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PART 1. METHOD OF PATH COEFFICIENTS
I INTRODUCTION

The ideal method of science is the study of the direct influence of one
condition on another in experiments in which all other possible causes
of variation are eliminated. Unfortunately, causes of variation often
seem to be beyond control. In the biological sciences, especially, one
often has to deal with a group of characteristics or conditions which are
correlated because of a complex of interacting, uncontrollable, and often
obscure causes. The degree of correlation between two variables can be
calculated by well-known methods, but when it is found it gives merely
the resultant of all connecting paths of influence.

The present paper is an attempt to present a method of measuring the
direct influence along each separate path in such a system and thus of
finding the degree to which variation of a given elfect is determined by
each particular cause. The method depends on the combination of
knowledge of the degrees of correlation among the variables in a system
with such knowledge as may be possessed of the causal relations. In cases
in which the causal relations are uncertain the method can be used to
find the logical consequences of any particular hypothesis in regard to
them.

CORRELATION

Relations between variables which can be measured quantitatively are
usually expressed in terms of Galton’s (4)' coeflicient of correlation,

Xy’ :
£ Ferro (the ratio of the average product of deviations of X and ¥ to
2y
the product of their standard deviations), or of Pearson's (7) correlation

af M
ratio, ng.y= \LX/ (the ratio of the standard deviation of the mean values
o

X
of X for each value of Y to the total standard deviation of X), the
standard deviation being the square root of the mean square deviation.
Use of the coefficient of correlation (r) assumes that there is a linear
relation between the two variables—that is, that a given change in one
variable always involves a certain constant change in the corresponding
average value of the other. The value of the coeflicient can never exceed
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+1 or —1. For many purposes it is enough to look on it as giving an
arbitrary scale between + 1 for perfect positive correlation, o for no corre-
lation, and —1 for perfect negative correlation.

The correlation ratio (n) equals the coellicient of correlation il the rela-
tion between the variables is exactly linear. It does not, however, depend
on the assumption of such a relation, and it is always larger than r when
the relations are not exactly linear. It can only take values between
oand + 1, and it can be looked upon as giving an arbitrary scale between
o for no correlation and 1 for perfect correlation.

The numerical value of the coeflicient of correlation (r) takes on adder
significance in connection with the idea of regression. It gives the aver-
age deviation of either variable from its mean value corresponding to a
given deviation of the other variable, provided that the standard devia-
tion is the unit of measurement in both cases. The regression in terms
of the actual units can, of course, be obtained by multiplying by the
ratio of the standard deviations, Thus, for the deviation of X correspond-

ing to a unit deviation of Y, we have regy.y= r“:“- This formula may
T

be deduced from the theory of least squares as the best linear expression
for X interms of ¥'. The formula for what Galton later called Uhe coefli-
cient of correlation was, in fact, first presented in this connection by
Bravais (1) in 1846. Any such interpretation is of course impossible
with the correlation ratio.

The numerical values of both coefficients, however, have significance in
another way, Their squares (y? or * if regression is lincar) measure the
portion of the variability of one of the variables which is determined by
the other and which disappears in data in which the second is constant.
Thus if yo*; is the mean square deviation of X for constant V', PPearson

has shown that:
Wix=ox(1—7x.y)

or yo'x=0% (1 —r'g,) if regression is linear.

It often happens that it is desirable to comsider simullancously the
relations in a system of more than two variables. For such cases, involv-
ing only linear relations between the various pairs of variables, Pearson (6)
has devised the coefficient of multiple correlation.

Rytanc-- - n}=‘Jl -
i!l
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A= 1 Fsa Fxm - - Ty
fax 1 Fam - - Tam
Tox Taa 1 « - Ty




Jam. 3. vgax Correlation and Causalion 550

and Agy is the minor made by decleting row X and column X.
RPasc---x) Mmeasures the degree of determimation of X by the whole

set of other factors, and I-R'm...,}-ﬂ;:; is the maximum possible

squared correlation between X and a factor independent of those con-
sidered. This formula for multiple correlation leads to one for multiple
regression. Letting X', A', B’, etc., be the deviations of variables X,
A, B, etc., from their mean values, Pearson has shown that the most
probable value of X' for known values of the other variables is given by
the formula

X! Ay Al A B

ox QOxx 0, Axx on
; A
Oy = x...pafx=0x -E_t_:-

Analogous but more complex formulac have recently been published
by Isserlis (5) for the multiple correlation ratio for use in cases in which
the regressions are not necessarily linear.
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CAUSATION

In all the preceding results no account is taken of the nature of the
rclationship between the variables. The calculations thus neglect a very
important part of the knowledge which we often possess. There are
usually a priori or experimental grounds for believing that certain factors
are direct causes of variation in others or that other pairs are related as
effects of a common cause. In many cases, again, there is an obvious
mathematical relationship between variables, as between a sum and its
components or between a product and its factors. A correlation between
the length and volume of a body is an example of this kind, Just because
it involves no assumptions in regard to the nature of the relationship, a
coeflicient of correlation may be looked upon as a fact pertaining to the
description of a particular population only to be questioned on the grounds
of inaccuracy in computation. But it would often be desirable to use a
method of analysis by which the knowledge that we have in regard to
causal relations may be combined with the knowledge of the degree of
relationship furnished by the coefficients of correlation.

The problem can best be presented by using a concrete example. In
a population of guinea pigs it will be found that the birth weights, early
gains, sizes of litters, and gestation periods are all more or less closely
correlated with each other. The influence of heredity, environmental
conditions, health of dam, etc., are also easily shown. In a rough way,
at least, it is easy to see why these variables arc correlated with each other.
These relations can be represented conveniently in a diagram like that
in figure 1, in which the paths of influence are shown by arrows,
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The variety and complexity of the relations which may be back of a
correlation are well illustrated in this case. Thus, the weight al weaning
(33 days of age) should be correlated with the birth weight and with the
gain between birth and weaning simiply because it is their sum. The
relations of birth weight with gestation period and the prenatal mate of
growth are also essentially mathematical mather than cansal.  Birth
weight is necessarily fully determined by the chameter of the prenatal
growth curve and the time at which this is interrupted by birth,

In the relation between gestation period and size of litter we come (o
a case in which there is no necessary mathenmatical relationship. We
naturally attempt to account for the high negative corrckition by the
hypothesis that a large number in a litter in some way causes early
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Fio. p.=~Diagram illustrating the interrelations among the factors which determine the weight of guinea
pics at birth and at weaniog (33 days).

parturition. Similarly, a large number in a litter might be expected Lo
be a cause of slow growth in the foetuses.

Birth weight and gain after birth arc highly correlated. Here neither
variable can be spoken of as the cause of variation in the other, and the
relation is not mathematical. They are evidently influenced by common
causes, among which heredity, size of litter, and conditions which affect
the health of the dam up to the time of birth at once come to mind.

Most of the variables are connected with each other through more than
one path. Thus, weight at birth is correlated with weight al weaning
both as a component of a sum and as the effect of common causes.

There may be a conflict of the paths. Thus, a large nunber in a litter
has a fairly direct tendency to shorten the gestation period, but this is
probably balanced in part by its tendency to reduce the rate of growth
of the foetuses, slow growth permitting a longer gestation period. Large
litters tend to reduce gestation period and rate of growth before and
after birth. But large litters are themselves imost apt to come when
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external conditions are favorable, which also favors long gestation periods
and vigorous growth.

The coeflicient of correlation is a resultant of all paths connecting the
two variables. It would be valuable in many cases to be able to deter-
mine the relative importance of each particular path. The usual method
in such cases is to calculate the partial correlation between two variables
for a third constant, using Pearson’s well-known formula
= Tan"Flacloe
S =) (1=
for correlation between A and B {or constant . Such partial correla-
tions, however, must be interpreted with caution. It is true that by
making constant a connecting link between two variables, whether it is
a common cause or the canse of one and effect of the other, we eliminate
the path in question. This elimination of connecting paths in which the
constant factor is a link is not, however, the only way in which correlation
is affected. If an effect of a number of causes is made constant, spurious
negative correlations appear among the causes and their other effects.
Thus, if weight at 33 days is made constant, the correlation between
birth weight and gain necessarily becomes —1. We are simply picking
out a population in which any deficiencies in birth weight happen to be
exactly balanced by excess in gain after birth. This is an extreme case,
but where the relations of cause and effect are at all complex it is evident
that the correlation between two variables may be changed in more than
one way by making a third variable constant, making the interpretation
doubtful.

Where there is a network of causes and effects, the interrelations could
be grasped best if a coefficient could be assigned to each path in the
diagram designed to measure the direct influence along it.  The following
is an attempt to provide such a coelficient, which may be called a path

coellicient,
DEFINITIONS

We will start with the assumption that the direct influence along a
given path can be measured by the standard deviation remaining in the
effect after all other possible paths of influence are eliminated, while
variation of the causes back of the given path is kept as great as cver,
regardless of their relations to the other variables which have been made
constant. Let X be the dependent variable or effect and A the inde-
pendent variable or cause. The expression o, will be used for the
standard deviation of X, which is found under the foregoing conditions,
and may be read as the standard deviation of X due to A. In a system
in which variation of X is completely determined by A, B, and C we
have oy.,=. c@x representing the constant factors, B and C, and
also the variation of A itself (¢,) by subscripts to the left. The path
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coellicient for the path from A to X will be defined as the ratio of the
standard deviation of X due to A to the total standard deviation of X.

Tyep

Pres =

. . o -
Just as the regression of X on A is expressed by r“; the deviation
A

of X directly caused by a unit deviation of A is given by the formula

Tx T x=a
Pxea r.r,‘= 7, )

Another coeflicient which it will be convenient to use, the coellicient
of determination of X by A, dy.,, measures the fraction of complete
determination for which factor A is directly responsible in the given
system of factors. This definition implies that the sum of such coeflicients
must equal unity if all causes arc accounted for.

SYSTEMS OF INDEPENDENT CAUSES

I'he degree of determination of one variable by another is most easily
found where the variables are connected by a mathematical relationship.
The simplest mathematical relationship is that between a sum and its
components. For the standard deviation of a sum the following relation
is well known:

AR DR

2
“2.1”1 ity " azn. +a " + 24T 0V i

I A and B are i'ndepeudent of each other, r,, =0, and we have
0%y =0y + 0%,

The degree to which variation of the sum is detlermined by that of each
component is obvious,

2
N =§: and dy.p =:T:‘ where X =A+ 85,

giving dy., + dx.p =1, as required by definition.
For the standard deviation of X due to A we have in this case, oy, =c,.
Thus, py.a="22="4 by definition.
Ty Ux
[ & f 2

Again, ry <A EBIA’_ZA o,

Ha Ty NaTxT, Oy
Summing up, Px.a=Vdx.a="rxa-

It can easily be shown that the same formulae hold in case we are
dealing with the sum of multiples of a number of independent factors
instead of with their own sum.

We can pass at once from thiz case to cases in whiel variation of X is
caused in the physical or physiological sense by variation in several causes
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provided that these causes are independent of ecach other, have linear
relations to the dependent variable X, and that the deviations which they
determine are additive. They are independent of each other if there is
no correlation between their variations. A cause has a linear relation to
the effect and is combined additively with the other factors if a given
amount of change in it always determines the same change in the effect,
regardless of its own absolute value or that of the other causes.  I'he con-
clusion is that, under these conditions, the path coeflicient equals the
coellicient of correlation between cause and effect, and the degree of
determination equals the square of either of the preceding coeflicients.

CHAINS OF CAUSES

If we know the extent to which a variable X is determined by a cer-
tain cause M, which is independent of other causes, combines with them
additively, and acts on X in a lincar manner, and if we know the extent
to which M is determined by a more remote cause /1, the degree of deter-
mination of X by A must be the product of the compouent degrees of
determination.

let X=M+N,and M=A+B

o’y o, a?,
Gyem = =i dﬂ-n"&i;r and "fx-r.=uT:'

Thus dy., =dgtly-a

and Py = PruPuas
NONADDITIVE FACTORS

In cases in which a factor does not act additively with the other factors
in determining the variations in the dependent variable, its mlluence on
the latter can not be completely expressed apart from the other {nctors,
at Jeast in terms of the ordinary measures of variability. This can be
made clearer by an illustration. Multiplying factors are among the most
important of those which do not combine by addition.

Let X =AB and assume that r,,=o0

IAB"

o= Mo+ MAye?, + =2

where A’ and B’ are deviations of A and B from their mean values M,
and M, Putting B constant, we have o= ; and similarly
putting A constant, we have ¢®;.,=AP,0%,. There remains a portion of o,
which is due to A and B jointly and which can not be separated into parts

due to ecach alome. If we write d,-,=%"ﬁ‘ as the degree of determi-

nation of X by variation of A alone, and d,.,nm:;’" as the corre-
X

sponding degree of determination of X bv vanation of B alone, we must
ZA”B"
recognize an additional term d,.5= —:;,E-‘ in order that the sum of the




504 Jowrnal of Agricultwral Kescarch Vol. XX, No. 7

coeflicients of determination may equal unity. Regression is linear and

A2 gt o ; :
P == _r.r];{_h Thus dy.,=#%, as in the case of independent
i EA g ]
additive factors. The term ~hat 8 siall unless the amounts of

X
variation in A and B are large in comparison with the mean values. In

many cases it is safe to deal with path coeflicients and degrees of deter-
mination in the case of multiplying factors just as in the case of addi-
tive factors.

As a concrete illustration of these points take two independent vari-
ables, for each of which the values 1, 2, and 3 occur in the {requencies
1, 2, and 1, respectively. Below is the correlation table between one of
these factors and their product.

Product (X).

= i 1| =] 4
B - T - S8 P Y. 2 3
2] gesim 1 2 1| 4
B

My=2 a,=4/1/2 ry=+817 dxa=817

ZA"B" P
f’l’f}tﬂq_ r;l'x=..‘|||1?||l'4 “;I;;;-_‘:Il“? X-F :F;f'?
dx.xu=——

In this case the amounts of variation in the factors are relatively large
compared with their mean values, making the distribution surface mark-
edly heteroscedastic, yet the degree of determination by either factor
comes out only slightly less than one-half.

NONLINEAR RELATIONS

M
Pearson's definition of the correlation ratio,nx.,=—"—" has already
X

been given. The variations of the mean value of X for different values
of A are the variations which can be attributed to the direct influence of
A, assuming that A is cause, X effect, and that other causes are com-
bined with A additively. Thus ex.a=c(x) and we have at once
Px-.!. =MKea -

Again, as the total variation of X is composed of the variation of ils
mean values for different values of A, plus the variation about these
mean values, we have o*x=¢*(,"x) 4 a0%, giving ,o®x=c% (1—1x.4), as
already noted.

Thus n’x., measures the portion of ¢*x lost by making A constaut, so
Lthat as before dy.,=n'x.0 = PPx.a.
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Unfortunately we can not deal with chains of factors which involve
nonlinear relations by mere multiplication of the path coefficients of the
component links. In the present paper, unless otherwise stated, it will
be assumed that all correlations. are

essentially linear. A
EFFECTS OF COMMON CAUSES a
Suppose that two variables, X and Y, x / 5

are affected by a number of causes in

common, (B, C, D). Let A represent

causes affecting X alone and E causes C"
affecting Y alone (fig. 2).

pxa=b Pramd’ , p

Px-c=c F'r-u-{-"'
Px;n=‘d P\'.p-d’
fr.e=o0 P‘?-E-ft
B, C,and D are assumed to be in- [

. Fig, a2~Diagram showing relations be
dEpEﬂdEl‘l.t O‘f E’ﬂth Gthefhthat 15,. rhc-ﬂl tween l.“'n“-‘lll’il-b]‘ﬂ. .\-tlﬂd. ¥, whose

ete. values are determined in part by com-
mon causes, B, C, and 1, which are in-
Hence Px.n="rxa, ete, dependent of each other,
rxv—bb’
xy™ =2
V(a—b) (1—b")
Bfxy—erxo afro rey—bb'—cc’

FX T Va—wxe) (—wre) | VP —0) (1—"—c").

When all common causes have been made constant, peprgy=o0

' rxy="bb"'+cc’ + dd’' = Z px.p Pr-5.
Thus, in those cases in which the causes are independent of each other,
the correlation between two variables equals the sum of the products of
the pairs of path coefficients which con-
,‘_ﬁ__ /5 et the two variables with each common
X cause. An illustration of the use of this
principle was given in an earlier paper
(%) in analyzing the nature of size factors

’ in rabbits.

/V_‘_G__ (>’  Itmay be deduced from the foregoing
Fio. y—Diagram showing’ relations be fOrmula that two variables may even be
tmern two variables, X nd Y. wbee completely determined by the same factors
mnﬁm cm : and yet be uncorrelated with each other.
Gupanbont of eack wtleer. Let variation of X be completely deter-
mined by factors B and C, the path coeflicients being band ¢, respectively.
Let Y be completely determined by the same factors, the path coeffi-
cients being 4" and ¢’ (fig. 3). Then ryy=>bb"4cc’. The condition
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under which ryy may equal zero is evidently that bb'=—cc’. An
example may be found in the absence of correlation between the sum
and difference of pairs of numbers picked at random from a table.

In many cases a small actual correlation between variables will be
found on analysis to be the resultant of a balancing of very much more
important but opposed paths of influence leading from common causes.

SYSTEMS OF CORRELATED CAUSES

The discussion up to this point has dealt wholly with causes which
act independently of each other. It is necessary Lo consider the clfects
of correlation among the causes.

Let us consider the sum of two correlated variables (hig. 4).

Let X=M+N
=0yt g+ 20,0 un

We have defined oy., as the standard deviation of X when factors
other than M are constant, but Af varies as much as before.  The latter
qualification is important in the present case, since the making of N
constant tends to reduce the variation of M, reducing gy to gy4/1 — 'y

The definition of oy., Implies that
/A not only is N made constant bul

that there is such a readjustment

/ \ among the more remote causes, /A,
B, and C, that g, is unchanged.
\Af/ Under the definition it is evident
\ that in this case gg.y =0y and oy.

oy Tx

o Ty
Fic, 4-—A system In which the value ol variable -0y I'hus PI'II = 0_ and P:*u = ‘r.x.
X is eompletely determined by caunses A and /N, R x
which are correlated with each other, In attempting to find the degrees

of determination of X by Al and N
we meet a difliculty somewhat similar to that met in the case of non-
additive factors. The squared standard deviation is made up in part
of elements due wholly to M and N, respectively, but in part to a portion
which can not be divided between them. The term 2oyo4r,, is due
solely to the fact that the variations of X, which M and N determine,
tend to be in the same direction and so have greater effect than if varia-
tions M and N were combined at random. It seems best Lo define d,.,,
as the degree of determination of X due to M alone. Thusd,.,-:%'s

x
dx.,-:_,i-"- The remaining term may be considered as determination by
b 4
M and N jointly and may be written dy-iis =2 Px.gfx-sTax-
These rules can be extended at once to the sums of more than two
variables, to sums of multiples of variables, and hence, as before, to
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linear relations of cause and effect in which the influence of the causes is
combined additively. It is also easy to show that the formulae apply
approximately for multiplying factors.

. —
Summing up, pex= Yian= 2
x‘fx-n‘l' zsz'lpl'lrlﬂ- I

The next problem is to find the //
degree of determination of X by a M

factor such as B, which is connect- /

ed with X by more than one path Af

honc that A, 5, C, ol ‘e
ume that A, B, C, an are

independent and completely deter- \('

mine X, dy., +dy.yddyc+dg =1

But also dy.y+dx.n+ 2P xulx-stsm+

dyp™=1. ﬂ
dl'l - dx-l — dy.,+ dx-l —dgc+ Pic. s.—A systcm i which the value of X b ol
2 py.ulx-xPw-sln-n reRembering that  fected by a facter, B, alonz two different paths,
BMX and BNX
Tux = P!'I.PI-I‘
Since dy.,+dyp=1, etc., we have dy.,=dg ty,+depdyn=dy. +
dy.ydy.py and dy.y=dy.c+dyydy.,.

Therefore dy.y= dyytyn+ dyydyn+ 2Px-uPx-nlranPron
= Pl sen + P sl s + 2PxeulxonPunlPu 8
= (Px-ulun+Px-sPsa)
Pxa=™ Px-uPun + PxxPus

These results are easily extended to cases in which B acts on X through
any number of causes. If a path coeflicient is assigned to each com-
ponent path, the combined path coeflicient for all paths connecting an
effect with a remote cause equals the sum of the products of the path
coellicients along all the paths, Since B is independent of A, C, and
D, ren= pxa=Pxulrun+ Pxnlrn

GENERAL FORMULA

We are now in a position to express the correlation between any two
variables in terms of path coefficients. Let X and Y be two variables
which are affected by correlated causes M and N.  Represent the various
path coellicients by small letters as in the diagram, Let A, B, and C be
hypothetical remote causes which are independent of each other (fig. 6).

Txv= Px-alva+ Px-olrnt Pclrc
=mam'a + (mb+nb")(m'b4+n'd") +ncn'c
=mm’ 4+ mbb'n’ +nn’" +nub'bm’.
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Thus, the correlation between two variables is equal to the sum of the
products of the chains of path coeflicients along all of the paths by
which they are connected.

If we know only the effects, X and Y, and correlated causes, such as
M and N, it will be well to substitute ry for 00" in the foregoing formula.

ey = ProwfPront Plpu?'mqﬁ"wu'*' Proowfeont Pontus Py

We have reached a general formula expressing correlation in terms of
path coeflicients. This is not the order in which knowledge of the coelli-
cients must be obtained, but, nevertheless, by means of sunultancous
equations the values of the path coefficients in a systep ean often be
calculated from the known correlations. Additional equations are fur-
nished by the principle that the sum of the degrees of determination must

i gy e

4

o,

Al
C ‘\rr\p

Fic. 6, Diagram showing relations between two Fiz. r.—Simplified diagram of factors which
wvariables, X and Y, whose values are de- determine hirth weight in guinea pigs.
termined in part by common causes, M oand
N, which are correlated with cach other.

equal unity. The fundamental equations can be written in general forn
as follows:
dyy= Mxea

dym= 2PxaPronan

Zdy., +Zd

xﬁﬂ
r1Y=E.|hx'.\||b'f'.\r
APPLICATION TO BIRTH WEIGHT OF GUINEA PIGS

As a simple example, we may consider the factors which determine
birth weight in guinea pigs (fig. 7).

Let X be birth weight; O, prenatal growth curve; P, gestation period;
L, size of litter; A, hereditary and environmental [actors which deter-
mine {, apart from size of litter; C, factors determining gestation period
apart from size of litter.

For the sake of simplicity, it will be assumed that the interval between
litters (if less than 75 days) accurately measures the gestation period
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and that the varables are connected only by the paths shown above,
In a certain stock of guinea pigs the following correlations were found:

Birth weight with interval, rxp= 4+0.5547.
Birth weight with litter, ry,=—0.6578.
Interval with lilu.:r, P =— 04444

We are able to form three equations of type rey=2pc. Py and three
of type Zp*y ., +2Epe pinran=1. These six equations will enable us
to calculate six unknown quantities. The six path coeflicients in the
diagram in figure 7 can thus be calculated from the infonuation given
here, but no others.

The equations are as follows:

(1) rae= +0.5547=p4qll".
(2) Fa ™ — 006578 =gl + P’
(3) Tro=—0. 4444 =1".
(4" G+ P 2gpl’=1.
(5) PPy,
(6) =i,
From (3), Pro=1"= —o0. 4444 dpy =17 =0. 1975
From (6), Pre=c = o0.8958 dpe =3 =, Buzs
1. OO0
From (1) and (2), pye=p = o0.3269 dye =P =g 1)
gl=—o0. 5125 dyq =¢q - . 7442
From (4), Pxa=q¢ = 0.8627 dyu=2pyll’ = . 1489
1. OO0
Par=I =—o0. 5041 dgy, =1 =0. 3530
Poa=a = o.8044 dy.,=u® =, G470
I, (MMM
dyqi =¢P =0, 2027
dy.p, =7 - 0211

dye=2pglll = .1439
dey, =(g+N'P} =.4327

d‘_.‘t“,tl" -.*315
dyc=pc =, 0858

1. 0000
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Assuming that the diagrams in figures 7, 8, and g accurately represent
the causal relations, it appears that birth weight is determined to a very
much greater extent by variations in the rate of growth of the foetuses

than by variations in the length of

l/j—’r‘?' the gestation period (dy.q=0.74,
dyp=0.11). Size of litter has much
1.5"

‘>\ more effect on birth weight by re-
’( ducing the rate of growth of the
foetuses than by causing early partu-

w rition (dy_ g, =0.26, dx pr=0.02). The

< difference in  birth weight caused

P puh el meswing e Sy & difference of o day in gestation

(©), gestation period (P), size of litter (L), period can be calculated from the path
SRd AT AU LD coellicient and the standard deviations

by the formula for path regression, p. :I’ngq-=f?x.;|£-5- The result, 3.34
oy

gm. per day, should measure the average rate of growth just preceding
parturition. ‘The actual regression, 5.66 gm. per day of delay in parturi-
tion, is larger because a long gestation period means not merely a longer
time for growth but also, in general, a smaller litter and hence more
rapid growth,

On introducing other data the analysis can be carried much farther.
There are other paths of influence which should be recognized, positive
paths connecting A, C, and L, representing the favorable effects of good
health in the dam on rate of growth, gestation period, and size of litter,
and a negative path from @ to P

to represent the tendency of rapid 4—-""'"‘ 4

growth to induce early parturition.

2

The relations between the observed HZ:;;

interval between litters and the ac- N

tual gestation period should also be

considered. The results presented V\QQ
here are thus intended merely to fur- (7
nish a simple illustration of the Fe. s —Cocflicients of determination, Symbuls
method. A more complete analysis e

of the relations among the factors which affect birth weight and later
growth will be presented in a later paper.

DETERMINATION IN TERMS OF CORRELATION

Having obtained a formula for correlation in terms of determination,
the question arises whether the converse is possible. TFor a special class
of cases such a formula is easily obtained.
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For a single cause and effect the required formula is merely ., =17,

. /{/ //4
\0

Fi1g, 1o.—Effect and one known cause.

The degree of determination by residual factors; that is, dy.,, is thus
I—1rig,.
Ii two causes are known, and the degree of correlation between them,

we have (hg. 11)—

AST—27
O

Fxo. 11.—Effect and two correlated known causes,

e
s xa e =1

(*xa = xn¥an)’ xo_

?;.rzxu}tl;ﬁ;ﬁ:I_I__’:xu :

. . [ ot
IT= 3y —Mxn—Fant 2 xal snfan
o
I=1%n

~
/ ji""("

&

o

Fi16. ra,—Effcct and three correlated known causes.

Pro=dyg.o=

If three causes and their correlations are known (fig. 12), we have
oo’ s Fentxo =1, from which

o " " s -
= _1=Zr 4 2375 ranlpy — 22 g Fanfnefex + 2P xa ne
=Gy g=——""—"— %4 it S Lo Lt S Rt 0 L
I—1 == Pyct+ 27, cr et
acteaTng
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In this expression Z¢%;, means the sum of sguares of the six known
correlations.  Zry, 1,1y means the sum of the products of the groups of
three correlations, corresponding to the sides of triangles.  There are four
of these triangles, XAC, XAB, XCB, ABC. Zryruracfcx Means the
sum of the three products of the groups of correlations which are
arranged in closed quadrilaterals, and 2/, %, means the sum of the
product of syuared correlations in pairs which involve no connon vaii-
able (g%, Prct®an, ent®se) (Nig. 13).

The formula for four known causes is easily found by a continuation
of the methods used to find the others if attention is paid to the sym-

metry ol the expressions.  Since, low-

’4 C""' ever, this formula, as well as that just

given for the case of three causes, is sonie-

what cumbersome, it will be convenient

L/F to use a wmore condensed notation.

G(NABC . . ) may be used for o [une-

5“& tion involving all possible correlations

among the varables (XABC .. ). In

'y the definitions Z* means the sum of the

Fig. 13 —Effect and four correlated known  sgjuares of all correlations: Z/%2, the s

R of the product of all pairs of squarcd

correlations which involve no wvariables in common; Zyr, Zerrr, and

Zrrrrr are the sums of the products of all groups of correlations whicl,

represented by paths, form closed figures, triangles, quadrilaterals, and

pentagons, respectively. Zo*rrr is the sum of the products made by

multiplying each triangle of corrclations in the sense above by the see-

ond power of those correlations which do not involve any of the vari-

ables in the triangle. The number of terms of each kind is given above
the brace, where it is more {han one,

(AR =1—1?% (2 ters).
ol
$(ABC) =1—Zr+2Zrrr (5 terms),

6 4 3 3
S(ABCD) =1— Zr*42Zrrr—2Zrrrr+Zr? (17 terms).

10 10 15 12 15 1o
P

d(ABCDE) =1~ TP +2Zrrr—2Zrrrr+ 2Znrrr + 27 — 227y (73 Lerms).
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The formulae for degree of determination by residual factors may be
written as follows: '

dy.o=p(XA) in system XA,

$(XAB) .

b= 3AB)

n system X AB.
4. _$(XABO) .

S(XABCD)
#(ABCD)

The degree of determination by the known causes is now easily cal-
culated. When all causes of variation in X are constant except .1,
variation of X is measured by ..o, and variation of A is meas-
ured by g...ca?,, Writing the constant factors as subscripts to the leit.
Assuming that the relation between A and X is linear, the deviation of
X determined by a unit deviation of A should be constant, whatever the
amount of variation in A, Thus:

in system XABC.

dy.o= in system XABCD

# E—;-E—-—-—x.* -ﬂm"‘mx.
Ko
To Ta  gogn¥s

In the case of the residual factor (), assumed to be independent of the

known factors A, B, C, elc., ..., 00=10,,
and we bave 055 =...cnax

d, -HXABC ) 'ﬂ‘::n -cun"',!:_
0T $(ABC.) o o’y

_#XABC.)
cecnal x = $(ABC..)

Thus:

This should be the general formula for the squarcd standard deviation
with a number of constant factors.

Hence:
o’s.. _$(XBC...0) . $(ABC..0) ,
o, o d-{HC...G] i{B«C U]
;  _$(XBC..0) ,
AT @(ABC...O)7 x
$(XBC..0)

Pxx= $(ABC..0)

d ﬁXHC .0) i{xﬁf J- dt-nﬁ[ﬂf ]
o S(ABC..0) {'IBC .)
17777 —=21—>




574 Journal o} Agnﬂruuml Kesearch Vel XX, o7

The general formula for partial mrrthl.m can easily be exprmd in
the present terminology.
pena® s = poa® x{1 — penfxa)
o wona®s _ _ HXABCD)YWHBCD)
T T e’y T S(ABCD)$(XBCD)
In some cases it may be of interest to find the degree of détermination
when a number of factors not in the direct path between cause and effect

are assumed constant.
uﬁ‘ . ‘_li';_-"_l‘? ‘n TR -c-"’xj{lﬂ:lajn]
i o x '[n SUTH-- -q:'.ﬂ: Hun"'!:}

~$(XBC..STU...0)$(ASTU)
S(ABC..STU)(XSTL)
RELATION T MULTIPLE CORRELATION

The expressions defined as ¢(NABC...), ele., suggest the expansion of
determinants. It is in fact easy to show that ¢(XABC... N)=A.

Where A=| 1 Yok Tam: o 0 Pay
a1 Fan = v Taw
Tox Tua 1 Ty
Tux Tua Tsw - - 1

The formula for Pearson’s coefficient of multiple correlation has already

been given, Rm1-\/l -;1
XX
deleting row X, column X.
Evidently in this class of cases the coeflicient of determination degen-
erates into a function of the coefficient of multiple correlation. For the
degree of determination by residual factors we have

S(XABC...
b= G ABC T =By~ Fxascd
in agreement with Pearson’s results.
For the degree of determination by a known factor we have
ﬁ{.‘fﬂf 0) ¢(XBC...)—-dx.s#(BC...) A0 A — AN
¢(ABC...0) $(ABC..) Algx
i
Ay

A
Pru= ‘f:"

where A, is the minor made by

dy.o=
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The last formula brings out the close relation between the path coelli-
cients and multiple regression. As already noted, the most probable
deviation of X for known deviations of A, B, C, elc., is given by the
formula

X' ALA' ALB A’ B
— i RN T“_,; i "'."’ma -1-}‘)_““;. i

As already stated, Pearson’s coeflicients of multiple correlation and
regression were not devised especially for the analysis of causal relations.
The formula for multiple regression, for example, gives the most proba-
ble value of one of the variates for given values of the others regardless
of causal relations. In cases in which all the correlations are known
in a system including an effect and a number of causes the method can
be used to find the path coeflicients and the degrees of determination
of the effect by each cause in the sense used in this paper. Such cases
in which the direct methods can be used are, however, relatively
uncommon. Where the system of paths of influence is at all com-
plex, involving perhaps hypothetical factors, the causal relations can
be analyzed only by the indirect method of expressing the known cor-
relations in terms of the unknown path coefficients, making the sums of
the degrees of determination unity and solving the simultaneous equations.

PART [I1. APPLICATION TO THE TRANSPIRATION OF PLANTS

A large body of experimental data on the factors which affect the rate
of transpiration in plants has been published by Driggs and Shantz (2).
These data are well adapted for use in illustrating the methods of analyz-
ing causal relations presented in part I of this paper. -

The experiments which are used in this paper were conducted at
Akron, Colo., in 1914. A variety of crop plants were grown in sealed pols.
The total transpiration was measured each day. Among the environ-
mental factors studied were the total solar radiation during the day, the
wind velocity, the air temperature (in the shade), the rate of evaporation
from a shallow tank, and the wet-bulb depression (sheltered from sun but
not wind). The correlations between the daily transpiration of each kind
of plant and the integrated values of the environmental factors were pub-
lished by Driggs and Shantz. In order to avoid the effect of seasonal
change in the plants, the logarithms of the ratios of the transpiration on
succeeding days were correlated with similar figures for the various factors.
The correlations between the various environmental factors for the 100
days from June 18 to September 25, 1914, have been caleulated by the
writer from the data presented by Briggs and Shautz. This period covers
all the crop periods but is longer than most of them. None of the corre-
lations appeared to depart much from linearity.
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The daily averages, the standard deviations, and the correlations e
given in Table I.

TamLe 1.—[wily averages, standard dewiations, and corrclations from eipervimenis on
franspiration in crop plants made by Briggs ewd Shawiz at Akven, Celo., 1913

CURRHKLATIONS
Wil v i v Tﬂllt!‘hﬂﬁf.!— 1;':1':“'*':1:: ; l‘:*:[:;.;
! - i
Wil , eaiarar it rsestilernsicisnnanie =m0t koot |—oof daor | o.98 kool | ot do.0f
Hadintion - eies]=ov 0l 0T liiviirricianina]  rdt ok .ns L T 8 4 .04
Temperature . | cof= voa & .07 at & oes [ooe ] s 4 sog O T
Wul.bu:lhtlﬂ'lrﬂlkul Ll 28 4 .ob a8 & o5 .“;i: ¢g sissi] oMy Jap
Evaporation. .. ...... s ik .38 4 Lob b8 4 .oy Jab & .eg N T L P
Small grainse ! +22 & .04 Jbg & .03 51 & o2 -FR 4 o1 By & .00
By, .euieise T ] Jog 4 . of 3 & .08 T T gt * .o
Sorghum, mallet?. LB op g3t .o gk .ol | 3RE4 oK | L7t Lo
Sundan prass {in inclosare) 53 & .07 5% & -ob By & .81 Ny # .o -ap & @
Sewlan prass (in open). . . 3¢ & .ol .58 & .07 By % o3 -5 & .o -Er & e
Denteoorm. . ..o oo 2 & Lol | g & .ob 70 & Leg B & e -ta & ey
Alprrian com. . i % .09 e & -ob oA o.mg MR A er | e & .oy
i hapdne e, __ . & 057 §rod .ogs «Bygd .ag - R s . | =5k corg
‘mﬁ. ......... ﬁt 0% 4wt .o -auit ::-: .:\ﬂ;i. :::. -:e::t -::1
Amarapthus. ... o4 = .10 a0 & .09 43 & .08 -t & .87 -5h & .o
Mean. -
Evaporation (shallow tank) (kilograms per square meter). . ..o.o...... gje 246
Integrated radiation {colories per sgquare centimeter), ... 753 134
Air temperature, integrated mean (degrees Centigrade) .. ... ........ 2a.10 3. 48
Integrated wet-bulb depression (hour degrees, Centigrade). ... ....... 143 58
Wind velocity (milesperhour) . ....... ..ol S 54 3. 24
2 Averages of six similar correlations imvolving Kohanka and wheat, Swalith Scloct and Burt
cats, Hannchen barley, and spring rye.  The lxst, having on the w the larpest correlations, is also piven
-T:m ol four correlations, Minnesola Amber and Dakota Amber sorghom and Kursh and Siberian
Millet. correlations were all very similar.
€ Average of the simnilar for cowpeas aml lupine.
da of lowr tests with alfalla.
s + o.fio, which secins too large. Recaloulation gives + oy,
It will be interesting first Lo com-
/V pare the direct and indirect methods

b of calculating path coeflicients and
\ coefficients of determination. Let us
consider the relations ol wet-bull

&epremion (B) to tempemature (7),
wind velocity (I¥),and radiation (K).
Since the direct methods are only
applicable in systems in which each
variable is connected with every
other variable, the diagram of rela-

tions is as shown in figure 14.

Fic. 14.—Relations bet -bulh depression i i
0 v T o g pne Outslfundmg ‘facmrs. independent of
perature (7 as assummed for direct analysis, W, R,and T are represcated by 0.
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INDIRECT METHOD

Six equations can be formed, expressing the six known correlations in
terms of the unknown path coefficients. A seventh cquation represents
the complete determination of B by WV, R, T, and 0.

(1) ruw= 0.28=w-+1{c+bs)+ud.

(2) ron= A48=wb+ s+ n.

(3) ror= 59=w(c+ bs) 4+ 1+ us.
(4) rwp=— .01=h

(5) rwr=— .o2=c+bs.

(6) rur= 7 =5
(7) 4w+ E+ o+ 2wt{c+ bs) + 210ub + 20ls =1,

The values of b and s are given directly from equations (4) and (6,
and the value of ¢ (=—o0.0153) can then be obtained from (5). The
solution of (1), (2), and (3) gives w=o0.2921, {=0.4735, and u=o0.260y.
Finally, from (7) we obtain ¢*=0.5138 as the degree of determinalion by
outst anding factors.

yg=o* = 0.5138
e = " = .08353 Prw=WwW=0.2021
dpg=1 = 2242 Pax=t = 4735
=1 = .0078 Pug=n= .2004
dysm=2wi(c+bs)=— .0055
dya = 2wnh = — .00Ij§
iy 57 = 20ls = 1159

1.0000

DIRECT METHODS

According to the formulae given in part I we have—

4. _$(BWRT)
wo = g WRT)

o _S(BRT)~dy.$(RT)
v =T G (WRT)

g SBWT)=d, b (WT)
At S(WRT)

4. _$BRW) —dy b (RIV)
b1 S(WRT)

where
GBWRT) = 1=y + 20yl walun— 2yl wal wrlen+ 1 g i
- r'll-ﬂ + 2w wirre = 2Fpwrwrlrl py +- '."zuu?'lw'r
— et 2F e — 2y pwt wrt -+ rzu_ﬂ,zw“
g ?’I“-D_ + 2Fypturlrw
— ey
= lrz|le

S(WRT)=1—ryp—rwi—Prr+ 2rwarprrow
¢(BWR), etc., are analogous to ¢(WRT)
$(RT)=1—1"1y ¢(WT), etc., are analogous to ¢(RT).
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By substitution of the correlations in these formulac the following
results are obtained:

$(BWKT)=o0.4002
@(BWR) = .6854 ¢(BW)=o0.9216 d(WIR) =o.99y9
S(BWT) = .5665 ¢(BR) = 7696  H(WT)= .gyu6
$(BRT) = .4668 $(BT) = .6519 P(RT) = 7701
H(WRT) = .7738

These give values of the coeflicients of determination identical with
those given by the indirect method.

This method, as was shown in part I, is essentially the same as ear-
son's method of caleulating multiple regression.

Let A= |1 ftem  ter tew | = |1 048 059 0.28]|=o0.4002
Tin I pr  frw .43 1 G — .01
L o TR o I Yow .50 7 1 —_ 2
Pwo  Fwr fwr 1 .28 —.01 —.02 1
Let Ay =4 with columm B, row 13, deleted.
Ay =0.7788, App=0.2028, Apr=0.3087, dyy=0.2275
Apw
w = =0,2021 dpg=5—=0.513¢
Pow Bon 9 L 3139

Ay
Ppa= E—“= 0.2604
BA
a
pur=7" =0.4735.
i1

These values are identical with those obtained by the preceding
metliods.

It will be seen that the first method, while apparently less direct than the
others, is really less laborious.  The solution of three simullancous equa-
tions requires merely the evaluation of a determinant of the third order
instead of one of the fourth order, as in the last method. The expression
¢(BWRT) in the second method is, of course, merely an expansion of
the same determinant of the fourth order as that used in the last.  The
indirect method, moreover, gives more insight into the processes followed
than the others in which there is a substitution in what appear to be
arbitrary formulae. In line with this last point, the indirect method is
more {lexible in that it can be used to test out the consequences of any
assumed relation among the factors.

ANALYSIS OF CAUSAL RELATIONS

In attempting to interpret the present results in terms of causation,
we see at once that the scheme of relations chosen is not a very salis-
factoryone. The wet-bulb depression was measured under shelter. Con-
sequently the coefficient of determination, d,, , =0.0678, can not measure
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the degree of direct determination by radiation, but determination by
some factor other than wind or temperature with which radiation is
correlated.

One should not attempt to apply in general a causal interpretation to
solutions by the direct methods. In these cases, determination can usu-
ally be used only in the sense in which it can be said that knowledge of
the effect determines the probable value of the cause. This is the sense
in whi¢h Pearson’s formula for multiple regression must be inlerpreted.
If W, T, and R’ are given deviations of wind, temperature, and radiation
from their mean values, the most probable value of the wet-bulb depres-
sion, B, is given by the following formula:

r 17 Ll r
E;_ i;:;f’n-w"’ ‘:_npu*n + E;FB'T-

This formula can only be used for conditions which are similar to those
for which the values of the path coeflicients were caleulated. If path
coeflicients were calculated in a sys-
tem which Eruly represented the Y
causal relations, the formula would W
give the value of the wet-bulb de- ‘/c-_-

pression under any set of conditions /A&~

in so far as it is determined by the 3
factors considered. /'_:’
The causal factors which actually S
7‘4-"""

determine wet-bulb depression are

temperature, absolute humidity (f7), II:m:su;53::::l’::::1lfl:::.E::-I}Il;bu::::ri-:;{:uik:’::!:I
and wind '\'Qlﬂf_‘il}' {ﬁg ls} Radia- relations better than figure 14 bot adapted oaly
tion can beintroduced into the scheme ~ ‘0ndireet analysis.

as a factor correlated with these causal factors. Wind velocity is cor-
related to such a very slight extent with temperature and radiation that
its correlation with absolute humidity ean probably be neglected without
serious error.  The relations between radiation, temperature, and abso-
lute humidity are undoubtedly very complex. Radiation has a direct
positive inflluence on temperature.  Both radiation and temperature have
positive effects on absolute humidity by increasing evaporation. Cor-
relation between absolute humidity and temperature would be expected,
because with reduced temperature the saturation point is reached at a
lower absolute humidity and the excess moisture is precipitated. In-
crease in humidity, on the other hand, tends to reduce the radiation
which reaches the earth, and directly or indirectly this has a negative
inflluence on all three of the correlations,

There are not enough data to estimate the importance of all of these
paths of influence.  Tiven if we represent the complex of paths connecting
{1, R, and T merely by three correlations, the diagram has eight paths to
solve. The six correlations between B, W, R, and T and the statement
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in regard to complete determination of B by W, H{, and 7" furnish only
seven equations.

Fortunately, data are given in another paper by Briggs and Shantz (3)
from which an eighth equatien can be derived. 1u this paper the average
value of each of the measured factors is given for each hour of the day,
The cvele of changes in wet-bulb depression follows very closely the
changes in temperature. In fact, there should be very little, il any,
regular hourly eyele of changes in absolute humidity, so that the wet-
bully depression should be wholly determined by the temperature changes
except for some inflluence of wind velocity.

Let pp.r=1he the path coeflicient which measures the relative influence
of temperature on wet-bulb depression in the variations [rom dav to
day. Let ppu=h, pp.w=1w, and let ar, oy, ow, and oy be the standard
deviations of the daily dilferences in the various [actors and in wel-bully
depression, Let T'—T", etc., be the actual differences in lemperature,
ele., at certain times. The difference to be expected in wel-bull
depression, B'— B, is as follows:

B—B" _TT7, W-=W" H=l"
Ty oy Oy Uy

While ¢, w, and h are assumed to measure the relative influence of temn-
perature, wind, and humidity in the variations from day to day, the
foregoing formula should apply under any conditions, if ¢, 1w, and I were
calculated from a system which represented trulvy causal relations.

" T 4 . :
The expression f.ﬂ is shown in part I to give the change in wet-bulb
T

depression (B) directly caused by a unit change in temperature. The
relative importance of the various factors in determining the variations
from hour to hour is very different from that from dav to day, hut the
change in wet-bulb depression caused by unit changes in temperature,
wind velocity, or absolute humidity should always be the same so long
as the relations are substantially linear.

The greatest difference, in temperature within an average day in the
data was between 5 a. m. and 3 p. m. This is given as 32.7° I,, or
18.167° C. The difference in wet-bulb depression between these hours
was 21.8° F. or 12.111° C.  The difference in average wind velocily was
2.5 miles per hour. The standard deviations of the daily varintions have
already been given. o:=3.48 day degrees C., o, =58 hour degrees (.
integrated for 24 hours. This means 2.4167 degrees C. oy = 2.24 miles
per hour.  We will assume that there is no difference in absolute humidity
(H'—H'"=0). Substituting those values in the formula for wet-bull
depression, we get

12.-|1[=18.16_'_:'f 2,50
2.4107  1.48 z.z4w

5.0114=5.2204f+ 1.116110.
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The following four equations can be made with which to solve the
path coefficients from W, H, K, and T to X:

=" +i'c +u'd

ree =w'c <+ +u's +b'd
reg =w'h  +t's +u'  +h'a
Fan = W Py + 1 e+ 0 g + I 1y

Substituting the values already found for o, b, e, o, w0, By 1 and ey,
we have

Yyw= + 1.000"—0.02{" —0.011'

ror=— .o2w' -+ 1o0l’ 4 g7u’4oaronh’
ran=— .01w'+ 47t'+1.000'— 0761k
ryu=+ .28w'+ .50'4 .48u’— 47840

The solution is as follows:

W= Prow=F+0.997 1 ryyg+ 0.0143rgxr— 0.0022F 5+ 0.0 Ly
U'=pyq =— .2207rye+ Bogiry— B175r+ 8228r,
"‘r=.|"1-n.=+ -1433"1'#_ r3633r17+[-*Hﬁﬁi'xn"' SO0F ey
W= pyn=+ .4007rxw+ 7408ryz+ 410705 — 1.577 20

It is merely necessary to substitute the values of the correlations of
evaporation or transpiration with wind velocity, temperature, radia-
tion, and wet-bulb depression, as
given in Table I, to find the four
path coellicients in each case.  The
results are given in'lable 1L, These
have all been checked by substitu-
tion in the fourth cquation (ry,= -
o.28w" Fo.s0l’ +ogln’ —o.g7840°).
Thecorrelationbetween evaporation
and the transpiration of any plant
catt be deduced Trom the formula
ryg = Wrew + Urg 4+ g + e
The correlitions of evaporationwitl
wind veloeity, temperature, and
Fis. tﬂ:.-Rci_athanr- between rs'nlmrm‘iunls ortrans-  pacdiation have been gh-,—_\” in‘Tabile 1

piration L3 ) and the system shown i figare 55,

as .38, o.50, and o068, and (hat
with humidity ean be caleulated by the formula rey = ppg 4 a Py
d pga=—0.2651. Thus rep= 0.38%w" +0.56" + 0,681’ — 0.20510".  The
calculated results in column 6 of Table 11 are compared with actual
correlations between evaporation and transpiration in columm 7. The
correlation of evaporation with itself comes out o839 by this for-
mula. There should, however, be an additional term (fy.orge) in the
formula to allow for correlation through other factors () than IV, T,
R, and H. I'rom Table 11l we find that evaporation is determined




Jan. y, voan Correlation and L ausation 583

to a considerable extent (d;.,=0.161) by outstanding factors. The addi-
tional term in this case would have this value and when added to 0.839
gives 1, as it should. With one exception, the calculated correlation
between transpiration and evaporation is a little smaller than the actual
correlation. This means either that there s some additional factor
which should be allowed for or else that the path coeflicients with IV, T,
R, and H are not given quite their due weight, owing perhaps to lack of
complete linearity in the correlations.

TasLe 11.—Table of calculated path cocficicnts

- | Temyerra-| Haadia- | Alsodnte | Cor e wilh
Wi . — svasery =
: ture. tiom. | bummidiany. wvagmstal g
Enl...ﬂ"-. Avtual
Pa.w Pur Pam Fxm M
- Faw
Wet-bulb depression.. ... .cooeiiiininas & ol o Rt e| =okfu o fyo By
Evaporation (shallow tank).............. - 408 - 544 ' A9S — 437 - By 100
Transpiration;
Snllgraing. ..o T ] + 750 o 240 - .48 « Ralh My
L R L S A LR AR - rop Ry 307 — . g8y BT T
Sorgloom ol oilled. oL o0 + A . poy = 421 ) T
S ._zn..__..nm_h.._.ﬁ_.:n"_. T Ak L] » Kz cige| = Laih LIL i
Suncdon geass (opn). . cvein i BT vl ' B8 — S AT8 + 74 « M
L L | PR L « M7 g « 10 — <408 1 10
Ageriamoum . oo i, . 140 + By T - . 301 Rad Ry
Cowpen and hupine. ... Tl + q18 - a1y - . J4b - 308 =778
Ml . .....ooverrrrrrrrrarsnrassns . 48 +bay cap| = aame T . Tog
Amnuranthir. oo icinnaiis i iaa s - + 5Ba - 108 — . - Eth - iia
Average transpimation. . ...o...ooooiinin. ] Y38 N1 - . 30 - FRE . gy
Taptg 11l —Cocfficients of defermination
Abpas|
Tem- o lute )
Wimnl ] pera- ho- Jusimt dbeterminat bon. Hesidlual,
Lure. tizial-
ity.
= o e e fg
Wet-bulh depression. . .....  sefg lafey | o by [=son _.___, L n__ ©
Evaporation . ......ccoc0e..]| <08k ] oph ooph | copt |- oop |- coop szes — 138 doom o iy
Tramsparation: _
Smallgmin. . .........| o537 | 6oy | .ots | .oon |= ooy |— .oon | .oz 1— a8y + .o | =175
.’2. ................. - il |..ql - Sl = bl | = 007 — . - il | — _ gy - ooall « ol
|- nand millet .| .ocs | .tab | cagl | o037 | ooy .-.I_._-.-u_l -2y 14 .i; - Pl
mclesare). ... | .ogo|.357 ) .00y | coa3 = o= .00 | .onk = _ago |4 ooy | [= .oba)
Sondan (opra). .. oooo..d cvng | 80 | Loey | cnan | ces |- cooe | esn [— L 2K (4 Lom « gy
Dent cOMm. .. .evnnan ~oBS | .08y | cony |- vty |= -ot0 |— .oon | .ofy [— 244 |+ 007 - 153
Algrrisncom. ........0 -vo9 | ;o9 | ol | cagn f= couz |— oo | .agg [— 297 4+ .oer Jmay
’ﬂiﬂlﬁll-_il nzy | «50g | ~0gh | core |— .00 |— o002 | .5 |— 0Bz {4 Jonn . 74y
o ~opy | « gy | -oug | - ife = 007 |= .om | .obg {— .¥po |+ o8 ATl
Amaranthus. . ..... cony | gta | +onn | «ofy = coo0 |= .oo0 | .oxx [— 02K |4 oo Ny
Avenage Lranspiration . . . ozl | -537 | copy | 07l |= ool |— oo | -s2g f— -2aB |4 .2 ]

The coeflicicnts of determination are given in Table 111, The differ-
ence between their sum and unity is given in the last column as d.,
the determination by outstanding factors. As suggested above, the
assumption that all the fundamental correlations are linear may involve
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some error which would tend to underweight the cocllicients of deter-
mination between transpiration and the known [factors and so over-
weight the apparent degree of determination by outstanding factors.  In
certain cases, however, the residue is so small, in one case actually com-
ing out negative, that it is probable that this is not an importanl source
of crror. The residual determination is greatest [or/ the crops which
were cut twice during the season—namely allalla and amaranthus.
There were considerable periods following cach cutting during which the
absolute value of the transpiration was small.

Wind velocily has about the same relative value as a factor in deter-
mining transpiration as it has in determining wet-bulb depression.  Its
relative importance is a little greater for determining evaporation [rom
the shallow tank. .

Temperature is somewhat more important than absolute humidity in
determining the variations in wet-bulb depression and rate of evapora-
tion [rom day to dayv. It is very much the most important [actor in
determining the rate of transpiration in all the plants,

Radiation is an important factor in evaporation, coming out equal to
wind velocity and only slightly less important than absolute humidity.
In the plants, on the other hand, it is almost a negligible factor.

Comparing transpiration in the average plant with evaporation in the
sun from a shallow tank, we find that the former is influenced relatively
much more by temperature, to about the same degree by absolule
humidity, somewhat less by wind velocity, and very much less by radia-
tion. The four factors are much more nearly equal in importance in the
case of evaporation (dg.r=0.30, dg.y=0.19, dgyw=0.16, dpp=0.16) than
in the case of transpiration (dy.r=0.55, dy., = 0.18, dy = 0.09,d ., = 0.04).
In comparing the importance of these factors it should be added that
radiation has an importance somewhat in excess of its direct influcnce,
in that its variations are correlated with those of temperature.  Humidity
has reduced importance, since, though correlated with temperature, it
affects evaporation and transpiration in the opposite direction.

OTHER APPLICATIONS

The method of analysis presented here can readily be applied to the
problem of the relative importance of heredity and environment. An
application of this kind to the case of the piebald pattern of guinea pigs
has already been published (g), and one to the resistance of the same
animal to tuberculosis is in press.! The method can be applied also to
such a problem as the determination of the effects of various systems
of mating, such as inbreeding, line breeding, and assortative mating on
the genetic composition of an originally random-bred stock.?

PWricut, Sewall, and Lewrs, Paul A, FACTORS IK THE RESISTANCE OF GUINEA PIGS T0O TURERCULOSIS
WITH SPECIAL REGARD TO INBREEDING AND HEREDITY. [n Amer, MNat., v. g5. wpar. In press.
PWarioHT, Sewall. SVSTEMS OF MATING, 1 TO ¥, [n Genetics, v. 6. 1gar. In press,
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