
The Competitive Structure of Communities: An Experimental Approach with
Protozoa

John H. Vandermeer

Ecology, Vol. 50, No. 3. (May, 1969), pp. 362-371.

Stable URL:

http://links.jstor.org/sici?sici=0012-9658%28196905%2950%3A3%3C362%3ATCSOCA%3E2.0.CO%3B2-C

Ecology is currently published by Ecological Society of America.

Your use of the JSTOR archive indicates your acceptance of JSTOR's Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR's Terms and Conditions of Use provides, in part, that unless you have obtained
prior permission, you may not download an entire issue of a journal or multiple copies of articles, and you may use content in
the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/journals/esa.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

The JSTOR Archive is a trusted digital repository providing for long-term preservation and access to leading academic
journals and scholarly literature from around the world. The Archive is supported by libraries, scholarly societies, publishers,
and foundations. It is an initiative of JSTOR, a not-for-profit organization with a mission to help the scholarly community take
advantage of advances in technology. For more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org
Wed Sep 19 07:38:32 2007

http://links.jstor.org/sici?sici=0012-9658%28196905%2950%3A3%3C362%3ATCSOCA%3E2.0.CO%3B2-C
http://www.jstor.org/about/terms.html
http://www.jstor.org/journals/esa.html


362 JOHN H. VANDERXEER ~ c o l o g y ,Vol, 50, No. 3 

leaves in Illinois as  influenced by soil type and soil in Florida. I. Effect or1 yield, growth, and leaf and 
composition. Soil Sci. 68: 317-328. soil composition. Amer. Soc. Hor t .  Sci. Proc. 53: 

Metz, L. J., G. G. Wells, and B. F. Swindel. 1966. 71-84. 
Sarnpling soil and foliage in a pine plantation. Soil Shomaker, C. E., and V. J. Rudolph. 1964. Sutri t ional 
Sci. Soc. Xmer. Proc. 30: 397-399. relationships affecting height growth of planted yel- 

Moore, C. W.  E. 1959. The  interaction of species and Ion-poplar in southwestern Michigan. Forest Sci. 
soil in relation to the distribution of eucalypts. Ecol- 10: 66-76. 
ogy 40: 734735. Slatyer, R. P.  1967. Plant-water relationships. Aca-

. 1 x 1 .  Competition between ~ ~ i r l l i o -E i ~ c a l y p f ~ ~ s  demic Press, Xew York, 366 p. 
dora atzd Ellcolyptz~s rossii at varying levels of ex- Slatyer, R. P. and I. C. McIlroy. 1961. Practical mi- 
changeable calciun~. .lust. J. Bot. 9: 92-97. croclinlatology. CSIRO and U S E S C O ,  .Australia. 

Mulder, D. 1953. Sutri t ional studies on fruit trees. 5.12-5.17. 
11. The relation between potassiun~, magnesium and Snedecor, G. W. 1956. Statistical methods. 5th ed. 
phosphorus in apple trees. Plant and Soil 4: 107- Iowa State Coll. Press, .ltnes, Iowa. 534 p. 
117. Tanada,  T .  1955. Effects of ultraviolet radiation and 

Pirson, A. 1956. Functional aspects in mineral nu- calcium and their interaction on salt absorption by 
trition of green plants. Ann. Rev. Plant Physiol. 6: excised hfung bean roots. Plant Physiol. 30: 221-
71-114. 225, 

Pryor, L. D. 1959. Species distribution and associa- Walker, L. C. 1956. asFoliage s y n ~ p t o n ~ s  indicators 
tion in Eltcalyptrls. p. 461-471. I I L  A. Keast, R. L. of potassium-deficient soils. Forest Sci. 2 :  113-210. 
Crocker and C. S.  Christian (ed.) Biogeography and Walker, R. B. 1954. The  ecology of serpentine soils. 
ecology in Australia. Dr .  \V. Junk. The Hague, 11. Ecology 35: 259-266. 
Setherlands. 640 p. Wiklander, L. 1958. The soil, p. 118-163. 111 I\.. Ruh-

Reuther, W., F. E. Gardner, P. F. Smith, and W .  R. land (ed.) Encycl. PI. Physiol. I\- ,  Springer \-erlag, 
Roy. 1949. Phosphate fertilization trials with oranges Berlin. 

T H E  C O l I P E T I T I I ' E  S T R U C T U R E  O F  C O J I J I U N I T I E S :  Ah' 

E S P E R I J I E N T A L  A P P R O A C H  \\'ITH P R O T O Z O A  


JOHX H .  VANDERAIEER' 
Dcparti~rctzt of Zoology,  Ultis*ersity of ,2lichigatz, Atuz A r b o r ,  Jlichigatz 

(Received November 25, 1968; accepted for publication January 31, 1969) 

Abstract .  ,4n empirical test of the existence of higher order interactions was carried out 
using four ciliate proto~oans,Pam~itccizlrtz calrdntll+rz, P. bllrsoria, P. oltrrlia, and Rlcp l~a-
ristna sp. 

,411 four ciliates were cultured individually, and their population histories l iere described 
quite well by the simple logistic equation. 

Attempts to explain minor deviations of the data from the logistic by use of the one or 
two time lag logistic failed. ,4 more complicated time lag phenometlon must be operative. 

Every possible pair of the four ciliates \Gas cultured and a trial and error procedure was 
used to estimate rl, and p of the Gause equations. In  all cases the simple Gause equations 
seemed adequately to describe the data. 

All four ciliates were cultured together and compared to predictions made by use of the 
competition coefficients estimated from pair-wise competition and population parameters esti-
mated from single species population groath .  The correspondence between prediction and 
data suggests that the higher order interactions have slight or no effect on the dynamics of this 
artificial community. 

The  central goal of community ecology is to abundance of species (number of species with a 
understand the dynanlics of conlmunity organiza- given number of individuals). 
tion. RIost likely that goal would be best ap- Most of the work collcerned with the latter 
proached from the point of L iew of n~ecl~anism.may be dichotolnized as follows. One series of 
beginning with basic principles and deducing how papers (Fisher, Corbet, and IYilliams 1933 ; Pres-
conlnlunities should behave. However, such at- ton 1938, 1962a, b :  Hairston and Beq-ers 1951; 
tempts have in the past been stifled by certain Hairston 1959) emphasizes underlying mathe-
methodological difficulties, diverting the attention matical distributions and causes of dexiance from 
of community ecologists toward more empirical these distributions. Another series, stimulated 
observations. These empirical observations have by llargalef (1957). and rigorously formalized 
usually taken the for111 of measuring the relative by Pielou (1966a, b ) ,  is concerned with measur-
' Present address : Department of Biology, rniversity ing the relative abundance of species, usually to 

of Chicago, 1103 E. 57th Street, Cliicago, Illinois 60637. compare comn~unities to each other. 
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There have also been some attempts at building -

either conceptual or mathematical models of com-
munities using supposedly basic con~ponents. Ken- 
dall (1938) has shown how certain patterns of 
population growth will lead to Fisher's logarithmic 
series. 1IacArthur (1955) discussed several as-
pects of community stability as deduced fro111 con- 
siderations of energy transfer among populations, 
and Il'att (1964) later tested some of these ideas. 
IIacArthur ( 1960) suggested mechanisms where- 
by lognormal distributions should arise. Hairston, 
Smith, ant1 Slobodkin (1960) presented a general 
explanation for the structure of terrestrial conl-
munities which stimulated a recent controxersy 
(IIurdoch 1966. Ehrlich and Birch 1967, Slobod- 
kin, Smith. and Hairston 1967). Garfinkel ( 1967 
studied stability properties of theoretical systenls 
using the Lotka-Yolterra predator-prey equations. 

These approaches to community ecology have 
established the basic attitude for the following-
empirical tests. Simple assun~ptions are made, 

where j # i, k # i, . . . ,wz # i, and the Greek let- 
ters are interaction coefficients of increasingly 
higher order, e.g. gijL is the joint effect of species 
j and k on the ith species. Communities repre- 
sented by equations (1 )  will be called noninter- 
active communities, and communities represented 
by equations (2 )  will be called interactive corn-
munities. 

Equations ( 1) (noninteractive communities) 
are fairly tractable and have already led to some 
rather interesting conclusions about community 
structure (Levins 1968, Vandermeer 1968). On 
the oiher hand, equations (2 )  (interactive com-
munities) are difficult to work with analytically. 

The qualitative effects of higher order inter-
actions are made clear in the folloiving discussion. 
Consider the competitive effect, on one particular 
species (say species A ) ,  of adding further spe-
cies, holding the average a constant and assum-
ing the higher order terms to be negligible. 
The mean a is held constant in such a wav 
that each new species overlaps with 25% of 
species A. If another species is added, species A 
only occupies 75% of its former niche without 
competitive pressure. If another species is added 
only 5070 of its niche is free of competition. In 
general, as con~petitors accumulate in the system, 
if the average competition coefficient remains con- 
stant, the weight of competition eventually gets so 
strong that other species cannot make their way 
into the community. 

namely that populations grow according to the 
logistic equation, and populations on the sanle 
trophic level obey the Gause equations of competi- 
tion. I shall be concerned with communities which 
derive their structure through inter- and intra-
species competition. 

The basic Gause competition equations may be 
extended to include 112 species. The differential 
equation for the ith species is, 

(LIacArthur and Lexrins 1967), where there are 
~t species in the community, a,, is the effect of the 
jth species on the ith species, r is the intrinsic 
rate of natural increase, N is number of indi-
viduals and I( is saturation density. Assumed in 
the above extension is that there are no higher 
order interaction terms. That is, we need not 
write, 

Now suppose the three way interactions (the 
3's in equation (2 )  ) are important. Considering 
again species A, after the addition of another spe- 
cies, as before only 75% of the former niche is 
occupied without competition. If an additional 
species is added, part of the niche overlap will be 
contained in a three way overlap. Thus, instead 
of having the niche reduced to 50% of its former 
size, something greater than 5070 but less than 
75% of the niche remains free of competition 
(since a portion of the potential conlpetition is 
absorbed in the three way interaction). 

For illstance, consider a hypothetical organism 
living in a stream. Suppose specics A occupies 
the entire length of the stream. Suppose further 
that experiments are undertaken in which species 
B and C are added one at a time. If B and C 
each have X effect on species A,  we would expect 
that the combination of B and C together would 
have effect 2X. But suppose that the result of 
B and C competing with A is that in either case 
A is eliminated only from the upstream section of 
the stream. I t  does not matter to species A which 
of B or C does the eliminating; the fact is, it is 
being eliminated. Thus, the predicted effect of B 
and C together on A would be 2 X  but the observed 
effect would be X. 

The type of higher order interaction discussed 
above implies 6, y, . . . , o of equation 4 are posi- 
tive. If, on the other hand, the higher order terms 
were negative, it would imply a coalition formed 



364 JOHN H. VANDERMEER Ecology, Vol. 50, No. 3 

by two or more species against some other species. 
The higher order interaction reported by Hairston, 
et al. (1x9) is an example of a coalition type 
interaction. 

Thus, it is not possible at the present time to 
predict the general effect of higher order inter-
actions except qualitatively. However, it is clear 
that their effects may be highly significant. It,  
therefore, would be quite important to discover 
whether or not they commonly occur in nature. 

The  motivation for undertaking the experiments 
reported below derives from the foregoing discus- 
sion of interactive con~munities. Since several inter- 
esting consequences are deducible from the prem- 
ises of noninteractive communities, it would be 
desirable to know either the importance of higher 
orcler interactions in real situations, or  the theo- 
retical effect which higher order interactions would 
have on the consequences derived from the non-
interactive assumptions. As  remarked earlier, it 
is virtually certain that higher order interactions 
will have an effect on the outconles of the model, 
but the nature and extent of this effect are diffi- 
cult to assess owing to the intractable nature of 
the model when applied to interactive communi- 
ties. Thus, the simplest approach is to verify the 
presence or absence of higher orcler interactions 
in nature, and this is the approach of this paper. 

Induction in biology-the implied approach 
suggested in the above discussion-has often been 
eased by first studying extremes. If the existence 
of higher orcler interactions can be demonstrated 
for a group of species which would be expected 
on an a priori basis not to exhibit them, it may 
be safely assumed that such interactions are more 
or  less of universal occurrence. If that group of 
species does not exhibit higher order interactions, 
the broad implications for which the experiment 
was designed are lost. 

Obtaining an extreme example and satisfying 
the basic postulates of the model have been the 
two guidelines in choosing experimental subjects 
and situations. Different species of free-living 
ciliates from different localities seem to satisfy 
both of these guidelines. Ciliates are simple or- 
ganisms from the population point of view, and 
in several cases are known to conform to simple 
population mathematics, making it likely that most 
of the basic premises of the model are satisfied. 

Therefore, four species of ciliates from four 
different localities were studied in a laboratory 
situation. Parameters of population growth were 
estimated for each species separately. Competition 
coefficients were estimated for each possible pair- 
wise combination of species. Then all four species 
were cultured together and compared to  the pre- 
diction made on the basis of the simple growth 

parameters and competition coefficients measured 
earlier. 

Three of the four ciliates, Para~neciunz birrsaria 
( P B ) ,  Parameciuwz aarelia ( P A ) ,  and Paralnc-
c iu~n  caudatuwz ( P C )  were obtained from three 
different localities in the vicinity of Ann Ar l~or ,  
Michigan. The fourth species BlepIzarisi~ta sp. 
( B L ) ,  was obtained from a biological supply 
house. The Varieties are unknown except for 1'A 
which is Variety 3. 

Culture techniques are those of Sonneborn 
( 1950), with various n~odifications after Hairston 
and Kellerman ( 1965). Cultures were maintained 
at 15°C and all experiments were done at 25°C. 
All cultures and experiments were kept in dark- 
ness-i.e., P B  was without effective symbiotic 
algae. 

Experiments were clone in 10-n11 test tubes, 
filled with 5 n11 of culture. Each day a sample 
of 0.5 n11 was rapidly removed with a coarse 
pipette after the test tube had been vigorously 
shaken. The  tubes were shaken after a section 
of rubber glove had been sterilized in hot distilled 
water and positioned as a covering for the test 
tube. Verification of the test tube sampling pro- 
cedure was accon~plished by repeated sampling 
and subsequent replacement of samples in several 
groups of test tubes. The  sampling procedure was 
extensively experimented with to obtain a reason- 
ably close correspondence between the mean and 
variance of a set of repeated samples; i.e., to as- 
sure a random sampling technique. 

Bacterized culture medium was added to each 
culture to replace exactly the 0.5 n11 which had 
been removed as a sample. The culture medium 
had been aged for various lengths of time and was 
used in an  orderly sequence based on this age. 
This was originally done to introduce a forced en- 
vironmental oscillation on the experiments. Since 
absolutely no relationship between food age (food 
quality) and population growth or competition 
was observed anywhere in the study, the food 
source is considered as a co~lstant in this paper. 

T h e  mathematical model used for the simple 
population growth experiments was the famil-
iar logistic equation, dN/dt = ( rhT/K)(K - h T ) ,  
where N is the number of individuals, K is satu- 
ration population density, and r is the intrinsic 
rate of natural increase. The  parameters K, r, 
and N o  were estimated exactly as in Gause (1934) 
excepting the case of P C  in which several points 
were discarded as wild points for purposes of 
estimating the parameters-not in plotting the 
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figures. In  all cases the intercept of the equatio~l 
In [ ( K  -N )  IN]=a + r t  was used to  estimate 
No, which was needed to  generate the expected 
curve. Expected curves were obtained from the 
recurrence relation given by Leslie ( 1957), 

N t + l  =ANt/ ( 1 - bh7t) 

where 1, = er and b = (1, - 1)/ K .  


Statistical testing of the fit of the data to the 
model is at best difficult (Smith 1952). Leslie's 
(1957) procedure depends on the assumption of 
independence of observations from one time to the 
next. I t  was obvious by inspection that there was 
a rather high correlation between times within 
replicates-i.e., that replicate which had the high- 
est value at time t was most likely to be the repli- 
cate with the highest value at time t + 1. Because 
of this statistical difficulty, and the difficulties 
raised by Smith (1952), the statistical testing of 
Leslie ( 1957) was not used. 

Figure 1 presents the expected and observed 
values for population growth of BL. The fit is 

4 8 12 16 2 0  24 28 3 2  

TIME 

FIG.1. Population growth of BL. 

generally good, except that a systematic deviation 
of observed from expected is notable. This devia- 
tion is biased above the curve at early times, and 
below the curve at later times. The pattern is 
reminiscent of that obtained when time lags are 
added to the logistic equation (Cunningham 1954). 

Using the equation of Wangersky and Cunning- 
ham (1956), the value of the reproductive time 
lag .;I, and density time lag 22 were estimated. 
Systematic variation in the value of these two 
parameters provided no improvement of fit. If 
the deviations of fit are due to  a time delay, the 
relationship is more complicated than that de-
scribed by Wangersky and Cunningham's equa-
tion. 

In  Figure 2 are shown expected and observed 
values for PB. Of the four species this is the 

L , , , , , , , , , , , 
4 8 12 16 2 0  24 28 32 

T I M E  

FIG.2. Population growth of PB. 

most highly variable in its population growth. 
The relatively large variance in observed values 
is understood by noting that two of the repli-
cates are suggestive of a very large time lag 
and three are suggestive of a smaller, if at all 
existent, time lag. The curve predicted by the 
logistic (Fig. 2 )  seems to be an adequate repre- 
sentation of the basic trend of population growth 
in this species. 

The expected and observed values for P C  and 
P A  are shown in Figures 3 and 4. The fits are 
obviously excellent and need no further discus-
sion here. 

The parameters for population growth for all 
four species are summarized in Table 1. 

The mathematical methods used here are even 
more inexact than those used in single s~ec ies- A 

population growth. A smooth curve was drawn 
by eye through the observed data points, and esti- 
mates of a and li, were obtained for each time from 
2 to  32, with the equations given by Gause ( 1933), 

71N1 

The K's and 7's were obtained fro111 the single 
species experiments. The N's were taken off of 
the smooth curve, and the derivatives were esti-
mated as 

The  resultant values of a and p-31 values of each 
for each of the six competition experiments-
were highly variable within experiments. The 
values were exceptionally extreme at very early 
times and very late times. Intermediate values 
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T l M E  

FIG.3. Population growth of PC. 

L , ' # 8 , L , b c > , , m b . # c 
4 8 12 16 20 24 2 8  32 

T l M E  

FIG.4. Population growth of P A .  

TABLE1. Parameters of the logistic equation 

I 1 1 

Species 1 r 1 K 1 N~ 

age 1968). Usually, these first approximations 
gave curves that rather poorly represented the 
observed data. A trial and error procedure mas 
then pursued in which a and were systen~atically 
varied and the behavior of the integral curves in-
vestigated under this variation. I t  eventually be-
came apparent that the curves obtained were 
about the best obtainable under the present model. 
I n  all cases the boundary conditions were con-
sidered as random variables, and were thus rela-
tively free to vary in the trial and error procedure. 

The comments about statistical testing made in 
the previous section apply equally well here. 
However, a relative measure of the goodness of 
fit is needed for a later section, and is introduced 
here to facilitate easy con~parisonof the good~less 
of fit of one experiment to that of another. The 

4 8 12 16 20 24 

T lME 

P A . .  . . . . . . . . . . . . . .  
PC..  . . . . . . . . . . . . . .  
PB. . . . . . . . . . . . . . . .  
BL. . . . . . . . . . . . . . . .  

were somewhat less variable, but the variation 4 

seemed always to form some sort of trend. How-
ever, under the hypothesis of this paper, a and (3 = 

1.05 
1.07 
0.47 
0.91 

. 
- . . . . 

' . . ' .  PB . . M S  = .614 
are defined as constants so the objective is to ob- -
tain those values of a and which produce the -

0curve which best fits the observed data. 
J 2 -

T o  obtain a reasonable first approximation to 
a and (3 I took the average of the intermediate 

I -values as described above-i.e., the average of 
those values that tended to  form a reasonably in-
variant clump. With  these values, integral curves I . I # . I - 1- . 
were computed using the predictor corrector 4 8 12 16 20 24 

method of Hamming (Ralston and Wilf 1960; TIME 

see also System/360 Scientific Subroutine Pack- FIG.5. Results of competition between PA and PB.  

671 
366 
230 
194 

2 . 5  
5 .0  
5.0 
3.0 

I 
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arbitrary criterion used is mean square deviation 
of logs of observed from log of expected. 

The results of the six pairwise competition ex- : I  : ; .  
periments are presented in Figures 5-10, in order : * i t : 
of decreasing mean square deviation. The afore-
mentioned variability of PB is reflected in Figure -
5, but appears to be somewhat dampened by the g ,
presence of BL (Fig. 9).  Figures 6 and 7 both PA 

show some indication of a time lag, but since the MS. ,200 

population growth data for these two species (PA 
and PC) alone did not suggest any frictional corn-
ponents, one must presume that the presence of a 

111 Table 2 is presented the community matrix 
for this artificial community. The aijth entry re-
fers to the effect of the jth species on the it11 spe-

competitor is the factor which initiates a nonlinear 
response. However, the difference between the 

. . -

4 8 12 16 20 24 28 32 

TIME 

FIG.6. Results of competition between PC and PB.  

-

5 

Thus, the six cases of pairwise competition are 
represented quite well by the basic theory, minor 
deviations being interpretable as a result of un-
known but insignificant frictional coillpollellts or 
excessive i~lhere~l tvariability. Since at least the 
general trend of the data is in agreement with that 
of the model, these small deviations most likely 
will not interfere with the basic hypothesis to be 
tested. 

linear and nonlinear response in this case appears 
4 8 1 2  16 20 24 28 32 

to be negligible. TIME 

-

Having estimates of the intrinsic rate of natural 
increase and saturation density for each species, 
and estimates of all interaction coefficients on a 
pairwise basis, it is now necessary to substitute 
~ n t oequations (1)-four-way competition with-
out higher order interactions-solve the equations, 
and see if the solution agrees with the data ob-
tained from the laboratory experiments. It must 
be emphasized that up to this point all curies in 
this paper have been fit. That is, the expected 
curves are based on the data which they are de-
scribing and therefore cannot d e ~iate too greatly. 
In the case of four-way competition, however, the 
expected curves are based on independent esti-
mates of the parameters, estimates which were 
made from different experiments. As a conse-
quence a reasonable expectation, if higher order 

. .. 

. . 
I 

* . .  
-

0 L 

M S .  322 
1 1 1 1 1 1 1 , 

4 8 12 16 20 24  28 32  I ~ I I ~ I I , 

T I M E  4 8 12 16 20 24 28 32 
TlME 

FIG.7. Results of competition between P.1 and BL. 
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2.TABLE Community matrix for four species of protozoa 
in test tubes 

jth Species 
----1----1----1i th  Species PA PC P B  BL 

PA.  . . . . . . . . . . . . . . .  1.00 1.75 -2.00 -0.65 

P C .  . . . . . . . . . . . . . .  0.30 1.OO 0.50 0.60 

P B .  . . . . . . . . . . . . . . .  0.50 0.85 1.00 0.50 

BL.  . . . . . . . . . . . . . . . .  0.25 0.60 -0.50 1.OO 


interactions are not important, is that the fit to 
the four-way situation is, at best, as good as the 
fits to  the pair-wise competitions. Though it can- 
not be expected that the four-way competition 
experiments will fit the model as well as the two- 
way competition, it is not clear exactly how "good" 
a fit is necessary to  judge a model as being valid. 
Such a judgment, of course, depends on the pur- 
poses for which the model is to be used. In the 
present case it seems that there are three vaguely 
distinquishable levels of purpose which might be 
used in helping to judge the validity of this model. 
First, if only the equilibrium conditions of the 
model are needed-say in predicting the maxin~unl 
number of species in an equilibrium community- 
we might only require that the model predict ac-
curately which species will persist and which will 

'CA , , , , , , , , , 

L 1 . 1 I I I 

4 8 12 16 20 24 28 32 
T l M E  

. . . 
4 8 12 16 20 24 28 32 

TlME 

FIG.8. Results of competition between PC and BL. 

L . ? . 8 . 8 . 8 . t . t . L . ' . 

4 8 12 16 20  2 4  2 8  3 2  

T l M E  

P B 
MS. 273 


4 8 12 16 20  24 2 8  32 

T l M E  

FIG.9. Results of competition between BL and PB. 

go to extinction. Second, the relative numbers of 
individuals at any particular point in time nlay 
be desired-say, in a theoretical study of the 
relative abundance of species-or, more or less 
equivalently, the general behavior of the popula- 
tions within the framework of the larger system 
must be known-i.e., does species i oscillate, does 
it tend to be peaked and then drop off fast, and 
similar general questions. Under this require-
ment, we accept the model as valid if the general 
shape of the curves reflects the general trend of 
the data. Third, we may wish to make very pre- 
cise predictions with the model such as exactly 
how much pesticide must be applied at time x to 
produce y per cent change in species i by time 
x + a. At this level we require the fit to four- 
way competition to  be almost as good as the fit 
to the two-way competitions. Certainly these three 
levels are not discrete, but are merely useful points 
in a continuum, defined so as to  be able to judge 
the relative validity of the model as applied to a 
simple community. 

In  Figures 11-14 are shown the results of simu- 
lating four-way competition with the community 
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4 8 I2 16 20 24  28 3 2  
TIME 

--I; I(B ;O ;4 ' ;8 ' ;2 ' 

TlME 

FIG.10. Results of competition het\\.een PC and P.4 

!::I 

2 - P A  

I -
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FIG.11. P.4 in four-way competition. 

matrix of the last section and the r 's and K's from 
the single species population growth experiments. 
Also shown are the observed data from the four- 
way competition experiments. 

Under the first criterion of validation-only the 
final outconle is desired-the data are described 
perfectly by the model. The  model predicts that 
PB  will be extinct ; BL will be at a very low popu- 

I -

4 8 
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PB in four-\?ay competition. 
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FIG.13. P C  in four-way competition, 
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FIG.14. BL in four-way competition. 

lation density; P A  and P C  will have higher densi- 
ties. As  can be easily seen from the figures, the 
data correspond exactly to these predictions. 

Likewise under the second criterion the motlel 
is validated. The general trends are predicted in 
ever?- case, and the rank order of abundance is as 
predicted, at virtually all points in time. The gen- 
eral trends of growth, peaking, and decay are 
predicted fairly accurately. The early peak for 
P C  reflected in the experiments is essentially the 
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same as that species exhibits in two-way compe- 
tion (see Fig. 6, 8, and 10) .  

Finally, consider the third level of validation. 
Somewhere in between the second and third level 
the validation becomes questionable. The  third 
level requires that precise predictions be made. 
The  three species PC, PA and PB conform quite 
well, but BL seems to deviate excessively from the 
expected. However, as discussed previously, it 
is not sufficient to examine the data and expect- 
tation alone, but they must he considered in the 
light of the pair-wise experiments, since the cor-
respondence between expected and observed can 
only be a s  good as that of the basic model. I t  is 
for this reason that the mean square deviations 
were computed earlier (Fig.  5-10). In  Table 3 
are  listed the pooled mean squares for each spe- 
cies-pooled over all two-way competitions in 
which that species was a part-and the mean 

TABLE3. Mean squares for two-way and four-lvay com-
petition experiments, and ratio between the two (tak-
ing largest mean square as numerator). Numbers in 
italics are degrees of freedom 

I Species 

Statistic 1 P 1 PC I PB BL 

Pooled mean 1 
sauare for 2-wav 

Mean square for 

tion 

Ratio 


squares for the same species in four-\\a) com-
petition. The first three species shon very 
similar mean squares between tvo-way and four- 
way competition; indeed PA and PI1 are e len  
better predicted in the case of four-nay than in 
the case of t\\o-way competition. The  case of BT2 
is soinen hat less encouraging. The nlean iquare 
is roughly f i ~ e  titnes greater in four-\\ay than in 
two-way. The  fact that the experimental points 
are always greater than predicted, implies that 
whatever higher order interaction there may be, 
they act solely to decrease the competitive effect 
felt by BL. They are noncoalltlon type higher 
order interactions. 

However, it might be argued that ~f one is 
interested in this 111odel from the standl~oint of the 
conlrnunitv, it is not reallv valid to coml>are pre- 
dictions oil a specific basis. should instead 
be interested in the general l>erfornlance of the 
lnodel ill predicting conllnunity dyllamics, T,, this 

of squares l'ooled Over tn.o-Tvay 
competition cases was conlputeci as 0.246 and the 

same pooled over all four-way cases was 0.487, 
only a two-fold difference. Thus,  the four-way 
model predicted about half as well as the two-way 
model, implying that, from the point of view of the 
community as a whole, the higher order inter-
actions are rather unimportant. 

The  above discussion is similar to the problen~ 
of multiple comparisons tests in statistics. Given 
a group of means, we wish to test for differences. 
In  setting an error rate we are faced with deciding 
on the relative importance of pair-wise or experi- 
ment-wise rates. That is, is it more important to 
minimize the probability of making any mistake 
at all, or the probability that a given pair of means 
may be judged different when they are truly the 
same. Similarly in the present context, we are 
faced with deciding whether we want the model 
to make predictions about the community as a 
whole, or  about the components of the community. 
The former criterion provides a single judgment 
of the model. The  latter provides as many judg- 
ments as there are components. 

Thus,  if we are  concerned with judging the 
present model under the third criterion-absolutely 
precise predictions-and if we are interested in 
the individual components, the noninteractive 
model is "good" three titnes and "bad" once. On 
the other hand, it appears to be simply "good" on 
the level of the whole community. 

The conclusions of these e~,)eriments were 
basically stated in the previous section. However, 
it might be well at this point to recall statements 
made earlier about the choice of the experimental 
system. I t  was the author's prejudice that higher 
order interactions are very importallt in nature. 
Thus,  the experimental system was chosen to 
maximize the chance of not finding higher order 
interactions, hoping, of course, that even then 
such interactions would be significant. Then, be- 
cause of the way the experimental systeln was put 
together, one could mal<e a fairly po\verful state- 
ment about the universal occurrence of higher 
order interactions in nature. Cnfortunately, the 
basic models proved to be excellent predictors 
(i.e.. higher order interactions tlid not seem i n -
portant), and one can only cite this study as a 
single example of the insignificallce of higher order 
interactions. 
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LIGHT COSTROL O F  AQUATIC ISSECT ACTIJ'ITY AND DRIFT 
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Abstract. Investigations on aquatic insect activity, measured as drift in an artificial stream 
system with rigid light and temperature conditions, demonstrated a light-controlled, labile, 
exogenously-mediated activity rhythm. A threshold value for light, incident at  the water 
surface, which when decreased led to high drift rates, and when increased suppressed activity, 
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