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The experiments described in this paper have been induced by a paper of 
SPIEGELMAN (1945) on physiological competition as a regulatory mechanism 
in morphogenesis. In this paper SPIEGELMAN tries to formulate a theory 
for the regulative principle of developmental processes, and examines the 
consequences of the principle of physiological dominance and the gradient 
theory from which it arose. He bases his deductions on the hypothesis that 
differentiating cells compete for food and space, and tries to deduce the 
consequences of this kind of competition for the transformation, and its 
kinetics. 

Considering first the transformation of a group of eells in a "neutra!" 
environment and physiologically isolated from any other group going 
through the same process, he arrives at the deduction of an important 
notion, viz. "inher.ent potentiality for differentiation", being the ability in 
terms of ma ss per unit of time of any group of cells to transform. This 
ability may be limited by external effects, either originating from unfavor~ 
able environmental conditions or from the presence of other cells under~ 
going the same process in the neighbourhood. The consequences of these 
external limitations are analyzed. On the basis of the competition 
hypothesis it is argued that in general an inverse relation will exist between 
the inherent differentiation potential and the interaction coefficient of any 
particular cell; as competition sets in, the cells with the low differentiation 
potentials will be the most drastically a Hected. Furthermore, tbe 
quantitative relation between the environmental coefficient of resistance 
and the interaction coefficient determines which of the two will act as 
a limiting factor to diHerentiation. 

Then, the group interactions are studied between cell groups placed 
in physiological contact with another and undergoing the same transformat~ 
ion, and the role of gradients in "physiological activity" is analysed. This 
analysis yields the following results: 1°. A transforming cellgroup physio~ 
logically connected to another group which is also actively differentiating 
will experience potency limitation. 20. In the absence of gradients in 
interaction coeHicients a necessary and sufficient condition for the 
existence of dominance is a .gradient in diHerentiation potential; tbe group 
possessing the higher differentiation potential will dominate the other. 
30. In the absence of gradients in differentiation potentials, a necessary 
and suHicient condition for the existence of dominance is a gradient in 
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interaction coefficients; the group possessing the lower interaction 
coefficients will domina te the other. 40. IE the potentialof anygroup is 
inversely proportional to its coefficients of interaction, th en a necessary 
and sufficient condition for the eXlstence of physiological dominance is 
that there be a gradient in differentiation potential. The dominating group 
is characterized by the highest potenti~l. 

Some implication may be deduced from these theorems. One of them 
is especially important in connection with the present paper: The severity 
of competition between two groups depends on the total ma ss of tissues 
with which they have established connection; insofar as direct competition 
for the required substrate contributes to the value of the coefficient of group 
interaction, it will vary inversely as the total volume of tissue connected 
with the competing groups. 

These theoretical considerations are applied by SPIEGELMAN to the 
results of experiments on hydranth reconstitution in coelenterates. Of most 
importance in connection with this paper is his discussion on the interaction 
between distal and proximal reconstitution in Tubularia sterns of varying 
length. Whereas in sterns of intermediate length (from 5 to 10 mm) the 
reconstitution of a hydranth at the proximal end is suppressed by the 
dominant distal regenerate, short sterns of about 1 mm in leng th do not 
show distal dominance; likewise, the distal ends of sterns 15 or more mm 
in length lose their ability to con trol the differentiation at the proximal 
ends. SPIEGELMAN explains the loss of distal dominance in the two rather 
different experimental conditions, from the point of view of a competitive 
interaction between the two ends, in the following way: the distal end of 
a short stem loses its ability to regulate the regeneration at a proximal end 
because, between two points which are sufficiently close to each other, 
an effective gradient in differentiation potential does notexist. In the 
experiments with long sterns, on the other hand, the physiologically 
connected volume has been made so large that the group interaction 
coefficients, which vary inversely with th is volume, do no longer play a part 
in the process. The importance of this factor, also as regards the 
coefficients of internal interaction, is further demonstrated by comparing 
the rates of differentiation of the ends of sterns of various lengths; an 
increase of physiologically connected volume causes an increase in regener~ 
ation rate. 

Without further entering into the details of SPIEGELMAN's paper, we 
shall now turn to the question whether these considerations may be applied 
also to other cases. Particularly, a comparison with the regeneration 
processes in planarians may be instructive. Though important differences 
exist between the reconstitution processes in coelenterates and the regener~ 
ation in triclads, in other respects both 'groups of phenomena exhibit a 
great resemblance. In planarians, as in hydroids, no predetermined regions 
destined to form particular structures exist; in most species any level of 
the body has the ability to regenerate e.g. a head. Polarity in planarians 
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is more strictly determined than in coelenterates; as a rule, af ter transverse 
sections a heaà is regenerated at anteriorly clirected cut surfaces, a tail at 
posterior surfaces; no bipolar regeneration, as in hydroids, occurs. Clear 
phenomena of physiological dominance, exerted by the anterior end of the 
body, have been detected (e.g. CHILD 1915, GOLDSMITH 1939). 

According to SPIEGELNIAN it is sufficient for the applicability of the 
competition theory to any particular case that two conditions be satisfied: 
first, physiological connectivity; second, the existence of gradients in 
ability to differentiate. It has been proved that e.g. the ability to form a 
head shows a gradient in many species of planarians (e.g. BRj6NDSTED 1939, 
1946, GOLDSMITH 1940, CHILD 1946). Therefore, in these cases the 
competition theory should be applicabie, and should be able to explain the 
results of regeneration experiments. In order te) test this assumption, the 
following experiments have been performed. 

In a first series of experiments we have tried to induce the formation 
of a secondary head in posterior parts of the planarian body, in order to 
study the interaction between this and the normal head or an anterior 
regenerate produced af ter decapitation. However, it appeared that in the 
planarian species at our disposal (Euplanaria lugubris Hesse and Polycelis 
nigra Ehrb.) it was not possible to induce the formation of a secondary 
head; we did not succeed in producing secondary heads, neither by triangular 
incisions of the lateral body wall, alone or followed by coagulationof the 
wound margins with a heated needie or with a drop of AgN03 2 %, nor 
by thermocautery of the postcerebral. praepharyngeal or postpharyngeal 
region in the mannçr described by GOLDSMITH (1940). 

Therefore, in a second series of experiments the head regeneration at 
an anterior cut surface was studied quantitatively in transverse pieces of 
Euplanaria lugubris of different lengths. The following considerations 
have led to this study: As a ruIe. only at the anterior end of a transverse 
piece a head is regenerated; at the posterior cut surface a regenerate is 
formed which gives ri se to the posterior part of the body. What is the 
relation between these two regeneration blasternes? Three possibilities 
can be imagined: 1. It is conceivable that the factors regulating regeneration 
rate, and ror which the cells are competing (food and physiological space) 
are of such a general nature that they are the same for both blastemes. 
In th is case, a competitive interaction between both will exist, the severity 
of which will depend upon their inherent differentiation potential and upon 
the total volume with which they are physiologically connected. 2. The 
factors regulating head and tail regeneration are specifically different; 
however, the cells at the posterior cut surface which posses the inherent 
potentiality for head regeneration are not completely inhibited from the 
beginning, but, wh en both cuts are made simultaneously, they st~rt their 
transformations in the direction of a head regeneratel before th is has led, 
however, to detectable differentiations, their further transformation in this 
direction is suppressed by the dominating anterior regenerate and the 
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potentiality for tail regeneration takes the lead. In this case, only during 
the first period a competitive interaction between anterior and posterior 
regenerate will exist. 3. Finally, anterior and posterior regenerate may be 
independent from one another from the beginning; in this case, however, 
still both will be influenced by the size of the piece, as the coefficients of 
internal interaction, according to SPIEGELMAN's theory, will vary inversely 
with the volume of physiologically available space. 

Material and methods. 

The anima Is were caught in ditches in the neighbourhood of Utrecht 
and used for the operation on the following day. They were not fed prior 
to or during the regeneration. 

The operation was carried out under a binocular microscope with a 
fine ophthalmological knife on a bottom of agar~agar; the animals were 
not narcotized. Af ter the operation they were transferred to a ZIMMERMANN 
dish containing 30 cc of LEHMANN'S fluid diluted 4 times; each dish 
containing only one piece. These dis hes were placed in a closet of ground 
glass, in order to insure uniform lighting conditions. During the first half 
of the experimental period the regenerating animals were kept at room 
temperature; this varied around an average of about 20° C, but rose 
incidentally during some periods of extremely hot weather to 30° C in the 
day~time. Therefore. in the second half of the experiments the animals 
were kept in a thermostate at a constant temperature of 27° C. In this way. 
the factors of the external environment were kept as nearly constant as 
possible. The two groups of experiments are treated separately below. 

Fig. 1 gives a diagrammatic representation of the position of the cuts: 

-, 

--il- _3 

_ 4 

_______ 6 

Fig. 1. Diagram 
of operation; posit
ion of cuts 1-6. 

1. through the posterior ends of the auricular sense 
organs; 

2. in the middle between 1 and 3; 
3. along the anterior border of the pharynx; 
4. along the posterior border of the pharynx sheath; 
5. divides the remaining part into halves, and runs 

exactly through the genital orifice. 
The level of the posterior end of the body is denoted 

as 6. 
The experiments were arranged in the following way: 

In series A to E the animals were decapitated according 
to cut I, whereas the posterior cut surface was shifted 
every time more anteriorly, so series A = 1 - 6 (no 
posterior cut), B = 1 - 5. C = 1 - 4 etc. In series F 
to J the anterior cut is made at level 2, the posterior one 
successively at 6, 5. 4 and 3. In the same way, K to M 
give the combinations with anterior cut at 3, N and 0 at 

4, and P is the posterior part 5-6. In this way, a total of 15 combinations 
was made. 
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It was impossible to make a sufficient number of experiments of aH these 
combinations at a time. as the preliminary arrangements and the operation 
itself took too much time. About 45 animals could be operated upon in one 
day. In order to obtain comparable results. however. it seemed necessary to 
make experimental sets inc1uding aH possible combinations at a time 
(" randomized block arrangement"). Therefore. every week one "block" 
of 45 experiments was made. inc1uding 3 of each possible combination. 
The animals were kept under observation during 7 days. then a new set 
was started. In total. ten of these sets were made. inc1uding a total ,of 
450 experiments. distributed equally over the 15 possible combinations; 
5 of these sets belong to the room temperature group. the other 5 to the 
constant temperature group. 

With regard to head regeneration. an animal was counted positive as 
soon as 2 symmetrical pigment spots could be observed in the unpigmented 
regeneration blasteme with a high magniHcation of a binocular microscope. 
It is assumed that this moment of appearance of the eye spots indicates a 
comparable degree of differentiation in all blastemes. As a matter of facto 
in the series K-P th is degree of differentiation is not reached by all 
animals within 7 days; control observations showed. however. that also in 
these series all anima Is formed normaleye spots within about 10 days; only 
in series P in 2 cases abnormaI. teratomorphic heads were formed which 
have been counted negative. 

Taking the mass of tissue transformed at the moment of appearance 
of the eye spots as unity. the regeneration rate can be expressed as the 
reverse of the number of days needed for th is transformation. Thus. when 
the eye spots appear af ter 3 days. the regeneration rate is 1/3. etc. For the 
sake of convenience. the number obtained in this way is multiplied with 
100. Since. however. in series K-P some animals only form eye spots 
af ter the 7th day. in these cases a difficulty arises. It is neither justified 
to adjudge to these animals a zero value. nor to omit them from the account 
altogether. We have assumed that they would have reached the stage 
of eye spots. on an average. after 9 days. and gave them a regeneration 
rate of 1/9' 3 AnimaIs. belonging to series C. G and P. respectively. died 
prematurely before eye spots had appeared. · In order not to spoil the 
possibility of a statistical analysis. we have reckoned them as having the 
same regeneration rate as the two other animals of their group. We are 
assured that these slight retouches have not impaired appreciably the 
reliabiHty of the results obtained. 

The r~sults of the experiments have been treated according to the modern 
statistical methods. as presented in the book of MATHER (1946). 

Results of the experiments. 

Table I summarizes the results of the experiments. For every group of 
3 anima Is. the sum of the regeneration rates is given. 
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TASLE I. 

Level of Distance Room temperat,)1rl' group Const. temp. group 

Series ant. cut I post. cut between 
S;t I 2 I 4 I I I 

Totals 

A 
B 
C 
D 
E 

F 
G 
H 
J 

K 
L 
M 

N 
o 
p 

(xi! (X2) 

1 
1 
I 
1 
I 

2 
2 
2 

· 2 

3 
3 
3 

4 
4 

5 

6 
5 
4 
3 
2 

6 
5 
4 
3 

6 
5 
4 

6 
5 

6 

cuts (X3) 3 

5 92 100 100 
4 92 83 100 
3 100 78 100 
2 100 92 100 
1 100 100 92 

4 70 65 75 
3 100 78 83 
2 100 65 75 
1 78 62 92 

3 62 48 65 
2 60 57 65 
1 65 57 75 

2 

5 6 7 

92 75 83 100 
92 70 92 92 
78 75 92 92 
92 75 100 100 
92 75 100 83 

70 70
1 

75 70 
65 65 75 70 
70 60

1 

75 75 
70 57 75 83 

60 48 54 62 
57 42 70 60 
57 51 65 70 

8 9 

100 100 
92 92 

100 100 
100 92 
92 100 

70 75 
70 75 
70 78 
70 65 

51 57 
48 62 
45 57 

10 

92 
100 
100 
100 
92 

75 
83 
70 
65 

70 
57 
62 

934 
905 
915 
951 
926 

715 
764 
738 
717 

577 
578 
604 

484 
503 

381 

Totals 35 70 35 

I 5246 I SH6 I 10692 

These data have been treated according to the method of analysis of 
varianee. 3 Main effects have been distinguished: the differences between 
series. those between sets and those between temperature groups .. 

Table II shows the resutts of this analysis. 

TABLE Il. 

~Ol Degrel's of Mean square 
Variance 

squares freedom (S;") t Pr obability 
(S.S) (N) 

ratio 

Secies 16237 14 1159.79 1071.0 - very sman 
Temp. groups 90 I 90.0 - 9 . 1162 very sman 
Sets 1427 8 178.4 164.73 - very sman 
Interaction : 
series-temp. gr. 150 14 10 . 71 9.8798 - very sman 
Series-set ; 1446 112 12.9 I!. 911 - very sman 
Indiv. error 325 300 1.083 

It may be concluded from this analysis that the differences between 
the series and those between the sets are real; it seems probable that also 
the difference between the temperature groups is significant. However. the 
latter difference might be caused by the large differences between the 
sets. When tested against the set mean square. a t of 0.71028 for 8 degrees 
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of fn~edom is obtained; this is found to have a probability of -+ 0.50. 
Hence, there is no reason to think that the diHerence of average regener
ation rates between the tempera tu re groups is real. 

Both the interactions between the series and temperature groups and 
between series and sets are significant. It is striking, however, that the 
individual error is very small. It might be thought that the method of 
determining regeneration rates by inspecting the cultures once a day only 
has obscured existing individual differences. IE, however, the two inter
actions are combined with the individual error to a joint estimate of error, 
the main effects still remain highly significant. 

The differences between the series might be due to the different levels 
of the anterior cut (xd, of the posterior cut (X2). to the distance between 
the cuts, i.e. the relative si ze of pieces (X3) or to a combination of these 
factors. Of these three variables, the third is cle8ily dependent on the 
others. The dependence of regeneration rate on the levels of anterior and 
posterior cut and the size of pieces has ,been tested, therefore, by the 
method of multiple regression. 

Table 111 gives the data for the multiple regression of regeneration 
rate (y) on level of anterior cut (xd and posterior cut (X2). 

S (x.) = 1050. 
S(X2) =2100. 
S(y) = 10692. 
S(XI X2) =5250. 
S(XI y) =21629. 
S(X2Y) =48180. 

bI =-4.6876. 
S(y- y)2=4032.36. 
Sb,=Sb. =0.13108. 

TABLE lIl. 

S(xl)2=3150. S(xl-xl)2=700. 
S(x2?=10500. S(X2-X2)2=700. 
S(yF =273719. S(y_y)2 = 19675. 
S[(XI -XI) (X2-X2)]=350. 
S[y(xl-xl)]=-3319. 
S[y (X2-X2)] =-1716. 
b2=-0.1076. 
V y =9.0209. 

y=23.76. 

It results from these data that the regression equation for the regression 
of y on Xl and X2 is 

Y = 23.76-4.6876 (xl-xd -0.1076 (X2-X2)' 

4.6876 
The significance of b l can be tested by a t[H7] = 0.13108 = 35.760 

with a very small probability. Similarly, to test the significance of b2 , 

t[H7] = 0~i130t068 = 0.82084 with a prob~bility of about 0.40. It may be 

concluded, then, thi:tt the regeneration ra te IÎs dependent on the level of 
the anterior cut, but not on that of the posterior cut. 

In the same way, the multiple regression of y on Xl and X3 (distance 
between cuts) has been determined. 

Table IV gives the additional data. 



S(X3) = 1050. 
S(x. X3) =2100. 
S(X3Y) =26551. 

b. =-4.7952. 
S(y- y)2=3922.34. 
Sb, = Sb, = 0.12928. 
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TABLE IV. 

S(x3)2=3150. S(X3-X3)=700. 
S[(X.-X.) (X3-X3)]=-350. 
S[Y(X3-X3)]= 1603. 
b2=-0.1019. 
V y =8.7H7. 

Hence. the regression equation is 

Y = 23.76-4.7952 (XI- xd -0.1019 (X3-X3)' 

4.7952 
For bI. t(417) = 0.12928 = 37.091 with a very small probability. 

0.1019 
For b2 • t[H7) = 0.12928 = 0.78818 with a probability of 0.50 - 0.40. 

The regeneration rate is thus only dependent on the level of the anterior 
cut. but neither on that of the posterior cut nor on the distance between cuts. 

For the linear regression of y on Xl. 

a = y= 23.76 

-3319 
b = 700 = ...:....-4.7414. 

the regression equation thus being 

Y = 23.76-4.7414 (Xl-Xl)' 

The analysis of variance gives the following result: 

TABLE V. 

I Sum of squares N 

Regression 

I 
15737 1 

Error 3938 H8 
-

Tota\ I 19675 449 

For the significance of the regression coeHicient. 

1 / 15737 
t[H81 = r 8.78 = 42.337. 

with a very small probability. 

I Mean square 

I 
15737 

8.78 

Fig. 2 gives a graphic representation of the relation between regeneration 
rate and level of anterior cut. It shows that a rather satisfactory 
correspondence exists between the observed and the calculated values; 
the position of the former indücates. however. that no strict linearity exists. 
but that the relation is of a higher order. This is demonstrated also by a 
comparison of Tables 11 and V. which shows that the regression accounts 
för a sum of squares of y of 15737 on a total sum of squares for series of 
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16237, leaving a remainder of 500 for 13 degrees of freedom. The mean 
square of this is 38.462, which wh en divided by the error mean square 
gives a variance ratio of 35.549 for 13 and 300 degrees of freedom. The 

x 
30 

27 

24 

21 

15 

15 

12 

1 2 3 ,4 5 

Fig. 2. Regeneration rate and level of anterior cut. Abscissae: 
levels 1-5 (cf. fig . 1) . Ordinates: average regeneration rates. 

Crosses: observed values. Dots: calculated values. 

probability of this is very small which proves that a regres sion of higher 
order exists. In view of the fact that the level of the cuts has been chosen 
rather arbitrarily and their mutual distances have been made equal at a 
rough estimate only, it did not seem justified to undertake the computational 
labour needed for calculating a polynomial regression. 

It is evident from fig . 2 that the regeneration rate decreases regularly in 
an antero~posterior direction. Since the regeneration rate may be defined 
as the ma ss of tissue transformed per unit of time, it is an expression of 
the "inherent potentiality for differentiation" in the sense of SPIEGELMAN. 
Therefore, we may . conclude that the potentiality for head regeneration 
decreases regularly from in front backwards; in other words, there is a 
dis tin ct gradient in ability for head regeneration in Euplanaria lugubris. 
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Thus, .one of the condüions for the applicability of the competition theory, 
according to SPIEGELMAN, is satisfied here. Since, furthermore, without 
doubt a physiological connectivity between the anterior and posterior cuts 
of a transverse body pieceexists, also the other condition mentioned by 
him is fulfdlled . The theory should, therefore, be applicable here. 

However, the preceding analysis has shown that the regeneration rate 
is only dependent on the level of the anterior cut, whereas that of the 
posterior cut and the size of the piece have no influence whatever. 

The objection might be made that the distance between the cuts and the 
si ze of the pieces even between two adjacent cuts is still too great for an 
interaction between the blastemes to take place. In order to meet this 
objection, we have made a second series of experiments in which pieces 
bounded by cuts 1 and 2 (corresponding to series E of the previous group) 
have been compared with pieces, Jikewise bounded anteriorly by cut I, 
but having as their posterior boundary a cut, situated dn the middle between 
cuts 1 and 2, or one, obtained by dividing once more the latter piece into 
halves (fig. 3); the length of these fragments was, therefore, a half and 

______ JP 

Fig. 3. Diagram of operation; second series of ex·periments. 

a quarter, respectively, of those of series E. 15 Pieces (rom each of these 
3 groups have been studied. 

It appeared that the averag·e regeneration rates in these 3 groups were 
equal, being 31, 32 and 32, respectively. In the group of smaIlest pieces, 
however, 9 out of 15 disintegrated before the 3rd day. We may conclude, 
therefore, that even when the posWon of the posterior cut is shifted 
anteriorly tiIl disintegration ensues, no influence on head regeneration 
at the anterior end can be observed. 

Discussion. 

Experiments comparable to ours have been made by BUCHANAN (1933) 
in Phagocata gracilis; he did not, however, give a statistica 1 analysis of 
his results. As in Euplanaria lugubris. regeneration rate at the anterior 
end in Phagocata gracilis is independent of the amount of tissue in the 



piece and the level of the posterior cut, but the time required for eye 
differentiation increases, as the level of seétion becomes more posterior. 
The tota! percentage of heads . formed, however, decreases not only as the 
pieces are taken from more and more posterior regions, but also as the 
size of the pieces is reduced. The latter phenomenon has not been observed 
in Euplanaria lugubris. all pieces forming heads within 10 days. 

Our experiments show that the head regeneration at the anterior end 
of a transverse piece of Euplanaria lugubris is not influenced by the level 
of the posterior cut and the si ze of the piece, even when the latter is made 
so small that disintegration takes place in the majority of cases. Hence, 
the results of the .experiments do not confirm the expectations which might 
be drawn from the competition theory of SPIEGELMAN. This theory is. 
therefore, not applicabIe without further extension to the case of head 
regenerationin planarians. Of course, this does not prove that the basic 
assumptions on which the theory is founded are wrong. 

Our results prove that between the regeneration blastemes at the anterior 
and posterior cuts of a transverse piece of Euplanaria lugubris no 
competitive interactionexists. This might be explained, on the basis of the 
competition theory, by the assumption that the factors for which both 
blastemes are competing are of a specific n~ture from the beginning. As a 
matter of fact , both blastemes are differentiatJing in different directions, 
that on the anterior side producing a head, whereas the posterior blasteme 
forms a caudal body part. The difference with the reconstitution processes 
in hydroids would be, then. that owing to the more strongly expressed 
polarity in planarians the differentiation processes of the regeneration 
blastemes at both ends are forced from the beginning into different 
pathways, notwithstanding the fact that the cells at the posteriorend 
possess the inherent capacity for head regeneration, too. 

On the other hand. also in this case an infl'iIence of the size of the piece 
on regeneration rate would be expected. The fact that this, clearly, does 
not take place is not consistent with the competition theory in its onginal 
form. In fact, it is conflicting Wlith one of the basic assumptJions of the 
theory. A serious consideration of th is point will be needed before the 
theory can be accepted as a true representation of one of the fundamental 
principles of development. 

Summary . 

1. The regeneration rate at the anterior end of transverse pieces of 
Euplanaria lugubris has been studied statistically. 

2. The regeneration rate is only dependent upon the level of the 
anterior cut; 'Ît decreases regularly as th is level becomes more posterior. 

3. The regeneration rate at the anterior end is not influenced by the 
level of the posterior cut and the size of the piece, even when the latter is 
made so small th~t disintegraNon takes place in the majority of cases. 
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4. The results of the experiments do not confirm the expectations. 
which might be drawn from the competition theory of SPIEGELMAN. 
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