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Biological Mmunmenu.—ﬁapm of Committee (Prof. J. 8.
Huxvrey, Chasrman; Dr. R, A. E&snmn,{gecmm-y; Dr. ‘J(VI'FCMAN,
Mr. C. Forster-CooPER, Prof. J. W. Nicrorson, Dr. E. 8. PeArsox,
Mr. O. W. Rrcmarps, Mr. G. C. Rosson, Dr. J. F. Toonzr)

appointed to draw up recommendations for the taking and presentation

of Biological Measurements, and to bri e ;
e wmyg such before persons or bodies

Tan Committee held six meetings during 1926 and 1927. Preliminary disoussi
showed that two obstacles ordinarily stood in the way of the satisfac Wprédm‘hg'
of numerical data in the biological literature. In the first place mm showed &
natural reluctance to printing extensive data in full detail, espe when every
advantage had not been taken to arrange such data as compaotly as possible ; in the
socond place the methods available for providing A statistical summary, such as is
mn&ho w:h;g:v;; vt:u;gina c}at-:i are ta!:ft presented in full, are neither mﬂiolenﬂg
sufficiently standardised i

anmﬁaﬂa to h::; adn q};:i&ﬁ ql:i_cl- un&’r;xb' ous mmh?.moepud il
The Committee decided that these o o8 could be overcom action along
_.!_awo-hnes ¢ (a) by the establishment of centrally placed archives to: 212; megﬂm of

ariginal biological data, which were too extensive for complete publication, and {b) b;
the preparation of a leaflet for the guidance of contributora to biological au:mz
who wish to conform to acceptable modern practice. It ia anticipated Jmt this
ln&ﬁhert w’# rt:qmm thﬁogical revigion as need arises. : : i
egotiations with the Natural History Museum st South Kensington with
the Royal Society of Edinburgh haye resulted in the establishment of t-hamdm
archives for the recoption of biological data, where they will be available to d'.l:%.mh,
and in this sense will have secured effective publication. The thanks of the Com-
mittee are due to the authorities of these two En‘.tituum for undertaking a function
which in the opinion of the Committes will b of increasing value to biological science.
_ The Jeaflet propared by the Committee consists of & foreword illustrating the
praotical needs of modern biological work, followed by four sections (A) on general
oonsiderations in the planning and execution of research by metrical methods (B) on
the methods available for the compact presentation of dats, and on the recognise
methods by which it can be adequately summarised, (C) on the in ation of
::;?bm results “::ld anmbantn of c;iguiﬁmoe, aud (D) giving detailed references to
1 upon the several t; tests generally required. leaflot is presentex
#8 an appendix to this Taortypes ' oo - $ s
Beeing that the praotical utility both of the archives and of the leaflet will depend
on their existenoe becoming known to biological workers, the Commitses have cir-
oularised the editors of the cliief biologiosl journals published in Grest Britain asking
for the incorporation of additionsl clauses in their permanent notices to contributors.

The Committee are glad to re that a f; been editors
«of & number of important jm?:nnﬁls. i o A g'!mn_by -

Recommendations of the 1
British Association Committee an Biological Measurements.

_Forxworp.

_ Blology is rapidly becoming more and more of & science in which exact ms
__matical mothods are required. In all fields acourate mmo:mu;::m -J‘?.nm

- data of some kind are being i y employed. On the othe such dsts
;?' not infrequently rendered useless, or at 'm?munh lmiauulull-thm they m;‘g.;:
ve been, through neglect of simple precautions, either in the the w‘ﬂtﬂ ording,

or the analysia of the dats. Bearing these faots in mind, Section D of the Bril

Associntion appointed the present Committes to draw

L3

R

‘remedied by subsequent workers, Nevertheless, conclusions based on un
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The chief fields in which statiatioal data, property taken snd analysed, can be of
great, porvice aro parhaps the following — T s " LR
(a) Genatics.—Obviously, here all comclusions based upon retios are valid only in
80 far s statistioally significent. In the early dsys of Mendelism much confusion
waa brought about through lack of proper statistical treatment. It has, however
recently bocome inoreasingly realised thut a combination of Mesdelina and stotistiosl
(biomatric) moethods is in many cases necessary for full snalywia. In buman genetion
the atatistical method is the main available wonro'n.
(b) Variation.—Here the schievementa of biometrics are too well Known 15 peod

statement or comment. It whould be pointed out, however, that in nusiy cams

tochnically perfect biometrio analysia may tell us less thian it ought owing w -
adequate sslection of material, E.y. without experiment. biumetrio methods caunot
tell us how much of & given variation range is genotypie, how much phenotypic.
Only properly dirccted work on variation can give us much needed information as
to the d:gmm between different species ny regards variability, the ressous for the
differences, and the bearing of the facts upon evolutionary theory.

(c) Systematics—With increased delicacy, of systemutio determination, measuve.
ments are becoming more and more important. as o criterion of the distinctness of
olosa} 'mlnwd.apecm_s:o s:lh-a es !:)r rmeal i AT T

(d) Development.—Only by taking large numbers measuremen be
possible to discover the laws o¥ relative growth of ?u-h st - e

(e) Buolulion.—As more perfect palmontological series are obtained, accurate

‘measurements of absoluto and relative sizes of parts may enable us to establish simple

Taws of evolutionary growth and development comparable to those which are being
obtained hy similar methods in entogeny.

~ Naturally the teking of quantitative data constitutes the essence of much of
yhyui;kﬁy ; but wo have here been concerned mainly with data which may be called
statistion

It may be as well to begin by enumerating & few of the cases in which negleot of
gimple precautions has made laboriously taken measurements of much less value
than they might otherwise have been; for such examples will serve better than
Gmﬁlﬁg else to convince the working zoologist of the need for improyement. The
defoot, may have lain in the failure to take the most suitable measurements, to record
them adequately when taken, or to analyse them in the most desirable way.

A. NEGLECT OoF BIOMETRIO. ANALYSIS. (See also No. 2.)
" 1. In the preparstion of Witherby'a ‘Handbook of British Birds® (London, 1922)
ﬁdhﬁd’lemblql- numbers of act:lurﬁ.tc (mmfam&n;a wom'.t;:g‘da: Lioth: “Folir?}am
(usnally twelve specimens) and ¢ usually 100 specimens) of a large number of species.
of y However, in raco'rdi:gg ﬁme-yplg&ble m only the mean and high and low
extreme variants were #set down (in the case of skins, the mean was omitted), Pre-
sumably the main purpose of auch measurements is to give the systematist help in
distingnishing between closely related forms (sub-species, races, &e.). Even for this
purpose, however, and especially when the ranges of two forms overlap, this method
of record is markedly inferior to one giving mean and atsa%;ldnrd deviation. In
addition, the recording of standard deviation would have enable I & whally different
‘and very interesting problem to be attacked, nnmely, the suggestion originally made
by Darwin (*Origin of Species,’ chapter i) that wide ranging and abundant species
and genera are more variable than scarce and local ones,

B. NUMBERS INADEQUATE FOR THE STATISTICAL CONCLUSIONS DBA_WN.
. 2, Exsmples of the failure to realise the atatistioal invalidity of small numbers are.
froquent. K.g. Kriiger (1020 and 1924, Zool. Jakrb. (Syst.), 42, 289, and 48, 1) dis-
tinguishes closely related ' spi b & of

jes ' of Humble-bees by means of certain relative

portions of parts, Considering, however, that the maximum number of any one
Estgamewmed is 25, snd is often below 10, that the ranges 'h@_t‘tnmﬂy"oto_u_lq ), and

t only mean, maximum and minimum are recorded, it may be doubted whether
these quantitative results are at all significant. AN e g
&3 '}:_-adm.-m taken and recorded, failure to use suitable analyses can be

sis often, na a mattor of fact, become generally acoepted, and it is then difficult,
ﬁﬂwth error, The most frequent: mﬁrwr:lu{mr failure to dispount chance

—
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or random sampling, A well-known case of this is afforded by the paper of Pearl
and Parshley (1918, Biol. Bull. 24, 205), who believed that they had clear evidence
that in the relation of time of insemination to the oyclical events of oestrua
influenced the sex-ratio, Later investigation of & larger body of material, however,
oonvinced them that their first result had been wholly due to chance (Pearl, 1917,
Maine Agri. Exp. Station Bull. 261, (3), 130),

C. INcoMPLETE RECORD OF ADEQUATE Darta.

4, Very often the investigator is 80 much preoccupied with the solution of a partiou-
lar question that he is confent to record his data incompletely, provided that this
will suffice for his al problem. He fails to remember that complete record may
make it ble for later investigators to use his original data for the solution of quite
new problems. A good example of this is afforded by the classical paper of Bateson
and Brindley (Proc. Zool. Soc. 1892, 285) upon dimorphic organs, e authors were
ooncerned to prove that in the beetle Xylotrupes, while the frequency-curve for body-
length was of normal type, that for cephali¢ horn-length was bimodal; but that in
the stag-beetle Laucanus both body-length and mandible-length showed normal
frequency distributions. The frequency distributions of these four characters wero
therefore given uinglr. Bince, however, two measurements were taken and recorded
for each individual, it would have been possible to present not only the information
ediately required, but also all information bearing on the correlation between

body-length and sipendag&length. by means of two-way tables, This information
was later required by another investigator : luckily the original data had been pre-
served, and so new conclusions could be drawn (J. Genetics, 1927, 18, 45), A pre.
omeg gimilar failure to record by means of two-way tables is found in the paper
by ja-k&mv {Jr}fmﬁi”’ 1925, 1?1,1 2{;1] on the bimodality of htorw len&lgehda in nl:laclﬁ
earwigs (Forficula). Here again o y lucky chance preserved the o te, whi
wero then found to yield new results (J. gﬂdi&!, 1927, 17, 309). o

5. Froquently not merely are data published in an incomplete way, but owing to
lack of epace or for other reasons are not published at all, "'The'danger of this pro-
cedure may be illustrated by the benefits acoruing from its converse. KaIcBme
(J. Genetics, 1920, 10, 47) was able to demonstrate from Nabour's data on heredity in
the, grasshopper Paratettiz (J, Genetics, 3, 141, and 7, 1) that two factors which the
original investigator had thought to segrogato independently were in reality linked.
He expressly states that this would not have been possible if it had not been for
the exceptional fullness of Nabour's records,

6. Duncker (1903, Biometrika, 2, 307) re-analysed the figuresof Yerkes (1901, Proc.
Amer. Soc. Arts and Sei. 36, 417), which iuvolvama careful measurement of & number
of characters on eight hundred Fiddler-Crabs (Gelasimus), Neither author published
the data in full; and since they were utilised only for certain special purposes, the
very fundamental growth.relations between the various organs were not, brought out,
Duncker himself points out that asymmetry of all the organs on the side of the large
chels increases with absolute body-size, but does not tabulate figures by size
classes. It is therefore impossible to arrive at the laws of growth underlying the
Ehenom_am. Duncker calculates a number of correlation coefficients from which

o deduces certain conclusions. The conclusions would have been much more firmly
based, however, if the underlying growth-laws had also been established, a¢ only b
80 doing can we hope to understand the biological, as op to the mt.ialio'n{
meaning of the coeflicients, This therefore represents & f ilure not only to publish
the data in full, but alio to analyse the data sufficiently fully even for the purpose
envisaged by the author.

D. Famwors 10 Croose TaE Mogt SurraBLE MEASUREMENTS OR CoxveENTIONS.
7. Sometimes data are less valuable than they should be because the points of refer-

énce used in making messurements are chosen srbitrarily instead of conforming to
an loeopbedAn standard, or of being chosen with reference to their biological significance,
n exam

of the latter prooedure is shown by two recent authors (Nomura, 1926,
and Sasaki, 1926, Sci, R. Tokoku Imp. Univ, 2, 57 and 197) who have made
elaborate measurements of & number of ﬁpoﬂum shells, with a view to the ‘analyzis
of relative growth of parts. The results, however, would have been more valuable
if measurements had been made of the magnitudes nesded for determining the mathe-
matical growth relations of a Mollusoan shell, a8 set forth for instance in D’Arcy
Thompson’s * Growth and Form * (Cambridge, 1917), chapters xi and xii,

i biok

the most suitable rsllrm'lmry . i
sdequ';'l:.}‘;a : ﬂﬁcp )d Sioait}]:m{l?{mg the influsnce of bulls on the milk-productio
Ezp. Sla. Ann., W) _
olz?&helr female lle_:ufen@ants
yield minus mother al-gzeld.

low milk-yield. g
33'&0;1 '?I:: bulls would Le altered

i f simple proportionalit
muo‘i":nt?&?sﬂﬁﬁ the Eir.c of the whole org
the relative size of organs in diffe

N 89
ON BIOLOGICAL MEASUREMENTS. 2

No. 6.)
B, Faivge 10 MARE THE MosT SUITABLE Blonogican An‘:fsm. (So;an:n: 00
5 At : i ) ! in the best way OWIng | §
8 Atmbdantl ey u:-:lr'::i:;::l.ltl‘he atatistioal method being wholly

Pearl, Gowen and Miner (1919, Maine Agric.

& p . danghter’s
easure of the bull's performunce
tﬁ?: xc:r]l; gives an undup advantape t bulltn h?::rd'kn
The error here has practical conmquences, ance the
alte in relation to the vmmit _clai 1.]1: ”m:tm
{ iol. Z¢ §) points out, failure to reslise t other
9. As Klatt, (1010, Biol. Zentralb. 39, 4:}1“1 “;:g;: A Gauully o, hold botween “'t:
‘orgenism vitistes mn.'i«‘}; dmiu:fi;?:‘sl: 5
ithi 0 U8
rent types within one group. _10
Iative orgean-size as a peroontage of total size. Since, however, & freq
express rela - 1

: at y = axb, this is of no velue, Parrot
relation of organ to body is not y = ax, but y “‘mis in & senle according to their

! Zool, Jak 7) had o o series of b ing

(IBN,WY Ihga.rt:ae{:z ‘::a') ; liatt-ml.::\l:ﬁeg dprcviously iou:d'“l)):t{trf sh.c?ﬂ g‘;ig:: é‘l:g
. » 9 > wel : )

of w:rm-bluaded vertobrates was related to t‘gzn];iwda{-ab]y% i “.“ordslw&ﬁ T

K & i d N
% i e “hﬁ:?dc:v::"tleiua enabled to caleulate the real relative

. d : o
tom(}-ﬁil, l:t}-almly;;!(}‘ ti];esgv‘ci:%uf; the size of the fracumml.cons‘mb a; Ln an.hrl‘t-aw:‘i.}:l:t,
?mm&ltmgi’ll‘tﬁu‘:, for inatainss, the stork has a;‘?;zﬂe:i:ielgn}ﬁr- e o t-haf
= t}? - t(‘li‘::! b?t;t:rmr%%;m‘;ﬁcﬁﬁo;ﬂmim heart-weight turns out to be one o

correct method, it | .‘ . ¥
e %“fnmﬁﬁifﬂmﬁmm reveal the fact that n(\l t?‘r;{h%rir:. . b:f:t?t?ﬁve
i : G sn L 2 -

ﬂns{ ﬂxedgpreport.ions of parts (2.4, many Crustaces), e e o e e

; sroentages bub ex nty |
constants which are of vﬁl;:’m;ﬁp{:(:f; i Votl,:a‘?a.nd Lemmings living and extinoh,

eyen of certain Mammals (¢ | i 4
% A"Aro]f.‘:l' le%ﬁn;:ol.;. (Egégl;wth and Form," chapter ii) gwe: g‘:b:kge?lﬁg c?ri-
i 1 éouné, of many similar cases where abeo ut_c~ s;me rg;:fivn-sima s
Q%l::i;i::: in assessing tho functional meaning of particular

i

A. General Considerations.

1. IDENTIFICATION.

i igati be examined
i der investigation should be ¢
andTo};anﬁlt:SEl l?:takml thatﬁ;he geries of specimens dea

correctly identified. The advice of an expert in the grou
be sought if necessary.
POPULATION SAMPLED.
2. CHARACTERISTICS OF THE . '
examination of & sample only supplies direct information ﬁs}:}g&lﬁf%ﬁl& aopu\:e
The in“e‘j‘)ﬂ the methods of collllectn'on employed, :ir, B
e 5 MiTop;; wh?oh such a sample may be regarded as fairly
l.Imac‘-n(mft.an differ materially from i— A e
'mtgn whole population living at the time (t)a P
i { sex, age or size by the methods of capture R e
'”hﬁ'ﬁpfhg 'sve'rasa population ordinarily I_;:g::gs 1nmd
aple, to seasonal or other periodic fluctuations ; 5 |
o le.hto Iati!::: of diﬂg;nt.:-hjsb;t_ab& in the mmll:i r:]?:aab:fore_ o naldniAl
'{F!;L tm:iu tupttlsf the cxaminat.ioniof- ?i' _gggil"ne%le t;h:;eo d;g i dare laﬂ;
th o by information desi : i t ”
with all possible cors By ion is undoubtedly often diffcult. .
; ! : cation 18 undou dly of { e
even though !?0&:5- (ses Section D) disorepancios betwa:s:; 8:1:13 ;::th“ o
?&tmmyh%m ghould be assignoble to 'LE:;: true i
eront iga ‘shoul : : < '
lwﬁfmgoﬁid“ﬁ:'ays be ;p!::iamd:ﬁg?;mihle, but in every investigation special
These should always be |
points will need to be considered.
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3. CoNFORMITY TO PREVIOUS MEASUREMENTS.

r other mensurements may be made, the value of the work for com:-
plﬂwt;i::‘;v:rpoaee will often be muohyinmed by the inclusion of measurements
which sre comparable, as striotly as possible, with those taken in the same or related

ies by previous workers,
'pwl?is 'rlal;imble_ that some quantitative measurements should always be nted
with general biologieal data, Length measurementa are the most usual, owever,
& frequent " failure to record’ is seen in microscopioal figures to which no record
of magnification is appended, For example, in the article on Rofifera in the Cam-
bridge Natural History and in the Encyclopedia Britannica no magnification is
given in any of the figures, nor are any measurements given in the text, so that the
reader (¢afer alia) will not be told, nor able to find out for himself, the interesting
biological fact that the Rotifera have the lowest average size and the smallest size
range of any considerable Metazoan group. S Lashmaal |

The most satisfactory way of giving magnifications is to reproduce with the figure
some unit of length magnified to the same scale. This obvmtae_the error whlcp
frequently oreeps in when figurea from one source are reproduced in another publi-
cation on a different scale, but without altering the statement as to magnification

in the legend. .

In lagalilﬁon measurements of weight or volume should be made whenever possible
s & matter of routine, since they provide the best standard of quantitative comparison
between differently shaped organisms or organs,

4. SPECIFICATION OF PREOISE CONVENTIONS.

is essentisl to specify the conventions, including any pointa of reference adopted,
b E:hliaoh each measurement: is defined. This oa?:mogten beat be done by the aid of a

ram. When satisfactory standard terms, conventions or points of reference
already exist they should be adopted whenever ible, The aim should be to
ensure that o second observer, working over the identical material, and guided only
by such specifications, should normully obtain significantly similar results.

The state of preservation of the material may often affect the measurements,
eapecially in the case of soft parts. Accordingly the method of preservation and the
degree of contraction or relaxation of the parts should be noted.

Observations of colour should when possible be referred to one o’f the standard
soales in general use, e.g. * Nomenclature of colours for naturalists, R. Ridgeway,
U.S, National Museum, 1912; ‘ Code des couleurs & I'usage des naturalistes, artistes,
commergants et industriels,’ P. Klinksieck, Paria, 1908,

5. TESTS OF SIGNIFICANCE.

The oritical stages of the statistical examinations of a body of data are reached
in the app!icaﬁont:rgf_ what are known as testa of significance. ~(See Section D, 3-8.)
Thede are essentially tests whether the difference between two (or the variance among
several) groups is or is not greater than can with reasonable probability be aseribed
to the variability found within each group. The ultimate value of the conclusions
to be drawn from any data depends upon the procision and validity with which such
tests can be carried out ; oonsequsnt.ly it is advisable that inveatigators, whephur or
not they undertake the work of statistioal analysis, ahould have a general acquaintance
with the nature of such teats, and, where the case does not seem clear, should seek
the advice or co-operation of a statistician.

B. Presentation of Data.

1. An incomplete & oation of a sample is never to be preferred to & complete
specification, ¢.g. greatest, least and mean length is an incomplete specification
(8ee below).

. 2. SINGLE-VARIATE DATA.

r & ginglo messurement a complete uﬁiﬁo&ﬁm of a sample may be. given by
rooorx‘d?ing the nen:her of cases obeerv,;d to in sucoesaive intervals of magnitude.
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Example: Length of ouckoo’s egg (after O ¥ Lasteri. ]
tangth class, mm. - 180 194 mu WL o 218 220 225 930
Frequency 5 s . 1 I o W s 157 392 288 286
tength class, mm. . - 5 MU0 M5 WH T me Wy Total
Frequenoy ’ . . 100 B8 2] VLS i 1572
A series of numbers arranged in this way form what is called ¢h R e

tion of the sample.

The total of 1572 eggn is distributed in 16 length classcs, ench with » tanee
bialf & millimetre, esoly ¢lass being specified by its central length. This the astes
under 21:5 mm. indicates thit 162 of i e supe meamred were judged to lie beiwwes
the precise limitn 2126 and 2176 mm. The rlass tangs uesil not be equal to the
unit of memsurement, but should be (either one unit or | an mtegral number of such
units; the table above was condensed from a record LIving the leagth to 0:1 mm,

A fruitful source of bins is avoided, at the time the mensurements are actually
taken, by using length classes bounded by the divisions marked on the measu
instrument used, instead of the more common practice of using length olasses cent
on visible divisions, and hounded by imaginary ones. Tho effect’of the latter pro-
cedure. appears to be especially noticeable in micro-measurements. If working with
length olasses of 1 mm. adopt class boundaries of 0-1, 1-2, 2-3 mm., &e., with class
centres at 05, 1-5, 2.6 mm., &e. If working with length classes of 0:5 mm, adopt
1}:&3 boundaries of 0-0'5, (-5-1-0 mm, &e,, with class centres at (+28, 0-75, 1:25 mm.,

Measurement groups free from bias, bounded i divisions which can he accurately

visuabise},
Units Half unita
0 1 2 3 4
—_— — e

Groups usually employed, centred on divisions which can be accurately visuslised.
but bounded by imaginary divisions.

‘The use of small units is less important than acouracy of the c¢lass boundaries, and

it is above all essentinl that these boundsries nhoul({y be clearly indicated. For

example, headings such as these are ambiguous : '

Age . 2 . 6 years 7 years 8 years
Frequency . - 16 38 62

It is impossiblo to tell whether the 38 individuals were between 7:0 and 80,
or between 6:5 and 7:5 ; the former interpretation adhering to the popular convention
of age, the latter to the scientific convention of specifying the central measurement
of each class,

In the choice of the class interval, which should be wniform throughout, little
additional information is supplied by & very fine classifiontion ; for material which is
apparently homogeneous a class interyal equal to a quarter of the Standard Deviation
is sufficiently small: this will usually be provided for by dividing the material into
about 20-25 claases. Coarser groupings are by no means valueless,. To bring out
the peculiaritiea of heterogeneous material finer grouping will somatimes be required.
Small samples should not be grouped more coarsely than large samples, Kxtreme
measurements should never be pooled ns, e.g., ‘more than 25 mm." 3 since in the atatis-
tical treatment the precise determination of these is of particular importance,

3. NUMMARY OF S¥oLE MEASUBEMENT Dama,

f space does not allow o somplete specification of the observations, these may be
summariged by means of & few quantities caloulated from them ; each of these quanti-
ties is technically termed a statistic, If thie course be taken, great care snd some
additional knowledge will be needed to make the summary adequate, For instance,
the mean and range of the lengths of the individuals of & sample contain only & small

U2




CORRELATION TABLE.

CENTRAL VALUES OF 23 LENGTHB CLABSES.
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ton of the information available from the orviginal data, and for this reason, if

y be recorded alone, needless innoouracy is introduced, L

For an important class of cases of homogeneous samples, an adequate summary

+ be given by stating two statistios only ; namely, conventional estimates of the

an and the variance of the population sampled.

(@) The arithmetic mean of the measurements, defined as the sum of the measure-

-~uts divided by their number.

() ‘An estimate of the variance caleulated from the sum of the squares of the

ieviations from the arithmetic mean by dividing it either by (i) the number of indi-
ittuals in the sample, i, or by (ii) one leas than this number, n—1. With large samples
1 isseldom of importance which divisor is adopted, and the former met.hog has heen
<he more widely employed in biology. Attention is called to the latter method for
o other reasons than that: (A) it is somewhat the more accurato in using the Normal
wobability function of tests 5 (a) and 8 () (Section D), if the variance there employed
‘s been estimated from the sample ; (B) it 18 upon this convention that the table
ul ¢ for tests 5 (h) and 0 (b) hus been caleulnted : (C) it alone should be used when it
i desired to average the variance ag ¢stimated from several independent samples,

From the variance two other quantities may be calenlated : (i) the Standard
Deviation is the square root of the variance; (ii) the sempling variance of the mean
may be estimated by dividing the variance ag estimated from the sample by the number
in the sample ; this measures the amount of variahility to be expected smong means
of difforent samples of the same size drawn fairly from the same population ; its square
root provides an estimate of the Stundard Error of the mean,  Large samples, if equally
homogeneous, will consequently enuble finer distinetions (o be drawn than can be
detected with confidence in smaller samples.

IPor samples of the normal form (Seetion 11 4, the two quantities (a) sad (b)
provide o complete statistical summary. Such s summary, though often valusble,
cannot be regarded as complete when the distribution of the sample is unsymmetrical,
or in other ways differs eleavly from the normal form.

4. BIVARIATE DaATa,

If two measurements arc taken on each individual the sample may be completely
specified in & two-way or correlation table. The arrangement of such a table may
be illustrated by the example on page 292.' In the table are recorded the measure-
ments of the Length and Breadth in cm. for cach egg in a sample of 956 eggs of
the common Tern (Sterna Fluviatilis). The class interval i3 ‘05 cm. for each
measurement. The table shows, for example, that 18 eggs were found with a
breadth between 2:95 and 3:00 cm. and a length between 4:05 and 4-10. The figures
in the two murgins give the total distributions for length and breadth respectively.
The table supplies in a compact and readily available form the whole of the infor-
mation supplied by this collection respecting (i) the variation in length, (ii) the
variation of breadth, and (iii) the co-vaviation of length and breadth.

It is not necessary, however, that both or either of the variates should be quantities
capable of numerical measnrement. For inslance, observations upon the colouring
of eggs in a nest in relation to the type of environment in which the nest has been
placed could equally well be recorded in a two-way table. In such a case the group-
ing in one direction would be bused upon a graded colour-scale and that on the other
by & series of environmental classes, such as green plants, speckled shingle, brown
sand, &c. In the following table, taken from the same source, the two characters
considered are (a) ¢ Value ' of ground-colour of one egg from a nest, and (b)  Value’
of ground-colour of a second egg from the same nest.

The -75%, -6’8 and -25’s among the frequencies arise because in cases of une
certainty in classification a half-frequency was assigned to both, or a quarter to al
four of the possible groups. The colour-value classes w,—w, were described with
the aid of a coloured plate in the Memoir, (The table hag been made symmetrical by
entering each puir of egps twice, first with one egg as “first egg* and the other as
‘ samng egg ' and then in reversed order.) In this table there is seen to be s marked
clustering of frequencies along o diagonal ; for instance, when the “first egg ' falls in

! This and the table on page 294 are taken from a paper in Biomelrika, vol. xv,
pp- 294-345.
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class w,, in the largest number of cases (101:5) the *second egg’ is also in this ches
and the next largest numbers are in the neighbouring classes wy (95-5) and w (75-%%

‘ Value ’ of ground-colour in first egg.
LA ' W, W, [ Ws | W, ' wi | w, g Totals
; | |
= 3 8 | ¢ 1755 | 16 ;8| — 17
W, 8 ‘ 44 40 19 8 f -6 | —= 123
W, 2 40 | 135 68 295 12 2 2885
Wy 175 | 19 68 153 | 9525 | 41 9 | 387
W 15 6 205 | 9525 | 1005 | 755 | 13 322:5
W P oAl 6 12 41 | 1575 | 126:5 ‘ 28 290
| we = e 2 9 | 13 .| 28 30 82
fou o S : . ‘
‘ 17 123 | 2885 |387 132256 @ 2900 82 | 1510

The mere arrangement therefore in the table brings out the similarity in colour-
value between eggs in the same oluteh.

With pairs of measurements the same considerations as to class interval should
be &pglied, as with single variates, save that with close associations a finer grouping
may be reguired to make the class interval as small as a quarter of the average
standard deviation of the arrays (separate rows or columns).

5. SUMMARY OF A Two-wAaY TABLE.

In all cases where two characters are considered the results can be displayed most
compactly in o two-way table, and this forms a convenient buasis for the calculation
required if it is wished to study the relationship between them. Where the data
are in the form of numerical measurements, as in the first example, and if they con-
form to what is termed a Normal Correlation distribution, the contents of the table
may be described by five quantities. These, in addition to being useful in them-
selves, will serve as a statistical summary of the data when the two-way table cannot
be presented in full. These are (i) and (ii) the means and (iil) and (iv) the
variances of the two marginal distributions, and (v) the * product-moment coefficient
which is caleulated like the variance from the deviations from the means, using the
products of the deviations of the two variates (having regard to the positive and
negative a';g-n of these doviations) inatead of the squares of the deviations of & single
variate. From the three latter statistics any of the following may be at once obtained,
one or other of which will in almogt all cases be of importance in the interpretation
of the data. Denoting the two variates by x and y,

(a) the regression coefficient of y on x is the ratio of the product moment coeffi-
cient to the variance of x; here x is regarded as the independent variate, and y
a3 dependent upon it ;

(b) the regression coefficient of x on y is the ratio of the pifdduct moment coefficient
to the variance of y ; .

(c) the coefficient of correlation is the geometric mean of the two regressions, and
may be found either from them, or by dividing the product moment by the
geometric mean of the two variances, or by the product of the standard deviations.
(Bection D, 2.)

This method of description becomes inadequate if the material differs markedly
from Normal in the form of its distribution ; in such cases the two-way distribution
table should not be replaced by a summary.

6. MoreE THAN Two VARIATES.

There is no compaot form for the complete publication of sets of three w more
measurements. When the number of individuals is not too great, these may be set
out sersatim, each eoupying a line of the table. If the number of class vom bamations
is sufficiently small, which can only occur if very broad classes are emplowed, it may
happen that the clsss combinations and the corresponding frequencies of vcearrence
ocan be compaotly listed, For storage in a form ready for immediate ww, cerds are
recommended, each card representing an individual with ite numerivel mensures
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-utered in corresponding positions on the different cards. A key card should always
ue prepared giving the significance and units of the several entries on the individual
vards

An incomplete but valuable record of a large number of individuals measured in
more than two characters is provided by the pregsrat;ion of every ible two-way
table, Thus with seven varintes, twenty-one tables will specify the simultaneous
distribution of the samples for every pair of varintes. Such a record, though
incomplete (because it does not specify which values of all seven characters were
nsgociated together in an individual, but only considers them in pairs), will yet
provide & basis for all calculations ordinarily conducted.

7. GrAPHIC METHODS.

Diagrams should be frecly used in exploring the character of the relationship
between two closely related variates. In plotting two sets of yalues against each other,
we may take absolute values, or the reciprocals of the absolute values of one or both,
or the logarithms of one or both, and eo forth. 1f a straight graph is obtained by any
one of these methods, it suggests a particular type of mathematical relationship, the
recognition of which may facilitate the detection of the biological process or mechanism
involved.

Diagrams provide no adequate substitute for the tabular presentation of data,
or for the eritical tests necessary to examine their conformity with the hypotheses
they suggest. In the publication of results their purpose is to illustrate and make

lain particular facts selected for emphasis by the author, and not to establigh sugh
acts, It i not necersary to publish every disgram which has proved ugefnl in
studying the data.

C. The Interpretation of Results and Tests of Significance.

1. In carrying out any statistical analysis it is necessary to bear in mind the
distinetion between the following :—

(1) The population which has been sampled.

(2) The true measurements of the sample available.

(3) The messurements of these individuals as recorded.

Provided that thespecification is adequate and that the errors of measurement are
amall compared with the real biological varintion among the individuals of the sample,
it may be assumed that (3) provides no adequate description of (2). The problem
that remains is to consider what may be inferred legitimately from the measurements (3)
regarding the population (1), Tt needs little experience to realise that the average
menasire of some character found in a ssmple; or the percentage of individuals falling
into certain groups, may often differ considerably from the values in the po ulation
sampled, snd further that two samples will themselves often differ considerably
from one another. The problem is therefore to obtain criteris which will enable
a judgment to be formed as to whether the variation in a gample ix of statistical
pignificance (see Section D, 3-8); or is not more than might be ex pected to arise from
the ehance fluctuations of random sampling. : . =

By mathematical analysis it has been found pomible to determine the variation
due to random sampling of some of the most important desoriptive measures or
statistics, such as the mean or the standard devistion of a series of observations.
A dofinite measure of probability can therefore be assigned to the ocourrence of a
particular value of the statistic in a random sample. In general, the procedure is to
ealoulate the ratio of (8); the difference between the statistic and the quantitative
character of the population of which it is the estimate or between the correspondin
statistics in two samples, to (b), the Standard Ertor or an estimate of the Standar
Error of that difference. sud then to obtain (he probiability from the appropriate
table. :

The nature of the probien, van be indicated most readily by considering two typical
examples. ) i

(1) Suppose there to be a pupuletion of individuals whose frequency distribution
for measurements of & single character 1« Normal (Rection D, No. 4); and thal the
mean measurement is known to be 2256 cm. while the standard deviation is 1-54 cm,
Then it is possible to state by reference tu the wppropriate table that unly m about
Lwo cases out of one thousand should we expeet to find & mean of 25 vm 1 more
in & random sample of twenty individuals. Ur supposing that the only available
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information to be contained in the sample of twenty, with mean of 23:56 om. and
& standard deviation of [-44 em. by the use of the appropriate probability table, we
oan assigu a measurs of probability of 7 in 1000 for the mean in the pulstion sampled
lying outside the range 22:56 om. to 24-56 om. (Section D, No. 5b). It follows that,
in whichever way the problem is presented, one is justified in concluding that it is
most unlikely that the difference botween the sample mean (23:56) and the population
mean (22-56) can be due to the chance flugtuation of sampling, It is therefore what
is termed a significant, difference, the causo of which must be sought elsowhere.

(2) Another type of illustration is as follows :—

Suppose that in & Mendelian experiment there are theoretical reasons for ex cting
vatios of 2:1:1 in three frequency groups. In a sample of forty the foﬂgwing
frequ_enm?s are observed : 22, 7, 11, Thore it is possible to say that a divergonee
from the ‘ expected frequencies of 20, 10, 10 as great or greater than that observed
will oceur in the long run on fifty-five random samples out of one hundred, or in other
words that the divergence is not at all exceptional (Section 1, No. 8).

2, THE DISADVANTAGE oOF SMALL SaMPLES,

In both the examples that have been given, the samples contained only a small
uumber_ of observations. [f the di.nt-ribut_?:m of the chalsacbe'r or chnracte{s inn:;hL
population is known it is possible to obtain s measure of the probability of drawing
4 given sample, however small that sam le may be. But when the sample only is
known, the nature of the population can be inforred with far less precision ?rom small
than from large samples. The difficulties in interpretation to which this may lead
¢an again be illustrated by the previous examples,

(1) Suppose that in addition to the sample of twenty observations with mean
of 23:56 om. and standard deviation of 1:54 om,, there is & second sample of twenty-
five with mean 2314 om, and standard deviation 1461 om. Then in neither caso is it
possible to estimate the mean of the opulation sampled with sufficient precision to
conclude that the two samples have Leon drawn from different, populations, The
position may be put into exact terms by stating that on the evidence available a

erence, one way or the other, befween the means as great or greater then the.
ohserved 042 em. would ocour in thirty.sven cnses out of one hundred in the
random drawings of two samples from the same population,

If, howevor, the samplés had been each ten times as ln e, viz. 200 and 250, it

would have been possible to obtain & more precise estimate of the latiof I
and to infor that they had almost certainly different means, ispuenn b:se?;lm
by saying that for these lurper samples & difference in means of 042 cm, or more
\ﬁ_znlg) be expreted 1o b forind in only five cases out of one thousand (Section D,
(2) If two possible hypotheses existed aa o the Mendelian ratios, viz, either 2 : | - 1
or9:3: 4, the evidence provided by the sample figures 22, 7, 11 would be quite innde-
quate to distinguish between them. It has Jeen seen that the odds are 55 to 45 in
favour of obtaining so great a divergence from the expected numbers on the first,
h.yp'oumm‘a. and for the seoond hypothesis the corresponding odds are 925 to 75 in
favour, These figures would not justify the aceeptance of one hypothesis rather than
the other, for the observations are not improbable on either hypothesis,
.. 1§ however, the sample hud been of 400 and the group frequencies 220, 70, and 110,
it is found that samples witl as or more divergent frequencies would only ocour;
gn) in 25 cases in 10,000 if hypothesis 2: 1: 1 were true;
b) in 49 cases in 100 if hypothesis 6 : 3 : 4 were true,
It follows that now the evidence is sufficient to show that the first hypothesis is
mtf_ 1m5ro£&hlsej while the second is still in reasonable accordance with the facts
ion D, No, 8),

and may justify conolusions which would otherwise be doubtful, The size amp

18 not, however, always a mere matter of the number of individual:mmm? “l?a%ll:
unit may be s district, a season, or a completo and lengthy experiment, and for such
cases the more exaoct. methods appropriate for small samples will be partioularly
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D. Notes on Methods and References.

The greater part of the procedure and niethods of snalysis indicated below was
“vab givon in memoirs which appesved in journals such as T'he Philosophical T c-.
wa of the Royal Society, The Philosophical Magazing, Biometrika, The Journal of
- Roim{ Statistical Society, Metron, dec. The fullest collected information i
wbably contained in the ollowing books, for which dotailed page roferences are
dven below :—
(A) A. L. Bowley. ‘'Pho Elements of Statistios,’ King & Son, London. 1920,
(B) R. A. Fisher, *Statistioal Methods for Research Workers.”  Oliver & Boyd,
Edinburgh. 1925,
(C) T. L. Kelley, * Statistical Method.' Maomillan, New York, 1923,
(D) G. U, Yule. ‘An Introduction to the Theory of Statistics.” Griffin & Co.,
London. 1927,

(1) Computation of the Arithmetic Mean, Variance and Standard Deviation,

(A) pp. 251-265. (B) pp. 48-54. (C) pp. 4548 ; 77-82.
(D) pp. 108-113 ; 134-141.

() Definition and Computation of the Product Moment, Coefficient of
Correlation, and Regression Coefficients.
(A) pp. 350-335 ; 380-383, (BY pp. 114-125 for regression.
pp. 146-150 for correiation.
(C) pp. 161-104, (D) pp. 157-188.

(3) The Standard Error and the Probable Error.

The standard error of a descriplive constant or statistic measures the amount of
variability to be expected between the values of that quantity found in different
samples of the same size drawn at random from: the same material.  1f ¥ represent
the variance in the population, then o/+/R is the atandard error of the avithmetic mean
for samplea of N individuals. Since in the study of natural variation the varisnce of
the population is unknown, we must use instesd the variance ns estimated from a
sample or group of samples, taking care to employ mothods which made due allowance
for the sampling errors so introduced, i

Owing to the fact that it the distribution of 4 variate be Normal, 50 per cent. of
the observations will lie within the rango taken from ‘6745 % standard deviation
below to a corresponding distance above the mean; this multiple of the standard
deviation has been fermed the Probable Error. Thus -+ 6743 o/ N is termed the
probable error of & mean, by which it is implied that the means in samples of N will

as often fall inside ag outside limits greater and less than the population mean by
67456 ;/%. As it is always necessary to find o or an estimato of o before the probable

error ean be oaloulnted, it is always simpler. aud more conformable to modern practice,
to measure variation by the standard crror rather than the probalile error.

(4) Tests for Normality.

The distributions given above of the length of Cuckoo's egg and the length and
breadth of Tern's egg may be taken as roughly representing the Normal form, This
is typified by a central concentration about the mean and o symmetrical tailin off
of the frequency for positive or negative deviations; in accordance with a definite
mathematical law. -

In dealing with samples containing only a few observations, it ig only possible
to detect wide deviations from the normal form. The test, which is sensitiv only
for large samples, involves the ealeulation of the third and higher moments followed
by & comparison of the values obtained from the sample with those to be expeoted
from a normal distribution having the same varinice,

(B) pp. 54-56 or Phil. Trans. vol. 1944, 1902, p. 278,







