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PART I. llETHOD Of' PATH COEFFICIENTS

IN'1ltOul1CTlON

The ideallllcthod of science is the study of the direct influence of olle
roudition ou :mother in experililellls in which all other possible I'auscs
of "ariation a~ clirninatm. Unfortunately, ellnses o[ "ariation o[tell
seem to be be)'Ond rontro!' In the biological scieUCC'l, especially. olle
often has to deal with a gronp of characteristics or conditiOIl$ which lIrC

rorrelated beeau!;!! o[ a complcx of interacting, uncolltroliaLIe, and o[tell
oJ>.;cure causes, The degree o[ correlation hetWl'Cll lw(} "ariahk-s I''''' he
calculated b)' well·known lIlethotls, but when it is found it gi,'es merely
the ~ultantof nil conllecling paths of illflllence.

The present paper is an altempt to preent ll. method of lI1easnriug the
direct. influence along each 5(1);lrate l);lth ill such a 5~'Ste'" and thus or
finding the dq:lee to which '"llriation of a given elTect is detenuilled by
eacb patticubr cause. The llIethod depends 011 the combination of
knowledge of the dl'grft5 of <Xlrft-btion .,nong the '"3.riables ill a system
"'ith sueh knowkdge as may be p<l5se55td of the causal rebtions. lllcaxs
in which the causal ~Iatiotls are uncertain the lllClhod can be~ lO

find the logical <Xlnsequences of any particular hYIKlthesis ill rex:ml to
them.

CORREL<lT1QN

Relations between variables which can be ll1easured qllantitati,,~l)' a~

usually exprC$$l'd in tcrll1s of Galton's (4)' coemciellt of ~'1IT1'elation,

:EX/Y'
'n - (the ratio of .llle ""erage product of de,-jatiolls of X lind Y to"".".
the product of their standard deviations), or of l'earsoll's (7) <Xlrrelat;""

ratio, ~•.•_,,~(the ratio of Ute standard~\'iation of thelltellll ""lu('5-,
of X for ~ value of Y to U>e IOtal standard deviation of X), tile
standard deviation being the square fOOt or the '''ean squ:lre Oe,·iatioll.

US<" of tbe roelrlcient of eotrelalioll (,) a5SUlnes that tl>ere is a li'>ear
relation between tbe two \"llriables-that is, Ulat a gh'fll change in OM
'"llriahle al...ays in\'OI"e5 a certain constant change ill U>e <Xlrre5pvnding
a'-.:rage ,..llle of t1>e other. The ,.. llle or tbe coelTociellt call IIII:'-.:r 1'X~'eC<1
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+ I or - l. For many purpose it is enough l<> look on it :os ~,..",g aJ'

arbitrary scale bet...~n + I for l~r{e<:l positive rorrdation, 0 for 110 corre­
lation, and - I (or p<:rfe<:t nega\;vl': <:<;I,..,llltkm,

The correlaliou mtlo (~) "'lunls the «>effi";""l of rorrclation if the ,ela·
tion bet ,,"ttll tile "arial>1cs is uactly HlIcar, It llocs not. hQwevcr. <klle''']
OIl the assumption of such a ..,llliion, and it ;s 1I1"'11}"5 la~r thlln r ",1",,,
tlle ..,btions alC lIot exactly linear. It can Qlll)' lake ,.,.Iues lJc,tweell
oand + I. a"'" itca<'l.oe looted Ilpoll as g;,-i,,&: all arbilmry r ..", L.:h'ttlJ
o for no ~blion and I for ~...,t rornlatioll.
~ 1I111TloC'ric:>1 ,..lite of tbe coelfOCOent of ro~btioll (r) tal.:('lI 011 aulled

s,gnirr-mel': ;n ('00,...,1;0" ,..i!h the idea of <q:'alsiol1. It eiva the 1I"er·
• deviation of cithu ''ariable lrorn its 1Ilean ,.,.llle OOrff$I>01I<li"C to II
gi,'en lk"iation of tl.., ot"", \'ariable, provided that the 5t:llldard <!e,-j".
tion is the unit of mcasurcmcnt ill !xllh casn, The regressi<>11 in teW'5
of thc actual II1lil5 C:ln, IIf wurse, be IILJtaincd Ly 1IIultipl)';1I1; hy the
ratio of Ihe siandanl rkviati<>ns, 'l'hus, for Ihc 'levialion oe X e,m~p..."d·

ing to a unil do::"jatioll of Y, we ha,"<:~. ' .. _ ...!-" Thi5 IIIOllllla ",,')'

"be deducrd from Ihe theory of \elI51 iKIuafe:!l as Ihe best linear upresiot.
lor X in tetm501 Y, 1be [OOllllla lor _hal GallOll laler calbJ II.., ,,,,,,m·
cient of c:orn.lation ..as, in fact, fir.lt ~tM in this coal_lion by
Bra,,.;,. (l) in '&46- Any iIUCh illl.efpretation is of coune i'lIpo!1Siule
....ilh the correlalion ratio.

11,,: nun~rical valul:$ of both coelflCienu. howevu, have siglliroc:r.nce in
anothcr way. Thcir squarl"5 ('I',or'" if regre$Sion is lincar) llI<:'a5l1rc thc
portion of the "ariability of Oil., of the variabk. which i. determincd by
thc olher amI which disappcal"l ill data in which thc """",,,d i, CUlIstalll.
Thu. if ..... i' the mean "'luarc de"jalion 01 X for constant l', ]'<.>arsou
has Ibo;>wn IlIat:

...·.- ..·.(1->1•.•)
or ...... _ ..·.{t_ .....) if regression is liuNr.

It olin> bappms that it i, oksirable 10 consider simu1t:mcuusl:o Ihe
relations in a s)'St~n of lIlOle IlIan hro ,..nables. for well 05<"5. i",'OI.·,
ing only linmr relations bd l\"ttll Illc various I',,,,in of variabks, I'.... r••'" (6)
has c.Ie,·isW the coelTodcnt of multiple corrclation.

U.(.oc ....l- ,,_ :!.IJ.V ..
in which .- '...~. '.. '..

'.. .... '..
r.. '.. '..
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and d:u is 1M lI\iOOl'" 'nade b)' lklc'ting ro'" X and fIOl"",n X.
R'w.e ... l'J ''-lQ 1M dorgl'ft' of w,1~mination of X by the ".~

sd of otho:r {actors. and 1- R".l.o"" ... l'J - lJ.;)' is ,"'" Illallim"m I""'IiI>le
u

squa.rro cor~lation betftm X and II Iac:lori~1 of IIIOSC ("01"

si<kred. This {on"ula for m"ltip~ cor~blion leads 10 .,..., for ",,,llil'le
rtg~u. Letting X'• ..t., B'. Ne., be the tk:"i,uions of variabk-s X,
...... B, Ne.• from their "lean val""". l'ell""n "<IS shown Ihal Ihe ,,_I
probable ,'alue of X' {or known valUoell of the olher variables is ,i"en by
the formu1:l.

X'_~A'+a .. !E
". a.. ". a.. a.

".' -"...•.'" -". ,Ia~•.

Analogous but IlIO~ rompkx formulae have r~ntly "","" IMlhlislieti
by hRrl;, (j) for the ,nuWpIc ror~blion ralio for use in ca!Il'S i" "'hie'h
the reglQSioas a,e nol nettS.S3rily linear.

In all the Jlftttdint R"SUIU 00 a('C.'OIlIIl is la1o:m of the n"llmt' of the
rcbtKrnsbil1 ~tll"ttll tlte \"ariabb. 1llc calcubtions thus Ill'glcct a ,·tty
important palt of the koowledge .....hich lI'e oftm possess. There arc
usually" priori or rxpcrillletlial grounds for ~Iie"'ing that Ct'rlai" 1:I('Iors
arc dirrt:1 cau~ of "arialion ill otl",rs Or Ihal olhl'r llairs are rclal('d as
dJeo::ts of a rolllnxm CS"SIC. In many d1~, again, Ihcre is an ob,·ious
malhematical relalionship bel"'eo::n variables, as betw""n a Will and its
romponenls Or betwet'n a prodm:t and its factors. A ""rrdalion 1x'twet'll
the lenglh and volume of a body is an example of this kin,\. JusllK't.~'''sc

il in\lOlv" no lusumptions in regard to Ihe nature of thc rc1:l.tionshil" n
coctf>eicnt o{ ror~btion Illay be looked upon as a fact pertaining to the
<lcscriplion of a l'",rticular population Otlly to be <llJCSlionccl on th~ grou"ds
of inQtturacy in computation. Dut it would oft~n be tksirablc 10 use II
method of Il.DlIlysis by ..bich tb" kno...IedZ" that we ha,'" in ''"P.d to
causal relations lIIay be combined ...ilb the knowledge of lhe degree of
..,btionship fumisltN by 11M: codlicients of rorrebtioa.

"llw: probIrm can bat be ~toed by usinl a roncn:te ua,nl>5c.. In
II population of guinn. pigs it "';11 be fouod lhat d'" birth 'KCiJ;hts, ClUly
gaillS. sQQ of I;u~ .Dd gcWltion prriods are all "lOre or Jess ~ly
rorrelaloed .... th om atbcr. "llw: inflOCll('C of heredity, "'l,';ronmmlal
ronditions. health of dam. ete.. a~ abo nsily sllo...n. In a rough ""}'.
at koast, it is tllSy to see why u..,.., VlIri:1.bktt a..., """",bted ,,-;th each olher.
Th<'!le rebtions can bl: rrprrsentoed coll\'enicnlly in a diag".m like that
in f'gure " in which the l>aths of ;nfl,IC'1C'C arc ~ho\\"11 by af!'Ol'l's.
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Th" variely aud C'Ollll,J<."ity uf the .....lations ",hid, lI~"'Y I", 11",,;-1< .,("
rorrd:uion ,..., "'ell iII"str:.ll'll in th;s <.US('. 11",s. tl,," wnglot "I "-""""ll:
<.u da~"S of ",ge) shuuld!Jl' co.-rcln,nl Wi1h 11", !Jin" '''''!tIlL :,,1<1 "itll 11"l'
pin ~,,-...:n birth :lIId "-<":I."inl si"'I>ly 1....,;o,l:!C il is tiM.. , """,. The
rdatious of birth m:ight mth ~laLiun 1"'""'-\ 311t\ tho;, lon""'I"l "Ut of
l..:m"th art also ..-.nl;:>11)" '"'UIl('1'I:\I;':1<1 mil ...... ll",,, ."".,,,1 I\"tlo
~ghL is I"","""ril~' rully .k-,..."';,....I h~' 11.., d",""·..... ,01 lh," 1.....L.. '''!
IfO'Klh ...'n"" :lIMI II", ,i" ,at whirl' this ;. intNn".t.., h~- hirlh.

In 11"", relation 10"',,· ' g."5t:uioo, ......i".. , I <il<' or \ilt<..- " .., ,,"'Ie III
• CUI! in "'II;,....' II..,., ,II> Il<'C.'<"M:>r)" "~llh ''''tior-.d """'IOun.h;,.. W,·
naturall)' allet"I'! 10 "C'C'OI1tI1 for the high 'll'X'uin- ."rn·~,liuu hy Ill('
hyp.>th"';s that a large """tl_ ill • liner in >lome ""y causrs """I,·

Wei91ltTf • (fom + C.r/~mal

JJ"days a:»dDj'S fCbno:.lmJ

)+ ::\ H.rerlti'y~r
~~ftot + /?<Ite 01 --"- c.".tllrlM
itl 1"/1 • C;,.Dwl"l1 of 04m

+ Sire <:d
~t+j- Litl"~r.

erg:#!~d:t
+

Perla

-,.....-00--_,..........,...-.,......... -................ ,... _ .. .-................... ..-uo·...,.
Illll1Urition. Similarly, a Iarg~ \llImoo ill a liller might II<' ul"",tl"ti to
~ a .".""" of slo... glO\\·th in the f~tute.

niHh ""';ght and pin ah,.,. birth a,e highl,· com:lated. lIe.e .lcilllCl"
,.,.rlablo, <:an he spok_ of as lhe call5le of ,.,.ri:>.tion in lhe oth...., ,,,,0.1 till'
rebtio.. is not malhrmatil:al. Tbc)' al'l! ~'Wmtly infl~ by rot,,"......
""usn. a,"o"g ...hich ~ity, siu of litter. and .."....itloas "'IJjrl, alT«t
the Iw:alth of the darn up to the tin~ of birth at onoe o>t1Wc to ",ind.

)'051 of the "ariables a1'l! eonnecttd with each other through Il101'l! tl~n

one palh. Thus, weglot at bil1h is rorn:lated "';th ""';glot at weu.ing
both as a component 01 a sun, and as the e1Tect of C'O<"onou <:;>u-.

'l'ben lUay be a conflict 01 the: I_ths. '''us, a large lI\Imh,.,. ill a liner
Ita~ a fai.ly direct tendmo:y to sborun the gelation period. but this is
probabl,. halaDCed in part by it3 temJ,co'l<:y to rroUol'" the ra.le 01 growth
01 the f~tU:'lC5. slo... gro... th ..,rlllilling a longer gestalion ~riod. l..arge
liUel'$ tend to rmUol'" gestation pcriod and rate 01 growth !>dOlC and
after hirlh. Unt large lincl'$ are tbenlSCh'n "lOSt apt to conI<: when



 

_ ...... , Cor~dalio.. .,,,,1 C<lllSdtion 56,
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~"temalcondition, a~ fnof2~, ...hicb abo.> bvors kmg ~Iiol' l'.... io<l,
and "igorous Crowlh.

The c:udticient 01 rorldaUon '" a r6tlltant 01 all p..lh, rotl.-liul: t1~

two ,-ari:a~ 1t .......Io:I!Joe ,....Iu:abk in many <:aM'S to !Joe "w.- to ....I~••
mine lhe 11I:lali'"1: imllOrtaDC."O of,.,.rn 11Ilrticub. f"llh. n", u,ual "",lh"ti
in soch case i, 10 o\ctJbtr u.", partial ro'11I:blion ~tWttn I..... ,....""..1<-5
roo a !.bird ronstanl, "sing P_rson', ""1:11.known ronnnl,.

for co,,,,lation blelw~n A aud B for ",,"Slnnl C. Slid, pMtialt~lnd".

tions, howrver, n".,1 ~ interl'''''',d wilh m"lio". It is t,,,,, Ihal loy
making ronstaul a ronnceling link l>clw\'Cn two variables, whelhe. il is
a commo" call,,", Or the call.., of Onr am] e/T\'CIt;{ the olhe., we c1i",i'~'le

the I'"th in 'I"CSlioll. 11,,,, e1illtinaliull of ro,,,...,,in!: I",th. in ..hid, lhe
C'OIIStaDt factor i, II link i. nol, 1>0""'"1:', the ollly way in ,.bid, ('OH~liu"
is aJIreted. If lin ,,/Trel 0111 number 01 causes is mack .,.,.".taDI, .pmiu..,
rocpth,<: correlations IIJl1't1lr among the <:auM'S anti lheir other ,'lTrels.
11,....., if wright III JJ daIS is n>ack C'OUSlllnl, the corn,latiu" ~,,'«,u

birth ..-rigbt and cain nu:cssaril)' ,-,,,,, _I. We are simply poid<i,'1
OUI II population iD "'bicb aD)' ckfItH".;;" in birth weghl I"'I'I~' 10 be
"xaetl}' balanml by eXcns in gain after binh. This is an ('l[U'e!lIe esse,
hot w~ Ihe .elations 01 <:aU9: aDd riTrel a11l: at all roml'le" it '" ('>'i<l""t
11"'1 lbe ......",lalion bet...."... I...., variables ""'y .... changed in """" Ihall
one way by nt8king a third variable ronstanl, making the iuterpn,talioo
doubtful.

Wher<:: there is a netWQtk of causes and e/Tocts, the inlctTCL1.tions could
be grasped best if II coefficient ""nld be llssigne(] to ""eh path in Ihe
diag",,,, desigut-.l to "leasure the di=t iun"encc along i\. The loll()wing
i. an attrmpl 10 l,rovide such a """md"nt, which may .... a,lIe,1 a path
"""mcient.

DEFI"1TIOS~

We will "art with the assumplion that lhe <1i<cct inn"",_ along a
g""CtI path <:au !Joe ",easured b)' u.", stand.~rd ck\',atiou ren",ininjl: in the
efTe<:1 afler all oll>c. possib'" paths of inlhl<"K'C are c!i",in"led, wh,le
,....riatiou 0{ II>c ca...-s back 01 II", '''"'''' I.lll '" k t as I'tl'C\llt as e""",
rcgardlns of IMi. relalions 10 u.", olber '"llriablcs hicb ha"e 1looet, UI:I<Ie

('OI:lSl:lnt. Le1. X II<' tl>c .~I ....... iable or efT t ,.,,,1 A th i,,, .....
pcndtnl ,....riable; or caUSO'_ n", ul'fC.i"" ••.• "ill ~ US"J r the
standard d""ialiou of X. "'bid! iIIfouDtl untkr II", foregoing «>,,<1iliu"5.
and lIIay I", rctI<1 as the standard ck\-i:alion of X d, ... 10 A. In II S)"StC1"
in l,hid, ri:uiou 0{ X is colllpletely cklenui"nt by Jl, B. and C we
ba...· ••.• _ reprcsmling the ",-",stant fact<K!l, B lind C, anoJ
also lhe "arialion of A 't..,1f (".) ")' sulJscrip15 10 the left. The l,:ub
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coefficient for the path fro'" A to X willlJc <leronoo as the ratio of the
sta"<lard <leviation of X uue to A to th... total s(",,<Janl deviation of X.

a.",P.·.---'-,
JUS! as Ihe regression of X 011 II is CXI'rt'W'<.1 Ill' r./~ Ihe ,I...,-;alion-,

01 X diT«:lly c",,"scd hy " ""it deviati,," or A is given by III" ["rmula

Another coefficient which it will be coll',,,,,i""1 (0 (lSC, Ihe coefficient
of (lctcnnina.tioll 01 X I.>y A, d.... me,,,,,,,,, the fmctioll of (X""I'I<'I<'.
dClcrn'inatioll lor which factor A is <lireclly """pollsible in the given
system of factors. This definition ;'''1'1;"" tllat the SIl'" ,,[ sllch coefficients
1ll11Sll'qualllnily if an c"oses arc al,,-'Ounlc,l [or,

The degree v( ,lclcrlllinatiOll of Olle ,"a'iahle by n1,,,thcr i, "''''' easily
found whe'e the ,-ariables arc ronn""led by a m"thematieal rela\ionshil'_
The simplest mathematical relationship is that betW"C1l as"'" al1<1 its
COllll"menls. for the standard dcviation of a s"", the following relation
is "dl knowlI:

If A and Bare indep'.'IIdent of each other, ' •• _ 0, and we haw

Thc degree to which varialion 01 the su'" is detern,ine,l by that of each
component is obvious.

g'. g'.
d,.,-, and d•.,-" where X_A +8.

g , g •

gi,-ing J,.,+d,.• _ I, as re<luircd by definition.
For Ihe standard deviation of X due to A we have in this case, g, .• _<t._
Thus, p,.• _ ..... - .., by defmition.

". <t.
_ E(A'+B'}A' EA" ".

Aga"" 'u- -----,"",<t. n....., ...

Su",,,,ing up. p,., _ ,Id,.• - 'u.
il can easily be shown Ihat thc samc r"",mbe hol,l in ea'lC WC arc

dcalillg with Ihe SUIll of multiples of a tlum1Jer "f independent factors
instcad of wilh Iheir own sum.

\Ve call pass at once from this case to cases in which wlriation of X ;s
caused in the physical or physiological sense by variation ill ,,-"'cra! CanSC,;
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providfld that theso:' Cll~ ~ i~t of each othtr. II..... linn.
""Ia~ to t"" ~Ldentvariable X. and that lho! """iatilxlS ..'hid, th"1
del"rrni"" are additi,..,. T""1 a"" in~nt01 each oU",. if II",,,,, is
lKl co.."lation ""t~n 11",;< vanalions. A calise 1l.llS a lin"ar rebl;on 10
11", elrtct and is combined adc.liliv"ly ,.ilh Ihe ol""r f"Clon i( a Rh'en
"mOtlllt of ehallg<' in it nlw:l>"5 dcterltli,~ Ihe sa'"" ehallge ill Ihe dl'cel,
.egn.dlcM of;ls own nb"ol"le vnll1e 0. lhM 'If Ihc "lhcr causes, 'l'he ,~"'­

dusk'" is thaI, tllldcr Ih~ condilio"., the palh (~",ITicicul c'l""I< the
coclTlCicnt 01 co..~lalioll hetwccn '"Ill''' nt,,1 elTect. ,,,,,I II", ,1r'~ ...." "f
""I'..,l1i"lIlio" eqll3.1s Ihe SCI"are of "ilh". of Ill" 1"t<.'t<.lillg """nicicnl•.

CllA'N5 OF "'AUYs

u ,,~ know I"" utent 10 ...hid, a ,.,.riab!e X is dct"",,',,.,.1 1>,. a .,.,r·
tain cause M. which is 'ndqJn>dm1 01 oll",.~. combines wilh Ihem
addili,..,ly. and acts 01' X ill a 11'>(':" ma"""., a"d if '''' know II", c"I",,1
to which M is ""tem,illcr.l b~' a ""'"' ""mOle cause .'1, II", r.legn:e of ,!eler·
mination 01 X by A. m"sl I", Ihe product "I tl", ""'''I'''''c''l de(~ uf
de I"nn inaIion_

I.cl X_M+N.llnd .1l-A+8

.'.' .'.<I•.•• -,., J.,. ,,~, a"d J, .• - ",'.. ".
Thl1sJ•.• -d•.••d•.•

anti p,.,- Pl.•r•.•.
NONADIll.TI'·1!: FACTO••

1" case in which II [actor do6 ItOI act arldili,..,ly ...ilh tI... olh... laclO1'S
in "'I..m,ining LI", varialOom in lho! UC'pendmt '"llriab!e. its i"II"e""" u"
u... IaUrr ea" not bC' rompkldy rxprr:IiSN a!»lrt from 1bC' ollw:r f......I~.
at least in trrms of LI.., on:linary measura of ,..riability. 11,is n", bC'
made clell~r I>y an illustration. Multiplying laclon are aJlkMlg tl.., "'oS!
in'portant of \ho:5oe which 00 lKlt rombil1C' by arJdilion.
~t X _A8 "'''d assume ll"'l r••-o

:A"B'".... _M·...·.+M·.•·.+ "
",h..", A' "n<1B' ar" <It,,juliolls of A and 8 fron, Iheir melln ,'al"es M.
alld M•. PUlling 8 ronstallt, we ha"e ,,'•.,_M'.,,·.: Oll(] .i",ilnd)"
llUlling A. rollstanl, "-,, ha"" ,,'•.• - M'.11>.. TI",,,, remaillS a l'0l'liou "f ,,',
which is due to A a"d IJ jointly and ,,-hid, ca" 1I0t "" 5C'1>arotC'rl i"lo l>a'ts

due to C'IOCh aJor..,. If "'" ...rile d._. _M'p as II.., .It-gree of ,lel""";,

"
nation of X by ,..nation of It alone. and ", .•_M;"'. os II... ('Of..,...

•
sponding degIft of det",,"ination of X h~' ''''nalion of 8 ",loll". _ must

, -~ -_. d :"'''8''.. ---'- I r r I.-e«>gmtt an '110..... le,m , .... - --,- III UTU.::r l 101 I '" lilli' 0 I w:-,



 

jour",,1 0/ Agncullr<ral J<C$carCI, v"'. XX. No.,

coefficients of determination lIiay e'lu31 ullity. He~,es..iou is lillear aUd
M'.a'.r'.._'1', ..... _,_. Thus d, .• _r'.. as 11\ the c;,se of ill,lel'ende!'t

" "A"B"
additive factors. The terlll - • is small \Il1less the alllounls of

M,

"a,iation in tl and B are large in eomparisoll with tILe Il,eau valll,"'. In
11mllY cases it is safe to deal with path ~'OCmeiellts 311d de!:""". of deter­
mination in the case of multiplying factors just as ill the case of addi·
th'e factQm.

As a concrete illustration of these points take two ill~\epeudcllt \·,,,i·
ables, lor each of which the values I, 2, and J Ol'ClIr in the frC<l"cll"i",
'.2, alld" respectively. llclow is the correlation table betwceu Olle of
these faetol'S and their product.

P,ooU<'t (Xl

, , , , , • , • •
f-- -- -- -- - f--- -- -- -- --, , • , .... .. .... . ... .... •• ,..... .... • ... • • .... .... •, J ...... , • , •

, • • • • • • • , '"
•

dX •• -S/17
dx•• -8/'7

'/' 7d.... _,
In this case the amounts QI \'ariation in the lactQl'S arc rclati\-dy large

compared with their tIIca" vallles, making the distrihution sur/ace '"ark·
wI)" hetcrosre<!astie, yet the degree Qf detenui",!tion hy either f"etQr
comeS Qut only slightly less than one·halr.

l\'ON,,'''IlAR Rll"ATlONS

I' . I' ',' " ... . . "(A
M
,) 1 1 '"a,-,;on • ,elL'" 'Qn 0 (Ie corre",tKln ralIQ. qx .• _ --, la. a reauy..

been gi\"en, The variations 01 the meau \'alue of X for dilTereut \'ah,es
of A a,e the "ariations which can be attrihllted tu the dir""t ;nnuencc uf
A, ass",,,ing that A is cause, X eff""t, and that other eau""s a,c ~Xl'U·

hilled with il mldit,,"ely. Thus h'A_ ..(.M~) and we ha\'c at Ollce

P.'A - ~"·A·
Again, as the total "arbtiou of X is composed 01 the "a,iati"n of its

mean \'alues for different values of il, plus the "ariatioll aWlll these
Illeall n\lues, we ha"e "·X- ..'(AMX)+A"'" giviug A..·X- .. •• (1~'I'x.• ). as
alread)" noted.

Thu" ~'X'A measures the portion 01 cr'. lost by ",aking A COIlStallt, SO
that as lIdor" '/.'.A ";'I'X'A - "'X.A.
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B

E
..... •._Dia., i•• ,.\>.'100.....
...... '~' ,i .\"....J 1'••_
v 4 iDodi b. _
_ B,C D, ' ..
.......-'01<><1<_.

/>'t.~-o

h·.-'"h·,,-"
J>y'D-a'
J>y ..._l'

/>2.~-a

/>2 .• -"
/>2.,,-,
/>2.D-d
/>2•• -0

1.<.

Hence ~ .• -'J.., ete.
Tn u,'

8, C, and D are llS~ulllcd to 1M: in•
dependent of each other-that is, r.. -o,
etc:.

Suppo:!l5e that t..-o variabln, X and Y, X
are all"«ted by a oumbtt or ao._ in
common, (B, C, 0). Let A. repreent
e-UW5 a1J«ting X aJooo, and E e-U!tS
.tfecting Y alone (fi&:. 2).

Unfortullll~ly _ can not <tN1 with c:hains or factors wbich invoh~

nonllnea.r rela.tions by mere multiplication of tIM: path ro.-ffici,mts of tilt
component links. 10 the preent papn-, una ot.!>erA>ise stated. it ...ill
be IW'.Uned that all c:omobtions. are
~tial1y linnr.

.fIT- ..J(I /1')(, "'"l
...U-.....c " 'IT I>b' "'

CO'U-:)(I .....,)(,- c)-:)(, /I' ~)(I ,,'" c'').

WIM:D all romWOll causes ha~ ~o made constaot, 1ICV':o..-O
;n-bO'+"'+dd'-!.f>z.•p. .•.

Thus, int~ ease in wbich tbe c:au_ are illdtprodc:nt of each otller,
the c:omolatiori IM:trrftn two '\-ariablct tquals the ...m of the products or

/, the~ of p8th cocfIici,ents which COlI-

V.. Q B DCCt tbe two variabks with cadi common
A catue. Au illustration of the U5O' of this

principle .. gi\_ in an earlier p8per
(8) in &!Wy1ing the na~of size facton
in rllbbiu.

C It may be dcd~ from tIM: forqoinl
I'O<L ..-""'__•__ "'" formula that two '·ariabl6 may e\= be
'-'''' - x Y. _ c:omple~lyde~rmilllNlbytbesamefac:ton---- ....__B'" C. __.. and )~t be unrorrelaled ...ith each otlM:r.
_ ..., .._--. Let \":lriation of X be completel)· deter­

mined by farton B and C, the path cotfJ"lCicnts being band" respectively.
Let Y be completely determined by the same factors, the path ro.-fli.
c:icnts being b' and <;' (fig. J). ~n ~n-bh'+"'. The condition
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uuder whicb r.. mar e<Ju,,1 rern i'J e..iu,,"ll,. tbat w, .... -u', An
e:umplr may be 1000nd in tl", abst.- of 'IOf...,lati"" belw_, ll", StU"
and dilfe~of potin of numben I,;"knl al random {rom Il uble.

In m:lny cases ,. small act"",1 correlation ""t~1I ..a.iab\el wm be
found On analysis to be tbe mmltallt of " b<>.bncing of ,-cr)' "'uch 1110..,
i"'porlanl !."', OI,posn!l)2\hs of i"lh",,,,,,, lellt1inl: [rom """""011 c;lU5eJ.

The discussion "1' Iv this ]""int has tlc,,11 ",1.,lIy wilh """S(';< whie'h
act indcl'"ndelltl)' of each other. It is '>e<.'("5,;;.try 1<> c,,,,,id,,r ,h,' ,'Iled"
(If correlation n,,'ong Ihe cau"",.

If,t liS C'<;>l\sider Ihe su'" of two correlated ,"ndahles (r,g. 4).

LetX_M+N

.·~- ..·.+..·.+u....r••.
We ha,~ <klined ..... as the slandard dc!"iatioll of X when rocln~

otl",. than M ,ue oonstall!. but M varin ''5 """,10 as bclo..,. The bller
qualif..,.tion is important in the l>resent ~. since the 1IIal<illl: "I N
constant knds l() ~"""' II", ,-analion of At. ,-MuOng "'. to ",.,,fi - ,,~~

The der,n;uou of "'•.• ;",pli611~,\

not onl)" ;, N ",,,de COl,~la"t hl,t
that 11M:"' ;, ~h a rndj'l!hn.,n1
anoons: the: nlOft: """loOt" causes, A.
8, atld C, that ... i, u'lCha"ged.
Umkr 1h" <klinitiou it ;~ e' ;,k"t
that ill li,i, <::>sc _ .... ,,"'I , .•

"" h ·'h .-..... IU'rI·.-~a"ul'I.• " .... ...
In lIIt"",p1;ng to n"d Ihe (kgrec~

of determination of X LJr M I"'" N
we meet a difficulty somewhat ~;lIli1ar 10 Ihat Hlet in the ca5C or "vn·
addili"e factors. Th" Mluarrd standard d,,";alion is ",ade "1' in part
of ekmenu d'M: wholl)· to AI ami N, rcspectively, but ill part to " portiO"
wh;eh can 'loOt 1>c d;'·;<kd ~Iw""n them. The tenn 2.......'·... is <I, ...
sokly to the fact that th" ,.,.riatiO'lS of X, whieh AI and N delcnni"e:
tend to be in tiM: same directiou alld so ha"e grealller dTect Ih",n if , ...rla·
tlons M and N _"' combined at random. It....,.", 1>estlo deline d•.•

as the dq;lft of dctenninahon of X dIM: to M alone. Thus d..... ::;,

d•.•_;;:. The ~,a;ning t<:rm "'''y be co<>sidcred as <!etenu;uatlon br

!If and N jointly and Ill")· ~ ...rin.,u d••• -21',.•1'•.•_...
~ rules t'Iln be utcn<l<:d at on<:(' to Ihe 50ms d mo.., than two

variables, to SUUIS of ,uultlple-s of "ariable-s, and hence, a~ ~forc, 10
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.00. ,.:"" I0<Io lOot ......... x ;. ..._ 10._._•.-_
8)1X __.'·X

linear relations of cause and dftet in which the i"nuenee "r the causes is
combined additi~ly. Il is also usy lO slto.. that tl~ lornlllla~ apI,ly
approximately for multiplying laclOn.

. ~ .....
&lnu111ng up. ; •.•- ~'••.•-­'.

:J•.• +2~/>•.•f>,·r••-1.

The next prahlem i. to filld Ihe
degree "I ,leten"i"alion uf X It}" n
factor such as n. which i. coulIed­
«I with X by ,,~ than.,... I_th
(fig. 3)·

Assu,,", that A. 8, C. alld D an:'
inuCl","""'''1 ....... COIlll,M,telr doeter­
mineX. d•.• +J••• +d.",+,I•.~_I.
Utlt also d.... +,1•.• +2r•.•p•.•r IUf +
,1•.• _ l.

01..... 01•.• - d•.• +01•.• - 01.",+
1 " •.•; • .•; •.J>.... reu~mberingU\.lll
' ..- ,....J>".•.

SirlC'C 01•.• +01•.•-1, de., ..-e ha"e d...._d•.,p•.• +<i•.,p•.• _J•.•+
01•..-1•.•, and J•.•_d.",+d••,p•.•.
Therefore d..... d•. ,Ii•.• +d•. ,.d.,.+2" •.•r•.•r•.,r•.•

- 1"•.•"'•.•+fi'.'.",•.•+2 r.·.p.,.!>.·.r••
.. (1'•.• l' •.•+;.·.P.·J'

/>•••- P.· .. />.·. + />•.•/>....
These results are easily extended 10 c:axs in ..hich 8 acts on X UlI'o..gh
any lIumber of causes. II a I"'th coelJ"ocient is assign«l to each CO""
ponent path, tl", COInbined l>allt coeff",ient for all I_ths CtJmltcting nil
effect with n relllote cause equals the SU'" of the [)roollel!l of the path
eucffocieuts along nil Ihe paths, Since 1J is indepcmlcllt of A. C, l"ld

D, , .'.- P•.•- />.·.r.·. +,.•.•!'•.•.
GHSEf<A1,. roIlMUU.

We are no" in a positiollto e"l>n:'SS the oorrelatioll bet,,"ft'f, an)' two
,...riables in t~nnl of l>ath coeff",~nts. 1..,1 X and Y be two ,...riahlts
which "n:' affe<:I~1 by corn:'lal«l ca,,~!If and N. Rel'~Ht th~ "ar;01'S
l>.ath cocffociellts br SlIIall k\l~rs as ill th~ diagralll. I,<,t A, IJ, and C be
hYl'olhetical ICIIIOIC cauS01S which arc indepcndcllt vf eaeli vther (fig. (o).

'IT - P.·./>T·. +P.·.p.·. +P""'....
- "",..'..+ (.b + ./1')(.'6+ .'6') +""..'t
_••' +"""".'+.....+ ..v",,"'.



 

JOUrl/olol Agricull""" R~sc",ch v"'. xx. N."

Thus, the wrrdation \,.,tw""" two ,-ariaLles is equal to the s"'" 01 the
prOO"ct. of the chains of path coefficients along all 01 tI,e palhs Ly
whid' Ihcv afC co""celed.

If we know only the eIT""ts, X and Y, amI corrdatc<J eauSC'S, s"eh as
Maud N, it will be well to suLstitute rM~ For bb' in the Forcb",ing for"'ula.

We h'",e reached a ~e"eral for",,,la expressing correlation in tC,.rll~ nf
pMil coefficienls. This is not Ihe order in which knowledge 01 the ~"",IIi­

..icnts "'ust be obtained, bnt, nevertheless, by ",e",," of si"'nhan,'(l"s
equations Ihe values 01 the palh coefficients ill a syst"'I' can orten I",
calculated Irom Ihe known correlations. Additional eqnntiolls arc lur­
nished by the principle that the sum of the degrees 01 detenninatio" 1IIust

P."" D"''''' """'n< "..,..... brl.... (••
••, ....... X.Dd ", ._ ,..lv<•• " d..

"'m'_' 'n "." •• """..... n.",. M ....
N, ~"~,, ... """b,~,w;'" _h "'h",

P",. ,._50....""" d'."... '" , h;m
d""..,.. "'''h ",'.h' ,•••"". , .

equal unitr. The 1",.daIHental equations can he "'riuen in geuerallor",
as follows;

APPLICATION TO ,uI<TII WEIGIlT OP (;UI1<H,' PIGS

As a si,,,ple example, we lIIay consi<kr the I,,,,lo!'. which deterrlline
birlh weight in guinea pigs (fig. 7).

Let X he birth weight; (), l'r('tlatal growth 1'\1,.\'(,; 1', gestati"n I"-'ri"d;
I., si,e of Iitl('r; A, hereditary nnd en\'iro')1"~,,tal faclor, ,,-I,id, d"ter­
"'inc (), "part lrom size 01 litter; C, {actors '\ctem,ini,,!: gcst"tiOll 1"-";0"
apart from size of litler.

For Ih(' MI:<, of si'''plicil r, it will be assu",~d Ihal the inlerval lx,tIn...."
litlers (if less than 75 days) attllratcly measures th(' gl'stati,," 1'~liOO



 

_. _,''- ,.~''"..".." ..." alia ..... l<SlUltOll ,...
"lid that t~ \-ari:ables :lAo ('OIllltCted onl)' lo)' (be l"'tlos 511""'11 ;II ....,·...
In a C'tTtai1l stock of ~llin(~" l,i~ tl", following rorrd"ti"ns "~Il: {Q.JIIt!:

Binh ",,,,ight with lute,.,.."l, rn- +o.1S47.

lJir1.h ",..ight wilh liller.

IIl!crvlllw;th litter,

We ll~ able to r"<lll (hrre .,qUMio". or type r.. -'t.!'._,f>, ..1 :0,,,1 three
of type ~J>'•.• +1'!.f>•.• f>•.•,•• -,. 'I'll"", 5L~ e<lualiu", will .,n"hle u.
to ca\cul.:llc si" Ul1lmO"'" (11J:U1li~ 'nlC six l03t], ~.....,ni<;""L' ill the

diagra'" ill fig"'" 7 """ tl"" lle ealcuhtett [roo" tl", ;"r...,,,,,,t'..." Gi,,,,,,
I","" but IK> od",,,,.

n", '""Iuatiot't$ :ott as follows:

"J "r· +<>.5!r17-;+yll'.

"J ' ..." -0.65;8-<1+ pi'.

W ' .. --O·H-H-J'·

,,' q' +,..+ 1,/"'1' _ ,.

"j ,,'+1'_1.

'OJ 1"+"'_1.

From (J), $'0·.-1'--0.4444 ,I,., -1"
From (6), J>...-, .. ."''' d." _e

I'roou (,) and (2), ,.... -/''' 0-3>60)

"--0.5"5
From (4). PH'-'l- 0.86:;

~.• -I --0.59-4
'1'<.., _" - 0. 8o.t4

J._. -f"
d -<i
J _ .f>'iIl'

"..... -'1'1'
d•.•.• _ pi"
"" ...... - 1py11'

_0. ......""

. ,4-12

- "4ll<)

,.~

-", .\530
- . ('4,(J

I ......,

- .... Z('t7

. "" l

- . '480)
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r ....,_c". ",.0"00<"<0 " ...,u,;~, ". ,,10·
Il"". bot ,",," ,." (Xl, ""~.,,,..'h
«1) ,;0" (PI. ,;.., 011;"" (L),
0'" ' ", (A .Cl.

Assuming that the diagrams in ligures 7. 8, and 9 accumtdy rCI'l"Cl;Cul
the c",,,,,,,1 ,dation", it appears that birth weight is d<::tennjned to " very
'''''eh greater c~lc"l by "a'l"lions in the rotc of growth of the foet"~

than by variations ill the length of
the gestation ""riod (d~<I-0·H.

d,,_._O.ll). Size of litler has "",d,
mOre crl"e<:l 011 birth weight hy re·
ducing the rate of growth "f the
foetuses than by causing early 1~1.f111­

rition(d•.q •L _O,16, d••r•L-O.(2). The
difTcren« in birth weight caused
by a dillere""" of a day ill gcslatioll
period C".1n be calculated rrom the p"l11
coefficient and the standard dc\,j"tiolls

by the formula for path regression. p. "9"."- P._,~· The .<:-sull, 3·J4<,.
g111. per day, should n'~\lre the average rate of growth just I're<.«1iug
pa.rturition. The actual regression, 5.66 gm. per day of dday in parturi.
tion, is larger because a long gestation period ,,'cans tlot merely a longer
time for growth btlt al'lO, in general, a smaller liller "ull hence. more
rapid growth.

On introducing other llatll the analysis call be carried much farther.
There are other paths of influence which should be r('('Qgnized, positive
paths connccting A, C, anll L, representing the (a"orahle dTttts of good
health in the lla'" on rate of growth, gestation period. ami size of litl<'r,
and a negative I'ath from Q to P
10 represent the tetldeuey of rapid
growth to ind""" early partUtitiOI1.
The relatiolls betwttn the observed
interval between litters and the Ole­
tual gestation period should also be
considered. The r<"Sults presented
here arc thns intemled merely to fur_
nish a simple ;lInstrotion of the F.. ,•.--<:O<".~ .."" ,••,,,,,,,,,".,"~. S",,,,.,I,

I I I · .. I,r""",.metho<. A more comp ete ana )'SIS
of the relations among the factor~ whieh affccl birth weight and later
growth will be presented in a later pa.rer.

DI1TI1ROIINAnON l>l TERMS OF CORRlil.AT'ON

Having obtained a form"la for corn.:1ation ill tem" of detcrminatioll,
the ljllcstion ariSC5 whether the converse is possible. For a spcdal class
of cases such a fon""la is easily obtained.
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For a single cause and e/Teet Ihe required formula;5 merely .I•.• -,....

(fig. 10).

The degree of ,lekr",inaliuu by ,esidual facl<.>rs; lhat is. d•.•• ;5 Ih,,~

1- r'••.
J[ two callses are known. and Ihe degrcc of "orrelation betwccn them,

we ha"e (fig, 11)-

rl<. ,,~,,"ort .... ,~. "",,,lot.,,, k"",," .._,

,r'.. +,I'•• _1
(r.. -r"r••)' "'0

--~ -,----
(I-r',,)(. r'.. ) I-r'..

I" ..+n.,,' ......
"'..

o
1''''. ",_Mort .... ,",.. """10,,,1 """ .......

If lhr"" caUSl.'$ and their eorrdaliolls art; known (fig. 11), we have
<.,'x>+""r'.. - I. from which
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A

In this expression ~r'x" mea,,~ lhe S."" uf squares of the six kn"wu
correlations. ~r..r..r•., "'eans the snll! of lhe products of the groups of
th"", rorrdations, rorrcSl'0ndini( to Ihe sid~'S of triangles. There arc lour
01 these trbngles. XAC. XAB. XCD, ABC. :':r"r,.r"",-." ,n~",ns Ihe
SU'" of Ihe Ihr<'C l'ruJuels of the group" of ~""rrdalions whid, arc
armn~ed in dosed quadrilaterals, auel ~" •.,""" """,-"5 Ihe smll of Ihe
p,,,,l,,ct or "'-1'''''''',1 ""TelaliuIlS ill I"ir,,<"'hid, ill"oke JlO ''V'''''''''' ,·,,,i·
able (,'x.,""'" r'...r'An' ,'ur'...) (f.g. (3).

·n.e lo",",,!a 10,' remr known rou""" is rosily fOllnd Ill" "~'Onli"I\,,liull

of the ",ethOlls used to f",d the olhers if aHentiou i~ l>ai<l \0 lhe S"1II­

melry 01 Ihe exprcssiolls. Since, hol\'­
e"cr, this fo,.,,,,,la, as well as Ihat just
give" for lhe case 01 Ihr,'C <:<IUSCS, is SHUI<'·
what eumocrsome, it will I..., ~""n"ellielll

to uSC " '"ore rondenS<'t1 lIol,,\ioll.
otJ(XABC ...) "'ay 1>c IIs,xl for" fUllc_
tion in"olving all possilJle ~'()nd"ti""s

a"lOng the variables (X/IIJC .). In
the defn.itious :,:,.' meall" Ihe 51111\ "f 11\l'

Fao. "._110«'1. .",' ("'"' ....«1.."" ."""n squares 01 an <'Orrclatlons; ~"I', III<' ,,"I""-- of the l'ruJllet of all l>airs 01 "'-I",m'd
rorrehtions whieh involve 110 \"ar~...bles in cou"'lOn; ~,rr, ~"''rr, ,,,.«
Innr are the SUl"S of the produets of all gronps of rorrelal;o"s which,
rel'rcsclltC\J by palhs. form dosed r.gu,"CS, triangks, <[uadrilalerals. ,>1,,1
perllngous, resp,,'Cti,·c1y. ~"nr is the SUIl! of Ihe I'rotluds ",,,de hv
Illultiplying <':leh Iri"ugl... of rorrdatious ju the ~usc aoo"" hy Ihe st."':.
oud po,,"er of lhose eorrdatio"s whieh do Hot ;"vol-'e allY of lh,· '·ari.
abies il\ the triangle, The mllnbt:r of terms of ead! kind is gi\"('11 abo""
the bra"", where it is more than oue,

<p(AR)

4'(ARC)

4'(ABCD)

-1-'" (2 lenlls).

-'-- 1- ~r'+ 21:," (S lerms) .

.5!... J.... .....1.... ....L
- 1- 2:,'+2~nr - 2~n.-r+ :':r'r' (, 7 terms).

10 10 15 12 15 10

4'(ABCDE)_ I - D+;s:;;.-;I;;;;.+ 2:::''-'''+ s:?;",_~ (73 terttls).
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Tile fo,mube for dcgr~ Qf determination by ,esidual fadors llIay Lr
,,"rillcH as follows:

d .(XA8) , VA"
~ .... ~(A8) In system J~ •

• (XABCDj, ,""0· .(:tBCD) III system X,IIJCD

The (\egr« of detenllination by the known <'lIlIStS is now o:a~il~' mI·
rulated. When all ClIuSes of ,-anatio.. in X Me rollsta"t U""E.l .',
'"2naliou of X is met$1lrN by .......... and variatio" of It is ,,~
"red by .........., writing tIl(' eonstant fado", as iI1l~rts to til(' I('[t.
Amuming that 11M: n::btion bet..-efll A and X is linNr, tIl(' dniatioll ol
X detenninett by a on;t deviation Qf A should be eonstaJ1t, whate"er the
amoont of varialion ill A. Thus:

~ ...... 0"''''''''p, .• - - ,
.... .... 0" '<0""

III the case of the residllal faclor 0, assumed to tl(' ill.\q>n,uCllt ollhe
k'lO....' radon A, B, C, et,,_, """'.0-."
and_ha'·e .....- ..-..••

d
..-XABC...) ...... .._~

•• - (AlIe) -~--.. ... ... . ".
Thus:

• <I>(XABC.,).
"'<0'''' ~- .(ABC..)"'"

Th", shoold be the gtllen.1 {onnula for lhe S<1"ani<1 standard lIeviati"n
with It numbotr of constant 'acton..
IItl>«:

•••.• .(XBC..D) • /!<Il.!!f...Ol •
~- r -.• • ",(BC...o) • !( .. .fJ) •

• ",(XlJC...O) •
" .'. - .,,(A IJC.D) " •

.. _ /.(X lJC..Q1
,.~.. V.(ABC•.D)

" .(XBC...Oj 4o(XBC...) J."-<BC... )
···-.(ASc...o) - .(AlIC.~,)

177"1?_21---'
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TIte gme..l formula lor l>arli;r,1 rorrelalion can easil}' be eJtl'reM\1 in
lite Ilregenl tem,illOlocY·

_ ....I-J.('-_....)
.. _..... 4o(XABCD}f>{SCD)

- .... -,- ...;>. -'-~AlJC"}f>{XfJCf')·

In .lOn", ca!iC!I it mar be of iuteresl to fmd tlte <kg1ft' of u.;lenninalion
....hen a number of factors lIot in lite ([irKt I",Ih bel""ff1' calise auJ ea«t
are llMUmet! \"Oll5t:u'I.

.(XBe..STU.. .(1)4o(;I~TU)
- - <M.A8C..S1·Ul.{XSl'f.,)'

TI'e expr~ion" der.ned a5 .(XAIle... ), el,·., "ugg.,,;I tlte nl',,,,.ion 01
detem';nants. It i. in facI n,~· to .how that </I(X;tIJC. ..N) ... u.

Where .- '" ',. '..
'u ".. ".~

',. '.. ',.

r.. r., r••

The fonnula lor I'carson 's coeffidenl ..f ,,,nUil,1e .,.,rrelalioo, I"u all"",I\'

I!«I, gi,~,. Rw.-I - II _A11 wllC", <1•• i. Ihe ",ino," n,atk h~'V ..
tkleting row X, .,.,lum" X.

E\identJr in this daSll 01 ca5e$ lite roelfocienl of ""'Ienniu",ti",n "egen.
erat.,. inlo a function of the me/focient of m"ltil,1e .,.,rrebti"'n. Ilor the
<kgfft of Uelem,illaIOo" hy residual ("don ".., ha,..,

d 4o(XABC••. l <1 " •
... - <t{ABCm) - <1 •• -, - .t.uoe-nl

i" Il£reement ,,~th PQl""""'$ raull$.
For the <kg,", of tktennin"'tion br a known factor "'e ha"e

d _ .(XBCmO)_4o(XBC",~-",""(BC...)_<1..<1n-"u~
•. , .(ABC. . .Q) .( lJC... ) <1'...'... -Y.

l1'n
d"P•.• -;r-·..
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n"" last 'onnula bring. oot tile elo!le relation betWeet, the I",tll coeffi.
cients and multiple regression. As already notN. the nlOSt 1' ..........'"
tk\'i:ation of X for I<'......·n oo·i:ations of A, Il, C. etc., is gi,'t'l, by the
fo"n,,1a

X' ~ .A' a .Il' A' lJ'__.=a_+~... -f'•.•-+P•.•-'"
~. <1 ••~. ""..~. (T. (T.

,\S alre<ldy stated. 1'<::II"$OII's ,..,.,rr..,~nts of ",uhil''"'' .,.or",bli"" and
regrasiol, _re not t1e\.ise<! esl'eciallY for tl"" an..lysis of cau....1 ,dati. .,•.
TI"" fornlula for mulliple rq:,05Sion, for eltallll,le, gi\·es the nlOl5t p.........
ble ....1..., of one of the ''llriates for gi\'t'l....Iues of the others reganUess
of causal relation.. In ca"" in which all Ihe oorrelatiou. lin: kno,,"n
ill a systelll illd",lillg lUI effect and a Ilu",ocr of causes Ihe melho<! ..'an
be used to find tI", llalh ooeffidents and the degrees of tleteru,inalioll
of the effett by e;,d, cause iu U"" sense used in this ~1X'r. Such cases
in ..hich U"" direct n""lhoUs can be used are, bo~~, relallVdy
uncottlnlQtl. \VI",,", the s}"'Stem of l""tlts of i"nunlCe is at all com·
plu, i"..oh·ing perllal" hypothetical ':ICtal'S, the ca"sal .c!atie"s ..'ai'

be analrzed ouly hy the i"'H'0.'t melhod of e~l'l'l:$'ling the Imown 00'·
relations in tenn. of the unknown path coeffieielllS, making the .''''15 of
Ihe degrees of determination unity and !(Ilying the simultan....". equalic.ms.

PAR.T II. APPLICATION TO THE TRANSPIRATION Of PUNTS

A Ia~ bodr 01 Ul""rimental data .... III<! facl>Jrs "'hieh arrett IIX' ,ate
of lranspiralion in plauts has been l>ublished hr Ilriggs "".I Shantz (;0).
ThC'Je data lIr~ well adapted for use in itl\l~traling Ih~ mcthoos of anal yz·
iug causal relatious pTe:!SO'nted in I'art I of this plIlX'r.

The "'"I""rimmts ..hieh are used ill this paper \\~re C(lnducted at
Akron, Colo., in '9'4. A , ridrof CfO\'l,bnts~ gro...." in sealed llOU.
Til<! total transpi....tioll lllC8SU,ed each day. Among til<! et"'iron-
mental faclolS 5tudied "..,r~ tilt total solar radi:alion during tl"" day. III<!
"iud ""Iocily, th~ air IcI1'pcralu,,, (in th., shade), the rate of evaporation
f'0'" a shallow tank, and the wet·bulb dl'p,=ion (shelte,ed f '0'" sun lout
not wind). l'h~ c<:>rrelaliou" belween th~ daily trallsl,iratiun of each kiud
of l,lanl lind Ih~ integratnl ,·..Iues of tIl<! enyirolllnenulfacton ""ffC l'ulJ.
listllt<l by Driw and Sl:lanu. In order to awid III<! ef£«t 01 5Ca5O<""
cb:lUg~ in the plants, the logarilh"", of II", raiD or II", lran5\,irati.." on
s\Iol.'Cft<Iing da}"$ ""'re oorrela~wilh .imllar figUres {or til<! ''''riou. faclors.
TI", c<:>,relatiolls between th., \'arious environmenlal faclon for It", '00
days fro", jun" [81o Septclllocr 25. '9'4. hal'e lJcen ~ak:"I:'led hr the
writer from th~ data presented by D,iggs and Shanl.. This I""io<! "",'eT'S
all III<! crop periods but is Ion~r lhan "lOlItof them. N...", Qr the 0.0"..,.

lations appe&ml1O depart w\lCh frollliinurity.
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The daily a,-erages, the siamlaru <leviations. and til" cOI'l('lati<lIlS a,,·
given ill Table I.

T...uo 1.-LJ,o"1 """"g<', ...u..,J _Ii..... ..d ..",100,;'0",•• ",..,io«<" ••
"..."...n.. i ...., pMo/l..,., /1""..001 SM.,. "' Abu, (01. .. '111.1

- -

I ,,~.... I.......... ~....._.J ......_. .: ......ok... ,. ------- ---
W;.., .. -...' a ..., -.... h. •• ••• •• ,..
u,,';"""; -..., ...., ... .. ... • .., ·" •. ., .. • ..
T""" ........ - ., • .., .. • • .. .. , • " .. ..
w..... ,." ..,....... - • of .. .• .. • .• . It .. .. ..:'J ;0 " • ."
~v....." .... •• .. •• .. •• • .. ..__u.....• ... • .. •• • .. ." • ... " .. .. • ..

R.... ... .. •• • .. ." .. .. .. , .. ... • ..s-.........-"I'•.. . "a. .' ,., .- ~. .- ·,... ••• .".. .,-_1"-1 ... • • ... • • ... • " • .. ... • •
__.._(;0_ ... • .• .,... .. •.. •• • • .. • ...-- .. • .. .... • • ... • .. .. • .. .,....-- .. • .. .. • .• .. • • • • • • • ..
:;;p-' '-' ... ..... ..' ..... .- .~. .- .;c•• .-.... . .... '-' .- ..... .- .... .- ._.-- -' ..._ ... ... .. .. • • _t, • .. .. •.. •• •.•

...... .
Evapora,jon (011.110" tank) (kilog"'",. I'" "'I".'" ""'I..) ....
Intcgr.".d radiation (._1<><;<0 per "lur•••,"i",<I«). ,
Ai, toml"'....tu"'. inlopated "'.." (dOl"''' e""lig,od<) .... ,
InlcvatN "'oH"'I1> oXl>t<"lSloa (hour <kJrtt., C""';Crad<)· .
W;ad velocily (,nila poo, hour) ......•....•..........••.•

II- )0

'"'0. '0..,
'"

,. J6
'",

J .•8

•....."_-,... _.,,, __K_._.-.__ ,.. ____...._--.<)'t. ..... _. ....._...._,..... _
:!l.~=.-.:..:.=.~':::.=~-------,,---.,,--,---,.,.'----_..=-'-_..--., . .. ........""" . " .......... 0 ......, •.

...... •..-.....-. ....__..II> ok, I
tlf).__olll'l.'-I"1-__
.......... In.._ ..__

It will l>c jntNesl;llg fIrst to lVIII·

pore the direct and indirect ",ethod,
of calculating poth \v,..fficimls and
""",lfIe>entsor<k'tl'rm;natiou. ~I US

ronsKkr tbe ",lat'on' til ""I·b"ll.>
doeptnsioll (8) 10 tempe-I'lltu", (n.
wind "docity (1V).aml ..diatioll (h').
5illott the: di,rrt methods are only
applie:ahlc in systems in whieh each
"ariahle is C'Ot"'<'<:t.'d with ewry
other \'ariable. the diagnun or ,da_
tion. i, as sl'own ill r.gu'e ,~ .
Outstanding ractors. ill<k'JX"lIoo,t or
11', ""•• lId Tare repn'5f..~lted byO•
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Six equations can be formcd, cxpl'Cssing lhc six knoll'n rorrdalio"s in
lcr",s o£ lhc unknown path coefficients. A seventh "'l"alion r~I'''''''"lS

the complete del"roninatioll of B hy IV, N, T, and 0,

Pn,~,-1U-()·292'

/,.,,-/ - ,4735
p•.• _n_ ,2604

.224 2

.0678
.0055
.00'5
.1'59

(I) r"l1"_ 0.28_w+I(C+/'$)+"b,
(2) r".- .48-wb+IJ+",
(3) r,,,- ·59-w(e+bJ)+I+".,
(4) r ... _ - ,ol-b,
(5) r",. __ .02_,+b$.
(6) r.,_ -47-<.
(7) '" + w+ F + ,,'+ 2tt'/(e +b.) + 2umb + 2"/.' _ l.

The val~ of band J are gi"cll direclly fro", ~'<lllalions (4) and (6),
and Ihe value of C (--0.0153) can lhen l.>c obtained £roll1 (5), The
solution of (1), (2), and (3) gives W-0.2921, 1-0.4735, ,,,,d "-0.26<4,
Finally, £rom (7) we obtain "'-0.5138 ns the degR'C u£ <!el"ollinaliu" 11,'
outslanding fnctors.

,I.·D -'"

d...._ui'
d•.T-f

d"._'"
d" .._2WI(c+/)<)_ ­
,/.'.; - 2w"b
oI•.•• -,,,1J

wher"

,.=
IllRP.cT M~TlIOPS

Acrording to the fonnulae givell ill ]Jart I we have-

<jo(8WRn
J"D--'f(lVUT)

/ <jo(BRn-d.,,p(UT)
' .... - ,<I>(IVNn
J _ <jo(BlVn -d.·o</>(1V7)
•.• <I>(LVNT)

d _ <jo(BR! V) - d.,".!.<R..!.V)
•., <jo(lVN7)

<jo(BLVNT)_ ,- r'...+Jr...r ..., •• - ".",'O'.,,,,,..+r'.'O'r'MT
- r'••+Jr.'O'rW,rTO- Jr'Wr""r'Mr•• +r'""r'w.
- r'n. + 2f•••"..... - 2fur...r"T''''+r'UT'·'O.
-r'...+ 2f...r".,~",

-r'WT
-r'.,

<i>(lVR7) - I - r''O'.- r'WT- r'..+2fwRr.....W
<jo(BlVR), et"., arc analogous to <i>(lVRn
<i>(RD - 1-..... <i>(W1), etc., arc analogous 10 <jo(Rn,
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ily s"lo5titution uf the ~vrrdaljo"s ill the",' rorn",l"c (11" !"l1owiug

,<.'Suits arc obtaitl"d:

.p(ElVRT)-O.4002

.p{BlVR) .6884
<f>(BWT} _5665

4>(81<1) '4668
.p(lVRT) .7788

<t>(BW)-Q·9, ,6
,1>(8N) ... ·7696
<f>(BT)'" .65'9

",(IV"l 0.99'.19
f(lV1) ')<4>
"'(NT) -77'.11

Tho;se gi,'c \'ailles of the coefficients of dNer,,,i,,,,,;,,,, ide"lic"l with
those giwll by the illdir«t mctho<l.

Th;s method, as was sholl'll ;n part I, ;s ~nt;"lI)' the ".,lIIC 'IS 1'"",­
SOIl'S methO<l u£ cakulaliug multiple regression.

Let tl_ '- 'n ". 0.48 0·59 <>.18 -0.4002

". ", ". ,8 .., -,'"
"" ~ • ". .>9 .., _.n,
'" "" '" .,8 -.01 -m.

lei <l•• _<1 wilh c~Jllll\ln ll, "'I. ll, dckle,].

.:l.••-0.n88, "'", -0.2028, .<l.,..,.-o_J687. " •• -0.1275

~ J "P.-,,- '" -O·'9'1 .-,,-;r--O·5'39.. ..
~"..• -.1 -0.1604,.
".P···-4-0.4735­..

These ,""hIes arc identical with those "lJtnin~<1 1>,' Ih~ l'rt'C~<Iiug

llI~thods.

It will b~~" Ihat th~ f,,-,;t '''ethod, wllil~ "1'1'"",,,tl)' k1<s dia'd Ih"" the
others, is really less laool'ious, 'fhe ""hllio" of tllree Si"ll1lulI "'","s "'t"a·
lions re'lu;l'cs merel)' the e,"aluation of a dClermi"aut of the third o"ler
'llstead of one 01 the foul'th order, ns inlhe last '''~thod, The expr=.ioll
<t>(BIYRT) ;n Ihe second method i~, of COll~, "'erd)' "" exl""'S;"" of
U'e So1'Ue det~rlllin"nt of the foul'th ol'der ns tlmt uS('d ;11 Ihe 1,,,1. 'fh~

indirect method, ",orcoY~r,gi,'es InOre insight ;1110 th~ Pl'O<.'C$SCs f"now~d
th"l1 the othel'S ;n which there is a substitulwn ill what "1'1""ar to I>c
arbilrary formulae, In lin~ with this last point, the ;ndil'<,<:t nletho,l is
more ncxible;n that it call be used 10 tesl out the wlIsc'l"~nL""suf any
assutn~d relation among the factors.

In attempting to ;lIt~rpret the I,resent I'e.uits ;11 tenlls of ca"~.1li"t1,

we sec at Ouce Ihat Ihe sche",~ of l'elat;o"s chosen ;s not a "cI'y ",.(is·
factol'Y One, The wet ,hulb .lepl'ession was measured IIl1der shdter. Con­
sequelltl}' Ihe coeffieienl of d~tcrtllinat;on,d•.• _ 0,0678, can not ",,,asure



 

J""_ J. ""

~... ".-Il...,.,." '''''''''' r.....,.. 01 r"o" ..
..d 01>$010" h"moLL',' (II ).. " " ..,
"..,.,."1,,,..,'h..,nO'", .. "'" ,..~ l<M,"
,. I",,; ,"" ....,,..~,

the degr"" of direct determiuation by radiation. but detenllinati"" by
SOUle factor other than wind or temperature with which radiati"" is
correlated.

One should not attempt to apply in general a ""usal interpretation to
solutions by the dir""t methods. In these cases, deterlllinatioll can usu·
ally be uscd OI'ly in the sense in which it can be said that \':1Io,,-ledge of
thc clf""t determines the probable "alue of the cauSC, This is the S(;1lS'e
iu whiCh !'earson's f"rmula fur mnltiple regressiou "'ust be interprctc<J.
1£ IV'. 1"'. aud N' are given deviations uf wind, te"'pcrature, amI mdiati"'l
from their mean \"aln"", thc most proLnblc \"alne of the wct-bulb deplcs­
siou, B'. is given by the foll"wing fUrl""la'

B' lV' J(' T'
---P.·...+-P.·.+ -1'•.•......... "0 ...

This formula Call only be "sc;l f"r conditio". which arc similar to those
for which the \"alucs of the I",th cocfT"ocients were cakulated. JI path
coeffieieuts were calculatc<l in a sys­
lem which truly representcd the
causnl reL"ltions, the formula would
give thc "alue 0\ thc wct-bulb de­
pression under any set of conditions
in SO far as it is d<:terll1ined by the
factors considered.

The causal factors which actually
detcrmine wet-bulb depressiou are
temperature, absolutc humidity (//),
and wind \'elocity (f'g_ '5). Radia­
lion can be introduc<:d i" to thc sel,c"'c
as a factor correlated with these causal f"ctors. Wi,,,1 \"et""it)" is ror­
related to such a ,'cry slight extent with temperat"re a"d ""Iiati"" that
its correlatiou with ,,1>solute humidity e,m prob"hly be neglected wilhout
scrious error. The relations belll"c<:n radiatiou, temperature, ""d "IJSO'o
lute Inuni,lity are ""doubtedly vr.ry complex. [{",Ii"ti"n has a dirc<:t
positive iunllenc<: on ten'peml"re. L>olh rad ialion a",lte"'pemlll rc h:,,'c
positi"e elTc<:ts Oll absolute humidity vy jn<:re"si,,!: e,""pomti"". Cor­
relation betw""" absolute humidily autl temperature ",ould he e~ped~'{I.

becausc with reduced I.Cn'l>cr"ture the saturalion poillt is rc"ched at <t

lower absolutc humidity and the cxce'" moisture is prl'Cipitaterl. In­
crease in humidity, on thc other hm"l. tcnds to re<lu("'C the ""l;alioll
II"I,i"h reaches the eartll, alld dirl'Ctly or indirectly this has a negaU,..,
influence On all thr"" of the correlations.

There are not enough dat" to <:<;\imate thc i"'port"""" of all 01 th~"SC

patl ,s of in nnellC('. Evell if we rcpresent the CO" 'plex uf I'at los cull1 '~'d i"g
If. N. and T lllerely by three correlatiOllS. the diagm,,, llUs eightl'"ths to
soh-e. The six correlations kt\\'ecm B. lV, N, "lUI T and the sl"tell,ent
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in regard to co"'plete determination ollJ by 11', ll, ",,,1 T furnish olll\'
""'ell e'lllalions.

Fortunat"l)", data af" gh-ell in another paper hy Briggs and 5halll,. (J)
i rom which an dghth e'luali"" ca" be deri,-ed. III th i~ pal'(" Ihe ,,'-emge
\"1Ilue of e"el, of the m,,"'''red {actors is gh'e" {or ,,:,d, ho",- 01 lhe d,,~-,

The cycle of eh:lI'ges in wet-bllih wp,-.,.;,io" follows "er~' "I~l~' lht:
changes in temperalure. In f,ret, Ihere shnltkl he \"c'T lillI<', if allY.
reg"lar hourly eycl" o{ eh<lllges in ab..,I"le I",,"idily . .., Ihal Itt<- wN·
bulb depressioll should be wholly det"rmi1led by Ihe lellll'('''''h1l~ dla1lges
exc<:pt {or some '"l1uell~"C of wi"d ,'docil\".

l,d />n'T-I be Ihe palh coefficient which t"'''lS'''''s th" ,.dati"c inlh",,,,..,
of I""'remtnre On w"l-bulb oJepres.,i01' ill II'e ,'arialio", fro'" ,la,- 10
day, I.et ",,_,,-I,. p.,w_w, and let "T, "H. "I', amI c" he Ihe ,l""da"l
de"iations of the daily differene~ in the "ad"", facton; "u<t in w<'l·I",lh
depression. Let T'-T", "Ie., be the actual ,lilT"rclle<:s in lelllperatl"~'.

ele., lit c<:rtai" tillie<;, The dilTerellC<: 10 he eXI'''''I",j ill lI"el-ln,11,
<1epre.,.iol1, B'-lJ", is as rvllows:

B'-IJ" T' T" lJ"-W" 11'-11"
~ - - /+----",+-----1""0 c, "" g"

While t, 111, and h are assu'"ed to ",easme the ..d"li,·" illnlletlee vr k'"·
perature, wind, ,,"<1 lll\l"idity in the ,'ari"li,,,,, {Will o1"y 10 ,kn", no<,
[or"going fonHula should apply under lilly oonditi()l\s, if t, W, lind J, "'e,(­
calculated {rom a system which ,epresente<1 ll'llh- em",,1 ,dat;""s.

The expression co/ is show" in part I tv gi,'\: Ihe chang\: i" "·ct·l,,,lh".
d\:pression (B) dir""tly caused by a ""it ch""ge ill te"'pe"'tll,e, The
relati"e lmportallC<: or the varioos {aclors ill ,k\c"lIli"illg lloe "",.i"t;""s
(rom hour to hour is "er)' different {ro'" tl",t {rom day 10 ,lay. 1"'1 lhe
change in wet-bulb depression cansed by 'Illit d,m'ges in \ell'I><:,'a(lIr.'.
wind "e!OCilv, Or absolule humidity should alwa)"s be the ,",Ulle W IO"l)
as lhc relations are sub'tanUal1y linear.

"l'he greatest differellce, in te"'perat"re with!" "" a,'"rage ,lay in (he
data "'lis between 5 a. ''', and 3 I'. m. This is gi"en as 32.7° F., or
,8.,67° C, The dilTerenc<: in \\'et·bullo depression bet",,,,,,, tlIes<: hOlliS
was 21 .8° F., or r2 _, , ,0 C. The cliffe",""", in a""rage \\"ind "docil \' "-as
2.5 miles per hour, The standll"l deviatio"s of Ihe ,1<oih' "ari"tiv",; hilI"{'
already beell given. c'-3.48 dllY degre." C" Co-58 hOllr degr."", C.
integrated for 24 hOllrs. This means 2,4,67 degrees C. g ... -2.24 "Liles
per honr. We \\"ill <lSS,,,,,e that there is no <liffercll'~ ill ,,1>,;olute 111"" idi tY
(/f'-li"_o). Substituting th","" vallles ill the for,"ul" for "-et·buIL
d"pressioll, we get
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FlO. ,',_R,",ioo" ""~',,"' ,,·.....ti"n... " .....
"'.., .... 'x).n" 'h' ".""" .how,,;. r"",, ".

The following 10 lIr e<I""tio," call be ",adc' w;(h ,,-hid, to soh"c the
path coeITiciculS fro'" W. n, N, 0,,<1 T to S:

'i"-'V' +/', +,,'b
T.T -w'e +1' +,,', +h'd
r n _10'10 +1', +,,' +1"0
riO _w'r...+/',,.+,,'r•• +h',,,,.

S"l>'ltit"ling the val".... already rm",,1 for ", /0, C, d, "', ii, I. '''I<I ".n.
we have

' ... _ + I ,oo,v'-o.'nl'·-o.o,"·
"..-- ,02w'+,.001'+ .47,,'+"..170(,11'
r,. __ .OIW'+ -471'+ '.00"'- '''7611,'
r.._+ ,2SW'+ .591'+ .48,,'- _47841<',

The ""l"t;oll i, 'IS j"llows:

w'- P.... - +0.')')7' r.... +o.oI43'••-O,OU21T,.+ 0,0' ''I',"
1'-1',., -- .2207',..+ .8943',,- .8'75'..+ .8,,3r,.
,,' - p,.• - + .'488., .. - .3C;33r"+ 1 ••l' 5.~r..- .5"('1',.
I,'_p,.,,_+ .4607_,..+ .7468,,,+ ..P07'.,.-'·577"'",

il is merely lleces""')' to substitute the \""I"es or the conel"t;"", o[
",-apornt;ol1 Or transpiration with wind "elo<:ity, lel1ll'erattlr~, r,,,lia­

lion, and wet·bulb dep"",sion. as
I:i"eu ill Tahle I, tu r",ol th.., fOllr
I>.~th n",ni"i"" ts ill <'ad, ea","', Th"
,<·."lts a,e gi"ell in 'r,,1>le II. Th"""
I""·,, all OC"'11 "loe<::l~<llo:- slIl"'li(".
tiou in the fourlh "'1u"l;ulI (r,._ +
o.28w' +0.59"+o.~S/l . -, '.~7R41I').
'rheconclal iOllbetwl'ClI ",·al""."tiOll
and the trallspi,atioll of am' plaut
eau be dedlle<::<! 1"-",, the f,mll"la
y.,. - 10',-... + /'''.:T + ,,'r•• + iI'r"".
The <'onda\iollsof <"''11''''''1 jo" wil t,
willd ,·elocity. telllperalure, ,,,,,I
rodial ion ha ,'e l>ccl\ gh"clI in Table J
a, 0.38, 0,.\6, "ul! o,6S. a",l lhat

with 11l1l"i<lity c'''' be calculated 1>y the for"",I" r,:o,-I',.,,·I-<'I'•.• I·
d P"T - - 0.26.\1 . Thu, ru _ o.J8w' +0 ..\61' + 0.68/1' - 0.265' I,'. Tl'e
calculated results ill colu"'" 6 of Table II arc colllpa,ed with ""tllat
correlations ""tIH'CIl evaporotioll alld lrall'l'imtion ill <"Vtu"'" 7. The
cor'elation of evaporation with itself COlllCS out 0.8J(I ur this {or­
lIIula. "fhere should, however, be n" ad'litiollal tern, (P,."",,,,) ill tlte
forlllula to nllow for correlatioll thrvugh 011,,,1' fa"l'''., (0) \ha" II', 'F,

N, alld H. Frolll Table III we (tIl,1 that e\'aporation is ,kte..",illet!
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jOurual of flgrlcuuural xescalCIl ,... , xx. " ... ,

SO"'~ error which would lend 10 underweight th~ eoeff,cients 01 deter­
mination bctW<:Cll transpiration and the known fadors and so o"er­
weight the apparent degr('\' 01 dder"'inat;on hy outstanding fac\o~. III
certain ea5C5, howev"r, the r~'Sitl"e i. so small. in o"e case ",·tnall)" \'0111­
ing out negati'·e. that it is probable that thi.;s not an import,,"t SO''''~'C

of error. The residual delermination is greatl'st for'th,' ,'n'l'" whid,
were ,,"t twil"" during the season-nalllely alfalfa ,u"l ,,,,,,,,,,"(h,,s_
There were considcrable periOlls following ea"h l'"ning dnrinl( which thc
absolute vallIe of the Ira"sl'ir:lt;on waS ,,,,,,II.

\Vi"d velocilY has ahout thc sa"'e rdativc "al"" as " f"elor in d\'l",_
Inining transpiration as it has ill delermin;ng wet-butb dcpR"Ssio"_ tIs
relativ~ i"'porta,,~ is a lillie greater for dekrmining e"allOratiou fro'"
the shallow tank.

T~ll1l'erat"re is somewhat 1Il0re important than absolute l",,,,i<li(,' in
dderm;ning Ihc variatious ill wel-h"lb (lrprcs.sin" and ratl' "f .,,'''1"'''''­
tioll Ironl d"y to day. It is vcrr lllllch thc n'<.lSt ill'I'0I'(au\ bd"r '"
deter",iui"g lh~ rale of lranspiration ill all th.., plaU(S

Radiation is an important faclor in evallOration, coming out <'qu,,1 to
wind vdocity and 0,,1)" slightly less important than absolute humidity,
In the plants, on thc othcr lmnd, it is almost a n~g1igiblc factor

Comparing transpiration in the av~rage plant with evaporation ill the
SUn from a shallow tank, we fllld that the lonner is i"Ollenl"Cd rdati"ely
",,,ch more by le"'perature, to aoout the sau,,, ,kgr..", by absolutc
humidity, somewhat less hy wind velocity, and vcr)" "",,,11 I,,", by n".Ii,,­
tion, The fonr faclors are mu"h ""ore Ilearly 1'l(u,,1 in illlllOtt"nce ill th..,
Case 01 ~"aporation (<1.,.-0,3°, d•. 11 -0.19, d•. ,,_0_16, <1•.• -0_16) thall
in Ihe case of transpiration (.1'.1'- 0'55, d •." - (). '8, of,." - 0,0'),<1X" _ ",o~).

III comp."ing the importance of these factors it should he ml,1cI1 th"t
radialion has an i"'llOrtauce somewhat in ~XC<"SS of its dir<::<:1 inllt"'''l'C.
in that its variations arc correlatNl with those of te"'perature, Humidily
has rt'lluc,'d imllOrtance, since, thOlll(h rorrdated with te"'peraturc, it
aff...,;:ts evallOration and trallsl'i."tion in the oppositc dj"dion.

The method of analysis prC!i(:llted here can rea<.lil)" I~ applied 10 th~

problclll of the r~lath'e ;n'llOrtatl~ of heredity and cllviron,uc"t. An
application of this kind to th~ "ase of the piebald pallerll 01 guinea pigs
has already ~n published (9), and One to the resistance of the sa",c
ani"'al to tuberculosis is in press.' The 'ucthod can l>c applied also to
such a prohlem as the determination of the effecls of "arions s}"Ste"'s
of matillg, such as ;nbre«!ing. Ii"e brl"Cd;ng, and assortali,'" ",,,ting on
the geneti" composition of an originally rau<lou,-brecl stock,'

, W.oe>rt, ..".1I...d Lo_-" ", A_ ,,,,,,"'.,. ,H, .,."e. o. GU'"'' ."" To> TU "'..,..,
""""O<"I'C ..GO'D YO ,,, ,, 0.0 H"''''''. 'H A ,. "".. v. ,,_ ,.". 'H ", .
'w."'.,...".11. , ..."", 0' ."r.«>.' TO v, I. e-T;", Y.'. '.". In .......
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