in the medium. So-called ‘“‘beetle-days of conditioning’’
can be calculated by multiplying the number of beetles in a definite amount
of flour (8 g by the number of days they were present in this medium. The
conditioning thus obtained was produced only by adults and their eggs. It
deviated greatly from a normally conditioned flour but in this particular in-
stance it was rather an advantage since the whole experimental design was
simplified and restricted only to two developmental stages.

The medium was conditioned homotypically, i.e., by the species whose

traits were then examined in it.

b. Climatic conditions of experiments

All cultures were run in dark incubators, isolated with water, at a constant

temperature of 29°C and relative humidity of 70%. These conditions correspond-
ed to climate IIl in Park’s experiments (1954). The conditions in the two

series of experiments were as follows: Series I — temp. 29°C ¥ 0.14°, RH% —
70.12 ¥ 0.67; Series II — temp. 28.98° ¥ 0.12° RH% — 68.29 ¥ 0.61. The dif-
ferences between these series were considered as insignificant, therefore it
can be said that the entire experiment was run under average conditions of
temperature of 29.00°C ¥ 0.13° and RH% of 69.20 ¥ 0.65. During the counting
of eggs and beetles, the cultures were exposed to ambient temperatures.

The temperature was recorded twice daily (each morning and evening) from
two mercury thermometers placed within each of incubators. Relative humidity
was recorded by means of a weekly hygrometer. There were rather high diel
oscillations in relative humidity due to frequent openings of the incubators.
Therefore, relative humidity was calculated with using a graphical method of
estimating its value for two subsequent periods of each 24 hours and then
calculated as weighed avarages.

3. Methods

In order to estimate real fecundity, apparent fecundity, cannibalism rate,
and larval birth rate, the method developed by Rich (1956) was applied. It
depended on dyeing the Tribolium eggs with neutral red.

A knowr number of adult beetles, males and females, is being introduced
to a vial holding the medium with marked eggs distributed at random. Later on,
the eggs are being removed from the substrate by sifting the contents through
an appropriate bolting cloth. Unmarked eggs, which had been deposited by
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then, and marked eggs are counted and recorded. The loss of marked eggs
permits to estimate total cannibalism and to calculate its rate. The number
of unmarked eggs found after time ¢ denotes apparent fecundity and with can-
nibalism rate it is possible to compute real fecundity and survival of eggs,
i.e., larval birth rate. Cannibalism rate — ¢, and real fecundity — £, were cal-
culated according to the formulae which were transformations of Rich’s equa-
tion, reported by Sonleitner (1961),

1 Mo
C = E’—t—l()ge-}‘?;, ' (1)
bet
L g . (2)

where: M, = the initial number of marked eggs introduced at time ¢, M, = the

number of marked eggs recovered after time ¢, N, = the number of unmarked eggs
recovered after time ¢, ¢t = time in days. The factor T where b = the number

of beetles, [ = the number of females, has been added to formula (2) by Son-
leitner in order to calculate real fecundity per female and not per beetle.

Apparent fecundity — £_, per female per 24 hrs, was calculated according
to formula,

N Lo (3)

Survival of eggs or larval birth rate, ..B.R., in Sonleitner’s terminology,
was calculated basing on his formula, but adapted for beth species,

loge L.B.R. = lOgeE = bbe, (4)

where L.B.R. = the number of eggs that will reach the larval stage out of the
eggs laid per female per 24 hrs, £ = real fecundity, & = duration of the egg
stage in days, b = the number of beetles, ¢ = the cannibalism rate per beetle
per 24 hrs. For T. confusum k = 5.3, for T. castaneum k = 3.9 (Park and
Frank 1948, the data converted into 24 hr units).

Each basic experiment consisted of the following manipulations:

1. A number of 100 marked eggs was introduced into 8 g of the medium.
Random distribution of eggs was achieved by (a) distributing the medium on
a sheet of paper in a thin layer, (b) scattering the marked eggs on the surface
of the medium, (c) shifting the medium and eggs from one paper onto another
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for 4 times, and (d) putting the medium with randomly distributed eggs into
the vial.

2. A requested by design number of adult beetles was introduced onto the
surface of the medium which held randomly distributed eggs.

3. The vial was covered with a piece of fine gause and put into an incuba-
tor for 48 hours.

4. After 48 hours, the vial was taken out of the incubator, its contents
sifted through bolting cloth, coarse — to remove the beetles and fine — to
remove eggs.

5. Marked and unmarked eggs which were not injured were counted. They
were distinguished from the demaged ones by their look. In doubtful cases
a lens was used. In order to make sure that an egg was intact, a check was
made by pressing the egg with a brush-holding tip. If the egg crushed and the
liquid appeared, the egg was considered as intact. -

Such an experiment has been repeated 16 times with the same beetles for
32 days, involving many treatments and several replications.

The marked eggs ranged in age from 0 to 24 hrs at the moment of their
introduction to the vials, and from 48 to 72 hrs at the end of each basic ex-
periment. The adult beetles at the beginning of the first basic experiment were
15 days old after the eclosion. Since the whole sequence of experiments lasted
for 32 days, the beetles whose fecundity and cannibalism rates were tested
were 15 to 47 days old. Prior to the first experiment, emerging adults, males
and females, sexed in the pupal stage acc. to method described by P ark
(1934b), were kept separately for the first 7 days, and later on mated and kept
at a desired density in 8 g of fresh medium. Explanation for such a pre-expe-
rimental treatment can be found in an earlier paper (Prus 1961).

4. Design of experiment

In order to solve the problems listed at the beginning of this paper, the
following design of experiment was planned and performed.

There were 24 treatments, namely, 2 species (T. confusum and T. casta-
neum), 3 densities (1 pair, 8 pairs, and 32 pairs per 8 g of medium) and 4
degrees of conditioning (measured in terms of time that the beetles of a con-
stant density — 32 individuals in 8 g of medium — were present in the medium
for 0, 20, 40, and 80 days). For convenience, the density and conditioning
treatments will be referred to as density 1, density 8, and density 32; con-
ditioning 0, conditioning 20, conditioning 40, and conditioning 80.

Each of 24 treatments (2 species x 3 densities x 4 degrees of conditioning)
was run simultaneously for 32 days and consisted of 16 subsequent basic
experiments, described earlier. There were 3 simultaneous replications of
each treatment and the whole set of experiments was carried out twicely, in
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two consecutive series. The design of experiments presented in Figure 1
refers only to Series I and to one species only. Series Il was an exact replica
of Series I, and they both were identical for the other species.

I confusum

Fig. 1. Design of experiment

1, 8, 32 — densities, 0, 20, 40, 80 — conditionings. Within each of conditionings there were 16
consecutive censuses with 3 simultaneous replications

Two aspects were taken into account when selecting densities of beetles
and conditionings of medium for the experiments. One of them was intention
* to gather information which would have some explanatory value in interpreting
the results of experiments concerned with interspecific competition in Tribo-
lium (Park, Gregg and Lutherman 1941, Park 1948, 1954, Neyman,
Park, and Scott 1956, Park, LLeslie, and Mertz 1964). Therefore,
relatively low values of both factors were chosen in order to be able to make
comparison of the present results with those for the initial stage of the mixed
populations in the competition model. The second reason for such choice was
selection of such values which would have corresponded to those occurring in
natural, developing populations with medium renewed every 30 days.

In order to avoid a strong, additional conditioning, which always follows
whenever the beetles are present in the flour, the substrate has been changed
4 times in each series, every 8 days. The used flour was substituted with new
one of the initial degree of conditioning. A period of 8 days was considered
as short enough to be negligible on the basis of comparison between the ad-
ditional and experimental conditionings. So-called ‘‘beetle-days of condition-
ing”’ were calculated, assuming that the density of beetles and the time of
their stay in the medium are interchangible; therefore the degree of condition-
ing can be expressed as product of these two values. This assumption, how-
ever, claims for experimental verification.

A total of 2,304 basic experiments was carried out and over 600,000 eggs

were counted.

5. Elaboration of data

The following data were directly obtained in the experiments:

(a) the number of marked eggs after 48 hrs,
(b) the number of unmarked eggs after 48 hrs.
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Total cannibalism can be characterized by subtracting the number of mark-
ed eggs recovered from that of initially introduced. Since 100 eggs were always
introduced at the beginning of each experiment, this difference denotes also
percentage of marked eggs which have been eaten or destroyed by adult beetles.

Indirect data, calculated with the use of formulae, were the following:

(¢) cannibalism rate — c, i.e. a fraction of eggs that were eaten or destroy-
ed by one beetle during 24 hrs,

(d) rate of real fecundity — E, i.e. the number of eggs that were laid by
one female during 24 hrs, 1

(¢) rate of apparent fecundity — E_, i.e., the number of eggs that were
laid by one female during 24 hrs minus those which were eaten or destroyed
during this time,

(f) larval birth rate — L.B.R., i.e., the number of eggs that reached the
larval stage of the eggs laid by one female during 24 hrs.

The cannibalism rate was computed from formula (1), using experimental
data (a). It was characterized by an index: ¢ x 100; the rate of real fe cundity
_ from formula (2), using computed value (c) and experimental data (b); the
rate of apparent fecundity — directly from experimental data (b) using formula
(3); and the larval birth rate — from formula (4), using computed data (d) and (c).

The values (c), (d), and (¢) were computed for each basic experiment. It
allowed to avoid losing one of the important sources of variation, necessary
for further statistical analysis of the material. Values (f) were based on
averages.

After a rough survey of the whole material, decision was made to select
it. Four censuses were excluded from the material elaborated, namely, lst,
5th, Oth, and 13th (Fig. 2). They followed directly the transfers of beetles to
new flour, and such transferring is an additional factor which changes greatly
the results. It was pointed out elsewhere (Prus 1961) that the change of
unconditioned flour brought about a rapid increase in apparent fecundity of
T. castaneum, and a decrease in T. confusum. There were’no such alterations
when the changed flour was conditioned homotipically. In the present paper,
it was found that the change of fresh flour, besides its different effect on
apparent fecundity in the two species, affected also cannibalism. The can-
nibalism rates increased in both species after transferring the beetles into
fresh medium (Fig. 2).

Thus, when elaborating the material, only 12 censuses (2-4; 68, 10-12,
and 14—16) were taken into account in order to prevent the interfering effect
of the flour change, this effect being different in different media. Out of a total
of 2,304 basic experiments, 576 were excluded in the two series, and the
analysis of the results was based on the remaining 1,728.

The way in which the material was selected and then elaborated is present-
ed in Figure 2. The time variations of the traits examined were characterized
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by 4 averages, each consisting of 3 censuses; the overall characteristics of
each trait — by an average of all 12 censuses.
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Fig. 2. Elaboration of data, exemplified by cannibalism rate (averages of 6 replications)
at conditioning 0 and density 32

1—4 — subsequent censuses within one cycle between flour changes, I — censuses excluded
from elaboration, 24 — censuses included in elaboration, 3 — censuses used for analysis of
variance. Arrows indicate flour changes

For statistical analysis the material was further selected, only 4 censuses
were taken into account, 3rd, 7th, 11th, and 15th. This permitted to use a some-
what simpler model of analysis of variance. Nevertheless these censuses
reflected the time variation. They were third censuses after the transfers to
the new medium and allowed to neglect the irrelevant effects of flour change
and of additional conditioning.

For thus selected material, analysis of variance was applied. The desing
of Series I and Il corresponded to Type III, mixed design of multi-factorial
analysis (Lindquist 1953, p. 285). This type, applied for this particular
material, involved 3 factors, factor A, time (dependent data), factor B and C,
density and conditioning {independent data). There were 6 analyses performed,
each one involving 288 basic experiments. Probability of 0.05 was accepted
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as the level of significance. All cases with P < 0.001 will be referred to as
‘“‘highly significant’’.

I[II. RESULTS

l. Direct data

a. Marked eggs unrecovered

Both the differentiation and the absolute values of cannibalism were
higher in T. confusum than in T. castaneum. The differentiation was caused
by variable density of adults, conditioning of medium, and age of the beetles.
The loss of marked eggs, with time differences neglected, ranged in 7. confu-
sum from 4.3% to 84.8% of eggs cannibalized or destroyed within 48 hrs (den-
sity 1, conditioning 0 and density 32, conditioning 80, respectively). In T.
castaneum it ranged from 3.9 to 28.6% under the corresponding conditions of
experiment.

In T. confusum, the increase of cannibalism with enlargement of density
of adult beetles was considerably (2 to 3 times) higher than in 7. castaneum.
The percentage of cannibalized eggs increased from 4.3 (density 1) to 72.5%
(density 32, both in conditioning 0) and in 7. castaneum from 3.9 to 33.3%.

In T. confusum, the enlargement of conditioning, within each of densities,
brought about an increase in cannibalism. In 7. casteneum, at densities 1
and 8 the lowest cannibalism was that at conditioning 20, but it was higher

both in the fresh and highly conditioned medium (Tab. I).

b. Unmarked eggs recovered

The numbers of unmarked eggs recovered after 48 hrs also varied greatly
with the factors applied. The numbers of unmarked eggs were increasing with
the enlargement of density. On the other hand, the enlargement of conditioning
brought about a decrease in numbers of unmarked eggs within each of densities
(Tab. ).

In T. confusum, the numbers of both marked eggs eaten and unmarked eggs
laid decreased slightly in most cases as the beetles grew older, in T. casta-
neum — these numbers were usually found to increase (Tab. I).

2. Rates of ecological features

Rates of cannibalism, real fecundity and apparent fecundity, calculated
per individual (cannibalism rate) or per female (real and apparent fecundities)
per 24 hrs, are presented in Table II, IV, VI, respectively, and in Figure 3.



Cannibalism rate (¢ x 100) in relation to time, density, and conditioning

T ab. II

i e ¥ e Ec == =
T'ribolium confusum T'ribolium castaneum
Den- |C?nd1- , ;
, tion- time (day)
Sity : - —" -
ing l - ——
m 11-16 19-24 2l=32 mean 3-8 11—-16_ 19-24 N mean
_ i g e [ i3 ]
| 0 1.104* | 1.492 1.023 0.929 1.137 ** 1.069 1.136 0.715 0.728 0.912
I
1 20 1.687 IL062 | 1.451 1.528 1.432 0.568 0.580 0.874 0.696 0.679
l [ |
40 2.824 | 2.063 2.047 1.819 2.188 0.599 0.930 0.849 1.001 0.845
80 3.901 | 3.792 2.959 98618 | 3an 1.299 1.192 1.058 1.536 1.271
————*— - - ——p— ——
0 1.289 | 1.221 1.150 0.972 1.158 0.887 0.828 0.955 0.926 0.899
: 20 1.748 | 1.310 1.394 1.338 1.447 0.273 | 0.331 0.442 0.657 0.426
40 2.053 | 2.203 1.958 1.786 2.000 0.297 | 0.404 0.546 0.829 0.519
| 80 2.486 | 2.799 | 2.437 2.282 2.501 0.313 0.480 0.938 0.597
— .|_.._ e — — | - ,J
[ 0 0.998 | 1.248 1.060 0.926 1.058 0.250 0.289 0.388 0.327
Z 20 1.123 | 1.003 1.036 1.0 10 1.043 0.194 | 0.254 0.391 0.271
40 1.561 | 1.430 1.195 1.168 1.339 0.187 0.203 0.437 0.267
| | 80 1.606 | 1.747 _l 1.472 1.451 | 1.569 0. 160 l 0.196 0.464 0.285

¢ — fraction of eggs cannibalized or destroyed per beetle per 24 hrs.
For other explanations, see Tab. I.
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Analysis of variance, cannibalism rate — ¢ x 100

05€

A — time factor, B ~ density factor, C — conditioning factor; 4 X B — interaction of time and density, A x C

ing, B X C — interaction of density and conditioning, 4 X B X C — interaction of time, density and conditionin g,

Tab. 111
T'ribolium confusum | ‘ Tribolium castaneum |
Sou.rcis of degrees Shel degrees _ 25 I . -
variation sum of stati1stics A sum o f statistics 2
of mean square probability of mean square - probahility
freedom | e freedom i i
Total 287 | 371.59053 287 |113.98574 \ ‘
Between |
: 71 | 195.13408 RS 58.03480 |
subjects |
B 2 | 35.38085| 17.69043 |52.80495 |< 0.001 | 2 | 19.53124| 9.76562 [19.39894 | < 0.001
C 97.36868 | 32.45623 |78.53327 | < 0.001 3 3.10266| 1.03422 2.05443 —
B xC 6 37.59031| 6.26505 |15.15933 | < 0.001 6 5.19610 | 0.86602 1.72031 2
Error (b) 60 | 24.79424| 0.41328 | 60 | 30.20480 | 0.50341 J
Withi i
i 216 | 176.45645 216 55.95004
subjects |
A 3 4.23831 | 141277 | 2.60250 |< 0.05 | 3 2.87092 | 0.95697 | 4.81373 | < 0.005
A x B | 5.11234 | 0.85206 1.56960 4 0.17702 | 0.02950 | 0.14839 i
14 xc 7.00451| 0.77828 1.43369 - 9 4.17972 | 0.46441 2.33607 | < 0.025
AxB xC 18 62.38816 | 3.46601 6.38484 | < 0.001 18 12.93830 | 0.71879 3.61564 | < 0.001
Error (w) L 180 97.71313 | 0.54285 180 35.78498 | 0.19880

— interaction of time and condition-

STIJ zZsnapeJ,

[o1]



Regulation in Tribolium populations 351

[17]

The results of analyses of variance of these data are given in Table III, V,
and VII. Relative changes caused by the factors applied are shown in Tab-

le VIII.

c. Cannibalism rate — ¢ x 100

The rate of cannibalism in T. confusum was 2 or 3 times higher than in
I'. castaneum, although at the minimum value of density and conditioning it
was similar in both species (Fig. 3). Extreme values, with time variation
neglected, reached 1.043—3.317 in T. confusum and 0.267—1.271 in T. casta-

neum (Tab. II).
APPARENT FECUNDITY

I confusum [ castaneum

l's "
b4
e
o~
~ 0} 10+
2 ¢ 80

‘;g’: 80

= S H 9 P 04

20— (0
! 8 32
REAL FECUNDITY

! >

&

=

S g .

S . ~

= i \nd

0 _—20 ndﬁlﬁ“
18 'J"’ﬂ/ 20 % ¥
! /] J2

CANNIBALISM RATE

4
|
8,
(T 80 &
1t 40 nd
|
7] t,o“dum
/ 8 32
Density | Density

Fig. 3. Changes in apparent fecundity, real fecundity, and cannibalism rate in relation
to density and conditioning



352 Tadeusz Prus | 13]

e —— — = = = T — —

Density effect. In both species this effect was highly significant (Tab. III).
The higher the density of adult beetles, the lower the cannibalism rate (Tab. II,
Fig. 3). The relative decrease of the rate with enlargement of density was
smaller in T. confusum than in T. castaneum (Tab. VIII).

Conditioning effect. Conditioning of the medium affected the cannibalism
rate of the two species in different way. Its effect was highly significant only
in T. confusum (Tab. III). In this species, cannibalism rate was much more
affected at a lower density than at higher ones (Fig. 3). This complex depend-
ence was also evidenced by a significant.interaction of density and condition-
ing (Tab. III). The higher the density, the lesser was the effect of conditioning
on cannibalism rate. This dependence was always observed.

In T. castaneum the effect 6f conditioning on the cannibalism rate was
found to be insignificant. The lack of significant interaction between density
and conditioning indicated that the latter factor did not affect the dependence
of cannibalism rate from density (Tab. III). In this species, similarly as in
I'. confusum, the effect of conditioning was stronger at lower densities (Fig. 3).
Although the analysis of variation showed no significant effect of conditioning
in T. castaneum, it can be assumed that the lowest intensity of cannibalism
occurred at density 20. The rate of cannibalism was higher both in fresh and
in more heavily conditioned media. At density 32, this relation was not main-
tained and the cannibalism rate was similar irrespective to the degree of con-
ditioning (Fig. 3). This could have affected the results of the analysis of
variance.

When analyzing in detail the character of the effects of the factors applied,
it can be said that the rate in which a given feature decreased was almost
constant in T. confusum, but was variable in 7. castaneum. In T. confusum,
the increase of the cannibalism rate with enlargement of conditioning showed
somewhat lower rate between the intervals of smaller values of the factor (con-
ditioning 0—20) than between those of higher values (conditioning 20—-40-80).
In T. castaneum, at lower densities (density 1 and 8) the effect of conditioning
was of bitonic character, i.e., the rate of cannibalism decreased between
conditioning 0 and 20, but it increased with further enlargement of conditioning
(Fig. 3).

Age effect. In T. confusum, aging of adult beetles affected the cannibalism
rate, although this dependence was’ less conspicuously expressed (Tab. III,
P < 0.05). The rate of cannibalism decreased as the beetles grew older (Tab. II).
Insignificant time x density and time x conditioning interactions in this species
indicate that neither the dependence of cannibalism and density nor that of
cannibalism and conditioning was affected significantly by age of beetles.

In T. castaneum, the effect of age of beetles on the cannibalism rate was
highly significant (Tab. III). The older were the beetles, the higher was the
cannibalism rate (Tab. II). This dependence showed a low variation in the
beginning of the experiment, but the final period was characterized by a clearly




E — number of eggs laid per female per 24 hrs.

Real fecundity (£) in relation to time, density, and conditioning

Tab. IV

- Tribolium confusum

Den- C?ndi-
sity tfonf
| ing

3-8 11-16

12.038* | 11.306

12.609 | 10.701

11.308 | 10.330

10.147 9.842

9.757 9.667

9.115 8.360

9.577 9.877

8.315 8.577

0 6.836 1.78%

20 6.965 6.880

1 %21 40 | 7075 7.307

80 6.4 13 6.558

19-24

e

Tribolium castaneum

time (days)

11.567
10.748

9.492
8.664

9.666
8.295

9.102
8.044

8.782
7.311

7.174
5.884

For other explanations see’Tab. I.

e e S =5
27-32 mean 3-8 11-16 19-24 2732

10,465 | 11.344** | 15.178 16.065 16.412 16.870 16.131
11.293 | 11338 | 9.133 11.646 13.176 13.745 11.925
9.065 | 10.049 11.437 11.796 11.339 13.949 12.130
8.621 | 9.319 5.839 9.943 8.779 10.283 8.711
9.568 9.664 8.738 9.986 11.269 10.948 10.235
7.659 8.357 5.174 6.038 7.027 7.976 6.554
8.596 | 9.288 3.808 5.134 6859 | 8.701 6.126 |
7.624 8.140 _. 3.186 4.094 5.100 5.801 4.545 |
8.669 8.005 3.994 4.631 5.430 5.824 4.970
7.286 7.111 2.468 3.075 3.522 4.380 3.361
7.250 7.427 1.923 2.640 3.160 4.002 2.931
5.543 6.099 J 1.824 1.959 2.799 [ 3.225 2.452
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Analysis of variance, real fecundity — E

|

Tab. V
I'ribolium confusum Tribolium castaneum
et T T —————— . —— S — 1 e 4
Source of |degrees auit B statistics oy degrees sum of statistics e
variation of mean square probability of '|mean square probability
S quares F squares '
freedom freedom
s ¢ TR i 4 *
Total 287 |1650.95415 287 |6512.43398 I
W—_ e . e e - — -—-.-.* e ————— — —_
petwnch 71 |1160.29945 71 |5583.34709
| subjects
_ — ——— — R &
B 2 534.70597 | 267.35298 | 36.56574 | < 0.001 2 |3742.89964 | 1871.44982 | 181.02384 | < 0.001]
C 3 148.69333 49.56444 | 6.77890 | < 0.00] 3 1020.77903 | 340.25967 | 32.91305| < 0.001]
B xC 6 | 38.20602| 6.36767 | 0.70903 - || 6 | 199.38000| 33.23000| 3.21431| < 0.01
Error (b) 60 438.69413 7.31157 | 60 620.28842 | 10.338140
I—— — o - _I- ++ — e e - -+ —— g
e
witahs 216 | 490.65470 216 | 929.08689
subjects l
A 3 19.27921 6.42640 | 4.59455 | < 0.005 3 279.46207 93.15402 | 65.62684| < 0.00]
A x B 6 45.82809 7.63801 | 5.46079 | < 0.001 ‘) 41.34074 6.89012| 4.85408| < 0.001
4 xC 0 24.02819|  2.66980 | 1.90877 e 9 | 28.63472 3.18163 | 2.24145| < 0.095
AxBxC 18 149.72250 8.31958 | 5.94808 | < 0.001 18 324.14746| 18.00819| 12.68674| < 0.001
Error w) 180 L251.76671 1..39870I 1 180 | 255.50190l 1.41945
s e - o 2 | |

For explanations, see Tab. III.
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higher cannibalism rate. Density did not influence the age-cannibalism depend-
ence (insignificant time x density interaction, Tab. III). On the other hand,
conditioning had a significant, alterative effect on this dependence (highly
significant time x conditioning interaction — Tab. III). At conditioning 0 — the
older were the beetles, the higher was the cannibalism rate, at conditioning
80 the effect was reversed: the older the beetles, the higher the cannibalism
rate (Tab. II).

Time x density x conditioning interactions for both species were highly
significant, which can be an evidence of mutual co-dependences between the

factors involved.

d. Real fecundity — £

- At the lowest values of density and conditioning, real fecundity (No. of
eggs laid per female per 24 hrs) was higher in T. castaneum (16.131) than in
T. confusum (11.344). At a higher density with no conditioning (density 8,
conditioning 0) this difference was vanishing (9.664 in T. confusum and 10.235
in T. castaneum). At the highest density in the fresh medium (density 32,
conditioning 0), real fecundity of 7. confusum (8.005) was much higher than
that of 7. castaneum (4.970). In the conditioned media real fecundity of T.
castaneum was usually lower than that of 7. confusum (Tab. IV, Fig. 3).

The extremal values of real fecundity, depending on the combined effect
of density and conditioning (with time differences neglected) ranged, on the
average, from 6.099 to 11.344 in T. confusum, and 2.452-16.131 in T. casta-
neum. Worth noticing is a very low value of real fecundity in 7. castaneum
at maxima of density and conditioning (Tab. IV).

Density and conditioning effects. Both these factors restrained real fecund-
ity in the two species although their effects were stronger in T. castaneum
than in T. confusum (Tab. 1V, Fig. 3). They were found to be highly significant
(Tab. V). In T. confusum, real fecundity seemed to be a more constant feature,
less vulnerable to environmental (conditioning) and populational (density)
influences. This statement is in agreement with those of other authors (P ark,
Mertz and Petrusewicz 1961, Park, Leslie, Mertz 1964).

The lack of significant density x conditioning interaction in 7. confusum
indicated that conditioning had an altering effect on the dependence of real
fecundity and density. The significant interaction in T. castaneum proved that
conditioning had some bearing on this dependence in the latter species
(Tab V). |

Age effect. Real fecundity changed during the course of the experiment,
thus with aging of beetles, in different way for both the species. In T. confu-
sum, it usually decreased somewhat as the beetles grew older, in 7. castaneum
it showed an increasing tendency. The age effect was highly significant in
the two species (Tab. V). Highly significant time x density interactions in
both species indicated an alterative effect of the age of beetles on the depend-
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T ——

ence of real fecundity and density. In T. castaneum, the age of beetles affect-
ed also the dependence of real fecundity and conditioning. Such effect was

not observed in T. confusum (Tab. V).
Percentageous presentation of the results points very clearly to (1) a much

higher, limiting effect of density and conditioning on real fecundity in 7.
castaneum than in T. confusum, and (2) to a higher, .n both species, limiting
effect of density than that of conditioning of the medium (Tab. VIII).

e. Apparent fecundity — E

In T. confusum, apparent fecundity (with time differences neglected)

ranged from 2.621 to 11.090 eggs/9/24 hrs, depending on factors involved in
the experiment. In 7. castaneum it ranged from 2.041 to 15.805 (Tab. VI).

The statistical analyses showed that all the dependences which were
found for real fecundity, held also for apparent fecundity. The significance
of the effects as well as their interactions were alike in both types of fecund-
ity (Tab. V and VII, Fig. 3).

In T. confusum, the effects of density, conditioning and age on apparent
fecundity were found to be highly significant. The enlargement of density and
that of conditioning decreased apparent fecundity, with the density effect
being much stronger than that of conditioning, as evidenced by different F
values (Tab. VII). At the first densities, apparent fecundity, similarly as real
fecundity, was decreasing with aging of beetles. The density x conditioning
interaction and the time x conditioning interaction, both were significant which
proved that conditioning had no significant effect on the dependence of ap-
parent fecundity, neither from density, nor from the age of beetles. On the
other hand, time-density  interaction and time-conditioning interaction were
highly significant. They proved the alterative effect of these factors on the
dependences discussed above.

In T. castaneum, the effect of all three factors as well as interactions
between them, were highly significant (Tab. VI, VII, Fig. 3). Density affected
apparent fecundity stronger than did conditioning (Tab. VII). Apparent fecund-
ity was found to increase as the beetles grew older. The significant inter-
actions should be interpreted as those for real fecundity.

When comparing the almost identical results of analysis of variance, cal-
culated for real and :apparent fecundities, a conclusion can be drawn that
although cannibalism caused changes in the absolute values of these two
features, it did not affect significantly the dependences which were found be-
tween density, conditioning, and age beetles, each one versus each type of
fecundity. Thus, apparent fecundity is an equally good mean, as is real fecun-
‘dity, for expressing the reproduction rate in Tribolium populations, and its
changes brought about by varying density, conditioning and age, within the
applied range of these factors. |



8.021
6.997
7.010
5.792

Apparent fecundity (£ ») inrelation to time, density, and conditioning

1

10.972 11.333
10.472 10.472
9.889 9.111
9.139 8.167
8.014 8.090
6.830 6.729
7.080 6.764
5.663 5.601
3.881 4.826
3.869 4.056
3.275 3.684
2590 | 2.691
VR, T

En -~ number of unmarked eggs recovered, per female per 24 hrs.

For other explanations see Tab. I.

time (days)

mean

11.090**

11.015
9.618
8.653

e

]

Tab. VI

Tribolium confusum I | |

—

Tribolium castaneum

3—8

14.861

9.028

11.305

5.667

7.590
4.944
3.694
3.000

3.385
2.176
1.712
1.598

= m—

11-16 19—.4

15.6%4 16.167 16.500

11.500 12.944 13.556

11583 11.167 13.667
9.750 8.611 10.000
8.753 9.677 9.427
5.760 6.583 7.239
4.813 6.285 7.611
3.753 4.608 5.055
2.615 3.030 3.466
2319 2.69%4 3.056
1.746 2.336 2.483

27—-32 ' mean

15.805
11.757
11.930 |
8.507

8.862
6.132
5.601
4.104

3.983
2.822
2.445
2.041
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| Source of e

AxBxC

Error w)

Analysis of variance, apparent fecundity — o

105.36471
134.90485

For explanations, see Tab. III.

Tribolium confusum

|

1

5.85359

0.74 947

variation |degrees
. sum of mean
freedom | SdUaTES s quare
Total 287 2781.11586
Between
. ¥ 2475.99630
subject
B 2 1931.66193 | 965.83096
C 3 231.00162 | 77.00162
B'R¢ 6 26.41432| 4.40239
Error (b) 60 286.91517| 4.78192
v e 216 | 305.11956
subjects
A 3 13.07663 | 4.35888
A xB 6 40.39415| 6.73236
A-xC 9 11.37922 | 1.26436

Tab. VII
|| Tribolium castaneum
e " |
SR degrees] 2 __
statistics i sum of mean statistics b
P probability of SR sl F probability
freedom E e
———— i — r- S — - s - - - _-_T
287 6511.67974
— ——— = e — ;
% ) 5671.32238
201.97555 < 0.001 2 4059.33641 |2029.66820| 212.32793 | < 0.001
16.10266 | < 0.001 3 826.56147 | 275.52049]| 28.82279 | < 0.001
0.92063 - 6 211.87704 35.31284; 3.69415 | < 0.005
60 573.54746 9.559]12
i _1____5__ S | ad
- 216 840.35736_J l
5.81595 < 0.001 3 212.45838 | 70.81946 | 59.94486 < 0.001
8.98283 < 0.001 46.32058 | 7.72010 | 6.53465 < 0.001
1.68700 - 29.62267 3.29141 2.78600 < 0.005
7.11650 | < 0.001 | 18 339.30162 18.85009 | 15.95550 < 0.001
180 | 212.65411 1.18141 |
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Relative effects of density and conditioning on cannibalism rate, real fecundity,
and apparent fecundity in T. confusum and T. castaneum

Tab. VIII
| & ]
F actor Effect T's confas iy cnadas 8
sum neum e,
— — - 125
8 | decreases cannibalism rate down to 75—102% |4 7—98% o
392 " " " " " 47-93% |22—-36% 5 :‘D
| > o
8 | decreases real fecundity down to 74—87% |50-63% 80 |
Density 32 " " " ™ 63—-74% |24-31% BN
8 |decreases apparent fecundity down to 61-73% (47—56% -E
32 " " " " " 19_40% 24_25% o |

of the value at condition-| of the value at density 1

20 |increases (decreases) cannibalism rate to | 99-126%(47-83% |&a & I

40 " " " won 1127-192%|58—92% |2 o

~ 80 " " noon | 148-292%|66—139% §
20 | decreases real fecundity down to 86—100%.'I 64—"74% "0 4
Conditioning| 40 4 . " W 89-96% | 59—-75% o
-L80 3 y - SHEG L 76—84% | 44—54% ot

-
20 | decreases apparent fecundity down to 83—-99% | 69-74% ~ |

40 " " . i 79-87% | 61-75% |= T,
LBO o " " Wil 59-78% | 46—54% I M ]

S— N s

Percentageous presentation of the results (Tab. VIII) pointed to a much
stronger, limiting effect of density than that of conditioning upon apparent
fecundity in the two species examined.

The described decrease in real and apparent fecundities, caused by in-
creasing density, and to some extent by increasing conditioning, was usually
stronger at lower than at higher values of these factors (Fig. 3). The rate of
this decrease varied more in T. castaneum than in T. confusum, and was
higher when considering density of beetles than conditioning of medium. Under
the latter factor, the rates of decrease in real fecundity and apparent fecundity
of T. confusum were almost constant. Apparent fecundities of both species
were more alike than their real counterparts (Tab. IV, VI, Fig. 3). This fact
can be explained by a clearly higher cannibalism rate in T. confusum than in
T. castaneum (Tab. II, Fig. 3). This factor suppressed more considerably
higher values of real fecundity in T. confusum than in T. castaneum, to similar
values of apparent fecundity in the two species.

f. Survival of eggs — L.B.R.

In the foregoing chapters, cannibalism was always expressed as a rate
which was calculated on 24 hr basis. The Tribolium eggs stay in the medium
for several days before they hatch. Hence, the exact role of cannibalism in
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Effects of density, conditioning, and cannibalism on real fecundity and survival of eggs

Tab, IX

Density 1 4
Tribolium confusum
0 11.34 | 10.10 - - 4 11.8
1 20 11.34 9.71 e e i 14 .4
40 10.05 7.93 4 11.4 e 21.1
80 9.32 6.56 i 17.8 o 29.8
o o e i
0 9.66 3.62 14.8 fis b 62.5
' - 20 886 1 245 1968 13.5 26.3 | 70.7
40 9.29 1.70 7.6 3.8 18.1 81.7
80 8.14 0.98 12.7_| 15.7 28.2 87.9
—_—— ' - -
, 0 8.00 0.22 29.5 - 29.5 97.3
% 20 %11 0.21 37.3 11.1 37.3 97.1
40 7.43 0.08 | 26.1 7.1 34.5 98.9
80 6.10 0.03 34.6 | 23.8 J 46.2 99.5
' ﬁ_l_ 1 - & g
I Tribolium castaneum
| —
0 I 16.13 ~ | i3 7.0
26.0 a 5.3
24-8 g s 6-8
46.0 2y 9.4
g
oA s 42.5
36.0 50,4 923.4
40.1 62.0 27.7
55.5 781 s
4.97 2.20 A 69.2 | 55.7
3.36 1.71 32.4 79.2 | 49.1
40 2.93 1.52 41.0 81.8 | 48.1
80 2.45 ‘ 1.20 50.7 84.8 | 51.0

Columns: ] — real fecundity, £, No. of eggs laid per female within 24 hrs; |

2 — larval birth rate, L.B.R., No. of eggs surviving of E to the larval stage;

3 — density effect (per cent), reduction of E (each E related to E at density 1 for
a given conditioning);

4 — conditioning effect (per cent), reduction of E (each E related to E at condition=
ing 0 for a given density); |

5 — conditioning and density effect (per cent), reduction of E (each E related to E
at density 1 and conditioning 0);

6 — cannibalism effect (per cent), egg mortality within the whole period of egg
stage (the difference between £ and L.B.R., related to E for a given density
and conditioning);

7 — total effect of density, conditioning, and cannibalism (per cent) (each differ-
ence between EF and L.B.R. related to £ at density 1 and conditioning 0).
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limiting the numbers of eggs in the populations is far more important than one
would expect from the rate index discussed above.

According to Sonleitner (1961), the rate at which new larvae appear
in a population, related to real fecundity, is a good indication of the real value
of cannibalism. The values of the larval birth rate, [..B.R., are shown in Tab-
le IX.
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Fig. 4. Changes in real fecundity, mortality and survival of eggs in relation to density
and conditioning
1, 8, 32 — densities, 0, 20, 40, 80 — conditionings

It was found that the eggs would survive to the larval stage in variable
proportion of the initial numbers. In 7. confusum, the survival should range
from 0.03 eggs in extremal conditions of the experiment to 10.00 eggs in
optimal conditions, and in 7. castaneum from 1.20 to 15.00 eggs, of the eggs
laid by one female within 24 hrs. The survival of eggs would decrease in the
two species with enlargement of density and conditioning, being generally
higher in T. castaneum than in T. confusum (Tab. IX, Fig. 4 and 5).



362 Tadeusz Prus [ 28]

I castaneum

Density
Londitloning .
Fig. 5. Relative ecological fecundity
(or survival of eggs), (4), and relative
egg reduction, (B), in relation to
A density, conditioning, and cannibalism
Density | i3 effects
A
Cannibalism B
9957
A
Density, "
condltioning, ] -6
and cannibalism o 99.7 % 9269=

IV. CONCLUSIONS

Reduction of eggs

On the basis of results described earlier, two mechanisms of reduction
of eggs can be distinguished in the self-regulatory processes of population.
The first one consists of lowering the potential fecundity under the impact of
density of the adult population and conditioning of the medium. The second
mechanism involves the egg loss due to cannibalistic predation, viz., enhanced
egg mortality. It is difficult to give an exact value of each of these mecha-
nisms. This difficulty stems from the lack of common unit for measuring and
comparison of both the factors, density and conditioning, since in the case of
density time is irrelevant and unimportant, whereas conditioning is measured
by the time of beetles’ stay in the medium. That difficulty was solved by
relating the experimental values of the factors to their natural values which
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can be found in freely developing populations of Tribolium. One pair of beetles
in 8 g of the medium can be considered as a good approximation of the minimum
density of ‘“‘population’’, and such quantity of the medium — as large enough
to prevent further augmentation of the physiological features with the enlarge-
ment of the habitat. Such supposition is justified in the light of experiments
carried out by Boyce (1946) who did not find any significant differences
in the values of fecundity of one pair of T. confusum, cultured in 10-80 g of
the medium. Hence, the fecundity of 1 pair in 8 g of fresh medium can be taken
as a very close to the value of potential or physiological fecundity.

The maximum density applied in the experiments was 64 individuals in
8 g of the medium. In the freely developing populations, with substrate being
changed every 30 days, an average density of the adult beetles during the
equilibrium period was 135.2 individuals in T. confusum and 140.8 individuals
in 1. castaneum per 8 g of the medium (the data from: Petrusewicz, Prus,
and Rudzka 1963, page 606, Tab. II, modified). Similar results were reported
much earlier by Park (1948, 1954) for the control series of experiments deal-
ing with interspecific competition in Tribolium. Thus the maximum density
applied in the present experiment corresponded to about half the value of
average densities found in the equilibrium phase of these populations.

The maximum conditioning used in this work resulted from the fact that 32
beetles abode 8 g of flour for the period of 80 days. This corresponds to 2.560
““beetle-days of conditioning’’ (32 x 80). The maximum conditioning found in
the equilibrium populations with the medium changed every 30 days is produced
by 135 or 141 beetles staying in the medium for 30 days. This would correspond
to 4.050 and 4.230 ‘‘beetle-days of conditioning’’. Then it can be assumed
that the maximum extent of conditioning applied in this experiment correspond-
ed, similarly as did density, to half the maximum value of conditioning occurr-
ing in freely developing populations which were at the equilibrium state, and
their medium had been unchanged for 30 days. The fact that the medium used
in the present ‘éxperiment was conditioned only by adult beetles, whereas in
natural populations by all the developmental stages, can be neglected since
the comparison pertains to the balanced populations. Such populations consist
mainly of adult beetles and the numbers of larvae and pupae are relatively
low, at least in T. confusum (P ark 1954, Tab. 3, p. 230).

By and large, it can be said that the maximum values of the density of
adults and the conditioning of the medium which were applied in this experi-
ment, corresponded to about half the values found in naturally developing
populations of the equilibrium phase; the change of flour being the only inter
ference of man in their development.

The density of adult beetles as well as the conditioning of the medium
brings about a considerable decrease in real fecundity of T. confusum and
I'. castaneum. Thus restrained fecundity which, in contrast to physiological
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or potential fecundity, can be termed as performed or ecological fecundity,
is further decimated by an intrapopulational process, the egg cannibalism.
The incidence and importance of these two mechanisms in the process of
reduction of eggs in populations of Tribolium are shown in Table IX and
Figure 4 and 5.

Besides £ and L.B.R. (columns 1 and 2), Table IX includes relative esti-
mations of egg reduction brought about by the density, conditioning, and can-
nibalism (columns 3-—7). From this Table, it can be seen, for example, that
comparing with 11.34 eggs laid during 24 hrs at density 1 and conditioning 0
by 1 female of T. confusum (column 1), the ecological fecundity of a female
at maximum density and conditioning is lower by 46.2% (column 5) and amounts
to 6.10 eggs/g/24 hrs (column 7). Out of this number, 99.5% (column 6) is
lost due to cannibalistic predation of adults during the egg stage and only
0.03 (column 2) eggs reach the larval stage. The value of 99.7% (column 7)
denotes the total percentage of reduction of potential fecundity. Percentages
in columns 3 and 4 were obtained by accepting the value of real fecundity as
100 per cent, in the first case at density 1 within each of degrees of condition-

ing and in the second case that at conditioning 0 within each of densities. To
these values were related the remaining values of real fecundity. Percentages
in columns 5 and 7 indicate the hypothetical reduction of potential fecundity,
caused by the combined effect of two or three factors acting together, since
in this case real fecundity of 1 pair at fresh medium was always accepted
-as 100 per cent; this value being the best estimate of potential fecundity in
each species.

Absolute values of real fecundity, survival of eggs and egg mortality due
to cannibalism, all depending on varying factors designed in the experiment,
are presented in Figure 4. The relative effect of maximum values of density
and conditioning on the real fecundity as well as that of cannibalistic predation
on survival of eggs is shown in Figure 5.

This rather cumbersome explanation for technical handling of the data
seemed to be indispensable for a better understanding of the basis for evalu-
ation of the importance of separate factors involved in reduction of numbers
of eggs in populations of both species of Tribolium.

T. confusum. The maximum density reduced potential fecundity by 26—37%
(de[;t_ending on conditioning) as compared with that at density 1 (Tab. IX,
column 3); the maximum conditioning of the medium — by 16—24% in relation
to conditioning 0 (Tab. IX, column 4). Therefore density is much more important
in reducing fecundity than is conditioning (Tab. IX, Fig. 4 and 5). The com-
bined effect of maximum values of these two factors restricted potential fecund-
ity by 46% (Tab. IX, column 5). Thus, almost 50% of potential fecundity can
be reduced in this species by the impact of density and conditioning applied

in this experiment.
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The mortality 6f eggs resulting from cannibalism during the whole period
of egg stage varied from 12% to over 99% of real fecundity for various con-
ditions of the experiment. The percentage of this reduction was found to
decrease consistently with decreasing values of real fecundity (Tab. IX,
columns 1 and 6). It can be assumed, then, that cannibalism is not a random
phenomenon but a specific form of adaptation which leads to an effective re-
duction of population numbers under conditions of overcrowding and heavy
conditioning of the environment. A high variation in egg mortality, caused by
cannibalistic predation, renders to a population of T. confusum a vast range
of possibility to control its numbers depending on intrapopulation conditions
prevailing at a given moment in this population.

The combined effect of density, conditioning, and cannibalism is extremely
efficient since the biotic potential of this species can be reduced to negligible
values (Tab. IX, Fig. 4 and 5).

T. castaneum. The maximum density of adult beetles caused a decrease
by 69-76% (depending on the degree of conditioning) as compared with real
fecundity of 1 pair (Tab. IX, column 3). The maximum conditioning of the
medium brought about a decrease in potential fecundity by 46—56% (depending
on densities), with real-fecundity at conditioning 0 being the point of relation
(Tab. IX, column 4). The combined effect of the maximum values of these two
factors brought about reduction in potential fecundity by 85% (Tab. IX, co-
lumn 5).

The effects of density and conditioning are therefore principal mechanisms
of regulation in this species (Fig. 4).

The mortality of eggs due to cannibalism during the whole period of egg
stage ranged from 5 to 56% of values of real fecundity. This percentage tended
to increase clearly with the enlargement of population density (Tab. IX,
column 6). The cannibalistic predation in 7. castaneum is also an important
and, to certain extent, variable regulatory factor, but its role is smaller than
the analogous role in T. confusum. _

The combined effect of density, conditioning, and cannibalism is in T.
castaneum almost as efficient as in T. confusum. This effect can restrict
potential fecundity, i.e., real fecundity of 1 pair in fresh medium, by about
93% (Tab. IX, column 7).

Both species have developed almost equally effective, very economic
mechanisms which.permit their populations to keep down their numbers under
certain ecological conditions by high reduction of the larval birth rate, a little
higher in T. confusum than in T. castaneum. More significant role of population
density than that of environmental conditioning in the reduction of real fecund-
ity is a common trait for the two species. The difference between these species.
depends onm a relatively stronger limiting effect of cannibalism than that of
density and conditioning in T. confusum. These two latter factors operate
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mostly indirectly by increasing the intensity of cannibalism. In T. castaneum,
the effect of density and conditioning is a main regulatory force which de-
creases considerably the potential fecundity in this species. Egg cannibalism
is of a secondary importance in the regulation process in this species.

V. DISCUSSION

The results obtained in this paper corroborate, in general, those of other
authors who used the same experimental method (Rich 1956, Sonleitner
1961, Park, Mertz, Grodzifiski, and Prus 1965).

The values of the cannibalism rate obtained by Rich (1956) for T. con-
fusum are underestimated and those by Sonleitner (1961) for T. castaneum
— overestimated, both in comparison with the present results. It is most pro-
bable that these differences arise from excluding in the present work the data
collected directly after the change of the medium.

This study has been carried out simultaneously with two species, which
makes the comparison between them more plausible than in the case of the
data reported by different authors who dealt with different stocks of beetles,
etc. From the present results, it can be positively stated that the rate of can-
nibalism is higher in T. confusum than in T. castaneum. This conclusion is
in agreement with that of the previous paper (Park, Mertz, Grodzinski,
and Prus 1965). All the papers mentioned in this chapter point consistently
to a conclusion that the cannibalism rate decreases with enlargement of
density of adult beetles.

According to the present results, the cannibalism rate in T. castaneum
shows no significant change with enlargement of conditioning. This finding
contradicts the data reported by Sonleitner (1961). Such incongruency of
the results stems probably from the different ranges of conditioning which were
applied in the two papers. Sonleitner (1961) dealt with much stronger con-
ditioning of the medium, produced by populations of T. castaneum which had
been developing freely in the flour for 90 days. Other experiments (unpublished
data of the author) involved exactly the same way of conditioning and their
results confirmed those obtained by Sonleitner (1961, page 245)."In° T
castaneum, the cannibalism rate is higher in a heavily conditioned medium
than in the fresh one. The conditioning caused the cannibalism rate to increase
from 0.679' in the fresh medium to 1.940 in the flour conditioned for 90 days
acc. to Sonleitner’s method. Those experiments were run with a density of

8 pairs per 8 g of medium.
In general, the effect of increasing conditioning on the cannibalism rate

'Each of the numbers is an average of 120 basic experiments which wege conducted
and elaborated in the same way as the rest of material.



[33] Regulation in Tribolium populations 367

in T.castaneum can be described as follows: cannibalism is somewhat higher
in the fresh medium than in a slightly conditioned one. With a further increase
in conditioning, the cannibalism rate also increases, reaching a very high
value in heavily conditioned medium; then the rate is much higher than in the
fresh medium.

The values of real fecundity, obtained in the present paper confirm ge-
nerally the data reported by Rich (1956) and those by Sonleitner (1961).
The trends of changes brought about by the factors under discussion are similar,
although the absolute values are lower. The difference, similarly as with the
cannibalism rate, results probably from the excluding some of the data collected
directly after the change of the medium.

It is noteworthy that the decrease in apparent fecundity caused by homo-
typic conditioning is in agreement with earlier data of the author (Prus 1961).

Boyce (1946), using thoroughly different method of experimenting, has
disclosed the lack of interactio | between density and conditioning effects on
fecundity. This means that the effect of conditioning on fecundity is not
modified by the effect of density of adult beetles and vice versa. Her finding
has been confirmed by the present results.

These authors who dealt with the problems of reduction in numbers of
Tribolium populations had different views as to the mechanisms which control
this process. Some of them ascribed higher importance to cannibalism (e.g.,
Chapman 1928, Chapman and Baird 1934), others related the regulatory
process mainly with reduced fecundity caused by an increase in density of
adult beetles (e.g., Boyce 1946). More recent papers, employing the egg
marking method, accepted the importance of both factors mentioned. Rich
(1956) concluded that cannibalism is a main regulatory factor in the growth of
populations of 7. castaneum (‘‘major force regulating population growth’ —
page 119), although he did not neglect the significance of the second factor.
Sonleitner (1961) reported that ‘‘egg cannibalism would be at least an
equal, and in many instances a more important factor reducing the larval birth
rate, than is depression of real fecundity’’ — (page 253). Park, Mertz, Gro-
dzinski, and Prus (1965) agreed with the view of Sonleitner, emphasizing
the complexity .of the whole process: ‘‘If... we add the further complications
that the two species differ somewhat in their patterns of distribution, that
density affects dispersal, oviposition and cannibalism, we gain an impression
of how involved cannibalism really is’’ (p. 307).

The present results indicate that the two phenomena, cannibalism and
depression of fecundity, cooperate in reducing the population numbers. A con-
siderable suppression of real fecundity follows directly as a result of the
density effect, or through the environment, as a result of the conditioning
effect. The influence of density is stronger than that of conditioning.

F.gg cannibalism is also important in this process. The egg mortality due
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to cannibalism is high, different in the two species, and very variable with
conditions of the experiment. The adult beetles deplete at least twice as
many eggs in |. confusum than in T. castaneum.

In the light what was said above, cannibalism cannot be considered as
exclusively random phenomenon. It is rather a specific adaptation of these
species. This adaptation permits to reduce the population numbers under con-
ditions of a high density of adults and an intense conditioning of the environ-
ment. This conclusion, supported by a high variation of the cannibalism rate
depending on variable factors of density and conditioning, is in agreement
with the ideas reported by Sonleitner (1961) and by Park, Mertz, Gro-
dzinski, and Prus (1965).

As concerns cannibalism in Tribolium, it can be assumed that it is
a feature which is connected with physiology and nourishment of these animals.
CannibaliSm must involve the demand in the organisms for a food of a high
calorific value. The following findings could speak in favour of such inter-
pretation: (1) cannibalism is higher at ‘egradated medium, that is,in partially
utilized food, such as the conditioned flour, and (2) it is much higher in
females than in males. It is evident from the most recent studies on the energy
transformation in T.castaneum (Klekowski, Prus, and Zyromsk a-Rud z-
ka 1967) that a female of this species is able to produce one third its body
calorific value in eggs within each 24 hours. Such an enormous strain of the
organism can follow only in the expense of easily assimilated food, containing
highly concentrated energy. Tribolium eggs (5 cal/mg dry weight) and especial-
ly pupae (6.5 cal /mg dry weight) constitute such food as compared with flour
(4.225 cal/mg dry weight) (Klekowski, Prus, and Zyromska-ﬂudzka
1967) . This could also be a reasonable explanation for the incomparably higher
egg cannibalism in females than in males. Further explanation of the latter
difference can be found in the spatial structure of the population. Studying
spatial distribution and migrational ability in Tribolium (Prus 1963, 1966),
it was found that the females are less inclined to stay on the surface of the
medium than do the males (the incidence of females staying on the surface was
much lower than that of males). Thus, the eggs which are being laid inside
the flour, are much more exposed to the detrimental action of females than
males.

Exploring the mechanism of population control in Tribolium, an intense
reduction of eggs was found to occur in the two species examined. In T. con-
fusum, it is egg cannibalism which is more important, and in T. castaneum —
restriction of potential rate of reproduction, controlled by the factors of den-
sity and conditioning. In a Tribolium population, the regulatory process in-
volves also, besides the described reduction of eggs, the cannibalistic de-
struction of other developmental stages, mainly of pupae and callows. These
stages are reduced also by larvae (Park, Mertz, Grodzinski, and Prus
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1965). Thus, the importance of self-regulating processes, which are very
complex in Tribolium populations, cannot be overestimated, since they allow
an isolated population to survive in a confined habitat.

The results of this paper are an example of a phenomenon commonly found
in nature. This phenomenon depends on the fact that organisms very often
achieve the same or similar ultimate purpose, although the mechanisms of

its performance are usually different.

VI. SUMMING UP

Cannibalism.

1. Cannibalisitic predation by adult beetles on eggs is a common pheno-
menon in the two species, and its intensity varies with the factors applied.
Under the experimental conditions identical for both species, egg cannibalism
is higher in T. confusum than in T. castaneum. For T. confusum, with time
differences neglected, it ranges from 4.3% of 100 marked eggs introduced that
are eaten by 1 pair in the fresh medium during 48 hrs to 84.8% of 100 marked
eggs introduced, eaten within 48 hrs by 32 pairs of adults in the maximum
conditioned flour. In T. castaneum, the corresponding percentages amount to
3.9 and 28.6 (Tab. ). '

2. The cannibalism rate, i.e., fraction of eggs eaten or destroyed per beetle
within 24 hrs, out of a total of eggs present in the medium, is also variable.
The extreme values of this rate, multiplied by 100, with time factor neglected,
range, on the average, from 1.043 to 3.317 in T. confusum and from 0.267 to
1.271 in T. castaneum (Tab. II). The cannibalism rate varies with density of
adult beetles, conditioning of the medium, and age of the cannibals.

3. In the two species, the effect of density of adult beeties on the canni-
balism rate is highly significant (Tab. III). The rate decreases with enlarge-
ment of density (Fig. 3).

4.In T. confusum, the effect of conditioning of the medium on the rate of
cannibalism is statistically significant (Tab. III). The rate increases from
1.137 to 3.317 with enlargement of conditioning for 1 pair in 8 g of the medium
and from 1.058 to 1.569 for 32 pairs in 8 g of the medium (Tab. II). In T. casta-
neum, in spite of the fact that the analysis of variance did not proved the con-
ditioning effect to be significant, it can be assumed that the smallest intesity
of cannibalism would occur in a slightly conditioned medium, but cannibalism
would be higher both in the fresh and heavily conditioned media (Tab. II,
Fig. 3).

5. In the two species, the age of beetles has a significant effect on the
cannibalism rate. In 7. confusum this rate decreases inconsiderably, and in
I'. castaneum it increases with aging of beetles (Tab. II, III, Fig. 3).
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6. The observed dependences are not always of a simple character, as
evidenced by some significant interactions among the factors involved. The
effect of one factor is sometimes modified by the others (Tab. III).

Real fecundity.

1. In the two species, real fecundity, the number of eggs per female per
24 hrs, also varies with the factors applied. Under the experimental conditions,
its extreme values, with time differences neglected, range from 6.099 to
11.344 eggs in T. confusum and from 2.452 to 16.131 eggs in T. castaneum
(Tab. IV).

2. In the two species, the enlargement -of density of adult beetles causes
a significant decrease in real fecundity, the effect being much stronger in 7.
castaneum than in T. confusum (Tab. IV, V, Fig. 3 and 4). The slope of this
decrease is much steeper betwcen lower densities than between higher ones
(Tab. IV, Fig. 3).

3. The enlargement of homotypic conditioning reduces significantly real
fecundity of the two species, more in 7. castaneum than in T. confusum (Tab.
IV, V, VIII, Fig. 3 and 4).

4. Real fecundity in the two species changes with age of the beetles. In
T'. confusum it usually decreases, and in T. castaneum — increases with the
aging of beetles (Tab. IV, V).

5. In some instances, especially in T. castaneum, there is a coaction of
the factors employed, as evidenced by their significant interactions.

Apparent fecundity.

1. Apparent fecundity, the number of eggs found of the eggs laid per female
per 24 hrs, is also variable with conditions of the experiment. The extreme
values, with time differences neglected, are 2.621-11.090 in T. corfusum
and 2.041-15.805 in T. castaneum (Tab. VI).

2. The enlargement of density of adult beetles and of conditioning of the
medium both lower significantly apparent fecundity; the degree of the decrease
being similar for the two species. The density effect is higher than that of
conditioning (Tab. VI, VII, VIII, Fig. 3).

3. The significance of some interactions should be interpreted similarly

as in the case of real fecundity (Tab. VI and VII).

Conclusions.

The maximum values of the density of adult beetles and of conditioning
of medium, applied in this experiment, amount to about half the maximum
values found in natural populations of these species; i.e., populations which
are at the equilibrium phase and are transferred to the fresh medium after every
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30 days. This comparison permits an indirect relation of both the density and
conditioning effects as well as the evaluation of the importance of these
factors in the regulatory processes. Such a comparison leads to the following
conclusions, presented for each species separately.

Tribolium confusum.

1. Under the conditions of the present experiment, the effect of the maxi-
mum density of adult beetles and that of conditioning of the medium can sup-
press almost 50 per cent of potential fecundity in this species (Tab. IX). The
restricting effect of population density is higher than that of conditioning of
the medium (Tab. IX, Fig. 4 and 5). |

2. The egg mortality resulting from cannibalism equals to 12—-99% of real
fecundity. This percentage increases with the decrease in real fecundity, the
latter being brought about by the enlargement of both density and conditioming
(Tab. IX). Thus, egg cannibalism is not exclusively random feature but a spe-
cific form of adaptation. This adaptation can lead to an efficient restriction
of population numbers; under the experimental conditions as much as 99.7%
of potential fecundity can be thus reduced (Tab. IX, Fig. 5). :

Tribolium castaneum. |

1. The combined effect of maximum density and conditioning restricts 85%
of potential fecundity (Tab. IX). In this restriction, density of the adult beetles
plays a greater part than conditioning of the medium (Tab. IX, Fig. 4 and 5).

2. The egg mortality brought about by cannibalism ranges under the con-
ditions of the experiment from 5 to 56% of the real fecundity. The percentage
of egg mortality increases clearly with the enlargement of adult population
density (Tab. IX). Therefore, egg cannibalism in this species is also rather
an important, and to certain extent variable mean of regulation, its character
being of adaptational nature. However, cannibalism is far less important in
this species than in T. confusum. '

3. The combined effect of density, conditioning, and cannibalism is almost
equally effective as in T. confusum, causing reduction of 92.6% of potential
fecundity in this species (Tab. IX, Fig. 4 and 5).

I wish to thank Professor Dr. K. Petrusewicz for his guidance over this paper to
fulfill the requirements for the degree of doctor of biological sciences at the Warsaw
University.

I appreciate greatly the substantial aid of Professor Dr. T. Park when designing the
e xperiments., Thanks are also due to Docent Dr. R. Klekowski for his valuable comments
after reading the paper in typescript and to T. Wierzbowska, M. Sci. and Docent Dr. K.
Zieliﬁski for their advice and comments on the statistical part of the problems. Most of
calculations were performed with the use of an electronic computer by the Computation
Centre of Polish Academy of Sciences, to whom I wish to express my sincere gratitude,
[am also very grateful to Mrs. St. Dawidowicz for her invaluable help in carrying out

these experiments,



372 Tadeusz Prus [38]

REFERENCES

1. Allee, W.C. 1931 — Animal aggregations: a study in general sociology — Chicago.

2.Allee, W.C., Emerson, A.E., Park, O., Park, T., Schmidt, K.P. 1950 —
Principles of animal ecology — Philadelphia — London.

3. Andrewartha, H.G.,, Birch, L.C. 1954 — The distribution and abundance of
animals — Chicago. .

4. Birch, L.C., Park, T., Frank, M.B. 1951 — The effect of intraspecies and inter
species competition on the fecundity of two species of flour beetles — Evolution,
5: 116—132.

5. Bond, J.A. 1961 — Aspects of dispersion in two species of flour beetles — Docto-
ral dissertation, Chicago, Department of Zoology, University of Chicago.

6. Boyce, JJM. 1946 — The influence of fecundity and egg mortality on the population
growth of Tribolium confusum Duval — Ecology, 27: 290-302.

7.Brereton, J. Le Gay 1962 — A laboratory study of population regulation in
Tribolium confusum — Ecology, 43: 63—69. |

8.Chapman, R.N. 1928 — The quantitative analysis of environmental factors —
Ecology, 9: 111-122.

9.Chapman, R.N,, Baird, L. 1934 — The biotic constants of Tribolium confusum
Duval — J. exp. Zool. 68:293—-304.

10. Crombie, A.C. 1942 — The effect of crowding upon the oviposition of grain-
infesting insects — J. exp. Biol. 19: 311-340.

1. Crombie, A.C. 1943 — The effect of crowding upon the natality of grain-infesting
insects — Proc. zool. Soc. Lond. Ser. A, 113: 77-98.

12. Ghent, A.W. 1963 — Studies of behavior of the Tribolium beetles. I. Contrasting
responses of T. castaneum and T. confusum to fresh and conditioned flours —
Ecology, 44: 269-283.

13. Ho w_ard, L.O.,, Fiske, W.F. 1911 — The importation into the United States of
the pamasites of the gipsy moth and the brown tail moth — Bull. U.S. Bur. Ent.
91: =312 | |

14.Klekowski, R.Z., Prus, T., Zyromska-Rudzka, H. 1967 — Elements of
energy budget of Tribolium castaneum Hbst. (Coleoptera, Tenebrionidae) in its
developmental cycle (Secondary productivity of terrestrial ecosystems, Petruse-
wicz, K., Ed.) — Warszawa, Krakow.

15.Lindquist, E.F. 1953' — Design and analysis of experiments in psychology and
education — Cambrid ge. '

16. MacLagan, D.S. 1932 — The effect of population density upon the rate of repro-
duction with special reference to insects — Proc. R. Soc. B, 111: 437—454.

17. Naumow, N.P. 1961 — Ekologia zwierzgt — Warszawa.

18. Neyman, J., Park, T., Scott, E.L. 1956 — Struggle for existence. The Tribo-
lium model: Biological and statistical aspects (Proceedings of the third Berkeley
symposium on mathematical statistics and probability) — Berkeley.

19. Nicholson, A.J. 1954 — An outline of dynamics of animal populations — Aust.
J. Zool. 2: 9—-65.

20. Park, T. 1934a — Studies in population physiology. IIl. The effect of conditioned
flour upon the productivity and population decline of Tribolium confusum — ].
exp. Zool. 68: 167—-182.

21. Park, T. 1934b — Observations on the general biology of the flour beetle Tribolium
confusum — Quart. Rev. Biol. 9: 36-54.



[39] Regulation in Tribolium populations 373

==

22. Park, T. 1935 — Studies in population physiology. IV. Some physiological effects
of conditioned flour upon Tribolium confusum Duval and its populations — Physiol.
Zool, 8: 91-115.

23. Park, T. 1936 — Studies in population physiology. VI. The effect of differentially
conditioned flour upon the fecundity and fertility of Tribolium confusum Duval —
J. exp. Zool. 73 393—-404.

24, Park, T. 1948 — Experimental studies of interspecies competition. I. Competition
between populations of the flour beetles Tribolium confusum Duval and Tribolium
castaneum Herbst — Ecol. Monogr. 18: 265-308.

25. Park, T. 1954 — Experimental studies of interspecies competition. II. Temperature,
humidity, and competition in two species of Tribolium — Physiol. Zool. 27: 177-238.

26. Park, T., Frank, M.B. 1948 — The fecundity and development of the flour beetles,
Tribolium confusum and Tribolium castaneum at three constant temperatures —
Ecology, 29: 368 —-374.

27. Park, T., Gregg, E.V,, Lutherman, C.Z. 1941 — Studies in population phy
siology. X. Interspecies competition in populations of granary beetles — Physiol.
Zool. 14:395—-430.

28. Park, T., Leslie, P,H., Mertz, D.B. 1964 — Genetic strains and competition
in populations of Tribolium — Physiol, Zool. 37: 97-162.

29, Park, T., Mertz, D.B.,, Grodzinski, W., Prus, T. 1955 — Cannibalistic pre-
dation in populations of flour beetles — Physiol. Zool. 38: 239-321.

30. Park, T., Mertz, D.B.,, Petrusewicz, K. 1961 — Genetic strains of Tribolium:
their primary characteristics — Physiol. Zool. 34: 61-80.

31. Park, T., Woollcott, N. 1937 — Studies in population physiology. VII. The
relation of environmental conditioning to the decline of Tribolium confusum po-
pulations — Physiol. Zool, 10: 197-211L

32. Petrusewicz, K. 1965 — Dynamika liczebnosci, organizacja i struktura ekolo-
giczna populacji — Ekol, Pol. B, 11: 299--316.

33. Petrusewicz, K., Prus, T., Rudzka, H, 1963 — Density and size of medium
in populations of Tribolium — Ekol, Pol. A, 9: 603-608.

34.Polnik, A. 1960 — Effects of some intraspecies processes on competition be-
tween two species of flour beetles, Latheticus oryzae and Tribolium confusum —
Physiol. Zool. 33: 42-57.

35. Prus, T. 1961 — The effect of homotypic and heterotypic conditioning of medium
upon the net fecundity of Tribolium castaneum Herbst and T. confusum Duval —

Ekol. Pol, A, 9: 245-257. |
36. Prus, T. 1963 — Search for methods to investigate mobility in Tribolium — Eco-

logy, 44: 801-803.

37.Prus, T. 1966 — Emigrational ability and surface numbers of adult beetles in
12 strains of Tribolium confusum Duval and T. castaneum Herbst (Coleoptera,
Tenebrionidae) — Ekol. Pol. A, 14: 547 -588.

38. Rich, E.R. 1956 — Egg cannibalism and fecundity in Tribolium — Ecology, 37:

109--120.
39, Solomon, M\.E. 1949 — The natural control of animal populations - J. anim.

Ecol. 18: 1-35.
40. Sonleitner, F.J. 1961 — Factors affecting egg cannibalism and fecundity in
populations of adult Tribolium castaneum Herbst — Physiol. Zool. 34: 233-255.
41. Stanley, J. 1942 — A mathematical theory of the growth of populations of the
flour beetle Tribolium confusum Duv. V. The relation between the limiting value
of egg populations in the absence of hatching and the sex-ratio of the group of
adult beetles used in a culture — Ecology, 23: 24-31.



374 Tadeusz Prus [ 40}

NIEKTORE MECHANIZMY REGULACJI LICZEBNOSCI POPULACJI
TRIBOLIUM CONFUSUM DUVAL I TRIBOLIUM CASTANEUM HERBST
(COLEOPTERA, TENEBRIONIDAE)

Streszczenie

Praca dotyczy proceséw samoregulacji populacji. Stosujac metode znakowania jaj,
zbadano wpltyw zagegszczenia chrzgszczy dorostych i przeksztalcenia przez nie srodo-
wiska zyciowego na ptodnosé i Smiertelnosé, spowodowang kanibalizmem w ekspery-
mentalnych populacjach obu gatunkéw. Zréznicowanymi czynnikami byly: zageszczenie
chrzgszczy dorostych i stopien przeksztalcenia przez nie srodowiska., Uzyskano dane
empiryczne: liczbe jaj skladanych przez chrzgszcze w jednostce czasu i ubytek jaj
znakowanych, na podstawie ktérych wyznaczono tempo plodnosci, kanibalizmu i prze-
zywalno$é jaj do postaci larwalnej.

Stwierdzono, ze zaréwno zageszczenie chrzgszczy jak i przeksztalcenie Srodowi-
ska wplywajg na ptodno$é i tempo kanibalizmu, przy czym wplyw pierwszego czynnika
jest wiekszy niz drugiego. Zwiekszanie zageszczenia i stopnia przeksztatcenia sro-
dowiska w sposéb statystycznie istotny obniza ptodnosé obu gatunkéw, Srodowisko
przeksztatcone zwigksza tempo kanibalizmu u T. confusum, wplywu tego nie stwier
dzono natomiast u T. castaneum. |

Charakteryzujac mechanizmy samoregulacji u Tribolium, stwierdzono, ze proces
redukcji liczebnosci jaj realizuje si¢ dwiema drogami: poprzez zmniejszenie plodnosci
fizjologicznej pod wplywem badanych czynnikéw oraz poprzez zmienne tempo pozera-
nia jaj przez chrzgszcze w zaleznosci od tych czynnikéw. Oba gatunki charakteryzujg
sie¢ bardzo sprawnymi mechanizmami regulacji liczebnosci jaj, pozwalajgcymi w pew-
nych warunkach ekologicznych na prawie zupelne ograniczenie przyrostéw naturalnych
populaciji.

Poréwnujgc oba gatunki pod wzgledem mechanizméw regulacyjnych stwierdzono,
ze u T. confusum gtdwnym elementem regulacji jest kanibalizm, za$ u T. castaneum —
obnizenie ptodnosci potencjalnej pod wplywem badanych czynnikéw.
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