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Summary. This paper presents an empirical study 
concerned with the question whether animals com- 
peting by resource exploitation can estimate the 
relative sizes of their opponents and modify their 
own behavior accordingly. Females of flour beetles 
T. confusum competed for limited oviposition sites. 
The problem addressed was: can the asymmetry 
in size and hence in the rate of egg laying determine 
the decisions of competitors about leaving or stay- 
ing together? The results reveal that females of 
flour beetles do recognize their relative sizes and 
apply a "common sense" strategy, whereby 
smaller competitors withdraw. The procedure ap- 
plied in the experiments allowed a standarization 
of the animals, where size was the sole phenotypic 
difference. It is possible that the ability to estimate 
opponent's size is innate, and, therefore, previous 
experience is not necessary. 

Introduction 

When a group of animals exploit a limited resource 
then every individual is faced with the question: 
is emigration a better alternative than joint exploi- 
tation? With the aid of a simple mathematical 
model (Korona 1989), I analyzed whether competi- 
tion between unequal individuals promotes the 
evolution of the ability to estimate competitor size 
or other characteristics in order for the individual 
to apply this information to migration decisions. 
This model shows that the factors determining ani- 
mals' decisions are (1) population density and (2) 
size differences between competitors. When the 
chance of finding a free patch of resource is high 
(low population density), the gains expected for 
each competitor after leaving a patch can be higher 

than sharing the patch. If this holds true, there 
may be several ESS's, including conventional (e.g., 
based on ownership) and paradoxical ones (e.g., 
bigger competitors withdraw). In this case the ex- 
isting asymmetry serves as information that is used 
to avoid less efficient joint exploitation. In a higher 
population density, when only poorer competitors 
would profit by leaving a patch, a unique "com- 
mon sense" ESS exists, i.e., smaller competitors 
withdraw. Finally, with very high density, joint ex- 
ploitation becomes the best solution for every indi- 
vidual. All these conclusions suggest that in com- 
petition by exploitation animals can be expected 
to take into account their relative sizes. 

To test this hypothesis, I used pairs of females 
of T. confusum differing in size. They were left 
with a small amount of medium (later called a 
"patch") in which they could lay eggs. The indi- 
vidual resource shares in joint exploitation were 
estimated by assuming them to be proportional 
to oviposition efficiency. The fitness of individuals 
was lowered both by the necessity to share re- 
sources and by egg cannibalism. At defined time 
intervals over a period of 4 days, 1 recorded which 
individuals occupied the oviposition place and 
which of them walked outside this patch of re- 
source. The time that elapsed from the beginning 
was assumed to be a cue for the animals that it 
was becoming increasingly difficult to find a new 
oviposition site. The situation thus resembled an 
increase in population density. 

From the theoretical model presented else- 
where (Korona 1989) and briefly described above, 
two results were expected. First, that females 
would be more and more inclined to occupy the 
patches during the experiment. Second, that bigger 
individuals would be more often recorded within 
patches. Should bigger competitors prevail during 
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the  who le  e x p e r i m e n t  ( in d i f fe ren t  " d e n s i t i e s " )  
t h e n  this  s t ra tegy  w o u l d  be  ca l led  a s ize-based  a n d  
" c o m m o n  s e n s e "  o n e  ( K o r o n a  1989). T h e  eco logy  
a n d  b e h a v i o r  o f  T. eonfusum are  well  k n o w n  (Sok-  
o lo f f  1974);  aggress ive  b e h a v i o r  b e t w e e n  adu l t s  
has  n e v e r  b e e n  obse rved .  Th i s  f ea tu re  is a m a j o r  
a d v a n t a g e  o f  u s i n g  this  species in  such  a s tudy ,  
because  d i f fe rences  in  m i g r a t i o n  dec i s ions  c a n  be  
expec ted  t o  be the  resu l t  o f  the  a s y m m e t r y  in  the  
ra te  o f  r e source  e x p l o i t a t i o n  a n d  n o t  the  resu l t  o f  
f ights.  

T h e  poss ib le  p r e d o m i n a t i o n  b y  b igger  females  
migh t ,  however ,  be  e x p l a i n e d  in  several  a l t e r na t i ve  
ways .  T h e  first  e x p l a n a t i o n  c o u l d  be  ca l led  " p h y s i -  
o l o g i c a l " .  I t  a s sumes  t h a t  sma l l e r  i n d i v i d u a l s  do  
n o t  o c c u p y  as m u c h  resources  as b igger  ones  be-  
cause  they  are  u n d e r d e v e l o p e d  or  the i r  r equ i re -  
m e n t s  are  lower .  A n o t h e r  poss ib i l i ty  is t h a t  smal le r  
i n d i v i d u a l s  t e n d  to  be m o r e  m i g r a t o r y  in  every  
c o m p e t i t i v e  s i t u a t i o n  regard less  o f  o p p o n e n t s '  size. 
Still  a n o t h e r  a l t e rna t i ve  is t h a t  size does  n o t  cor re -  
la te  w i th  c o m p e t i t i v e  abi l i ty ,  i.e., b igger  females  
do  n o t  l ay  m o r e  eggs or  sma l l e r  f emales  c a n n i b a l i z e  
the  o p p o n e n t s '  eggs m o r e  v igo rous ly .  Al l  the  m e n -  
t i o n e d  h y p o t h e s e s  were  tes ted  in  c o n t r o l  exper i -  
m e n t s  p r e s e n t e d  in  this  s tudy .  

Methods 

Laboratory population 

A laboratory population of T. eonfusum was established by 
hybridization of two laboratory strains and one strain taken 
from a bakery. Subsequently, beetles were kept in groups of 
several hundred (always over 500) for over 2 years in standard 
laboratory conditions: medium of 95% wheat flour and 5% 
baker's yeast, temperature 29~177176 relative humidity 
70% _+3%. All experiments were carried out under the same 
conditions. 

Preparation of experimental material 

About 300 adults of both sexes were taken from the main cul- 
ture; they laid eggs within 24 h. These eggs were placed in 
the standard medium with a density of 1 egg/g. After 17 days, 
larvae were divided at random into two groups. One of these 
groups was placed in the medium to grow and pupate (later 
called "large"). The remaining larvae were placed separately 
into empty vials in order to obtain smaller pupae ("small"). 
Emerging imagines were collected and kept for 14 days in size- 
homogeneous groups at a density of 1 individual/g. Females 
of T. confusum need 9 days to complete maturation (Sokoloff 
1974). Adults were sexed by detecting oviposition. In the experi- 
ment only those females were used that were able to lay eggs 
in normal numbers (4 and more per day) and were of normal 
appearance. Animals used in the main experiment and in the 
first control (C1) were taken at random from the same pool. 
These two experiments were carried out simultaneously, and 
the vials used in both experiments were placed at random in 
the same incubator. Therefore, CI can be regarded as a control 
of the main experiment. Other experiments were carried out 

later, but the same.procedure was applied. These experiments 
with be also called "controls", because their purpose is to test 
alternative hypotheses. 

Procedure of the main experiment 

For this experiment I used glass vials, diameter 35 mm. Their 
bottoms were covered with an acrylic color and oak sawdust 
to make the surface rough, thus allowing the beetles to walk 
easily. A vertical paper tube, height 10 mm and diameter 6 mm, 
was placed in the center of each vial, and the medium (0.12 g) 
was put inside. In each of 128 experimental vials there were 
two randomly paired females, one "large" and one "small", 
which were used in the experiment only once. Each of two 
females had a dot of a different color in the center of its back. 
An individual was classified as being out of the medium when 
its dot was visible. The animals' positions inside and outside 
the medium were recorded every 12 h for 4 days. After the 
experiment, all eggs remaining in the medium and on the inside 
of walls of the paper tubes were counted in 30 randomly chosen 
vials. At the same time, 30 large and 30 small females from 
the experimental series C 1 were weighed. 

Procedures of control experiments 

Single females (C1). Similar procedures as described above 
were applied also in controls C1 and C2. However, in C1 there 
was only one beetle per vial. In this experiment 60 large and 
60 small females were used. Half of the individuals from each 
of these two groups were weighed at the end of the experiment, 
and the weights were pooled together with those from the main 
experiment. Eggs were counted in 30 vials with large and 30 
vials with small females. 

Pairs of similar-sized females (C2). In these series, 22 pairs 
of large females and 22 pairs of small ones were used. Animals 
were individually marked. After the experiment, all individuals 
were weighed, and eggs were collected from all paper tubes. 

Oviposition rate (C3). In this control, 25 large and 25 small 
females were placed individually into glass vials, diameter 
17 mm and height 35 mm, with 2.50 g of the medium for 4 
days in order to estimate their maximum rate of egg production. 
Then the data on body weight as well as number of eggs and 
total weight of eggs were recorded for every vial. 

Egg cannibalism rate (C4). Five eggs and one female predator 
were placed in a paper tube with medium (identical as in the 
main experiment) for 12 h. Half of the females used in this 
series, i.e., 16 large and 16 small ones, encountered their own 
eggs in the first trial; in the second trial, after one day pause, 
they encountered strangers' eggs. The remaining females were 
tested in the reverse order. Eggs were exchanged within pairs 
composed of one large female and one small female. After the 
experiment, all eggs (both remaining and newly laid) were col- 
lected and placed in an incubator. The eggs left to be canniba- 
lized were 3 days old; therefore, it was possible to distinguish 
them from the predator's own eggs by the time of hatching. 

Results 

Exper imental  series 

F i g u r e  1 p resen t s  the  o v i p o s i t i o n  b e h a v i o r  o f  ex- 
p e r i m e n t a l  pa i r s  d u r i n g  e ight  consecu t ive  r ecord -  
ings.  T h e  n u m b e r  o f  via ls  where  b o t h  c o m p e t i t o r s  
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24 48 72 96 hours 
Fig. 1. Every 12 h the state of 128 vials with pairs of  females 
was recorded. The bars represent the sums of consecutive scores 
for four possible events: both females occupy the or• 
site (A), both of them are outside (B), and when only one 
individual is inside (C) this can be a " large"  one (the left hand 
bars in pairs) or a "smal l"  one (the right bars) 

stay together within the oviposition site increases 
with time (rs=0.997, n =  8, P<0.001). Conversely, 
the number of vials where both females are outside 
the patch decreases (r~= -0.976, n = 8, P <  0.001). 
It is noteworthy that during the whole experiment, 
the number of large females (2.79 • 0.21 mg) occu- 
pying the medium alone is higher than that of small 
ones (1.99• mg), as is shown in Fig. 1 C. A 
simple test, two-tailed binomial distribution, re- 
veals that such an event could hardly be produced 
by chance (p = 0.5, n = 8, P =  1/128). 

The last finding, i.e., that large females occupy re- 
source patches more frequently than small ones 
can be examined quantitatively. In order to verify 
it, I counted how many times (a maximum of 8) 
each individual was inside the oviposition site, and 
I compared these numbers for all 128 pairs. Large 
are more often recorded as being inside (F= 
15.586, df= 1,126, P<0.001, two-way ANOVA). 

Control experiments 

Single females (C1). When large and small females 
were placed separately into the vials, size did not 
affect the frequency of being found inside the medi- 

24 k8 72 96 hours 
Fig. 2. In control C1, each female was placed separately into 
the experimental vial. In every pair of bars, the left one shows 
how many large females (out of 60) were inside a medium. 
Analogous score for small ones is given by the right bar 

urn (F= 1.23, df= 1,118, NS, ANOVA). The inten- 
sity of medium occupation was almost constant 
and similar for these two groups (Fig. 2). 

The numbers of eggs found after the main experi- 
ment and control C1 series were compared. There 
were three classes: experimental "pairs"  
(2.13 • 1.81 eggs), single "large" from C1 
(5.60___3.44) and single "small"  from C1 
(6.43 • 3.41). Differences are significant (F= 16.71, 
df=2, 87, P<0.001). Pairs leave fewer eggs than 
either large (LSR=l.56, P<0.05,  Student-New- 
man-Keuls test) or small females alone (LSR= 
1.87, P <  0.05). Thus, the presence of an opponent 
considerably reduces number of eggs found. There 
are no differences within the control between large 
and small individuals (LSR= 1.56, NS), thus the 
patches seem to be of similar value to them. 

In experiment C1, 41% of large females and 
50% of small ones were found inside the medium 
in all eight recordings. The corresponding figures 
for large and small females from experimental 
pairs were 9.3% and 3.9%, respectively. 

Pairs of similar-sized females (C2). Similar to the 
main experiment, here I counted how many times 
(a maximum of 8) each individual was found inside 
a patch. Females from large pairs (2.62 • 0.28 mg) 
were on average 3.48 times inside the medium 
while females from small pairs (1.79• rag) 
were 4.91 times inside. This difference in occupa- 
tion intensity was significant (F-- 10.877, df= 1, 86, 
P<0.01).  Large pairs left more eggs than small 
ones (2.14 and 0.96, respectively, Kruskall-Wallis, 
H =  6.580, P<0.02).  

In this experiment I also noted if migrating in- 
dividuals were found on the bottom of a vial or 
on top of the medium. Top positions were ob- 
served rarely, and there were no clear differences 
between the two phenotypes (6.0% for large and 
4.8% for small). 

Or• rate (C3). Under conditions much bet- 
ter than in the main experiment, large females 
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(2.92___0.23 mg) can lay 8.05 eggs per day and 
small ones (1.83_0.19mg) 5.58 eggs (F=29.64, 
df=l, 48, P<0.001). The mean egg weight for 
large females is 0.053 mg and for small ones 
0.048 mg; this difference is significant (F= 18.566, 
df= 1, 48, P<0.001). 

Egg cannibalism rate (C4). Females cannibalized 
their own eggs at a similar rate as strangers' eggs 
(F= 0.702, df= 1, 60, NS). There was no difference 
in the cannibalism rate between large females 
(56.8% of eggs cannibalized) and small ones 
(60.1%; F=0.145, df=l, 60, NS). Eggs left in an 
incubator as a control hatched at 97.5% and at 
98.2%, respectively. 

Discussion 

The results of experiment C3 (oviposition rate) 
support the simple expectation that size differences 
determine the maximum efficiency of oviposition. 
I expected that this difference could cause higher 
migration rate of small individuals, which are less 
efficient in competition by exploitation. The results 
of the main experiment seem to be consistent with 
this prediction. 

From the beginning of the experiment, compet- 
itors were aware of sharing the patch with the 
other. Perhaps, they postponed egg laying for bet- 
ter opportunities. As time passed and no alterna- 
tive places were found, more and more individuals 
decided to share the patch. This effect was not 
detected in C1 (single females) where, in addition, 
individuals occupied patches much more often. 
During the whole main experiment, larger females 
were found more frequently in the medium despite 
the passing time, i.e., decreasing chances for suc- 
cessful emigration. Therefore, this strategy can be 
regarded as the common sense one, although there 
was the hypothetical possibility of a paradoxical 
solution (Korona 1989). 

A question may be asked about the hypotheti- 
cal role of ownership. The fact that individuals 
in pairs changed between occupation and migra- 
tion much more often than in single oviposition 
(C1) indicates that any effects of ownership can 
hardly be suggested in these contests. If such own- 
ership had taken place, some individuals (owners) 
would have been more persistent in the presence 
of opponents. 

Some particular aspects of animal competition 
were studied in this experiment. Individuals were 
standarized in all their features except size. All 
were of the same age and social experience. In par- 
ticular, we can assume that the characteristic (in 

this case body size) determining the role is not ge- 
netically linked with strategies. Of course, a rule 
"when you are small behave as.. ." could be in- 
nate, but this conditional strategy would be present 
in a genotype regardless of the phenotype. This 
lack of the linkage is a basic assumption of the 
ESS theory, and it was secured here by artificial 
creation of body size differences. Another impor- 
tant point is that before pairing, both small and 
large females were reared in size-homogeneous 
groups under very good conditions. Therefore, it 
was the first time they were faced with the necessity 
to compete for drastically limited resources. More- 
over, they had had no previous opportunities to 
meet opponents of significantly different size. This 
strongly suggests that females of T. confusum need 
no prior experience to detect size differences. It 
can be postulated, therefore, that this is their in- 
nate ability. 

A really difficult question is how these beetles 
can acquire the relevant information about an op- 
ponent's size. Outside the medium I often observed 
that they touched or even climbed on each other. 
Although it looked like accidental events, it might 
have served as an information exchange. Sounds 
or vibrations could be another hypothetical means 
of information. But, it is probably not easy to re- 
cognize opponent's size inside a medium such as 
flour. A considerable "noise" (i.e. not always the 
larger occupying and the smaller migrating) is 
probably caused by this difficulty. 

Let us examine other possible hypotheses that 
could explain the observed prevalence of bigger 
females within patches. The absence of references 
about aggression among T. confusum in the litera- 
ture was, in this study, corroborated by behavioral 
observations and the lack of any apparent injures 
suffered by competitors. Hence, a factor such as 
the cost of fight cannot be applied to explain the 
results. Similarly, we cannot suppose that the value 
of a patch is higher for bigger females, because 
both phenotypes laid similar numbers of eggs in 
experiment C1 (single females). 
Physiological differences between large and small 
individuals might serve as another plausible inter- 
pretation of the outcome in the main experiment. 
Differences in behavior should be noticed in the 
absence of any competition when, for instance, dif- 
ferent-sized individuals have had unequal nutri- 
tional requirements or abilities to migrate. Similar- 
ly, if smaller females were less mature, despite 
equal age in days, they would tend to disperse more 
intensively (Ziegler 1976). The genetical variation 
in dispersal activity was also found in Tribolium 
(Ogden 1970, Ritte 1977). However, in the present 
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experiment, the populations of  large and small in- 
dividuals had the same genetical composition, be- 
cause both groups were taken at random from the 
same pool when still in larval stage. Contrary to 
all explanations mentioned above, the experiment 
with single females (C1) showed that both the big- 
ger females and the smaller ones had a similar ten- 
dency to occupy oviposition sites. 

Even if one accepted the hypothesis that 
smaller females emigrated more frequently due to 
lower oviposition efficiency, this would not neces- 
sarily mean that they could estimate opponent's 
size. One could imagine that smaller individuals 
are always more migratory when they meet other 
competitors. This behavior might be adaptive 
when an individual has a proper estimate of its 
own relative size, but it does not (or cannot) evalu- 
ate sizes of other competitors in every contest. 
However, contrary to the main experiment, in the 
control with similar-sized pairs (C2), small individ- 
uals were less migratory than large ones. This find- 
ing makes the results of  the main experiment even 
more meaningful. It might  suggest, also, that the 
females were able to estimate, to some extent, the 
absolute opponent's size and not only the relative 
one. 

Finally, if smaller females cannibalized oppo- 
nents' eggs more effectively, it would diminish or 
even reverse the asymmetry resulting from the dif- 
ference in oviposition efficiency. But, experiment 
C4 (egg-cannibalism) revealed that females of  T. 
confusum, at least under these conditions, could 
not recognize their own eggs and that both pheno- 
types cannibalized eggs at the same rate. Egg can- 

nibalism considerably lowered patch value because 
pairs from the main experiment left about three 
times fewer eggs than single individuals, no matter 
whether individuals were large or small (CI). Per- 
haps this high rate of egg destruction makes the 
oviposition efficiency especially important, be- 
cause eggs have to be continuously replaced. Inter- 
estingly, in the experiment with similar-sized pairs 
(C2), large individuals left more eggs. However, 
during single oviposition, both phenotypes left 
similar numbers of eggs (C1), and they canniba- 
lized eggs at the similar rate (C4). It may be that 
bigger females protected their eggs from cannibal- 
ism more effectively. This mechanism might rein- 
force the effect of  the difference in the oviposition 
rates. 
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