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CORRELATIONS IN AQUATIC ECOLOGY 

WITH AN EXAMPLE OF THEIR APPLICATION TO PROBLEM 
OF PLANKTO PRODU TJVITY 

BY 
GORDON A. RILEY 

Bingham Oceanographic Laboratory, Yale University 

Much of the ecological work of the present time is concerned with the 
direct observation of natural variations in environment and biota, followed 
by an examination of the relationships between variables and speculation 
as to their meaning. This is the most efficient method of attaining a general 
viewpoint of any ecological situation, and to use it as a preliminary step to 
more detailed experimental analysis is economical of time and effort. It is 
therefore important for the ecologist to have a clear understanding of the 
methods of analyzing vari ations and of using the resul ts in the construction 
of biological theories. 

In many cases vari ations can be analyzed merely by inspection of the 
graphs or numerical data. Needless to say, the greater part of the advances 
in our knowledge of ecology have been made by this method. All the more 
important relationships are revealed by this means, and in the hand of a 
careful and experienced worker, the results are semi-quantitatiYe. 

It should be pointed out, however, that all scientific generalizations are 
statistical generalizations. Unless the relationship is ab olute, so that the 
data fi t perfectl y, there is a certain probability that the observed relation-
ship is due only to chance variation. To generali ze by in pecting the 
graphs or numerical data is to make a guess that this probability i in-
signifi cantly small. The statistical technique is more exactly quantitatiYe, 
for not only does it permit an accurate mathematical statement of the 
probability, but also it provides a coefficient of correlation which i numer-
ically accurate within the limit s of i ts probable error, so that it is po ible to 
compare the relative degrees of relation hip between the different et of 
variables. In view of t hese advantages, it seems unfortunate that ecolo-
gists have not made more use of the metl10ds of analyzing inter-related 
vari ants, particularly since they have proved to be extremely Yaluable in 
such related fields as agricul ture, forestry, and growth tudie~ in general. 

In recent papers the writer has u ed regre~sion equation and correlation 
of various sorts as an aid in the explanation of ecological data. The resul t 
appear to justify t he application of the e techniques, and ther are being 
used extensively for work on marine plankton nm in progre . But as 
certain problems have ari en which demonstrate that the proper use of 
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correlations requires considerable care, and that they can be a hindrance 
rather than a help if used unwisely, it seems desirable at this time to discuss 
the theoretical principles that are involved. Mathematical thought serves 
as a convenient intermediate step between the raw data and the completed 
biological concept, but it is necessary to effect a synthesis of statistical and 
biological theory in order to weigh the results fairly. This paper is therefore 
an attempt to outline in an elementary way the rules that govern the use of 
correlations in ecological work. It is what might be termed a study of the 
relationship between statistical and biological significance. 

The latter term is used in a restricted sense, which may be explained by 
the following definitions: 

Quantitative biological significance-The significance of a factor, which 
may or may not be essential to lif e, the variations of which impose related 
variations on the quantity of life occurring with it. 

Qualitative biological significance-The significance of a factor which is 
essential to life, or excludes life, but does not by its variations cause related 
variations in the biocoenosis. 

Obviously, the correlation technique is capable of dealing only with 
quantitative biological significance. It should be pointed out, however, that 
the distinction is real only as applied to a particular biological association. 
For example, in a typical marine environment the gross salts have only 
qualitative significance. But in comparing different environments with a 
wide range of salinities, the variations of the latter might have considerable 
effect on the quantity of a given species living in the various environments, 
and the relationship could be evaluated quantitatively by means of corre-
lations. 

If the relation between the environmental factor and the living organism 
is accurately described, the degree of biological significance is naturally 
proportional to the degree of mathematical significance. The simplest 
measure of the latter is the coefficient of correlation. It will be shown 
later, however, that in ecological studies, the constant of the regression 
equation is generally a more useful value. This constant is derived from the 
correlation, the standard deviations of the variables, and, in the case of 
non-linear regressions, such additional constants as are necessary to de-
scribe the form of the relationship. 

The use of correlations implies two beliefs which, from the philosophical 
point of view, are assumptions, but to the practical biologist are reasonable 
according to the facts available. In the first place, it is assumed that the 
pairs of numbers have a biological meaning, that, within the limits of 
technical error, they are true statements of the relative number of units of 
some organism or environmental element. Having given the numbers a 
biological meaning, the question arises as to whether the correlation has a 
biological significance. It has if we assume that such a relationship indi-
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cates a causal connecti on. Just what causes and eff ects are involved can 
be determined only by examining all the other facts that bear on the prob-
lem. If it is possible to analyze all the inter-related factors in such a way 
as to reduce the correlation to an expression of a single cause and a single 
eff ect , it becomes an accurate index of the biological significance of the 
relat ionship. If this is not done, there remains a certain biological signifi -
cance, for it is the stati st ical summation of all the factors involved. Whether 
or not it is an accurate statement of the relationship that it is supposed to 
represent depends entirely on the relati ve importance of the indirect rela-
t ionships that have not been discovered. 

It is not intended that these qualifi cations should set an impossibly high 
standard for the use of correlations in ecology. The biologist should realize, 
however, that the relations on which he founds his concepts are a second 
order of factual material and at best are no more perfect than the original 
data. If a theory suggests a certain relationship between two sets of varia-
bles, a signifi cant correlation lends support to the theory in o far as it 
shows that the facts are not inconsistent with the theory. At the same time, 
it does not deny the plausibili ty of an alternate theory, which would explain 
the relationship in some other way. It foll ows that a correlation neither 
propounds nor proves a theory. The correlation is merely a fact, to be 
weighed in relation to the other facts. Since all the facts are not at hand, 
the scientific philosophy demands that the result be regarded a an approxi-
mation, to be further improved by subsequent investigations. 

There are two general classes of ecological problems that are well uited 
to investigation by the correlation method. The fir st is the purely ecological 
study of a given biological association in respect to the effect of ph) icaJ, 
chemical, and biological factors. It has been used by the "Titer for the 
investigation of plankton associations, and appears to be practicable for 
work on other types of associations as well. 

The second class of problems is that of the environmental a pect of geo-
graphical distribut ion. A problem of this sort would compare tl1e relatiYe 
number of individuals of a given species in vari ou localitie with the geo-
graphical range of factors that might be of importance, uch a ma..--cimum 
and minimum temperature and sali ni ty, food supply, number of competitors 
and predators, etc. Whil e there is littl e opportunity for erten iYe applica-
t ion of this method at the present time because of the lack of uffi cient data, 
it appears to be a profitable method for fu ture work, particularly in ca e 
where the distribution of a species is dependent on the intera tion of a num-
ber of factors. I t would be important not only for inve ti o-ating the relatiYe 
influence of a given factor in diff erent regions, but al o for e,·aluating the 
effects of factors such as the depth of wat r, that ar important biologically 
but cannot be studied quantitati vely in any one locality because of their 
constancy. 
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The sections that follow will deal with some of the specific problems that 
arise in the application of correlations to ecological work, and the methods 
for eliminating errors. 

INTER-RELATED VARIATIONS 

In any ecological investigation it is generally found that all the factors 
examined are more or less inter-related, that variations in one factor have 'an 
influence, either direct or indirect, on all the other factors. It was pointed 
out above that in order to arrive at an accurate statement of the biological 
significance of a factor, it is necessary to isolate simple statements of cause 
and effect from the maze of inter-relationships. Such isolation is effected by 
developing a theory (on a basis of extrinsic biological probability) to ex-
plain the interaction of various phenomena, and then testing the theory by 
the multiple correlation method. According to the theory, the variations 
of a certain entity are dependent on the variations of a number of environ-
mental factors, which are theoretically independent of each other. The 
independent variables may actually be related, but the multiple correlation 
method makes corrections for such inter-relationships. The result is a 
multiple regression equation in which the variations of the dependent 
variable are expressed in terms of the variations in the series of independent 
variables. The multiple correlation coefficient obtained from the equation 
does not prove the correctness of the theory, for it implies no causal sig-
nificance; however, it shows whether or not the facts are consistent with the 
theory, and it permits the calculation of errors that might be due to unde-
termined causes. 

The details of the method of examining inter-related variations are 
readily shown by an example from a work by the author now in press on 
the plankton of Linsley Pond, a small lake in southern Connecticut. 
During a period of about eight months, from September, 1937 to June, 1938, 
measurements were made of phyto- and zooplankton, temperature, light, 
and nutrients (for the latter the author is indebted to Dr. G. E. Hutchinson), 
and, in addition, an experimental determination was made of the oxygen 
production and consumption of the plankton. The results of the analyses 
are shown in Figure 14. The values listed as means for the entire lake were 
calculated from analyses at five depths, from O to 13 meters, with due 
allowance for change in the volume of water with depth. 

The oxygen production was used to determine the gross production of 
glucose by the phytoplankton. Such an estimate is subject to some error, 
since the experimental results are probably not exactly the same as what 
actually occurs in the open lake water. The discussion in the paper men-
tioned above, of the errors involved, suggests that the experimental esti-
mate may be as much as 30% too low, although this is definitely a maximum 
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estimate of the error. And since the error appears to be largely systematic, 
the results are regarded as a useful approximation of the photosynthetic 
activity of the plankton. 
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Figure 14. Seasonal variations in Oxygen Production . Radiation . Temperature, Nitrate, 
Phosphate, Zooplankton and Chlorophyll in Linsley Pond, 1937 · S. 

At this time it is desirable to extend the analy is further and to attempt 
an estimate of the phytoplankton production of the lake and it relation-
ship to environmental factors, not only for the intrinsic value that such an 
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estimate may have, but also to demonstrate the way in which theoretical 
generali zations may be derived from a mathematical suverstructure. 

Part of the gross production is utilized in the maintenance of the plant 
body. The remainder is either stored, as carbohydrate or fat, or used in the 
production of new protoplasmic material. The first step in the estimate of 
phytoplankton production is therefore to obtain the difference between the 
total oxygen production and the phytoplankton respiration. This differ-
ence may be used as an index of the potential organic production. 

To obtain the desired result it is therefore necessary to attempt an 
estimate of phytoplankton respiration. The experimentally determined 
values for oxygen consumption are not suitable, because they include the 
respiration of the other members of the plankton association, the animals 
and bacteria. An approximation, however, may be made in the following 
way: The relationship between temperature and the quantity of oxygen con-
sumed per milligram or organic matter in the total seston was plotted, and 
it was found that the data could be fitted with a logarithmic curve, in which 
the correlation between temperature and the log oxygen consumption was 
.735. The phytoplankton respiration was then determined by applying the 
results obtained from the smoothed curve to the estimated weight of actual 
phytoplanktonic material. This is an inexact estimate because it assumes 
that the respiration of all the seston fractions is the same. But although 
the oxygen consumption per unit weight of zooplankton is greater than 
that of the plants, the error is at least partly compensated by the fact that 
some of the seston consists of detritus which is not at the moment under-
going decomposition and therefore is not consuming oxygen. Furthermore, 
the estimated respiration is so small compared with the oxygen production 
that if the percentage error were as much as 100, it would not have a more 
significant effect on the final result than an error of only 10% in the value 
for oxygen production. 

The estimated mean phytoplankton respiration was 0.206 mg. per liter 
per week at the surface, and in the entire lake it was 0.144 mg. The total 
range was 0.05 to 0.87 mg. The value for respiration for each date was sub-
tracted from the oxygen production. The remainder was assumed to be 
proportional (with certain reservations to be discussed below) to the 
productivity-that part of the photosynthesis that gives rise to the produc-
tion of new plant material. 

The values required for the determination of the effect of environmental 
factors on this so-called "production" are shown in Tables I and II. 

When all the factors are related, as Table II shows them to be, it is im-
possible to draw any definite conclusions without first making allowance for 
inter-relationships. For example, the correlation between production in 
the entire lake and the mean lake temperatures is .793. Since it is known 
from previous work that temperature has a direct effect on growth rates, we 
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conclude that in this particular lake the productivity is influenced by varia-
tions in temperature. 

It would be possible at this point to draw a regression equation to deter-
mine what part of the variations in production are directly related with 

TABLE I 

MEANS AN D STANDARD DEVI ATIONS 

Surface Entire /,a,ke 

Mean u M ean u 

Production 1.850 1.494 0 .921 0 .747 
Chlorophyll 14.67 6.83 15 .00 3 .993 
Temperatiir e 11. 691 5.814 9.758 3.707 
Light 581.7 230.8 593.1 167.9 
Animal,; 0.0234 0 .0261 0.0198 0 .0197 
Nitrate 0 .0398 
Phosphate 0 .0034 

Production, mgs. of oxygen per liter per week; chlorophyll, mgs. per m3; light, 
g. cal. of incident radiation per cm2 per day; animals, estimated respiration in mgs. of 
oxygen per liter per week; nitrate and phosphate, mgs. per liter. 

Chlorophyll Surface 
Mean 

Nitrate Surface 
Phosphate Surface 
Temperature Surface 

M ean 
Light Surface 

Mean 
Animals Surface 

Mean 

TABLE II 

CORRELATIONS 

Production 

.303 
- .151 
- .392 
- .140 

.356 

.793 

.136 

.700 

.156 

.210 

Chiaro- Tempera- Light 
phyll lure 

.199 

.570 
- .156 
-. 115 
- .235 . 723 
- .117 .778 
- .035 .435 .096 

.086 .216 .388 

temperature. But further examination of the facts sho,Ys that it is unwise 
to do so. Since the amount of solar radiation i correlated with production 
(r = .700), and since variations in temperatw-e and li gh t ar al o related 
(r = .778), it follows that the biological sio-nifi anc f th temperature-
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productivity correlation is not necessarily the same as the mathematical 
signifi cance, for if light also has a biological importance, the ecological 
eff ect of that part of the radiation which varies with temperature will be 
included in the temperature-production correlation. Statistical procedure 
offers a simple solution to the difficulty in the form of partial correlations, 
which make a correction for the relationship between independent variables. 
In this parti cular case, the coeffi cients of partial correlation are as follows: 
production-temperature, .628; production-light, .213. 

When the partial correlations for all the factors are calculated, it is 
found that only chlorophyll and temperature have a statistically signifi cant 
effect on production at the surface, and in the entire lake only temperature 
and light. 

The multiple regression equations obtained from the partial correlations 
and the means and standard deviations of the variables are as follows: 

W = 0.080X + 0.l06t - 0.57 

W = 0.l27t + 0.00095L - 0.87 

(1) 

(2) 

where W is production in mgs. of oxygen per liter per week, X is chlorophyll 
in mgs. per m.3, tis temperature, and Lis light in g. cal. per cm.2 per day. 
Equation (1) for production at the surface has a multiple correlation 
coeffi cient of .533, and for equation (2), the mean production for the entire 
lake, it is .821. 

This is a closer approach to the true biological significance of the variables 
than the simple correlations were. But the examination is incomplete; 
there are probably other factors that affect production. Their relations with 
light and temperature would impose further corrections on the partial 
correlations. Although the other factors examined did not have statis-
tically significant relationships with production and were therefore omitted 
from the analysis, this was due in part to the lack of sufficient data, so the 
correlations were at best only approximations of the biological signifi cance 
of the factors. 

NON-LINEAR REGRESSIONS 

The correlations have thus far been assumed to be of the simple, linear 
type. When the biological relations are not linear, the data must be fitted 
with the proper curve in order to prevent distortion of the mathematical 
expression of the relationship. 

In the investigation referred to above, there was evidence that some of 
the factors had a non-linear effect on production. Application of curvi-
linear methods not only improved the relation of production and tempera-
ture, but also it showed that light is a significant factor in the surface waters. 



ti4 SEARS Ji'O UNDA1'10N [II , 1 

When the equation for product ivity at the surface is expanded to include 
the eff ects of li ght, it becomes 

l,V = .076X + 0.136t - 0.00106L - 0.24 (3) 

The fin al correlation is .488, which is not as good as that obtained from 
equation (1). The advantage of including the eff ect'3 of light is apparent, 
however, on applicat ion of the method of Bruce and Reineke (1931) for 
curvilin ear correlations. The technique may be outlined as follows: The 
equation for the variations of J,V on X is calculated from (3) by inserting 
the means of the other independent vari ables. The same process is repeated 
for t and L. These regression equations are then drawn, and around them 
are plotted the residuals-the difference between the observed and the cal-
culated values of W for each observed value of the independent variable. 
If the points fit the regression line, the variable has a linear function, but if 
there is a signifi cant departure, the correlation requires a curvilinear 
technique. An ali gnment chart is prepared, from which the values for W 
may be determined for any given set of values for the independent variables. 
The plotted values are then fitted by the required curve, and the cale of 
the alignment chart is altered according to the departure of the curve from 
the linear regression line. This process is repeated unt il the best po ·ible fit 
is obtained. 

The ali gnment chart and the regression curves for producti,-ity at the 
surface are shown in Figure 15. The eff ect of chlorophyll is linear, and that 
of temperature is nearly so. The optimum light intensity lies at about 560 
g. cal. per cm.2 per day and decreases above and below that point. The 
correlation between the calculated and observed values for producti,-it,r i 
.643. 

Application of the curvilin ear method to the equation for mean produc-
tivity raises the correlat ion to .926. The regression curve for temperature 
shows a departure fr om the calculated regression line that is far more marked 
than at the surface and appears to have an e>..l)onential form. The effect of 
light remains direct and linear throughout the entire range. 

The relationship between the observed and calculated rnlue for produc-
tivit y is shown in Figure 16. During the greater part of the period of in-
vesti gation the surface product ivity relat ionship was fairly close. The 
equati on was a failure only during the fir st month of the study, and the fact 
that the correlation was less at the surface than in the entire lake wa~ due 
to the differences observed at that time. There i no rea on to belie,·e that 
there were analytical errors in the fir st four ets of data. I t appears rather 
that there are special conditions involved in the blooms of the late 'Ummer 
and earl y autumn which are not accounted for in the stati sti cal treatment. 

The eff ect of li ght on surface product ion i a parti cular! :,, marked ex-
ample of t he error re:mlting when a cun·ilinear relation is not treated as 
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Figure 15. The alignment chart was calculated from the regression equation in such a way 
that the values for production could be determined for any given set of values for chlorophyll, 
temperature. and light. The scales on the chart, originally linear, were altered in accordance 
with the form of the regression curves shown on the right, which flt the data better than the 
original linear regressions. The alignment chart is used In the followi ng way: To determine 
the production when the temperature is 20°, the chlorophyll is 20 mgs. per m.' , and the 
solar radiation is 500 g. cal. per cm.' per day, first lay a straight edge between the given values 
on the X and taxes. Point A on the arbitrary S axis is an estimate of the combined effect of 
temperature and chlorophyll. Holding point .A, the other end of the straight edge is moved 
to the 500 mark on the L axis. Point B. where this line intersects the W axis, is the estimate 
for production according to the combined effects of light, temperature and chlorophyll , in 
this case about 3.95 mgs. of oxygen per liter per week. For details In regard to the con-
struction of alignment charts and their appli cation to curvil inear correlations, the reader is 
referred to Bruce and Reineke (1931). 
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such. In a complete investigation, however, all relationships must be 
examined by some form of curvilin ear technique. The eff ects of tempera-
ture are frequently non-linear, and this must be borne in mind in studying 
rates of growth, of feeding, of regeneration of nutrient<;, etc. The effect of 
inorganic nutrients and animal food suppli es are probably also non-linear, 
and since the biological importance of a given substance increases when it 
becomes a limitin g factor, the vari ations would be expected to have a 
greater eff ect , and perhaps a greater significance, when the substance in 
questi on is near the extinction point than when the total quantity is large. 

9,-------------------------------, 

8 

O S[PT OCT NOV DEC 

PRODUCTIVITY 
ESTIMATED FROM EXPUIMOITS 

SURFACE _. 
MEAN • ··• 

CALCULATED fltOM REGRESSION EQUATIONS 
SURF/>CE <>-<> 
ME AN ~--~ 

FEB APR MAY 

Figure 16. Productivity in Linsley Pond, 1937-38. Comparison of direct estimates from 
experiments with computations from regression equations. 

The distinction just made between effect and significance require-S some 
explanation: 

The formula for a multiple regression equation i 

W = W + ~w.r crw (X - X) + ~wy crw ( r - f) 
crx cry 

where W is ~ e dep~dent variable and X and r are the independent 
variables, W, X, and Y are the means of the variables, ~w.r and ~1ry are the 
coeffi cients of partial correlation, and cr.i:, etc., a.re the ~tandard de,·iations. 
The total eff ect of X and Y on TV is therefore dependent not only on the 
degree of relationship of the vari ations, but also on tl1eir total range. It 
is evident that without changing tlrn biologicnl signifi cance, ~mr the effect 
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on W of a change of one unit in X may be altered by changing the standard 
deviation of either W or X. In other words, the slope of the regression 
curve is altered, but the degree of relationship is not. Therefore, in a 
curvilinear regression, which has a continual change of slope, there is a 
corresponding change in the ratio of standard deviations, which vary in 
different parts of the curve and are expressed in the equation only as an 
average. This can be corrected by including in the constant of each inde-
pendent variable an expression for the form of the regression curve. It is 
evident that in such a case the constant is a better expression of all aspects 
of the relationship than is a simple statement ·of the biological significance. 

On the other hand, it is possible for the biological significance of the re-
lationship to vary in different parts of the curve. This can generally be 
determined by inspection of the plotted regression curve. The only method 
for dealing with the matter statistically is to divide the data into sections 
and treat them separately. This suggests what might be a useful index of 
the significance of a biologically important substance: namely, the curve 
for the relationship of the correlations to the quantity of substance at 
different levels of concentration. 

THE MANIPULATION OF DATA 

The qualitative and quantitative limitations of every set of data impose 
certain restrictions on statistical analysis. The ecologist is always impeded 
by analytical errors and by the technical difficulties of making simultaneous 
measurements of enough of the environmental factors. The quantity of 
data is never sufficient to extract all the needed information. It may be 
that a certain relationship can be fitted equally well by several different 
types of curves. When it is necessary to choose one of the curves for use in 
further analyses, it is a makeshift procedure, justifiable only for practical 
reasons. To use any one of the curves for biological theorizing is meaning-
less. A striking example of this is shown in a paper by Kavanagh and 
Richards (1934), who criticized the growth theories of Robertson and others 
by demonstrating that a given set of data might be fitted equally well by 
several equations of widely different mathematical character. They 
therefore concluded that it was unreasonable to use any one of these equa-
tions as the foundation for a theory of growth, merely because the equation 
fitted the data adequately. 

It is evident, therefore, that a distinction should be made between a 
quasi-fit, which is good enough to determine correlation coefficients that 
are useful in making rough generalizations and in developing further analy-
ses, and a real fit, where the form of the equation implies a theory of impor-
tance. The quasi-fit applies equally well to the cases just described, in 
which more than one type of curve could be fitted to a set of data, and to 
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the method of Bruce and Reineke, in which a curve is derived empirically 
from the data without regard to its mathematical nature. 

It frequently happens that some minor factor is thought to have an 
ecological effect, but the statistical procedure is not delicate enough to 
reveal any mathematical significance. To attempt to carry an analysis be-
yond the point where the ingenuity of the investigator fail s to produce 
significant results or-to preserve a statisticall y insignificant factor in the 
final regression equation is useless. 

As a general rule it is best to treat all the data together. plitting it up 
into sections should not be attempted except for a specific purpose. An 
example of reasonable splittin g might be postulated in the following way: 
In a previous section an estimate was made of phytoplankton respiration, 
which was probably accurate enough for the purpose, but which was sub-
ject to the assumptions that the respiration of the phytoplankton was the 
same as that of the seston as a whole, and that the variations of respiration 
with temperature.are the same for all members of the association. With a 
much larger quantity of data, and with records of the quantity of bacteria, it 
would have been possible, and highly desirable, to separate the data into 
different temperature sections and determine the respiration of the different 
plankton groups in each temperature range by means of multiple correla-
tions. But although splitting seems to be the only way of avoiding the un-
warranted assumption, there is some danger that other factors which rnry 
with temperature may influence the validity of the results. Corrections can 
be made for such inter-relations, but not only are the corrections less accu-
rate because the smaller size of the groups (as compared with the total mass 
of data) increases the probable errors of the relationships, but al o the labor 
of computation is much greater. For these reasons, the withdrawal of any 
small group from the main body of data is undesirable unless the required 
result cannot otherwise be obtained. 

With all the above qualifications in mind, it is nevertheless true that corre-
lations can serve a useful purpose even when the theoretical a pects of the 
relationship are not known. In handling graphical and tabular material 
the biologist and those who read his work often ha Ye difficulty in eYaluating 
relationships that li e on the borderline of signincance. It ma? be tated 
almost axiomatically that a relation that is worth mentioning a- haYing a 
possible validity is worth describing accurately, even though it i not known 
whether the causal significance is direct or indirect. The mathematical 
treatment removes much of the doubt about tl1e relati n it -:ins time, 
and it lays a more firm basis for further study. 

Hardy's work on the Hypothesis of Animal Exclu ion (1935 i interesting 
in this respect, particularly since it is a theory that is likely to exert con-

. siderable influence on the whole of marine biology, regardless of whether it 
proves to be right or wrong. Much of the tabular material is of doubtful 
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mathematical significance. The relationships of the crude data on the 
relative quantities of phytoplankton and certain animal species (Table LII, 
p. 282) are statistically insignificant when treated on a simple linear basis. 
(It should be added, of course, that this statement implies no criticism of the 
hypothesis, since the table in question is not critical evidence, and since 
some of the later evidence appears to be mathematically sound.) It is 
obvious, however, that statistical techniques not only would provide a 
simpler method of examining the data, but would be essential in the final 
proof of the hypothesis, in order to evaluate the complicated indirect rela-
tionships that are involved. 

THE ESTIMATION OF PHYTOPLANKTON PRODUCTIVITY 

Finally, it appears desirable to discuss some of the theoretical aspects of 
plankton productivity, which, although they have no bearing on the main 
theme of the paper, are a logical development of the example used to illus-
trate the application of correlation techniques. 

In stating productivity in terms of oxygen production, two useful purposes 
are served. The first one, which has been described, is the determination of 
the relative effect of different environmental factors. In the second place, it 
can be used to set the maximum and minimum limits of phytoplankton 
production. 

In placing limits on production, it is necessary to assume that the values 
for oxygen production are valid (i. e., the estimate of respiration and the 
experimentally determined values for total oxygen production are accurate), 
that all the organic materials of which the oxygen figures are the indices are 
stored as food reserves or converted to protoplasm, and none is lost from 
the cell. Any errors in these assumptions would necessitate corrections in 
the estimates. With these qualifications in mind, conversion factors may 
be set up as follows: 

1. If all the glucose produced is stored as such, the production is 0.94 g. 
for each gram of oxygen produced. 

2. If the glucose is converted to lipid, and all the lipid is stored, the con-
version factor is considerably lower, and variable according to the type of 
lipid produced. For purposes of convenience, the trigliceride of oleic, 
palmitic, and stearic acids is chosen (c. f. Bond, 1933), and it represents 
0.34 g. of production per gram of oxygen. 

3. The production of a gram of oxygen represents a fixation of 0.375 g. of 
carbon. According to the determinations of Birge and Juday (1922), the 
average carbon content of plankton is about 47.6% of the dry weight. 
Therefore, complete transformation of glucose carbon into plankton material 
would result in a production of 0. 787 g. of plankton per gram of oxygen. 
This figure represents both stored food and protoplasmic material. If the 
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former is largely lipid , complete transformation to protoplasm would pro-
duce a higher conversion factor. On the other hand, since the energy 
required for plant syntheses is obtained by consuming part of the stored 
carbon, and since this loss, being entirely unrelated to the deduction that 
was previously made for plant respiration, must be taken into account here, 
the figure just given appears to he a maximum estimate for conversion to 
normal plankton material. 

4. Two methods were used in an attempt to obtain a practical estimate of 
the relationship between oxygen production and the actual amount of plant 
materi al produced. The first was purely experimental, a determination of 
the difference in the volume of phytoplankton in the light and dark bottles 
at the end of an experiment. Between Apri l 15 and 20, 193 , the weight of 
plankton, estimated from the volume, increased from 0.726 mg. per liter to 
1.230 mgs. in the light bottle, and in the black bottle it decreased to 0.626 
mg. The difference between these values was 0.604 mg. for the fi ve day 
peri od, or 0.845 mg. per week. At the same time the oxygen production 
was 1.60 mgs. per liter per week and the estimated productivity in terms of 
oxygen was 1.35 mgs. Therefore, 0.625 g. of plankton was produced per 
gram of 02• This is 79% of the value obtained in estimate 3. Between 
October 1 and 9 the estimated weight of plankton produced wa, 1.34 7 mgs. 
per liter . The productivity in terms of oxygen production wa about 3.70 
mgs., although the exact amount is doubtful because two experimen OYer-
lapped at this time and the fi gure given is an average. According to this 
estimate, the weight of the phytoplankton produced is 0.364 g. per gram 
of 02, or 46% of estimate 3. 

The other method of estimating productivity is based on the amount of 
utilization of nitrate in the Linsley surface water. The general principle of 
this technique have been applied by Atkins, Cooper, Harvey, and others to 
studies of marine plankton productivity, and while the result i always a 
minimum estimate, most of the error can be eliminated if the method i u ed 
cautiously. The changes that occur during short periods of time in the 
quantity of nitrate or other biologically important substance in the urface 
waters of a lake are largely due to a shift in the balance between the two 
opposing processes, consumption and regeneration. The plankton hun-
over can be estimated by the change in the quantity of the nutrient, but it 
does not approach the required degree of accuracy except when the ratio of 
consumption to regeneration is at a maximum. Thi occur ouh· at the 
beginning of a bloom. There were two occasion when tl1e neces a,;\" condi-
tions were fulfill ed in Linsley. Between January 17 and 24 at tl1e b;ainning 
of the mid-winter bloom, the decrea e in nit.rate wa 0.071 mg. of r., per 
liter, and from April 1 to 8, when the spring bloom tarted, it wa 0.039 mg. 
Assuming that the plankton had a normal nitrogen content of 7 , this 
corresponds to a productivity of 1.01 mg. and 0.556 mg. of organic matter 
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respectively. The productivities in terms of oxygen were 2.16 mgs. and 
1.20 mgs. per liter per week, so that the quantity of plankton produced per 
gram of oxygen was respectively 0.467 and 0.464 g. The correspondence in 
the two results is remarkably close, but it should not be given very much 
weight, for not only is the conversion factor of N to plankton a rough esti-
mate which may vary from time to time, but also the April analyses of 
nitrate are not entirely above suspicion. 

The mean of the four estimates is 0.48 g. of plankton per gram of oxygen, 
or 61% of estimate 3. 

5. All the preceding estimates are higher than the values obtained by 
Gran and Ruud (1926) for marine plankton, which ranged from 0.1 to 0.2 g., 
with an average of 0.14 g. of plankton per gram of oxygen production. 
These values were obtained by comparing the oxygen production and the 
increase of plankton in growing cultures, and were therefore minimal be-
cause, as pointed out by Krogh, Lange, and Smith (1930), no allowance was 
made for the loss of organic matter by normal death and disintegration. 
On the other hand, this error might be rather small, and there remains the 
possibility that there might be a loss of glucose by secretion or that the 
loss due to organic syntheses might occasionally be very large. It therefore 
seems desirable to include the work of Gran and Ruud as an absolute 
minimum estimate. 

The result of applying these estimates to the Linsley data is shown in 
Table III. 

TABLE III 
PHYTOPLANKTON PRODUCTION 

(mgs. of organic matter produced per liter per week) 

M ean for entire 
Largest observed Smallest observed period of 

observation production production 

Entire Entire Entire 
Surface lake Surface lake Surface lake 

Maximal estimate, gross 
conversion to glucose 1. 73 0 .87 7.80 2 .56 0 .36 0 

Gross conversion to plank-
ton of normal carbon 
content 1.45 0 .73 6.53 2.14 0 .30 0 

Average estimate 
(Linsley experiments) 0.89 0.44 3 .98 1.30 0.18 0 

Gross conversion to lipid 0.63 0 .32 2.82 0.92 0 .13 0 
Minimal estimate (Con-

version factor of Gran 
and Ruud) 0.26 0 13 1.16 0 .38 0 .05 0 
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Taking the maximum and minimum estimates as setting the li mits of 
production, we find that the mean phytoplankton producti on must lie be-
tween 0.56 and 3.81 crops per week at the surface, and between 0.32 and 2.17 
in the entire lake. The difference between the maximum and minimum 
li mits is rather large, and to use these part icular conversion factors may be 
unduly cautious. Further work wi ll probably show that the conversion to 
plankton of average carbon content and to lipid can be used as limi ts. 
According to the average estimate, based on the Li nsley experiments, the 
producti on averaged 2.02 crops per week at the surface, with a total range 
of 0.4 to 6.3 crops. In the ent ire lake the mean was 1. 10, and the variation 
was from Oto 4.5 crops. But although the experi mental estimate is useful as 
a rough approximation, it should not be regarded as particularly signifi cant, 
for not only is it based on somewhat inadequate data, but also there is con-
siderable evidence that the conversion factor varies according to environ-
mental condit ions. In a subsequent paper on the plankton of Long Island 
Sound, the author will discuss conversion factors more in detail and attempt 
to distinguish between production by mere accumulation of stored food 
reserves and production by the elaboration of protoplasmic materials. 
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SUMM ARY 

The application of correlations and regression equation to ecological 
work is discussed. It is shown that the statistical method achieYes two 
practical results which cannot otherwise be obtained: First, it proYid a 
quanti tative measure of the signifi cance of a relation hip-the mathemati-
cal probabil ity that the observed relati onship ha a cau al connection· 
second, it permits the evaluation of complex inter-relationships. 

It is pointed out that the coeffi cient of correlation is a purely mathematical 
symbol of relationship, a second order of factual material. The biological 
signifi cance of a relationship coincides perfectly with the mathematical 
signifi cance only in an ideal situati on, in whjch aJl related factors are 
properly analyzed. In practical circum tances, therefore, the correlation 
should be regarded only as an approximation of the true relation, and any 
theory constructed upon it i quali fied by tJ1e li mitatjon of imperfect 
knowledge, just as any other cienti fi c generali zation i . 
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The problems involved in the application of correlations to ecology are 
illu strated by an analysis of the relationship of environmental factors to 
plankton production in Linsley Pond, a small lake in southern Connecticut. 
A note is added describing a method for estimating the maximum and 
minimum limit s of plankton productivity. 
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