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Introduction

| assert... that in any special doctrine of nature there can be only ds pnojger science
as there is mathematics therein. For... proper science, and above alf patpeal
science, requires a pure part lying at the basis of the empiricalpient in
Metaphysical Foundations of Sciehce

Though modern philosophers of science recognize the inappsy@$st of the
reduction of all scientific investigations to mathematmathematics and science share a
long history with one another during which mathematicslieeen employed as a major
component of scientific argumentation. Over the lasinty years, rhetoricians have done
substantial work studying the role of argumentation inneei§Bazerman 1988; Gross
1990, 2002; Myers 1990; Fahnestock 1999); however, despite the ingeootfan
mathematics in making scientific arguments, littl®efhas been made to understand the
role mathematics has played in making these argumentswohk represents a move to
resolve this shortcoming by investigating the role of nattes in arguments in
evolutionary biology from the middle of the nineteemthhe beginning of the twentieth
century.

In Science in Culture: The Early Victorian Peridslusan Cannon argues that in
the opening half of the nineteenth century the scienees tkansformed by two
fundamental changes in the way that natural investigaiaere conducted. First, unlike
the previous century, there was a greater drive to talke of all kinds. This urge

resulted in what historian lan Hacking calls an “avatencf numbers” (Hacking 5). Data

on medical conditions, suicides, crimes, marriagesthes, geology, electricity,

! Immanuel KantMetaphysical Foundations of Natural Sciened. Michael Friedman (Cambridge:
Cambridge UP, 2004) 6.



magnetism, etc. were called for by scientists, p@its, and tradesmen and collected as
interest in these phenomena developed (Cannon 225-234).

Second, in addition to an increased drive to colled,dbere was also a change
in the manner of treating evidence. The first halhef mineteenth century witnessed the
rise of the mathematically equipped scientist. Whetgasiathematical sciences had
been confined to astronomy and geodesy in the eighteentiryg, in the beginning of
the nineteenth century mathematics began to expand sbutihe of magnetism,
electricity, fluids, and even to sociology. This exgian, along with the reverence
accorded to the already established mathematical scjesugggests a growing belief
among scientists and natural philosophers that mathexhatguments represented the
gold standard for describing and reasoning about natural phend@emaon 234).

The mass collection and mathematical assessmeéat@for scientific purposes
which began in the first part of the nineteenth centuoyiges the context for
understanding some of the rhetorical choices of an fapbgroup of natural
philosophers and biologists in the second half of theucgmwho developed arguments
about the nature of variation, evolution, and heredityhe works of Charles Darwin,
Gregor Mendel, Francis Galton, and Karl Pearson, argisifierm probability and
statistics play important roles, from ethical supporti@ir arguments to sources of
invention for claims.

In addition to showing the importance of these matt@al fields as resources
for developing ethos and argument, the use of mathenmatiosse biological arguments
also reveals the limitations which these types of asgusiface. Despite the generally

accepted belief among scientists that mathematicsaveasverful ally, there were also



disagreements over what could be treated mathemwtaoadl who was qualified to speak
on these issues. In certain cases, challenges trumped atgunvented from or
supported by mathematical principles, operations, or faeul

The goal of this work is to investigate the roles afistics and probability in
making arguments about variation, evolution, and herédlitye late nineteenth century.
In chapter one, “Arithmetic of the Species,” the rdiguantification and arithmetical
operations in Darwin’s arguments in t@egin of the Speciewill be examined. The case
will be made that, though ti@rigin is not overtly mathematical, closer inspectionhef t
arguments in the text and other writings of Darwin vélteal the degree to which he
employs quantification to add an ethos of precision tadgaments. In addition, it will
also discuss the importance of arithmetical operatimh&lping him discover the
principle of divergence of character.

The second chapter, “Drawing Back the Vell,” preseriged history of
probability and statistics for the purpose of explainioge of the mathematical concepts
that come to play a prominent role in the developméhtodogical arguments in the
latter half of the nineteenth century. In additiordascribes in greater detail the socio-
historical context in which these ideas and practige$/ed to become a central part of
the debate surrounding these biological phenomena.

Chapter three, “Hidden Value,” examines the argumentsedd@ Mendel in his
groundbreaking work in genetics, “Experiments in Plantridybation.” It investigates
the role of the principles, operations, and formulaeombinatorics, probability, and
statistical thinking in making his case for the regulavityhe distribution of characters

over generations, the independent segregation and integaddtcharacter pairs, and the



independent and equal contributions of parental charactpesag) Additionally, this
chapter explores the reasons for the failure of thesthematically informed arguments
to find an audience despite their mathematical rigor.

Francis Galton and his arguments for a theory of tranand heredity based on
the law of errors in his seminal woNatural Inheritancds the subject of the fourth
chapter, “Contours of Heredity.” This chapter examineskietorical factors that
contribute to Galton’s success in approaching variationhenedity with the principles,
operations, and formulae of the law of errors andssitd. It also examines his
arguments and explains how the law of error servas asganizing analogy for his
description of the hereditary process and reproductive mgtsoT he case is made here
that the success of Galton’s persuasive campaign cattrimited to multiple factors
including his ethos, his relatively orthodox position endality, and his use of an overt
campaign to persuade his readers to accept the applicatiom lafv of error to
biological phenomena. It will also be argued that Gatdiatural Inheritancdaid the
groundwork for the resurgence of Mendel at the turn otémeury.

The final chapter, “Behind the Curve,” explores the argumef the
mathematician Karl Pearson in his paper “On the Rri@e@f Homotyposis and its
relation to Heredity.” The central focus of this chapgdo understand to what degree
mathematics was accepted by biologists in the last deddte nineteenth century and
to what degree the acceptability of a mathematical lirrggument is contingent on the
acceptability of a biological line of argumentationohder to answer these questions, |

explore the rhetorical context in which the mathecahirguments in Pearson’s



Homotyposis paper are made and his theoretical assumptions variation and
heredity.

This investigation of the rhetorical situations of thdsar biologists, their
arguments, and the role of the principles, operationd, farmulae of probability and
statistics supports the notion suggested by Cannon that nathation had a major
impact on the nature of scientific evidence in the newte century. What it also
suggests, however, is that, though mathematized argumagthave had a great deal of
credibility within the scientific community in generagctors such as the stature of the
rhetor and of their biological theory within their spexifiiscourse communities played

an equally important role in the persuasiveness of thgumaents.



Chapter 1: Arithmetic of the Species: Darwin and theUse of
Mathematics in Argumentation

During the three years which | spent at Cambridge my time wagdvast far as
academic studies were concerned.... | attempted mathematics, andeetelumng the
summer of 1828 with a private tutor... | have deeply regretted thatodigdroceed far

enough at least to understand something of the great and leading principles of
mathematics.... But | do not believe | would have succeeded beyond awgrade.-
Charles Darwirn his Autobiography
The characteristic bent of Charles Darwin’s mind led him to estaltis theory of
descent without mathematical conceptions; even so Faraday’s mind wottkeddase of
electromagnetism. But as every idea of Faraday allows of mathemdeiwaition, and
demands mathematical analysis in its modern statement, so every Diaanvoi—
variation, natural selection, sexual selection, inheritance, prepoteaegrsion—seems
at once to fit itself to mathematical definition and to demand staisticalysis. Karl
Pearsorin Biometrik&

In order to follow the development of the role @ftstics and probability in
making arguments about evolution, variation, and hereglisyimportant to start by
looking at the man whose arguments provided not ontyrétieal foundations for the
modern study of evolution and variation, but also irpn for modern mathematical
approaches to these subjects. That man, of courseaige€Darwin whose seminal work
The Origin of the Specigalthough not the first text to suggest evolution, waditist to
present in a systematic and well-supported fashion the temets of evolution including
the all-important mechanism of natural selection.

The purpose of this chapter is to explore the rolegretise quantification and

mathematical operations and principles play in the deveént and support of Darwin’s

position inThe Origin of Specieas well as to establish a starting point from which to

2 Charles DarwinAutobiographieseds. Michael Neve and Sharon Messenger (London: Pengois.Bo
1986) 30.

3 Karl Pearson, “The Spirit of BiometrikaBiometrikal.1 (1901) 3-4.



understand the larger developments in the mathematizat@arguments in evolution,
variation, and heredity from the middle of the ninetkdatthe beginning of the twentieth
century. To accomplish these goals, | will argue, @gtro most current scholarship,
that Darwin employs mathematically informed argumémtsupport his conclusions on
variation in domestic and natural stocks of organisnesgiistence of competition
between organisms for resources, and the importandeeséitly in succeeding in the
struggle for existence. In these arguments, Darwinsrelemathematical symbols,
operations, and principles to supply the evidence andne sases, the understanding of

nature needed to build his case for evolution and natueaksan.

Mathematics and Arqgument

Before discussing the specific mathematical features audiges that Darwin
employs in supporting and inventing his biological argumenisfirst important to
understand clearly what is intended here by the term “mathes” as well as what roles
mathematics can play in making arguments. Admitteahgthematics” is broad and
fairly ambiguous term referring to a whole host of syrapoperations, formulae, and
principles designed to represent quantities or magnitudethaineperations,
interrelations, combinations, generalizations and aligire? For the purposes of this
investigation, however, the concept of mathematicsheillimited to the particular
symbols, operations, formulae, and principles frond$ief arithmetic, statistics,
probability, and combinatorics that are used to make argurabatg variation,

evolution, and heredity in the latter half of the neeztth century.

* “Mathematics,"Merriam-Webster'Sollegiate Dictionary 10" ed. 1998.



When making an argument, mathematical symbols, opesatimmmulae, and
principles can play two distinct roles. On the onedyahey can be used sigpportfor
non-mathematical conclusions or traditionally qualitatimes of argument either by
adding precision or by adding an air of rigor or deductivatade to arguments. On the
other hand, mathematical operations and principles casdzbtodiscoveror inventnew
lines of argument. New arguments can be discovered whdrematical principles and
operations guide the rhetor to adopt a particular quaktatigument. They can be
invented when mathematical principles themselves sertheaource for a new line of

argument which does not exist in more traditional linesoof mathematical argument.

Mathematical Darwin?

Although Pearson, in the quotation above, recognizesdafo@ntal mathematical
inspiration in Darwin’s theories, Darwin scholars wiave investigate@he Origin of
Speciedave either ignored or mostly dismissed the idea thdtenaatics plays any
significant role in his efforts to make the case farletion and natural selection. A
survey of 17 books and articles on this subject, moshafhwwere published in the last
twenty five years, reveals the uniformity of this scholarly dismissama@ng the book-
length works, few texts make any association betwe¢hamatics and Darwin’s
arguments and those that do (Gale 1982, Ghislen 1969, antid4@) predominantly

comment either on the lack of mathematical reasonitigeirext or on Darwin’s inability

®> See Appendix A for a full listing of the books used inghevey and the results of the survey for each
text.



to use mathematics even if he had wanted to. A reviesikgburnal article¥on the
development of Darwin’s arguments also reveals ad&ckscussion of the role of
mathematics iThe Origin of Specie®©f the six journal articles surveyed, only two
mention mathematical reasoning at all. Of those twaty, one (Browne 1980) clearly

asserts the value of mathematical reasoning to Daraigisments.

Mathematics in The Origin of Species

An examination of selected books and articles whichuds®arwin’s arguments
provides statistical evidence that the majority of modarwin scholars do not believe
that mathematics plays an important role in supportingw@nting arguments ifihe
Origin of SpeciesThese statistical results raise the question: dfiamatics plays such
an important role iTheOrigin why is it that so few scholars have bothered to write
about it?” There are, | believe, several reasons fer Eiist, a cursory review of the text
itself reveals that there are very few places whesthematical symbols, numbers,
tables, equations, etc. are used. This scarcity of matieahnotation is puzzling even to
those who argue in favor of the importance of mathesat The Originlike Janet

Browne® who comments on the scarcity of mathematics ineke

® See Appendix B for a full listing of the journals used inghevey and the results of the survey for each
text.

" All told, out of 17 texts specifically devoted to discussimglogical contents and/or development of
Darwin’s argument, only three clearly suggest that nmattlies has any significant role to play (Browne
1980, Ghislen 1969, and Bowler 1990). That works out to about rolig#yof texts recognizing the
importance of the role of mathematics to Darwinguanent, 11% dismissing it, and 71% ignoring it
altogether.

8 Janet Browne is a leading Darwin scholar and biographerhas written extensively on Darwin and his
work.



That Darwin’s botanical arithmetic has been neglecteligiprians is partly his
own fault. InOn the Origin of Specidse barely referred to his botanical statistics
or the long sequence of calculations which he had underfakarl 854 to 1858.
He compressed and simplified these into a few meagegrnagtas, giving his
reader only six pages of statistical data to fill outdiseussion of “variation of

nature” in Chapter I1. (53).

Despite its absence in the actual text, a brief rewksgelected materials
including Darwin’s notebooks, the published manuscript of hig $pecies book” and
the first two chapters of that manuscript, which were ghblil separately in 1868 under
the title The Variation of Plants and Animals Under Domesticatieneal the extent to
which mathematics influenced the development of his teeol these publications,
Darwin supplies his readers not only with lists of guatitie evidence and calculations,
but also with occasional glimpses of the degree to wihiebe data and calculations
helped him formulate his conclusions about natural seteatid evolutio.

The existence of mathematical symbols and operatiothese extrinsic sources,
however, still does not explain why, if they were spamtant to Darwin’s argument, the
majority of them were left out of his text. The aeswo this query is provided by Darwin

himself in the introduction ofhe Origin.

| can here give only the general conclusions at whiclvé laarived, with a few

facts in illustration, but which, | hope, in most cagéssuffice. No one can feel

° See Appendices C, D, and E. These examples are expiaidetail later in the chapter.

10



more sensible than | do of the necessity of hezegfiblishing in detail all the
facts, with references, on which my conclusions haenlgrounded; and | hope

in a future work to do this. (4)

Here, Darwin explains that he is able in the texgite only a general outline of
his theory and as a result has to forgo presenting tleadata and discussion that he
might have otherwise provided. The reason for this breévitlgat he has been rushed into
publication as the result of the emergence of Alfred Riudsadlace’s theory of evolution
which, for all intents and purposes, offered the samelgsions as his own. In addition,
Darwin’s lack of specific, quantitative detail may haeei a strategy to make his work
accessible to a wider readership for whom a dense dattexictvould have seemed too
formidable.

Besides the infrequency of mathematical symbols and apesan The Origin
critics such as David Hull argue that Darwin could nénzare employed mathematics to
model or predict the actions of evolution and natur@csieln even if he had wanted to.
In his bookDarwin and His Critics Hull takes the position that because of the subject o
his research — unpredictable forces that varied overtithere was no available

mathematics to aid him in prosecuting his argument:

Darwin could not help but know the crucial role which reathatics had played in
physics, since Herschel had repeatedly emphasized it Diddsurse but it did
not seem to be in the least useful in his own wotkatogy.... For Darwin,

mathematics consisted of deductive reasoning, and hasiedrgreatly

11



“deductive reasoning in the mixed sciences.” In his own wwglseldom was
presented with a situation in which he could use such deduetasoning. He
was constantly forced to deal in probabilities, and m® @uld tell him how to

compute and combine such probabilitig-13)

Here Hull reasons that because the forces with whatwID was dealing were so
complex, they could not possibly have been handletidynathematics which existed at
the time. Although basic mathematic principles of philiig and statistics did exist at
the time Darwin was working, Hull is reasonably justifin assuming that the
mathematized statistics needed for modeling the spreatiation through populations
of organisms, which would become the hallmark of populaj@metics in the 1930s, had
not yet been developed. The fundamental problem witlptsgion, however, is that
Darwin’s goal was not to predict the probability or motiel detailed spread of
variations through populations of organisms. Instead, the&his argument was to
prove that in the past, organisms had varied over tirdelat the force guiding the
spread of variation through populations was natural sefedfiove understand Darwin’s
work with regard to these goals, the sophistication ®hththematics necessary to
support and discover arguments is drastically lowered.

In addition to the fact that Darwin had the abilityusee mathematical resources in
his argument, he would want to present as rigorous amarjuas possible for what he
realizes is a controversial position. Hull recognieswin’s interest in increasing the

rigor of his arguments.

12



Darwin criticized Lamark and Chambers, not for suggestieghanisms of
evolution which he thought were mistaken, but for fogstimeir views on the
scientific community without sufficient effort at caueformulation and
verification. Lamark and Chambers looked upon the prodessemtific
verification as a very casual affair. Darwin looked ufzese matters as of utmost
gravity.... Darwin emphasized the importance of providingieical evidence for

scientific hypotheses (10-11).

Given that mathematics was becoming an increasingipitant feature of
scientific argumentation in the physical scienceBafwin really were trying to be more
rigorous in his arguments, then using precisely quantifiedeace and employing
mathematical principles and operations to discover argismevuld be obvious means
of making his arguments more disciplined in the mind offsiific” audiences. This |
contend is exactly what Darwin is attempting to do inedlgving his arguments fdrhe
Origin.

A brief examination of the context, arguments, andvastofThe Origin of
Speciesuggests that Darwin could make his arguments using mathahmpatreiples,
symbols, and operations, despite his own admitted lackattiematical genius. Though
these types of arguments are admittedly not prominethiei text, their presence behind
the scenes as a driving force for Darwin’s arguments is Iplelend will be made clear in
the following sections through a detailed analysis of Dr@siaarguments in the first four

chapters ofrhe Origin

13



Variation under Domestication

In the first chapter oThe Origin,“Variation Under Domestication,” Darwin
begins to carefully construct his arguments in suppatolution and natural selection
by providing evidence which suggests 1) that organisms are hilgislycoand can be
made to vary to a great degree and 2) that this variatiommulates over time resulting
in populations of organisms which were once related bewpphysically distinct. In
order to ease his readers into the critical evidence rgocinents he will make later in the
text, Darwin begins by approaching these issues in termdawhiliar process, domestic
breeding. Though some of the persuasive strength of the angimthe first chapter
comes from the breeding analogy, mathematical cdlonlfrom precisely quantified
empirical evidence also supplies necessary supportdarate that not only does
variation exist in domestic breeds, but also thatatams can be accumulated over time
through breeding.

One of the major hurdles that Darwin must overcon@der to convince his
readers that species evolve over time is that héohagplain how organisms which were
once similar to one another could become physicallyndistHis strategy in the first
chapter to overcome this obstacle is to present aderewith a case of domesticated
organisms which reveals how much a species can be YaAr@mayh human intervention.
Darwin chooses a population of organisms which was pofaridéreeding and which
boasted many distinct varieties: pigeons.

After a general introduction laying out the various posgion the degree and

time of occurrence of variation in domestic breedsharhals and plants, Darwin

14



discusses the spectacular physical differences thathetiseen certain breeds of

pigeons.

In the skeletons of several breeds, the developnighedones in the face in
length and breadth and curvature differs enormously. Tigesha well as the
breadth and length of the ramus of the lower jaw, vamieshighly remarkable
manner. The number of the caudal and sacral vertebrg@avaoes the number

of ribs. (20)

Although no specific quantities are identified in Darwiag&sessment of the
differences between varieties of pigeons in thisggessclaims like, “The number of the
caudal and sacral vertebrae vary,” suggest that the eeidintcs to be at all reliable,
had to have been derived from the actual counting and casopant vertebrae in
skeletal samples from the different breeds of pigelonfact, Darwin had indeed made
these measurements but published them latEhénVariation of Plants and Animals
Under Domestication® A series of tables in this text provide the reader with
measurements not only of the number of caudal and sactalbrae, but also of the
average difference between the length of the feeiffefent species of pigeons and the
proportional difference between the length of the et the size of their bodies.

Darwin’s quantitatively supported argument of the degree tohagigeons vary
is an important first step in making his case for vemebecause it reveals the magnitude
of change that is possible in organisms. The next stepsisow that existing pigeon

varieties are related to a common progenitor and haveapeeedifferently over time as

19 See appendix C for the measurement charts.

15



a result of active human selection. In making thi cBsarwin challenges the primary
theory of natural diversity at the time: special ceratiAdherents to the theory of special
creation held that variation in organisms could be expthnot in terms of the
transformation of a single distinct population of orgams into a multiplicity of varieties,
but by the existence of wild stocks of organisms which atieal for each of the known
varieties. In order to cast doubt on this positionvibarelies on a comparison between

the number of wild stocks and the number of domestietasi of pigeons:

If several breeds are not varieties, and have not désddrom the rock-pigeon,
they must have descended from at least seven or eigihgiabl stocks.... But
besides C. livia, with its geographical sub-species, twibyor three other species
of rock pigeon are known; and these have not any aftthmcteristics of the

domestic breeds. (21)

A quantitative comparison of the number of wild varietiad the number of
domestic breeds reveals that there is no one-to-@melation between the number of
domestic and wild varieties. This discrepancy castes dwutite special creationist
position of the fixity of organic forms. Darwin’s theooy evolution, however, is able to
account for the difference. It suggests that if we alloat populations of organisms vary
over time, there is no need for the existence of s¢¥@nmal progenitors, only the

existence of a seriEsof related forms that reveals the incremental chaimgetgeons.

™ |n arguing for a series, i.e. an incrementum argumearyin is presenting his reader with what Jeanne
Fahnestock argues Rhetorical Figures in Sciendg quintessentially a quantitative scalar argumentef t
more and the less: “As its first essential featundnarementum has to be formed according to some
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In The OriginDarwin argues that such series of forms do exist amang th
domestic breeds and that this series can be visually eeddrycuxtaposing closely

related pigeons at different levels of the taxonomyrwne another:

Although an English carrier and a short-faced tumbliéerdimmensely in certain
characters from the rock-pigeon, yet by comparing theraésub-breeds of these
varieties, more especially those brought from distanntries, we can make an

almost perfect series between the extremes of stru¢f4e

In this opening salvo of his argument, Darwin relies on giaéire comparisons
in order to make the tentative case that selectiovigge a better accounting of the
empirical evidence presented by an investigation of bregutangices than special
creation. First, he relies on descriptive arguments stgghby quantitative comparisons
to make the case that selective breeding has been atskate significant variations
within and among domesticated pigeon breeds. Next, heigiaely compares the
number of domestic and wild stocks of pigeons to support higieton that variation
from a single wild progenitor has led to the current degreéversity among
domesticated pigeons. Finally, he argues for the existeracearfes of forms, an
argument which is based fundamentally on a quantifiaiclease or decrease of some
character. Although these traditional lines of compagaktasoning are often posed in
natural language ifhe Originor in terms of qualitative features, they are fundaaign

guantitative comparisons which are supported in some bgspsgntitative data.

principle of ordering, and by far the most common ppiecof ordering is by increase or decrease in some
guantifier or attribute” (Fahnestock 95).
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Variation under Nature

In the second chapter ©he Origin “Variation under Nature,” Darwin turns his
discussion from the effects of selection on domesgiecies to the possibility of selection
without human intervention. His goal in this chaptdbiprovide arguments and
evidence that variation is a natural process that caadpithout human intervention
from isolated individual organisms to large populationsughothe process of natural
selection. He achieves this goal with the help of quatité comparisons and
mathematical calculations, which prove that not ongythe taxonomic categories found
in catalogues of species fuzzy, but also that the sairites fuzziness can be accounted
for by conceiving of diversity as the result of the dymapnocess of continual variation.

In the first portion of chapter two, Darwin sets up mguanent by refuting the
position of special creationists who believed that epeties identified in a taxonomic
hierarchy marked a unique creation which was readily idahtéiby the existence of an
indelible set of features. He argues that if this positiere true, then there should be a
definite consensus among naturalists about which orgamisimsged in which particular
category. In order to test the veracity of this agsion, Darwin undertakes a

guantitative comparison of the categorizations madestgral experts in the field:

Compare the several floras of Great Britain, of Eearor of the United States,

drawn up by different botanists, and see what a surprising@wuaof forms have

been ranked by one botanist as a good species, and byraamthere varieties.
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Mr. H.C. Watson, to whom | lie under deep obligation fesistance of all kinds,
has marked for me 182 British plants, which are genecalgidered as varieties,
but which have all been ranked by botanists as species...r gadera, including
the most polymorphic forms, Mr. Babington gives 251 spewibsreas Mr.

Bentham gives only 112, - a difference of 139 doubtful for(d)

Through this comparison, Darwin reveals that evesehresearchers who claim a
high level of expertise in plant identification andegairization come to astonishingly
little agreement concerning which organisms should be rarskedrgeties within a
species and which as separate species. By doing a queatiaslysis here, Darwin
provides evidence, using the naturalists’ own numbersthbdioundaries between
species, varieties, and genera are not as well definéeabelieve. By casting doubt on
the ability of the special creationist theory of cheaefined taxonomic categories to
account for the empirical realities of nature, he ta®éhe opportunity to present his own
theories of evolution and natural selection, which déleelses more adequately account
for the data.

He opens the second portion of the chapter by cleafilygaut for his readers

his position:

Hence | look at individual differences, though of snrakrest to the systematist,
as of high importance for us, as being the first ste@tds such slight
varieties.... And | look at varieties which are in angi® more distinct and

permanent, as steps leading to more strongly marked arelparmanent
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varieties, and at these latter, as leading to sub-spangto species.... | attribute
the passage of a variety, from a state in which iedsfivery slightly from its
parent to one in which it differs more, to the acodmatural selection in

accumulating... differences of structure in certain defidirections. (44).

In these lines, Darwin presents his reader with a visfativersity in nature as a
dynamic process rather than a static condition. igeess that the small differences we
observe in individual organisms can spread throughout siveesnerations making the
offspring of those individuals slightly different frotine general population from which
they originated. These differences can widen througltomtinued accumulation of
variation and eventually transform distinct variet@® distinct species. This whole
dynamic process, Darwin argues, can be attributed to haakeation which he defines
as, “the preservation of favorable variations and tfeetien of injurious variations”
(68).

Once he has established his position on the source aratiehraof diversity,
Darwin presents his readers with quantitative evidensepport it. Using available
botanical compendiums, he calculates the number ahimatl varieties belonging to
species with the greatest estimated populations of orgamshopes of discovering
some general pattern in or connection between tlpesges: “I thought that some
interesting results might be obtained in regard to #tera and relations of the species

which vary most, by tabulating all the varieties inesal well-worked floras” (45). The
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results of his tabulation reveal that there is aedation between the size and range of a

species’ population and the number of varieties recordettidd specie&’

In any limited country, the species which are most comrtizat is abound most
in individuals, and the species which are most widelyskd within their own
country... often give rise to varieties sufficiently Wwedarked to have been
recorded in botanical works. Hence it is the most f&bumg, or, as they may be
called, the dominant species... which oftenest produce wekedaarieties. (45-

46)

What Darwin discovers, or confirms, as the resulisfcalculations, is that the
more populous species tend to have a greater numbemafietkevarieties associated
with them. This correlation is accounted for by his dgitatheory of natural diversity
because statistically such a correlation betweesitt@eof a population and the
development of sub-populations would be expected as lpogedations would have a
greater number of variations which might be spread hyrakselection. Darwin in fact
suggests this correlation in the first chapter of tkewden he writes, “I must now say a
few words on the circumstances favorable or revéosman’s power of selection. A high
degree of variability is obviously favorable, as freeljirgg the materials for selection to
work on” (35).

Although the correlation between the size of a spemeshe number of varieties
connected with it seems to support Darwin’s argumentdiwarsity in nature is the result

of the spread of variations, he recognizes that moeerdast be presented if he is to

12 See Appendix D for Darwin’s mathematical tables
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prove that this relationship is a general fact of natem#owing his examination of
species and varieties, he conducts further calculatioassess whether or not the

principle holds true for the relationship between genedaspecies.

If the plants inhabiting a country and described in any Ferdivided into two
equal masses, all those in the larger genera being plaaatkcside, and all those
in the smaller genera on the other side, a somewlggtr laumber of the very
common and much diffused or dominant species will be faunithe side of the

larger genera. (46)

Here, Darwin reaffirms that the same quantitativeedation which exists
between species and varieties also exists betweenagameispecies. His calculations
reveal that the larger genera, those with five or rspeies, had species with a greater
number of varieties.

Strengthened by the accumulating evidence, Darwin makesta@emphasize

the success of his theory in accounting for the pattewealed by his calculations:

From looking at species as only strongly-marked and aedlhed varieties, | was
led to anticipate that the species of the larger ganexach country would
oftener present varieties, than the species of tladlemgenera; for wherever
many closely related species... have been formed, maretigaror insipient
species ought, as a general rule, to be now forming...h®ather hand, if we

look at each species as a special act of creatiomg ihao apparent reason why
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more varieties should occur in a group having many spebes,in one having

few. (47)

In addition to playing up the success of his prediction, Dealso challenges the
special creationist position to account for the samalteedf the different taxonomic
categories did in fact represent unique populations of orgartisah shared no
relationship with other populations, then what wouldoaot for the correlations which
his calculations reveal? Though opponents of his theagitrairgue that these
correlations are random coincidence, Darwin suggeststhat the fit between the
patterns he describes in the quantitative data and thegsro€ variation that he proposes
in his theory is too good to be coincidental.

Not sufficiently satisfied with the scope of the evideme has presented and
analyzed thus far, Darwin ends this portion of his argumath the discussion of an
even larger data set to ensure that his claims conceterfipra of England are not
simply a unique case. In the final data set, he expan@vidisntiary support from
calculations of ratios of genera, species, and varigtiese country to an analysis of

ratios between these different taxonomic levetamifferent countrie$®

To test the truth of this anticipation | have arrahtfee plants of twelve countries,
and the coleopterous insects of two districts, intolpéano equal masses, the
species of the larger genera on one side, and thoke sialler genera on the
other side, and it has invariably proved to be the casatlager proportion of

the species on the side of the larger genera preseetiesithan on the side of the

13 See Appendix E for Darwin’s mathematical tables
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smaller genera. Moreover, the species of the largesrgevhich present any

varieties, invariably present a larger average numbeareeties than do the

species of the small genera. (47)

As with the plants of England, Darwin finds in thangk and insects in 12
different countries a correlation between the ratibgopulation sizes and the amount of
variation in sub-populations at different levels ad taxonomic hierarchy. This evidence
supports his hypothesis that diversity in nature is a reflecif a dynamic process of
variation driven by natural selection and challengesethsting paradigm of special
creation because that theory cannot account for thisrestypattern of correlation.

An analysis of Darwin’s argument in the second chapies shows the
importance of quantitative comparison and other matheahaterations in supporting
his theories of evolution and natural selection. Inajpening portion of the chapter, he
uses quantitative comparison with precise numerical vatuelallenge the veracity of
the existing paradigm of special creation by revealiagj dimong experts there is no clear
consensus on the categorization of organisms in naderases this discrepancy as an
opportunity to present his own theory, which, he argues,aasounts for the difficulties
in developing taxonomies.

Once he has cast doubt on the theory of his opponedtsfiered his own, he
then accumulates evidence to support it. With the hedppwéviously calculated ratio, he
concludes that patterns of correlation exist betweersitte of populations and the
development of variation within related sub-populatiditeese connections between the
sizes of these different taxonomic levels suggesttanpadf variation. Without the

support of overt quantitative comparisons and behind #hsescmathematical operations
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such as addition and the computation of ratios, Darvaeirgement for the existence of
variation for natural selection would have been purneécalative. But by using and
comparing actual data about variation in populations, Daisiable to make a
compelling case for variation based on the qualitativikwbestablished floral and

entomological experts.

The Struggle for Existence

Now that Darwin has established the basic premisesarigument, that variation
exists in natural and domesticated populations of organitiisquantitative support, it
is necessary for him to explain how this variation anglates in natural populations. In
order to accomplish this goal, he relies on arithmetiparations and quantitative
evidence to support his case by rendering the difficultb®erve action of natural
selection visible for the reader. In addition, he aédies on Thomas Malthus’ arguments
in his Essay on the Principle of Populatias a source of inspiration and support for the
existence of competition in populations, an argument wéled relies on quantitative
comparisons to make its case.

For Darwin, a struggle between organisms had to existier dor natural
selection to operate. Without competition, there waowlgressure driving the spread or
the extinction of variations in organic populations. Hekas the importance of this
condition known at the very outset of the chapter wlner admonishes his reader to keep

in mind the value of the struggle for existence in undedsbg the workings of nature.
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Nothing is easier than to admit in words the truth ofuthieersal struggle for life,
or more difficult... than constantly to bear this cosan in mind. Yet unless it
be thoroughly ingrained in the mind, | am convinced that theleveconomy of
nature, with every fact on distribution, rarity, aburnzirextinction, and

variation, will be dimly seen or quite misunderstood. (52)

Once he has highlighted the importance of the strugglexistence to variation,

he provides a definition of the term:

| should premise that | use the term ‘Struggle for Existence large and
metaphorical sense, including dependence of one being timeanand including
(which is more important) not only the life of the midiual, but success in
leaving progeny. Two canine animals in a time of dearth, lmeayuly said to
struggle with each other which shall get food and live. Bulaat on the edge of a
desert is said to struggle for life against the drought.... Atpldich annually
produces a thousand seeds, of which on an average onlgmes to maturity,
may be more truly said to struggle with the plants efs¢me and other kinds
which already clothe the ground.... In these several semdech pass into each

other, | use for convenience’s sake the general testrudgle for existence. (53)

Here, Darwin explains that the struggle for existenclides not only the efforts

of an individual organism to stay alive, but also its streigglleave as many progeny as

possible. In addition, he makes clear that individual sahand the survival of offspring

26



are influenced by competition between organisms in the gerpulation, competition
between organisms in different populations, and the seuwggin organism given the
conditions of its physical environment. By providing thisadled definition with
examples, Darwin reveals the complexity of the r@hesthips that are in play in the
struggle for existence.

Before Darwin can commence illustrating these caffie aspects of the struggle,
however, he decides to provide the appropriate explanatibow such a struggle could
develop in nature in the first place. For an explanati@ turns to Thomas Malthus’

Essay on the Principle of Populatih

A struggle for existence inevitably follows from the higterat which organic
beings tend to increase. Every being... must suffer sonteudgsn during some
period of its life... otherwise, on the principle of gednaeincrease, its numbers
would become so inordinately great that no country csugport the product.

(53-54)

With these words Darwin summarizes the point made alhds which is that
the growth of populations will eventually outstrip thecamt of resources necessary to
sustain them (Malthus 14). This mathematically informemiarent itself is not novel to
Malthus; however, he is the first, according to Donidch in his introduction of the
Essayto impart, “an added air of drama and precision to the sulwecontrasting the

geometric rate at which population was capable of incrgasit the arithmetic rate at

14 Darwin’s work drew on the"8and final edition of the text which was published in 1826lthMis’ text
was first published anonymously in 1798 with other editeymsearing in 1803, 1806, 1807, and 1817.
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which subsistence could be expanded” (MaltrsEssay on the Principle of Population
[1992], xi)

In book one chapter one of tBssay Malthus makes the case that if left
unchecked a population will increase geometrically using Asaempopulation statistics.
He chooses America as a model for population increasaulse at the time it was a land

with boundless resources and few inhabitants.

In the northern states of America, where the meégsalwsistence have been more
ample, the manners of the people more pure, and thesteeekrly marriages
fewer, than in any of the modern states of Europepdipailation was found to
double itself for above a century and a half successirelgss than twenty-five

years. (MalthusAn Essay on the Principle of Populatifi890], 4)

In addition to using American population statistics, Madt also turns to Leonard
Euler’'s (1707-83) calculations of mortality and births inathiuler also makes the case

for a geometric expansion of the population.

According to a table of Euler, calculated on a mastalf 1 to 36, if the births be
to the deaths in the proportion of 3 to 1, the period abdieg will be only 12
years and 4/5ths. And this proportion is not only a possilglpasition, but has

actually occurred for short periods in more place than ¢
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Euler’s calculations make a strong case that geomeinimr@lase can occur in a
short period of time; however, Malthus, in order to makechse seem reasonable,
adopts the rate of geometric expansion based on thal &cherican statistics rather than
the more hyperbolic rate of expansion suggested by Hillas, Malthus writes, “It may
safely be pronounced, therefore, that population, whehecked, goes on doubling
itself every Twenty-five years or increases in a getimratio” (4).

Once he has made the case for the geometric indrepspulation using a
conservative estimate based on American population datheh turns to his home
country of England as a model for making his point thadl fe@duction increases only
arithmetically. He begins this portion of his argumenttayirsg that there is no available
means of determining the rate of increase in food producfithe rate according to
which the productions of the earth may be supposed to s&réavill not be so easy to
determine” (4).

Without available quantitative data to support his assgrivialthus supplies his
reader with a qualitative example of food production igl&nd. He argues that in British
agriculture all of the best land was already in usdabany expansion of agriculture
would be into land that yields less and is more diffitmiarm. As a result, “the
additions that could yearly be made to the former avgregguce must be gradually and
regularly diminishing” (6). For the sake of argument, howele allows for the
supposition that the gains to the yearly average productitimelgddition of these newly
acquired farming acres would remain consistent. Based ®agbumption, he concludes
that, “the produce of this island [England] might be inseelbevery twenty-five years by

a quantity equal to what it at present produces” (6). lratbeds, it could only add
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every twenty five years the amount which it currentlydoices. As a result, the best
possible scenario for food production, “considering the pteseerage state of the earth,
the means of subsistence, under circumstances thdawostble to human industry,
could not possibly be made to increase faster than amilimetic ratio” (6). Malthus

forecasts the differing rates of increase as follows:

Let us call the population of this island eleven milliangd suppose the present
produce equal to the easy support of that number. Inrgiaviienty-five years the
population would be twenty-two million, and food being alsabled, the means
of sustenance would be equal to this increase. In thewenrty-five years the
population would be forty-four million, and the means dfssstence only equal

to the support of thirty three million. (6)

Malthus thus employs both quantitative and qualitatsgimptions and evidence
to make the case that population growth if unchecked waputckly outstrip the food
resources needed to sustain it. Darwin begins his argarfontatural selection based on
this quantitative/qualitative reasoning. He argues that &isgeime that a natural
population will eventually outstrip the resources thataaaglable for its members, then
we must submit that eventually resources will diministh arcompetition will ensue.
Thus, a struggle for existence will develop.

Following his postulation of how a struggle for existenceettgys, Darwin

provides his readers with quantitative evidence that in manyaiggopulations the limit
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of resources has already long been reached, and thiegstruggle for existence has

begun to operate.

Linnaeus has calculated that if an annual plant producedwalgeeds... and
their seedlings next year produced two, and so on, thsveinty years there
would be a million plants. The elephant is reckonedttwvest breeder of all
known animals, and | have taken some pains to estinsgteobable minimum
rate of natural increase: it will be under the mark suae that it breeds when
thirty years old, and goes on breeding till ninety yeaislwinging fourth three
pair of young in this interval; if this be so at the efthe fifth century there

would be alive fifteen million elephants, descended fthenfirst pair. (54)

Based on simple calculations of exponential increatieese two hypothetical
situations, Darwin establishes that without the destmicif organisms or a diminution
of the number of offspring that survive, populations of {gamd elephants would far
exceed the current numbers we observe in nature.athéhat they do not, however, is
evidence that in some populations of organisms the linhitden their numbers and the
resources they need to sustain themselves has alreatdselaebed and the struggle for
existence has taken hold.

In other cases, however, Darwin describes situationgioh organisms are
introduced into a new environment with less competitmrrésources. The result is an

explosion of the organic population. This too provides evidérdde veracity of
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Malthus’ principle of population by suggesting that in cagksre resources are plentiful

populations will increase geometrically.

So it is with plants: cases could be given of introdyglants which have become
common throughout whole islands in a period of less tha years. Several of
the plants, such as the cardoon and a tall thistle, nost numerous over the
wide plains of La Plata, clothing square leagues of sudhmest to the exclusion
of all other plants.... In such cases... no one supposeshthtrtility of these
animals or plants has been suddenly and temporarily inckréas@y sensible
degree. The obvious explanation is that the condibbiife have been very

favorable. (54-5)

Once Darwin has provided compelling evidence that Malthus’ iptenof
population is an established axiom of nature which accountedadevelopment of a
struggle for existence, he then proceeds to provide his reatlerdetailed examples of
the different manifestations of the struggle for existerl@eaccomplishes this by
collecting and describing quantified evidence drawn from his @vgervations or
experiments. In order to illustrate the destructionrghaisms through predation and the
struggle for resources, he presents the results obberation of and experimentation

on a plot of weeds in his back yard.

On a piece of ground three feet long and two wide, dug &aded, and where

there could be no chocking from other plants, | markethalseedlings of our
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native weeds as they came up, and out of the 357 ndh&es295 were destroyed,
chiefly by slugs and insects. If turf which has long beewm.. be let to grow,
the more vigorous plants gradually kill the less vigordus,gh fully grown,
plants: thus out of twenty species growing on a Iité of turf (three feet by
four) nine species perished from the other species beingeallto grow up

freely. (57)

In this description of his experiment, Darwin begins l®spnting his readers
with a quantitative analysis of the destruction of {ddyy predators that takes place
during the period of observation. His numbers reveahtagnitude of the destruction. In
addition, the quantification of this commonly observddti@nship between prey and
predator sets the stage for the more-difficult-to-olesstiuggles between organisms
competing for limited resources. In the second porticih@®experiment, he presents
evidence for the operation of these more intangiblegsses. In order to make this
invisible competition visible, Darwin tallies the numlad species that appear as
seedlings and then allows them to grow up. Afterwarelgatculates the number of
species which survive. This strategy allows him to provide daéimg evidence that,
despite the difficult-to-observe nature of this commet, a struggle has indeed been
taking place between the different species of weedhélimited resources of this small
plot of land.

In the portions of the chapter which follow his turf exypent, Darwin moves his
reader from simple, small-scale examples of the skeuigg existence resulting from

predation and the competition for resources to more sagteti regional scenarios
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involving complex natural forces. In the next part ofdigcussion in chapter three, he
opens, as he did in the previous section, with a tanfgbidiar example of how changes

in climatic conditions can effect the survival of popialas of organisms.

Climate plays an important part in determining the ayeraumbers of a species,
and periodical seasons of extreme cold or drought,é\eetio be the most
effective of all checks. | estimated that the wirde1854-55 destroyed four-fifths
of the birds in my own grounds; and this is a tremendousudéisn, when we
remember that ten per cent is an extraordinarily severgality from epidemics

with man. (57-58)

Though his discussion of the destruction of birds by the weéd not necessarily
employ quantitative data to reveal the reality of ddatim extreme cold in animals,
Darwin’s use of a specific quantified example does hayeraentative value. First, it
provides his reader with a sense of the magnitude of tbet ¢fiat climate can have on a
species’ destruction. By giving an estimate of four-fitbishe birds on his grounds and
by comparing this to quantified descriptions of the numbéuafans that die in a severe
epidemic, ten percent, Darwin creates a contrast wiediopes will connect with his
readers. Second, it makes the death seem real not oobnhgcting it to human loss,
which they can understand, but also by providing a quantifieztiggen of an actual
population of birds in an actual place during an actual tilnes lending verity to

evidence which might without specification seem more Hygtatal than actual.
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Once Darwin has provided concrete quantitative evidence to support
magnitude and reality of the direct effect that climze have on populations of
organisms, he then proceeds to give a more nuanced qualéapianation connecting
the destruction of populations through environmental factotiset struggle for existence

in populations of organisms.

The action of climate seems at first sight to beegutiependent of the struggle
for existence; but in so far as climate chiefly acteentucing food, it brings on the
most severe struggle between the individuals, whetheedfame or of distinct
species, which subsist on the same kind of food.... Eaclespeds constantly
suffering enormous destruction... from enemies or compstito the same place
and food; and if these enemies or competitors be ile#st degree favored by

any slight change in climate, they will increase imbers. (58)

Here, Darwin provides his reader with a presentati@oofe of the abstract
connections between the conditions of the physical @mwient and their effect on the
survival of organisms. For Darwin, the effect of climathange in nature is more than
simply a condition which eliminates portions of orggmipulations. Instead, it is a
contributing factor to the struggle for existence becausavitrsely affects the amount of
resources available to the surviving populations, requiringuhgvors to enter into an
even fiercer competition for sustenance. This expiangirovides his readers with a hint
of the complexity in the relationships between diff¢relements in an organic

environment and their effects on the magnitude of the seudggkurvival.
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In the final section of the third chapter, Darwireatpts to verify the
connectedness of organisms to one another and tethaionment in regard to their
struggle for existence. He accomplishes this by providing datwéi evidence from his
own natural observations of how small changes in aasgstem” can have far reaching
effects on the organisms that abide in them. One obitm@es he gives is the

introduction of a single type of fir tree to a portiof barren heath.

There was a large and extremely barren heath, whichéwaat been touched by
the hand of man; but several hundred acres of exaetlyaime nature had been
enclosed twenty-five years previously and planted withcécfir. The change in
the native vegetation of the planted part of thetheas most remarkable... not
only the proportional number of heath plants were wheiignged, but twelve
species of plants... flourished in the plantations, whiehawot to be seen on the
heath. The effect on the insects must have belegrsiater, for six insectivorous
birds were very common in the plantations, which wereto be seen on the
heath... here we see how potent has been the effdat afttoduction of a single

tree (59-60)

In this example, Darwin supplies his reader with quadigvidence to illuminate
the nearly invisible strands that link the survival of g®together. His observation
illustrates to his readers the wide-reaching effectsam small changes in an

ecosystem, such as the introduction of the scot@nélrthe enclosures which protect
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them, can have on the success of many different tfp@ganisms in their struggle for

existence.

Natural selection: calculating diversity

With the evidence and arguments in place supporting Darwosgion that
diversity in nature is the result of the spread ofatarns through populations of
organisms and that a struggle for existence takes plaaure, he can finally describe
in full detail species formation by natural selectiontHe fourth chapter afhe Origin of
Speciesmathematical computations and representations helpohitiscover and provide
evidence to support a new line of argument: that the chgegsified an organism is, the
better that organism will do in its struggle for existence.

Darwin argues that when a population reaches an equihdoetween its
numbers and resources the only way that that populediorrontinue to grow is if it is
able to expand into a new ecological niche with underebgalaesources. He uses the

example of a carnivorous quadruped to make his point.

Take the case of a carnivorous quadruped, of which the nuhdieran be
supported in any country has long ago arrived at its fulleaee If its natural
powers of increase be allowed to act, it can succemdreasing... only by its
varying descendants seizing on places at the present attypaher animals:
some of them, for instance, being able to feed on new kihpiey... some

inhabiting new stations. (93)
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This expansion, however, requires more than just a sudntigtion of character. It
requires a substantial change. As a result, Darneisomes that the same struggle for
existence which influences organisms to diversify also pressbhem eventually to
diversify to a great degree.

Darwin’s principle of divergence of charactex an important component in
describing the development of variation in nature becawsewers a question which he
and his critics considered a major obstacle to any yh&orariation: “How do the small
differences that are observable between populationssdlg related species and
varieties grow into the large differences that welsge/een genera, families, etc.?”
(Browne 74). Initially, Darwin thought that variation svalways minute; however, with
the introduction of new mathematical techniques for catmg the boundary between
large and small varieties, species, and genera he conchatdtis was not always the
case.

In one of the few scholarly works confirming the valdenathematics in
developing Darwin’s ideas, “Darwin’s Botanical Arithmetiedathe ‘Principle of
Divergence,’ 1854-1858,” Janet Browne argues that Darwin’s tjave: analysis of
populations in the second chapter also encourages hinctvéishe principle of
divergence of character that solves the problem ofasang variation.

In the initial stages of his calculations of the raad varieties to species, Darwin
divided the total number of organisms he was investigatiog‘iatge” and “small”
groups and calculated the average number of speciesgertbea belonging to each of

these groups. He then used the average number of spdcidated for a large or a small
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group as a benchmark for determining whether genera coulchbelemed large or small
(Browne 79).

Though these calculations revealed that those gendra ffarge” category had
the most species and that those species had the miesiegawhich supported his
position on the relationship between the size of a papalaind the number of favorable
variations, these computations were based on assumpbons what constituted a large
genus or species to set the benchmark for category memybeather than on
calculations of the actual average number of variébiethe species and species for the
genera being examined. As a result, the categories raprdsenly assumptions of
relative estimates of size rather than precise astisnbased on a standardized method of
comparison (79).

A communication from (Sir) John Lubbock, the son ofidia’s neighbor at
Down in the early summer of 1857, appraised Darwin thidibg his case on assumed
estimates of size created problems in establishing ratjadefiensible definitions of the
categories “small” and “large” for his genera. Althoughmiia was initially skeptical
about Lubbock’s proposed approach, he eventually did rewodstimates according to

Lubbock’s suggestion with good results.

| have divided the New Zealand Flora as you suggested,ate&2$ species in
genera of 4 and upwards, and 323 in genera of 3 and less. Thee8&kshave
51 species presenting one or more varieties. The 323 spavie®nly 37.

Proportionately (339 : 323 :: 51 : 48.5) they ought to havelBald2 species

!5 This figure should be “339” but Darwin erroneously writd&9” in his letter. | am assuming that the
former is the correct figure because it appears tvddbavalue for the number of species in genera of four
and upwards.
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presenting vars. So that the case goes as | want iipbstrong enough, without
it be general, for me to have much confidence in. baite convinced yours is
the right way; | had thought of it, but should never hdaeee it had it not been for

my most fortunate. (Darwif;he Life and Letters of Charles Darwi61-62)

Lubbock’s additional suggestion, to work out the projgcteios of species and
varieties in the larger and smaller genera and compane to the actual ratios, provided
Darwin, according to Browne, with the evidence which iregphis principle of
divergence (82-83). What Darwin discovered in working o@fpitojected ratios of
varieties to species in large and small genera igrthihé case of small genera there are
fewer varieties than are expected or in the cat@gér genera there are more varieties
than expected. The result of these calculations dabaewin to shift his focus from the
guantitative relationship between the size of populatiodstlae number of variations

they produced to the qualitative nature of their variations

This change in emphasis made Darwin shift his gaze tsfon thesuccess
which large genera so evidently enjoyed. He suddenly saw thas not just
variation and the fortuitous production of “good” adaptatihgch induced large
genera to produce yet more and more species, but it veashals potency....
They [large genera] were, in fact, the very acme ofess; being more
widespread and more abundant in individuals than theilesncanfreres, and
also turning out more varieties in which “good” adaptatioere likely to

emerge. (Browne 86)
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The realization, that larger genera not only haveeatgr number of species and
varieties, but that this greater number of species ameties increases the likelihood that
a good adaptation will occur, led Darwin to the conclusi@at a population’s ability to
generate diverse offspring was the key factor to theiresscd hus, the mathematical
calculations that Darwin undertook to determine the enxagt®f variation in nature also
led him to the realization that there was a direct tatiom between the success of large
genera and species and number of variations they produced.

In a letter to Hooker in August of 1857, Darwin’s belief in tin@ortance of these

calculations to the development of his theory is evident

| intend dividing the varieties into two classes, as @say and Henslow give the
materials, and, further, A. Gray and H.C. Watson haasked for me the forms,
which they consider real species, but yet are very ¢sthers; and it will be
curious to compare results. If it will all hold good ivexy important for me; for

it explains, as | think, all classificatione. the quasi-branching and sub-branching
of forms, as if from one root, big genera increasing aiisg up, etc., as you

will perceive. But then comes in, also, what | cgdrmciple of divergence, which

| think | can explain. (Darwin and Seward 109).

In addition to directing Darwin’s attention to the im@onte of the potential

quality of diversification, mathematics also plays mpartant part in providing concrete
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evidence for the magnitude of the divergence that takes @h nature. As in previous

chapters, Darwin chooses literally to look in his dvackyard to find the data he needs.

The truth of this principle... is seen under many naturalmstances.... For
instance, | found that a piece of turf, three feet by iogize, which had been
exposed over many years to exactly the same condisappported twenty
species of plants, and these belong to eighteen gerteta aight orders, which

shows how much these plants differ from each otBdy). (

Here, Darwin’s description of a piece of turf provides dative evidence that
different niches exist in the polity of nature and fbatan organism to be successful in
its struggle for existence, it must find a way to divgrsi that it might exploit what is
now called a different ecological niche. The staggemingber of different species,
genera, and orders found in a three-feet-by-four-feet pieeef serves as a striking
illustration of the number of different ecological imés that can exist even in a small area
and the amount of divergence that can occur as a ogstdimpetition over resources.

Although this small-scale example is able to give his msaaie idea of the
magnitude of diversity among closely competing organisnages not provide evidence
of the benefits of diversity. Darwin attempts to rigathis shortfall in his previous
example by providing further quantitative evidence which suppatsonclusion that a
high degree of divergence from competition aids an orgaimsts struggle for survival.
In order to make this point, he relies on a statisacallysis of the success of non-native

species introduced into the United States.
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In the latest edition of Dr Asa Greyanual of the Flora of the Northern United
States 260 naturalized plants are enumerated, and these beld6g genera. We
thus see that these naturalized plants are of a higidystfied nature. They
differ, moreover, to a large extent from the indigef@sput of the 162 genera,
no less than 100 genera are not there indigenous, and Buge proportional

addition is made to the genera of these states. (95)

In order to argue that variation can lead to successmpetition, Darwin
identifies a sample of organisms that represent higligrse populations that have been
successful at colonizing a new geographic area. In thelsdmmpuses, roughly 62 percent
of the populations identified do not even share simidariait the level of genera with one
another. Once he has established that his samplaésnety diverse, he provides
evidence that this diversity has led to the succetisesk populations. He accomplishes
this with his calculation that out of the total of 162 gg@represented in non-native
species no less than 100 genera are exclusive to introdpeeigs while only 62 genera
have counterparts in the natural population. The largept&ge of exclusively non-
native genera thriving in North America, around 61 perqaolyides evidence that these
foreigners had more success in their adopted ecosystamdaeof their diversity.

In the fourth chapter dfhe Origin of Speciesnathematics supplies Darwin with
both inspiration and evidence to support the developofdrs theories of the natural
world. By working out the ratios for the number of spedhat might be expected in a

large-sized genera and the number of varieties thatt ib@bxpected for a given species,
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Darwin discovers that the actual numbers are higherttie@ratios. This leads him to
adopt the line of argument that not only do larger genedtaspecies produce more
varieties, but also that the quality of the varietiesy are producing allows them to thrive
more effectively by opening up new biological niches. Assailt of these calculations,
Darwin turns his attention to the role of diversitythve struggle for existence which
encourages him to formulate the principle of divergeriaharacter. Finally, he relies on
a statistical comparison of the number of native amdnatdive plants thriving in North
America to support this principle. The results of tasnparison suggest that diversity

does play an important role in the struggle for existence.

Conclusion

By the time Darwin publishe@ihe Origin of Speciesnathematical arguments and
evidence had already begun to make headway into scienisédeonf physics,
astronomy, and geodesy. The desire for rigor and predis@lhareas of natural
knowledge, which had encouraged this trend, is also eviderarimis arguments. On
inspection, these quantitative/mathematical argumerttenly provide support for his
position, but also inspiration. In the four opening chaptéihe Originwhere Darwin
makes his case for the fundamental principles driving &aedtahg variation in the
natural world, he relies on calculations and quantitatdaparisons to establish that
domestic and wild organisms can undergo variation, thata@e struggle for existence
exists, and that organisms whose variation is more pirgogal than others tend to be

more successful in the struggle for existence. In dhede cases, the simple operations
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of quantitative comparison as well as addition, subtmagctlivision, multiplication, and
ratios suffice to offer illumination of and persuasivguanents for the nearly invisible
forces of struggle, variation, and diversity that dloshape and reshape the facade of
nature.

Although the mathematical elements of the argumenisenOriginmay pass
undetected by modern scholars accustomed to the sophticateematical models of
twentieth century biology, under the scrutiny of his niaetk-century contemporaries
such as Francis Galton (chapter four) and Karl Peact@pier five), Darwin’s
arguments supplied inspiration to develop novel and more sophegl mathematical
approaches to the study of variation, evolution, and kigr&l looking at his work in
this larger context, it is possible to see it as an @eragement, if not a precedent, for the

use of mathematically informed arguments in the studlgesfe biological phenomena.
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Chapter 2: Drawing Back the Veil: Probability and Statisticsfrom 1600
to 1900

It is of primary importance to keep out of view man as he exists insulated, separate,
or in an individual state, and to regard him only as a fraction of the spdai¢hus
setting aside his individual nature, we get quit of all which is aot&deand the
individual peculiarities, which exercise scarcely any influence theemass, become
effaced of their own accord, allowing the observer to seize theajeasults. -Adolphe

Quetelet inA Treatise on Man and the Development of his Facufties.

The evidence provided in the previous chapter suggests thainResed
guantitative comparisons of data describing organic populabomsike his arguments
for variation, natural selection, and the principlelivergence of character irhe Origin
of the Speciedn chapters four and five, | will show how this metledérgument
influenced later researchers such as Francis GalwKarh Pearson to look for
inspiration and support for their hereditary theoriethénspecial topic$ of probability
and statistics. Before examining the role of these aptapics in their arguments,
however, a preview of the general concepts and methadharsocio-historical context
in which they develop is in order. This chapter supg@iésief introduction to the basic
philosophy and methodology of probability from its birttthe middle of the seventeenth
century to the period right before its transformaabthe beginning of the nineteenth
century.

In addition, this chapter offers a more detailed accotiobnditions in the
opening half of the nineteenth century which expand thegaploies and methods of

probability from astronomy and geodesy to human physiojogpchology, and society.

16 Adolphe QueteletA Treatise on Man and the Development of his Facu@eaénesville, Florida:
Scholar’s Facsimiles & Reprints, 1969) 5.

" Special topics are lines of arguments developed for usspecialized field, or as Aristotle stateJfre

Rhetorig “there are also those special lines of argument wdrietbased on such propositions as apply only
to particular groups or classes of things” (Aristotle 31).
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This expansion represents a revolution in probabilitysaatistics and creates the context
for the application of probability to the study of evolutigariation, and heredity and the
debates leading to the establishment of a modern genedig informed by the

methods and philosophies of probability.

The Seventeenth Century: Pascal, Fermat, and Huygens

The earliest period in which probability theory wasereintly developed, known
as the period of classical probability, began in thedtei of the seventeenth century and
extended into the middle of the eighteenth centurglassical Probability in the
EnlightenmentLorainne Daston characterizes probability in thisahgtage as a rational
calculus developed to combat the skeptical philosophy tlsalwb certainty was beyond
human grasp (Daston xi). This new “calculus of good seths®¥ inspiration from legal
situations in which decisions concerning equity had to erbased on unknown future
conditions (14). Gambling problems, for instance, servdbeasource of discussion in
the texts in which an organized concept of probabilitptheriginated. The letters sent
between Blaise Pascal (1623-62) and Pierre de Fermat (1601684 regard a
guestion of stakes in an interrupted game of chance pustalRay the Chevalier de
Mere. In these letters, Pascal and Fermat discuss/ffeghetical situation presented by
De Mere where a three point gathis being played in which each player wagers 32
pistoles. The game is interrupted when playéias won two games and playone.

The interruption raises the question, “How should thkes be divided?” Pascal argues

18 A three point game is essentially a series of threeave hands of cards in which the first player to win
three hands wins the pot.
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that since playeA has won two games already even if he were to lodesingxt round
he would still have walked away with half the pot, 32 pestoThis leaves 32 pistoles up
for grabs. Pascal reasons that because each matiifzapercent chance of winning or
loosing the remaining 32 pistoles, this portion of theghotuld be divided in half.
Consequently, playek should get 48 pistoles (32+16) and plaBeshould receive 16
(Daston 15-16).

In the exchange between Fermat and Pascal, twaateatrcepts of classical
probability,equality of chancandexpectationplay a central role in reasoning about
probable outcomes. Expectation is evident in Pascaisastion that playeA should
automatically receive half of the pot because whether meowtost in the next hand, he
would still be entitled to half. Equality of chance isogisesent in the assumption that
either player has an equal chance of winning or losinigemeéext round. This is the
rationale behind his argument that the remaining halfeptt should be split between
the two players.

At around the same time of Fermat and Pascal’'s comdspeae, Christian
Huygens (1629-95) was developing his own mathematical tretgraeégambling
puzzles which were published in his 1657 tredbseRatiociniis in Aleae Ludo
(Computations in Games of Chance). In this first publistieatise on probability,
Huygens, like Pascal and Fermat, also creates a calocixpectations which deals
with, “the division of stakes or the ‘reasonable’ pricea player’s place in an ongoing
game” (24).

The central axiom around which Huygens develops his thefaeypectation is

that of the fair game: “I take as fundamental for sgaimes that the chance to gain
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something is worth so much that, if one had it, oneccaghin get the same chance in a
fair game, that is, a game in which nobody standss&’ Iiquoted in Hald 69). According
to Anders Hald irHistory of Probability and Statisticsluygens’ explains the axiom

through example:

Suppose that somebody has 3 shillings in his one hand ante€’ather and that
| am asked to choose between them; this is so muclhworhe as if | had 5
shillings for certain. Because if | have 5 shillings | eatablish a fair game in
which | have an even chance of getting 3 or 7 shillingsyith be shown below.

(69)

In this passage, Huygens reasons that with five shillegsan establish a fair
game if the possible outcomes are to receive threevensshillings in exchange for
staking five shillings in the playing of the game. This faiagame because 1) the player
begins with an equal chance of receiving either the thrélee seven shillings and 2) the
possible gain from the bet is equal to the loss (bathvam shillings). Though this
explanation is slightly different from the ratioealiscussed by Fermat and Pascal, the
essential parameters are the same: there is an atipedf a fair balance between risk
and reward and either player has an equal chance of winnlagimag.

Most, if not all, of the early discussions of prolhigygilike those of Pascal,
Fermat, and Huygens, were limited to problems of gamblingt{€feee 157). The type
of probability dealt with was strictlst priori probability, meaning that the calculations of

expectations were made only in cases where the numpessible outcomes was known
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before the calculations of probability were made Hurygens’, Pascal's, and Fermat’s
examples there are two known outcomes. In Huygenseg#mee or seven shillings can
be won; and in Pascal and Fermat’s game, there is adsionbe a winner and a loser)
(Daston 26). The outcomes in any trial are considegedbrobable In other words, it
was just as likely that one outcome would happen as bee.dthis assumption is at the
heart of the concept of a “fair game,” which Huygengleys as the fundamental axiom
for his theory of probability.

Unlike the modern sense of the term “chance,” which cgsaesense of
randomness, the term “chance” in these early tematiad nothing to do with events
which occurred without rhyme or reason. Instead, theeqmingas used to describe a
preordained event whose precise outcome was unknown bstilvaskeeping with a

predetermined set of outcomes (10).

Jakob Bernoulli and Abraham de Moivre

In classical probability, the mathematics was limpedharily to problems of
gambling that involved very simple situations in whichdlegree of probability of an
outcome was assumed known: for example, it was as$timat one player at a game of
chance was as likely to win as another. In the leverseenth and early eighteenth
century, however, probabilists and philosophers of loggah to complicate probability

by introducing models in which the probability of an eveotld not be assumed.
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The problem of assumed or a priori probability was raisidlly by Pascal in
what is understood to be his work in the Port Rayajic'® (1662)and by the German
mathematician/philosopher Gottfried Leibniz (1646-1716) in hisspbphical
discussions of jurisprudence. Essentially, these work®eexpltuations in which rational
decisions must be made with insufficient evidence. ddasion maker begins with two
choices: guilty or not guilty in Leibniz’s case and to legaious life or to live a worldly
life in Pascal’'s. In these two choices, there exaspriori a true and a false answer. The
problem faced by the decision maker is that though teeaeorrect answer there is an
insufficient amount of evidence to identify which of thetoptions is correct. In
Leibniz’s case, there is insufficient evidence to sah wéirtainty whether the accused is
guilty or not, and, in Pascal’s case, there is arffiegnt amount of evidence for the
existence of heaven or hell. Because the true & primbability of each event is not
known, either 100% certain or 100% uncertain, the decisekenmust decide based on
the knowledge they have at the moment a decision Haess taade. In other words, they
must develop a subjective probability based on their oygeréence (Chatterjee 164-67).

Though Pascal and Leibniz were the first to introducetmeplication of
insufficient evidence into the assessment of probabihiy first person to develop
mathematical tools to deal with this problem was Jakabhd#li (1654-1705). In his
bookArs Conjectand{The Art of Conjectupe published posthumously by his nephew
Nicolas Bernoulli in 1713, Jakob Bernoulli developed aesyisfor dealing with
probability which operated on the assumption 1) that weeach a degree of reasonable

certainty about the a priori probability of an evemd &) that this can be accomplished

9 The title of this text is actuallrs Cogitandi(The Art of Thinking), however, the Port Royadgic is the
more popular title adopted for the text.
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through the use of many repeated trials (Chatterjee 168halpter four oArs
Conjectandi Bernoulli describes these principles mathematigaliyhat is known today
as “Bernoulli’s limit theorem.” The theorem makes tase that the calculated a
posteriori probability of an eveptgets closer to the true a priori probability of an event
P the greater the number of triadghat are conducted.

In his text, Bernoulli uses the example of a sealedbtiballs with a fixed ratio of
black to white balls from which drawings are made at ranaodnwith replacement.
Each ball is as likely to be chosen as any other (IDa288). He argues that if the ratio of
black to white balls iknown a priorj we can calculate the number of trials necessary t
“ensure that the ratio of black-to-white balls fallshirita certain margin of the true ratio
with a given probability” (238). The limit theorem thprovides the means of calculating
the number of trials it would take to reach a specifiedekegf certainty about the
underlying predetermined ratio of black-to-white balls.

Although Bernoulli’'s theorem allows that a high degréeantainty can be
established through a large number of trials, he recogthaeg is never possible to
reach complete certainty about an event, moving pratyafsdm the purview of the
dialectic to the jurisdiction of the rhetorical. Heggests instead that a “moral certainty”

can be established through probabilistic analysis.

That ismorally certainwhose probability nearly equals the whole certainty, so
that a morally certain event cannot be perceivedmbappen; on the other hand,
that ismorally impossiblevhich has nearly as much probability as renders the

certainty of failure moral certainty. Thus one thisgonsidered morally certain
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which has 999/1000 certainty, another thing will be morallyassible which has

only 1/1000 certainty. (Hald 248)

Bernoulli's limit theorem reflects standard seventkeand eighteenth-century
beliefs about nature. Like his predecessors, Bernoullnass that a certain order exists
in nature. This belief is evident in his limit theorem e¥hrelies on the existence of a
fixed and quantifiable a priori ratio of outcomes, evermthe ratio is unknown, in
order to calculate the relationship between the nuwire trials and the degree of
certainty that the outcome of those trials will gdmthe correct ratio.

Bernoulli’'s belief in the transcendent order of thingd his mathematical
solution to finding patterns in nature through collectin@ependent trials offered a
method for natural philosophers seeking to decode the Howture through empirical
induction, and, according to Shoutir Chatterje&tatistical Thoughta rational for the
development of a program of natural investigation joiniagjstics?° the collection and
presentation of quantified information, and probability, ¢thlculation, using the
mathematical principles of probability, of the degreeetitude for an event based on a
collection of quantified outcomes (Chatterjee 171).

In addition to supporting induction, Bernoulli’s limiidorem inspired the further
development of both statistics and probability in thet fralf of the eighteenth century.
Some of the most notable contributions based on hisytleeane from Abraham de

Moivre (1667-1754), who is credited with developing the conckatrmrmal

2 |n this definition | am not using the modern sensdefterm statistics which describes a discipline in
which both probabilistic assessment and statistioiiéction are united.
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distribution and with creating a formula by which thehability p of an event given a
large number of triala can be calculated (Daston 250).

In Miscellanea Analytic1730) andlhe Doctrine of Chancg4718, 1738, and
1756), De Moivre solves the problem of calculating a pasigerobability for a large
number of trials. His solution involves, “finding the proiy... whenn symmetric dice
with f faces marked 1, 2,.f.are thrown” (Chatterjee 176). The function by which he
solves this problem comes to be known as a probabilityrgeng function. Creating a
function by which the probability of an increasingly largenber of trials can be
calculated was an important contribution to the studdyrobability because, previous to
its introduction, calculation of probabilities for agda number of trials was extremely
arduous (Gonik and Smith 79). With this new relatively sinbpénique in hand, it was,
“practicable to apply probability theory to an indefinitilyge number of independent
events” (Porter 93). This provided for both a practicdl taeoretical expansion of
probability to work with large statistical samples anaiteate hypotheses about the
number of trials required for high degrees of accuraayduaction.

In addition to solving the problem of computing the probahifitcases with a
large number of trials, De Moivre is perhaps more inguly credited with conceiving
of the normal distribution, though it is clear thathmmself did not fully understand the
significance of his contribution. By deploying the newlyanted tools of calculus, “De
Moivre showed that whem, the assumed probability of an event was equal to .5, the
binomial distribution was closely approximated by a contirsudensity function which

could be described very simply” (Gonik and Smith 79). This tehsnction, called in
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modern parlance the “central limit theorem,” descréoesstribution which is bell shaped
with a mean of 0 and an area under the curve of 1.

The early eighteenth-century treatises of Bernamil De Moivre represent the
first important forays into the development of induetprobability. Bernoulli’'s limit
theorem established quantitatively the degree of reasamedd of an inductive
conclusion reached through repeated trials. This abdiyutantify the degree of certainty
for induction added a degree of validity to inductive reasohmgddition, De Moivre
refined Bernoulli’'s work adding a methodology for calcuigtthe probabilities for a
large number of trails. This methodology expanded theagin of Bernoulli's limit
theorem and made it more practical to apply in assesspeyimental outcomes. Also,
De Moivre was the first to describe the bell shap@dmial distribution which was to
take center stage in the nineteenth century as the atbdnstribution for a large range

of natural phenomena.

Pierre-Simone Laplace

The probabilistic endeavors of the seventeenth ang eighteen centuries to
reach a degree of moral certainty about the a priobgimtity of a phenomenon through
repeated trials continued to influence the study of induaticdhe late eighteenth and
early nineteenth centuries. Importantly, it influencezllork of Pierre-Simone Laplace,
who tried to develop a mathematical means of identifyinghiage of the distribution of
error and the limits for a homogeneous distributionanfses as well as means for

identifying true value for a series of observations.
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Between 1799 and 1825 Laplace published his five vollireatise on Celestial
Mechanic$' (Traite de Mecanique Cele$t@hose primary goal was, “to show how all
celestial phenomena derive from the principle of univensavitation” (Hahn 144). In
book three volume one, Laplace addresses the probleowofo assess whether or not a
comet’s orbit was parabolic. Laplace’s solution waftmulate an orbit shape from the
known data points with the smallest range of errathdfshape was parabolic, then his
hypothesis stood. If it was not, then the hypothessdrabolic figure could not stand
for the given data within the limits of observationabe (Gillispie 188).

Laplace’s earliest work on statistical inductiorGelestial Mechanicsought to
determine the range of observational error on the lbasalculations of the distribution
of values gathered from actual observations of coragdtiories. Finding this method
intractable, he abandoned it in favor of an approachdb@sea priori probability. The
point of view regarding the range of observational enmdeveloped with this approach
was similar to that used in statistical sampling in White mean error in a large number
of observations falls within predetermined limits (218). Wiehoped to do was to
determine the limits of error, its distribution, and thee value of a measurable
phenomenon. In order to do this, he developed what becama lasothe “central limit
theorem” which made the case that if observationg, ripeated an indefinite number of
times, their mean result converges on a limit suah than equal interval on either side
be made as small as one pleases, the probabilityngnagsult will be contained therein
can be brought so close to certainty that the differenéess than any assignable

magnitude” (Gillespie 218).

L Volumes one and two were published in 1799: volume three in ¥8Q@ne four in 1805 and volume
five in 1825.
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In this new approach, Laplace made the case thatithergularity in the sources
of errors in astronomical observation. Assuming thatrd value” of an observation is
the mean value of the curve where the probability afreapproaches 0, there is an equal
probability of over or underestimating the true valueoAlse suggests that because big
mistakes are rarer than small mistakes in observyatienmore probable that a given
measurement is closer to the true value of an obsehastbpenon than farther away
from it. All of these parameters are illustratedha bell curve where the actual value is
located at the highest point in the curve being the gasen most frequently made, and
other observational values fall in frequency in equal medsumethis maximum value
down both sides of the curve, hence above or belowudkevalue (Daston 271).

Underpinning Laplace’s mathematical description of tihetionship between the
“real value” of observations and observational eri®the belief that even the “errors”
themselves are the result of an unknown mixture ofesawdich have a regular pattern.

Daston explains,

Laplace envisioned nature as a composite of “regularc@stant”) and
“irregular” causes. Even the irregular causes exhibiteallactive regularity,
however: in the long run their effects were symmednd canceled one another

out, revealing the steady operation of the underlyingtaohsause. (270)

The “irregular” causes described by Daston here are syrarg/mith the

category of “errors” in the sense that they aregfautcomes which interfere with

uncovering the “true value” of an observation. Drawin@Bennoulli’'s work, Laplace
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makes the case that the more observations thabadeicted, the easier it is to separate
the regular or true value of an event from the sefi@segular or false outcomes.
Laplace’s probabilistic model of true outcomes versusresupported a
philosophy of determinism in which the physical universe was&wed of as an
intricate mechanism which functioned according to predeteariaws. Because of the
imperfection of human senses, however, these inner mggldre largely obscure and can
appear chaotic to human observers. Despite this appeandrandomness, Laplace
firmly believed that every entity, from the smalle&ira to the largest cosmic body,
obeys predetermined laws. This belief is evident in thedestion of hi€ssai

Philosophiquewhere he writes:

An intelligence which for a given instant knew all thec&s by which nature is
animated and the respective situations of the existenaesdmpose it; if further
that intelligence were vast enough to submit these gjuantities to analysis; it
would embrace in the same formula the greatest badié® iuniverse and the
lightest atom: nothing would be uncertain to it and futurthagpast would be

present before its eyes. (Laplace 2)

Based on his conception of errors having irregular soaeshe size of errors
as a means by which to judge whether or not a researcheisbadated the true value of
a phenomenon, Laplace developed a method for testindnevrtaitferences in the data
gathered in separate observations to prove the same aggotrere sufficiently

significant to warrant further investigation into the §ibke causes of the differences. To
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illustrate his method, Laplace took on what was fohteignth-century statisticians and
probabilists a popular set of issues: “the problems.... cetateex ratios at birth”
(Chatterjee 214). Using his formulae for estimating théalote outcome of a future trial
based on the outcomes of past trials, he estimateththarobability of a male child
being born in Paris rather than a female child was grélaan 50 percenp$1/2). Then,
using his estimation of the distribution of error, herfd that the chance that this
estimation was wrong (i.e<1/2) wad .Ex10-42 . This led Laplace to conclude, “that
‘one can regard it as equally certain as any other rartél that for Parigp>1/2, or in
other words, nature favors more the birth of boys tifagirls” (quoted in Chatterjee
214).

Although John Arbuthnott (1667-1735) and Daniel Bernoulli (1700-82)epext
Laplace in their efforts to employ hypothesis testmtheir own work, Laplace was the
first to explicitly test hypotheses and to provide the eaditical tools for doing these
tests. Laplace argued that these mathematical testsameamportant element in a
disciplined approach to induction because they alloweddhgal philosopher to
determine mathematically whether a difference betwtsistscal results was significant
enough to encourage further investigation. This determinaéipet them avoid what
Laplace described as “vain speculations” about whethsareed differences were
significant or not (Chatterjee 215).

In his work, Laplace made significant strides in develggractical methods for
testing hypotheses, assessing the distribution of eandsgetermining the true value of
observations. These tools, though rough, strengthenechneg$mm induction because

they allowed researchers to describe quantitatively thieghility of their conclusions
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and the validity of their programs of research. In toladli these tools were important
because they provided the mathematical support for Frie@aciss’s law of error which
represents for this study an important watershed in thelajEment of a relationship
between inductive probability and the study of evoluti@mjation, and heredity in the

nineteenth century.

Probability and Statistics in the Nineteenth Century

The methods that Laplace developed in order to more aetyuaasess the true
values of celestial observations were also used by hthothers to determine with
greater precision the shape of the earth. The studyedddrth’s shape, called “geodesy,”
was an undertaking of national importance because tbledprovements in navigation
which impacted military and economic concerns. Theegpn of probability and
statistics into geodesy in the eighteenth centuryaya®duct of its obvious economic
and military value as well as its close connectiornstoomomical observations. In the
opening of the nineteenth century, however, the applicaiod probability and statistics
expanded to fields such as human physiology, behaviopsymhology which were less
obviously beneficial than geodesy and less closelye@kat astronomy. This new era for
statistics and probability was ushered in by 1) the isingaavailability and range of
statistical data, 2) the development of the “law odes” by Friedrich Gauss (1777-
1855), and 3) the vision and energy of astronomer Adolph&e@u€1796-1874). The
expansion of probability and statistics in physiologynan behavior, and psychology as

a result of these factors accounts in large part ®irttiuence of the philosophy and
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methodology of probability and statistics on investigaiof evolution, variation, and
heredity.

One of the most important developments in the ninétemmntury affecting the
expansion of the mathematics of probability is whatHacking calls “an avalanche of
numbers” (5). Although various religious and political ingtiins had been gathering
statistical information about human populations stheeseventeenth century, the
amount and availability of that information was extremishjted.

In the opening decades of the nineteenth century, howeeestdtistical flood
gates opened and there was a deluge of data pouring fromvér@igent printing houses
of Western and Eastern Europe. Part of the reasdhifosudden increase, according to
lan Hacking, was that the Industrial Revolution, in fwling at the beginning of the
nineteenth century, required greater precision in measutériacking 5). In order to
develop a transportation infrastructure, for exampledstals had to be described and
released to industry for values such as the width andhtheidrain cars and their towing
capacity. In addition to the economic exigence for sepstatistical data, Hacking cites
the period of peace that descended on Western Europeifalole end of the
Napoleonic wars as an influence on the amount of datdhwlas made publicly
available. With the end of the war there was lessdaang Western European states
that their own statistical data could be used against.ths a result, they felt more
comfortable about releasing statistical data, making imdoemation open to the general
public for scrutiny and academic investigation (Chatterjee 267).

The avalanche of numbers precipitated by peace and tradqat the material

for a probabilistic revolution; however, this revolutialso required skill, innovation, and
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inspiration to expand the application of probability frima study of gambling, geodesy
and astronomy to investigations of biological phenomeherdahan mortality and birth.
Arguably, two of the most influential suppliers of thesgréalients were Friedrich Gauss
and Adolphe Quetelet.

At the beginning of the nineteenth century, an impoawancement in the
mathematics of probability paved the way for its expansitmthe study of evolution,
variation, and heredity. This advancement was the dprednt in 1809 of a
mathematically defensible “law of error” by Germantheanatician-scientist Friedrich
Gauss. As an astronomer, Gauss first came into comtidcprobability as a means by
which he could manage the data from his observatiorsedi¢avens (Chatterjee 225).

For Gauss, as for Laplace, there were two kinds of&rerrors which were
irregular—the result of a collection of numerous impetdle causes that were always
present—and errors which were regular or systematic—shat i&f inaccuracies
introduced by conditions, instruments, etc. (Hall 73ithvén eye towards Laplace’s
work on error and hypothesis testing, Gauss believedystgmatic errors could be
discovered if researchers could accurately describéistrébution and boundaries of
irregular errors. By comparing the limits and distribotad these errors to the
distribution of their observational values, astronmsre®uld tell whether these values
were within the range of the norm for error or whethey fell outside that range and
were, therefore, under the influence of some systeraas@nificant causal variable.

Although it was a widely held belief at the beginninghaf nineteenth century
that the “true value” of a set of observations wasattitbmetic mean of a sample of

independent measurements, there was still as yet n@sttigfway of proving that the
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mean of a set of observations was in fact its traam{Chatterjee 225). The major
problem that remained to be solved was that there wasnable index of error against
which the distribution of observational results cowdchecked to find out whether or
not the distribution was within the limits of acceptadteor.

Gauss’s primary contribution to probability was thashecessfully calculated
the limit and distribution which random errors should iiyeake. His approach to the
problem was somewhat different from Laplace’s who hiad earlier but failed to come
up with a generally applicable distribution of error. Wiaex Laplace began with models
of error and then tried to fit them to models of obsiowal results, Gauss began by
assuming theoretically that the mean of an obsemalt®ample is a good estimate of the
“true value.” Starting from this assumption, Gauss ttemsidered what form of density
function (.)) coincided with the mean in the observationalganiChatterjee226). The
answer, based on this method of calculation, was thealalistribution described earlier
by De Moivre.

Gauss’ development of the “law of error” representadtrshed in probability
because for the first time a mathematical methodexkisthereby the “true value” of a
set of observations could be mathematically substadtiay comparing it to a
predetermined distribution of errors. This index of vechyld, on the one hand, be a
powerful tool for identifying fixed patterns in nature and,tbe other, the true value of
any measurable phenomena. These capabilities madadtiatrto astronomers and
geographers in their study of the heavens and earthMeowbey also supported a
greater potential for general philosophical intereshéngossibility of demonstrating

other underlying patterns in nature.
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That the mathematics of probability was ripe for aggions in other fields does
not, of course, explain why it expanded from specifidiegpons in geodesy and
astronomy to the study of a wide range of human phygicdy behavioral, and
psychological phenomena. That probabilists had alreaalyeceed of applying
probability to the study of human social and biologicammena is already clearly
indicated in its history. Though, at its inception, probbias linked to assessing legal
guestions of fairness in contracts and gambling disputes,dadbabilists such as John
Arbuthnott and Laplace used it to determine human birtbgati

Though these earlier applications are directed towamis sspects of human
phenomena, they do not automatically warrant the agific of probability and statistics
to all aspects. Whereas the outcomes of games of elaanacbirths follow relatively
stable patterns of frequency and are, therefore, ametmaptebabilistic analysis, other
aspects of humanity, such as the psychological dispositf individuals and the pattern
of inherited traits, are not. As a result, before pbalsis would venture out into the
murky worlds of human physiology, psychology, and behatti@y needed to be
convinced that there was enough stability in these cassgior warrant their efforts.

With the growth of available statistical data and a wikg range of statistical
subjects, a latent conviction began to develop that there underlying patterns in these
phenomena; however, it required someone to apply the matios of probability to
non-traditional categories of human data and to producegsave evidence and
arguments that regular patterns could be found in this Tatd.someone was Adolphe
Quetelet—a Belgian astronomer who applied ideas and o@tgies from probability

and statistics, specifically Gauss’s law of erroiionan populations for the purpose of
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constructing laws describing underlying regularities in huptaysiology, psychology,
and behavior.

During a short visit to Paris in 1823, Quetelet came ureeintfluence of
[Joseph] Fourier and Laplace whose works introduced hifmetdasics of probability
and the theory of errors which he was inspired to useutty human populations
(Chatterjee 270). He explores this application in his gibreaking boolSur I'hnomme et
le developement de ses facultés, essai d'une physique £h88d (A Treatise on Man
and the Development of his Faculties, an Essay oalS®tysics) in which he makes the
case that the theory of error can be used to desaribarattributes. He assumes that
despite the differences across individuals in a humanlgiquthere are underlying
regularities within the whole. From this assumptionatgues that for any relatively
homogeneous population, or race, there is a stableveefatquency of a particular trait
which represents a characteristic of that group. Bybwoimy all the average frequencies
of all the quantifiable characters, it is possible tedaine “the average man” (lhomme
moyen) for a particular homogeneous population (271).

In a later 1844 monograph entitl&dr I'appreciation des documents statistiques,
et en particulier sur I'application des moyef#n Appreciation of Statistical Documents
in Particular on their Application of Averages), Quet@rovided evidence for his theory
by studying the actual distribution of characteristica mneal human population (Hacking
108). Specifically, he analyzed the distribution of clmsasurements of nearly 6,000
Scottish soldiers which had been collected by a militaitgring contractor and had been
recorded in th&dinburgh Medical Journah 1817 (Chatterjee 271, Hacking 109). He

took the measurements and fitted them to a normal symerb@tomial distribution
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(Chatterjee 271). The results confirmed a satisfadtobgtween the two. This meant
that the chest size of soldiers distributed accorttirthe “law of errors” (272).

The fact that Quetelet’s measurements distributed ishbpe of a normal
binomial distribution described by the law of errors supbliis assumption that there
was an underlying regularity within homogeneous populatiodgtat the mean of his
sample represented the “true value” of Scottish menneghards to their chest size. He
argued that the regular differences, i.e. errors, inigtelbution of values could be
accounted for by “accidental causes” such as climatgationt etc. which interfere with
the underlying “constant causes” of nature that act iredigiable fashion to achieve a
“true value” for a particular trait (Porter 108).

Quetelet’s conceptualization of variation in the bigi@g humans in the same
terms as errors of observation from astronomy andl@®y is a rhetorical tour de force
which relies on the development of an analogy betwbservations of the heavens and
the earth and observations of human physiology.drig8®#4 monograph he begins to
make his case for this analogy with the statemengt“tis suppose that | can measure the
height of some individual several times, with great ¢qt98). He follows this with the
assertions, “The measurements won't be identicéthelicauses of error work equally
towards measuring high and low, there will be a distrdoutvith values clustering
around the average height. There will also be a digwenseasured by probable error”
(108).

In the next step of his argument, Quetelet makes setbat this procedure for
measurement is the same as the procedure for measusenaat@ in astronomical

observations: specifically to measurements made atrien@ich Observatory. As
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Hacking describes Quetelet’s explanation, “There [iroasmical observation] we have
mean, probable error, and the whole Gaussian analyssestablished practice is
exactly analogous, he [Quetelet] said, to measuring tighthef one man over and over
again” (Hacking 108).

At this point, Quetelet makes an important leap from thigkaf the height of an
individual as a single value which can be measured mamg timheight as a single value
within a larger series of measurements of a populatiersudgests that if, in measuring
many examples of a certain type of phenomenon, teet\distribution of values
follows the distribution of the law of error, therewan assume that the “collection of
statistics is derived from a single homogeneous populdgfined by a real quantity”
(109). If, on the other hand, the values do not distributerms of this scheme, then the
population being investigated is most likely made of “sedistinct but mixed
populations” (109).

Quetelet’'s argument and proof that the law of errorsdcbelused to identify a
“real quantity” for a population of humans had importantgsioiphical and rhetorical
ramifications. It allowed that particular features ofrfan populations could be
objectively described through the compilation of staiddtdata and the analysis of that
data using the law of errors. This allowance provided sufotie idea that like natural
physical phenomena, human biological phenomena occurredeakte law-like
patterns. This revelation would engender later nineteemiitHgeprograms to investigate
not only the regularities in human biology, but alse tégularities in human psychology
and behavior. Though Quetelet himself did not pursue actteabgialyses on these last

two sets of phenomena, he did suppose that, “even nondrablessnormal characteristics
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such as propensity (‘penchant’) for acts like marriage, kdnumess, suicide, or crime
were similarly distributed over the group [i.e. homogrrgeracial population] around a
true value representing the ‘average man’ in the groupétt€tee 272).

Quetelet’s statistical method and his goal of using istaldish a social physics
were well received in Belgium and across the channéhgiand. His work was read by
a generation of British scientists and social philosoplvho embraced his philosophy
and methodology and attempted to apply it to understandagtg@nd nature. His
followers included a wide range of luminaries from histoid.T. Buckle, who authored
a history of civilization which sought to establish tha tourse of human societies was
rigidly determined by conditions of climate and locality physicists Clerk Maxwell
(1831-1879) and Ludwig Boltzmann (1844-1906), who used Quetelet’s sirapdificof
the heterogeneous individual characteristics of a populatto a statistical “average” to
explain the behavior of molecules in a body of gas uhdat transmission in terms of the
average probabilistic speed of a molecule (278, 281).

In addition to contributing to the theoretical discussabout the usefulness of
probability and statistics in examining human behaviagt@et also had a substantial
impact on developing institutions for statistical-probahdiresearch. In an 1833 meeting
of the British Association for the Advancement ofédcie, he took a leading role in
successfully advocating for the formation of a segas#dtistics section (275). As a result
of his successful campaign, the Statistical Sociétyoadon, the progenitor of the Royal
Statistical Society, was formed the following yeaMarch of 1834 (Cullen).

Along with his instrumental role in the formation ohational statistical society

in England, and a Central Statistical CommissionefgBim in 1841, Quetelet was also a
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leading force behind the establishment of an internat&tasiktical congress. In 1853 the
first such congress met in Belgium under his presidemcistandardize the terminology
and methods of collection of official statistics iffefent countries and make them
internationally comparable” (275). This body was the pressar of the International

Statistic Institute, which was established in 1885.

Conclusion

In order to understand the source of supporting argumedebates about the
nature of evolution, variation, and heredity, and thellectual and social context in
which these debates developed, it is necessary to undebstinsomething about the
general history of ideas in probability and about spedéielopments in the fields of
statistics and probability that led to the introductibpr@bability into the study of
heredity, variation, and evolution in the nineteentitwey. The general history provided
in this chapter offers a glimpse into the methodolalggnd philosophical developments
in probability from which arguments regarding the naturesoiation and heredity will
be made in the latter half of the nineteenth centulmap@r three will show that the
concepts of equiprobability and a priori probability estalelisin the early classical
period and carried on throughout the eighteenth and ninbteenturies play a central
role in the invention and delivery/development of Merglafguments in “Experiments
in Plant Hybridization.” Chapter four will reveal timaportance of Gauss’s “law of error”
and Laplace’s philosophy regarding “regular” and “irregulardes in the development

of Francis Galton’s theory of heredity. Finally, fifeh chapter will examine the use of
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the law of error and Bernoulli’s limit theorem by KBearson to support arguments in
favor of a statistical\probabilistic approach to thedgtof heredity and evolution. It will
also include a discussion of how a more cautious assessithe descriptive power of
the normal curve is used by Pearson’s adversary, Willatason, to challenge the
validity of his position. These examples provide evigenicthe emergence and the
spread of a new line of argument for researchers hopidguelop and support their
theories of variation, evolution, and heredity aslaslillustration of the rhetorical
problems attached to the application of the operatfonsulae, and principles of

probability and statistics to making arguments about theeaomena.

70



Chapter 3: Hidden Value: Mendel, Mathematics, and the Casfor
Uniform Particulate Inheritance

In the study of evolution progress had well-nigh stopped.... Such was our state
when two years ago it was suddenly discovered that an unknown man, Gregor
Johann Mendel, had, alone, and unheeded, broken off from the rest—in the

moment that Darwin was at work—and cut a way throWgiiam Bateson in
Mendel’s Principles of Heredifyf.

Charles Darwin’sThe Origin of Speciggrovided arguments and evidence which
paved the way for a more sophisticated understanding of orfgams and their
relationships with each other and their environment. Throlglise of quantified
evidence and arithmetical calculations, he offered argtsvaem evidence that organisms
varied and that variation could spread through populatiodsaccumulate to such a
degree that organisms would physically diverge from theigemitors.

Despite Darwin’s important work describing variation angjisead throughout
populations, there were still important pieces of the lpuzzssing. He had no reasonable
theory for the mechanism of inheritance nor could hevansritics such as Fleeming
Jenkin, who pointed out that if variations were sraatl needed to be accumulated
regularly over vast amounts of time, they would becemamped, blended away over
repeated generations of cross-breeding within the nqromllation (i.e. the majority of
the population which does not exhibit a particular vargti Although Darwin did offer
his theory of pangenesis, in which he argued that difterlearacteristics of the parents

were transferred to their offspring by gemmules in tbed| this theory was unproven

and could not explain how characters could remain statgetime.

22 William Bateson, prefacédlendel’s Principles of Heredity: A Defeng@ambridge: Cambridge UP,
1902) v.
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Unknown to him, and the majority of natural philosophé¢itha time, the problem of
character stability was being worked out by a monk labarimy carefully selected and
organized samples of peas. The monk, of course, was Gviegoiel and the carefully
planned series of breeding experiments that he undemmwkii856 to 1864 provided
the evidence for what we now recognize as the firstenotheory of genetic inheritance.

Although Mendel had described in the published findings of hesarel “Versuche
Uber Plfanzen-Hybriden*Experiments in Plant Hybridization” 1865) the basic eatit
of inheritance of seven separate traits in peas, the wdlhis work was not recognized
until his findings were simultaneously “rediscovered’thsee researchers, Hugo De
Vries, Carl Correns, and Erich von Tschermak, in 190tceSihe rediscovery of his
findings, Mendel has earned a top place along with Dairwtihe pantheon of great
thinkers in the science of evolutionary biology, asdoarwin’s theory of evolution and
Mendel's theory of inheritance are necessary complesrierdne another in providing a
full picture of the process of evolution.

From a rhetorical perspective, Mendel's work and itgep&on elicit two important
guestions: 1) why were Mendel's arguments so compelling tereasuch as William
Bateson who would, in the beginning of the twentiethugm successfully persuade the
English biological community to accept Mendel's thedrymiform particulate
inheritance? And 2) why to his contemporaries was his argusnaimpersuasive that
only one of them ever bothered to respond to it crificatd only a few even mention his

work until its rediscovery in the twentieth century?

% These dates vary in different historical accountfes early as 1854 to as late as 1865. | have chosen
these dates based on majority opinion in the sourcesg 680, Iltis 1932, Olby 1966, Orel 1984).
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The answer to the first question, | believe, can bedan Mendel's
counterintuitive results and his unorthodox methodsgiiag from the principles of
probability and combinatoricd.Whereas Darwin held that species varied over time, a
widely held belief among breeders, Mendel believed thatispeharacteristics remained
constant. Mendel’s particular take on heredity allovegdraits to remain stable over
time and to accumulate in a population whereas in Dasvwngdel they might quickly
erode due to interbreeding. In addition, though Darwin delgon quantitative
comparisons to support and discover arguments, Mendes @l a more robust program
of argument using mathematical and quasi-mathematiagalfae to argue for regular
patterns in his data, quasi-deductive proofs that elevate gadterns to the status of a
law, and the existing laws of combinatorics and probalidityoth inform the
construction of his experiments and support the law-ligalegity of his conclusions.
Mendel's use of mathematical and quasi-mathematicaluiaemn operations, and laws
added rigor to his biological arguments which appealed tatas $upporters for whom,
in 1900, mathematically describable laws were quickly bewgitiie gold standard for
making arguments about evolution, heredity, and variation.

Interestingly, however, whereas Mendel's use of nmatt&s appealed to later
audiences, this approach provoked an adverse reactiondarttemporaries who thought
that Mendel was being presumptuous. In answer to the sgoestion, | intend to make
the case that, at least in part, Mendel's use of madtieal formulae and principles to
make his arguments was rejected by his contemporariegdaetizey believed that

inherited characters were variable not stable and, thefefould not be described using

24 Combinatorics is described under the definition for “coratorial” as, ‘relating to the arrangement of,
operation on, and selection of discrete mathematicalezlts belonging to finite sets or making up
geometric configurations.” (“Combinatoriallerriam-Webster's Collegiate Dictionarg0"ed. 1998.)
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a discrete mathematical system such as probabilitg@amdbinatorics. In addition, they
also objected to Mendel's use of mathematical formutaepainciples to suggest that his
results represented deductive laws of inheritance becaseshits only applied to seven
trait pairs on a handful of pea species.

The tension created by Mendel's reliance on mathematiegpress and argue his
position, in addition to the non-conformity of his résub the traditionally accepted
description of inheritance, provide important clues as to fwhynore than 30 years
Mendel’'s work went unrecognized. Though Mendel makes a vahetorical effort to
persuade his audience to accept his conclusions and his methgdbe silence of 30
years bears witness to the failure of his persuasive agpreith his intended readers

regardless of the verity of his procedures and results.

The Hybridist Tradition

In order to understand the traditional sources of Meadafjument and why
Mendel's use of quantification, mathematical formulaathematical operations, and
mathematical principles to make that argument represerdadical departure from his
predecessors, it is important to known something aboutdhguments, beliefs and
practices. Although experimentation in hybridization wassidered as far back as 1694
by Rudolph Jacob Camefein his workUber das Geschlecht der Pflanzgkbout the
Gender of Plants,systematic research in hybridization, the crossingants considered
to be different varieties and species, began in theeigiskeenth century with the work of

Joseph Gottlieb Kdlreuter (1733-1806) and was carried oreinitieteenth century by

25 Better known under his Latinized name Camerarius.
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Carl Friedrich von Gartner (1772-1850). In general, thedgesgth- and nineteenth-
century researchers dealt with questions regarding theigaror fixity of natural forms
and the physiological process by which either varietyasnogeneity was transferred
from one generation to the next. Specifically, theytsd to know how much parents
contributed of their characters to their offspring, thlee their contributions were
qualitatively similar, how the characters of the ptgaevere carried into the offspring,

and how they developed in the offspring.

Joseph Gottlieb Koélreuter

Joseph Gottlieb Kolreuter was born on April 27, 1733 irSaebian village of
Sulz in the Black Forest region of Southwest Germbiny early hybridization
experiments were conducted in his hometown of Suthermgarden of Achatius Gartner
in the nearby town of Calw as well as in St. PetgggbBerlin, and Leipzig. Later, after
1764, all of his work was done at Karlsruhe where heemgsoyed as a professor of
natural history (Roberts 35-36).

Ko6lreuter’s four-volume work, which includedorlaufige Nachricht von einigen
das Geschlecht der Pflanzen betreffenden Versuchen und BeobacHhtragemnary
Report about some Observations and Experiments Regaheirigender of Plants) and
its threeFortsetzungeriContinuation$, which were written in the above mentioned
places from 1761 to 1766, became the foundational writinghéoplant hybridists of the

nineteenth century. In these works, Kélreuter sets doamyraf the central principles of
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hybridization held also by Mendel, though his own work offiengortant deviations from
them.

In this work, Kélreuter describes experiments in whielctreates hybrids by
crossing a total of 13 genera and 54 species over a sipgaad, including his famous
crossing of two different varieties of tobaddaotina paniculateandNicotina rustica
which represents the first recorded experiment in @eifplant hybridization (Roberts
36). These experiments were conducted by Kélreuter asrassrméaxploring
reproduction in plants, especially the manner in whiachthe degree to which male and
female reproductive material contributed to the formatiba new organism.
Hybridization provided an ideal method for conducting sucmesstigation because the
contrast between the features of the parents offeradans by which the experimenter
could determine the nature of each of their contributifrg/brid characters favored one
or the other of the parents, Kdlreuter could assumehbagenerative force of that parent
was stronger than the other.

What he found, however, in the crosses of tobaccahkeathe hybrid always
seemed to be a form intermediate between the two tsafdme outcome of these crosses
led Kolreuter to reconfirm Camerer’s position that pashd have different sexual
components which contribute material to the reproductiveqss. It also suggested to
him that not only do both the male and female parentsibate to the production of
offspring, but also that each of their contributionapproximately equal and blended as
the hybrid seems to be a perfect intermediate of matend paternal characteristics

(Roberts 42-43).
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Despite the answers that his initial experiments sde¢meffer in terms of the
role of the parents in reproduction, they also led Kidéreto an uneasy contemplation of
the “naturalness” of the crosses he had created anthevhaa not they revealed a change
in the essence of the two species involved. As a prapaf¢he philosophy of
essentialism, inherent in the Christian doctrinepaic&l creation, which held that each
species was a unique and unalterable act of creation,ut@&ineas troubled by his ability
to create a hybrid type challenging the notion that speweze stable. When the first
generation of crosses matured, however, to Kolreutelitsf, they were found to be
completely infertile. This confirmed to his satisfaatiiat, though they might be
crossed, a divine barrier existed which would not letridmesformation continue further
and, therefore, disturb the essence of the species (45).

As he progressed in his experiments, however, Kdlreusrfaced with more
challenges because he discovered that crosses of plintswere more closely related
than the tobacco species in his first experiment didywe viable seeds. After closer
inspection of the number of seeds, though, Kélreuterladed that these crosses were
always less fertile than their parents, a fact weiebmed, at least partially, to shore up
the essentialist nature of the species. In additien¢dmvictions were reconfirmed by
further experiments in which he back-crossed hybrids \wér briginal parent species.
These crosses resulted in plants most of which wemiéasto one of the two original
species, a few of which were related to the form efdther parent species, and a few of
which displayed faint mixed traces of both parents. Eension of most plants to their
parental forms in these experiments led Kdlreuter teloale that this, too, was evidence

of a barrier in nature against the mixing of specifeeeses (Mayr 644).
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From the results of these back-crosses, Kélreuterlaleed a theory of the
process of inheritance in plants which held that eactiesper variety involved in
hybridization expressed itself in different degrees, depgnain the strength of a
particular species’ essence. (This concept of domingmgpears in Mendel's work,
though it is a characteristic of a particular geneti¢ tather than a species’ essence.)
Those species with strong essences would be more piesaak-crosses than those
with weaker essences because their reproductive matsseited itself more vigorously

or in greater amounts than the material provided by th&evespecies.

Since these materials are of different sorts, ¢hér essence are different from
each other, it is easy to comprehend that the strefgtie one must be different
from the strength of the other. From the union and camlinig of these two
materials, which occurs in the most intimate and oydednner, according to a
definite relationship, there originates another, whiabf @n intermediate sort....
All the movements and changes, which from the embrybetdime of flowering,
take place in every masterpiece of nature, appear todmetl simply to the great
work of reproduction. They all aim at gradually libergtthat compound material
upon which they are based, and at dividing it again intowtbeotiginal ground
materials; or, to speak more properly, to bring thetserlthemselves into a
complete, and, especially from the one side, into nsasisenlike size than were

demonstrated from the preceding reproduction. (quoted in RobA48)
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Here Kdlreuter explains that reproduction is a processwibining and
separating the essences of species. In the initial, stagevo essences are “commingled”
and create an “intermediate material”’ for the hybrahplDuring the plant’s process of
development, however, the commingled essences aratspand expressed in what
would now be called the phenotyffehe outward physical appearance of the plant,
according to the original strength of their essence.ré&selt is a hybrid offspring (F1)
which resembles both the parental species in keepimgtingtdegree of vitality of their
essences.

Kolreuter’s reasoning about the combination and express$i@pmductive
elements in the case of closely related speciesratiean argument from antithesis. First,
he believes that each species has its own essende iwhigique from and contrasts with
the essence of other species. Second, though thesesspeaibine in the process of
hybridization, they separate out again in the phenotymrevach exhibits dominion
over one specific aspect of the phenotypic expression.

Kdlreuter's work provided the essential material and ousHor all of the
hybridists who came after. Most importantly they tookhigideas 1) that hybrids
represented an equal or near equal commingling of pareetaéspgessences, 2) that
hybrids of species are generally infertile with closeblated forms showing a higher
degree of fertility, 3) that in the offspring of ferthgbrids, a few of the offspring
reverted to the parental hybrid form while most revettetthe grandparent forms in the

original cross, and 4) that the degree to which traggseapressed in the physical

% Neither Kélreuter nor Gartner had a theory whiatiuided the genotype, the collection of both expressed
and hidden characters.
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characteristic of hybrids is directly related to thersgith of species’ essences which are
commingled.

In addition to his ideas, later researchers also adaptany of Kdlreuter’s
methods for conducting experiments, drawing conclusionspaas@nting results in
writing. In the bulk of his work, Kélreuter worked withosses between what were at the
time labeled distinct species, elyjcotiana paniculataX Nicotiana rusticathough the
subsequent fertility of crosses led him to believe in scasesthat certain species might
be better described as varieties. From these careddbrded crosses, he gathered both
qualitative and quantitative data on the appearance ofdsyand their relations to their
parents from which he inductively drew conclusions abainthnner in which and
degree to which traits were passed on from parents forioifsby their expression within
the offspring.

The results of Kolreuter’s crosses were presented gaphusing natural
language, brackets, and the symbols for ma#nd female?. %’ He also employed
guantitative measurements in order to catalogue the gemsran crosses and to present
comparative quantitative measurements of various physatlres of the parents and
their hybrid offspring® The latter application of quantification representedgortant
component of Kdlreuter’s case because, by juxtaposing ¢élsurements of parent
plants and their offspring in a chart format, he was &bkhow that in some cases hybrid
crosses were intermediate forms of their parentsranther cases one parent’s character

dominated. For the most part, however, Kolreuter’'s wadkndit rely heavily on

%" See Appendix F

% See Appendix G
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guantification nor make an effort to deduce any lawegtilarity based on mathematical

principles.

Carl Friedrich von Gartner

In the German village of Calw, in the same garden wKéieeuter had
conducted some of his hybridization experiments, oneeofitbatest supporters of his
work, Carl Friedrich von Gartner, undertook his own regearogram of crossing
hundreds of species and varieties in the early nineteentiary (Olby 49). A physician
by trade and son of a distinguished botanist, Joseph G&t#82-91)° Carl Gartner did
25 years worth of meticulous hybrid crossing experimemtsi® owri° which he
carefully recorded. The initial motivation for carryingt these experiments is not clear.
In fact, Gartner’s results might have passed intowtliycaltogether if not for a prize
offered by the Dutch Academy of Sciences at Haarlerageays answering the query,
“What does experience teach regarding the production ospewies and varieties,
through the artificial fertilization of flowers oféhone with pollen of the other, and what
economic and ornamental plants can be produced and Inadltip this way?” (Roberts
167)

In October of 1835, Géartner learned of the prize and beradademy a brief

sample of his work. Because he had not formally com@leof his results, he asked for

29 Author of an authoritative work on the seeds andsfitplantsDe Fructibus et Seminibus Plantarum
(1788)

%0 Based on the estimate given in Robert’s for the numibgears Gartner spent on these experiments and

the fact that the results were published in 1837, | asdusmhéhiese experiments began around 1811 or
1812. (Roberts 168)
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an extension to complete his work. The extension wastgd and two years later he
presented them with a two-hundred page memoir which in 1849pwidished as a
monograph under the titersuche und Beobachtungen Uber die Bastarderzeugnung im
Pflanzenreici{Experimentation and Observation of the Creation ofridgbin the Plant
Kingdom). In this monograph Gartner details nearly 10,000 aepaxperiments in
crossing among 700 species belonging to 80 different genptar$ (168).

From these experiments Gartner concludes, as Kolrkatkrthat the essences of
the different species are commingled in the hybrid; hewewnlike Kdlreuter, who
believed in only one true hybrid forthGartner divides hybrids, based on the nature of
their commingling, into three categories: 1) intermegia) commingled, and 3) definite.
Hybrids which expressed in equal amounts pure traits &ach of their parent species
were identified as members of timermediateclass of hybriddecause “a complete
balance occurred of both fertilizing materials, inpex to either mass or activities”
(168). In this definition, Gartner describes what he utdeds are two important factors
which affect the degree of expression of a particulacispeessence in the hybridized
offspring: 1) themassor amount of a particular species essence presantofffspring
and 2) theactivity or potency of the essence present.

What Gartner argues is that the presence of moresomass or activity on the
part of one species’ essence results in the expreskiesser or greater number of that
species’ characters in the phenotype of the hybrid afigptike Kblreuter, Gartner
believes in the expression of different aspects®two species’ essences in different
parts of the phenotype, but makes no attempt to experonespiecific traits because he

sees traits as expressions of different facets afitifeed fabric of a species’ essence

31 The form that Gartner identifies as “intermediate.”
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rather than as a mosaic of separate units. He desthbeantithesis of essences and their

expression in different domains of the phenotype wigewiites,

In the formation of simple hybrids, as in sexual reluaion in general, two
factors are active. This unlikeness of activity, flowfrgm the specific
differences of species, expresses itself through thre pronounced or the
weaker manifestation of the individual parental charadtethe different parts of

the hybrid. (Quoted in Roberts 171)

Whereas the intermediate form is created by an dxedahce of contributions
from one parent or the other, thefinitehybrid, according to Gartner, is one, “among
which the resemblance of a hybrid to one of its pareitbgreo the father or the mother,
is so marked and preponderating that the agreement witdméher with the other is
unguestioned” (169). Here, Gartner suggests that when theomastivity of one of the
species is greater than the other, the pure featurbe pfédominant species are
preponderant in the form of the offspring. Though Gartresigept of preponderance
appears similar to Mendel’'s notion of dominance, itffegnt in the sense that Gartner
has no recessive counterpart. There is no sense vhappens to the reproductive
material for a particular feature contributed from tlo@-dominant parent.

Gartner’s sense that dominance is an all or nothiegqamenon in which features
are inherited in pure form or eliminated entirely is cleanis definition of the second
category of hybrid, theommingled hybridand in his understanding of the distribution of

characters in second generation crosses. In the conechingbrid, Gartner explains,
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Now this and now that part of the hybrid approaches naotieet maternal or to
the paternal form, whereby, however, the charactetisegparents, in their
transference to the new organism, never go over pur@) fadtich the parental

characters always suffer a certain modificatiorol@&ts 168)

Though there is no statement here about the forb&hwnight affect
modification in the parental characters, there i§inb that this modification of character
is influenced by the mixing of characters from one parétht tve other. Instead, there is
a sense that the characters are modified beforeatledyiended in pollination.

In his discussion of back-crosses, however, Gartreans¢o suggest that the
modification in the pure characters might have somettoirtp with the presence of the
essence of the different parent species. Howevem atj@ modification is not one in
which different contributions from each of the pararts mixed to create a new
character which is not purely one or the other. Istdese presence of each of the
species’ essences has a modifying influence on the manwéiah the dominating

features of the other is expressed.

[The fundamental ground material of the hybrid] behavesmifitly in the second
and in the further stages of breeding, where, on acaduhé different nature of
the two factors of the hybrids in the succeeding featilins, an altered, shifting,

variable direction in type formation enters into thisiag varieties (169).
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In their work, Gartner and Kolreuter raised imporigunestions about the
processes of reproduction in plants. They asked: What hapyg®n two species are
combined? And they answered: In the process of hybridizahe essences of two
species combined and separated out with each species egpiessdf in a particular
domain of the offspring. They queried: Why do the characieone species predominate
in some cases and not in others? And they respondedu8&the mass or activity of one
species in the case of a particular character wasegitéain the other. Gartner wondered:
Why are features not always purely expressed in offspridgralater generations? And
he theorized: That either outside influences or influgriiam the presence of the
essence of the other species affected the pure expressibaracters.

Mendel’'s understanding of the fundamental precepts of pigwidization theory
and his primary argument for the stability of traits eafnom the works of Kélreuter and
Gartner. However, the impetus for his research wasethdt of questions which still
lingered in the minds of hybridists regarding the quality andtgyanf the contribution
that each different parental species made to the hylinmugh Gartner and Kélreuter
had theorized about why hybrid forms had a mixture of cheraftom either parent
which, in certain cases, varied in different degressgarchers still sought a clearer

understanding of what accounted for such differences iexjneession of characters.

The Origin of Mendel's Experiments

In 1856 Mendel began eight years worth of hybridization exmats with peas.

Although the results of these experiments are recordégixperiments in Plant
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Hybridization,” there is no discussion within the testt in any other document for that
matter, which explains why Mendel set out to do thepemxents in the first place.
There are two theories, however, which have been yitlstussed by Mendel scholars
(Henig 2000, Iltis 1932, Orel 1984).

First, there is the belief that the experiments wespired by Mendel's second
failure in 1856 of the examination for high school teash&he legend goes that in the
examination Mendel had disagreed with one of his examikeisard Fenzl. Fenzl was
the director of the Vienna botanical gardens and wasyfiainihe opinion that, “The
plant embryo resided, microscopic but entirely prefornmethe pollen and passed to the
ovary through the pollen tube. All it needed to do wasvgthe female part of the plant
offered nothing more than an environment that made grovasilge” (Henig 62).

Conversely, Mendel believed that there was no aigiastence of a complete
embryo in the male. Instead, he held that the embaganreated only with the coming
together of the male and female reproductive materg@th@ story goes, this position
became a point of contention in the examination. Meclilese to fail rather than
capitulate to Fenzl's point of view.

Angered by the debate and his second failure, Mendel presurnsiniged to
Briinn and set to work to prove, once and for all, thapdsstion was correct. The series
of carefully planned breeding experiments with peas, finerewas his defiant scientific
gesture to Fenzl and the spermist theory of reproduction.

Although the importance of Mendel's run-in with Fenzbasource of inspiration
is entertained by some Mendel scholars (Henig 2000), igriorethers (Olby 1966 and

Orel 1984), and dismissed altogether by still others (8®3), that a theory of
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fertilization is at the heart to his work cannot gab# ignored. Though there is no telling
whether Mendel’'s dispute with Fenzl, even if it did happespired him to develop his
hybridization experiments, | will argue that Mendel calfawas aware that
understanding this process was key to supporting his theorg dfdtnibution of
characters.

In fact, the work of Max Ernst Wichura (1817-66) on the hybaitdon of
willows, cited by Mendel in his “Experiments in Plantbigization,”is the first text in
the hybridization literature which argues that during amptgnthe joining of the male
and female reproductive material, each of the parentscoangribute an equal amount
because in reciprocal crosses the traits of eadiegiarents seemed to segregate out in a
regular pattern (Roberts 181-2).

In the analysis of Mendel’s text, | will show thkke Wichura, Mendel also
argues that equality must exist in the combination of repta@umaterial because of the
mathematical regularity in the offspring of hybrids. latfdhis position, | will argue, is
crucial in designing his hybridization experiments and, theze must have been clear to
Mendel and an important influence on him either beforia the early stages of his
breeding experiments.

A second theory about why Mendel undertook his programlaridiyation, one
that has the broadest support among historians, ib¢hats interested in providing
support for the concept that populations of organisms vaxiedtime. This theory is

suggested by lltis who writes,
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Although since the famous dispute between Cuvier and Ggddaint-Hiliare the
doctrine of the permanence of organic forms seemed ®definitely gained the
upper hand over any theory of their progressive evolutibfgreseeing biologists
were still cudgeling their brains over the problem, “Hewhie extraordinary
multiplicity of living forms to be explained?” Mendelisterest in his ornamental
flowers may first have been aroused by... pure delight... leupélas and the
other plants... were in the end to furnish him with answesetious problems.

(106-07)

The theory is also supported by Henig:

Maybe Mendel set out, in his pea experiments, to confisnidieia of “perennial’

progressive change as a driving force for the appeardmesvospecies from the

old. If he designed his experiments correctly, he carld empirical support to

the theories of two botanists he had come most to adiégeli and Unger. (64)

During the 1840s and 1850s a radical biological movement devkiopee work

of Franz Unger, Karl Nageli, and others which rejectédi@@r and Kdlreuter’s position

that species were fixed categories and embraced Jean Baptatck’s (1744-1829)

position inPhilosophie Zoologiquél809)that species could change over time. Franz

Unger (1800-70) was Mendel's professor of physiology and pklebntology in Vienna

from the fall of 1852 to the spring of 1853. In his weekly ‘@uotal Letters” column in

theVienna TimegWiener Zeitunyin the winter of 1856 Unger wrote, “Who can deny
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that new combinations arise out of this permutation of tetigpe, always reducible to
certain law combinations, which emancipates themselvestie proceeding
characteristics of the species and appear as a nevesp@pioted in Henig 63).

These words of Mendel's instructor are companions tgehéments of Carl von
Nageli who, in a work published in 185&dividuality in Nature with especial Reference
to the Vegetable Kingdo(Die Individualitat in der Natur mit besonderer

Berucksichtigung des Pflanzenreichesjites,

Like natural phenomena in general, species cannot perssimplete repose. Just
as the offspring of the first individual were a littléferent from that individual,

so also must the germs which engendered them divergenesdent from those

out of which they themselves originated. A process ahgk must be perennially
at work, and this change cannot fall, in the end, to birogiethe disappearance

of the species or its transition into another. (Quatddtis 186)

Although Né&geli had no direct connection to Mendel uhtl year after Mendel's
hybridization experiments were in print, Unger was a pnept of Nageli's work and
most likely referred to him in his lectures (Orel 40).

In addition to there being evidence that there werdexo& influences in
Mendel's life that might have encouraged him to undertageréments to prove
variation in organisms, Mendel himself suggests in the ogafitExperiments in Plant
Hybridization” that, at least in part, his experiments had been uheerta contribute to

the discussion regarding the variability of the species.
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It requires indeed some courage to undertake a labor of auodalching extent;
this appears, however, to be the only right way by wiveltan finally reach the
solution of a question the importance of which cannaivezestimated in

connection with the history of the evolution of orgaftirms.f?(Mendel 2)

Though there seems to be sufficient evidence to sugpoview that Mendel
undertook his experiments to support Unger and Nageli's positidhe variability of
species, a crucial piece of evidence has been overlooltbdse assessments. In the

conclusion of the text, Mendel argues that specieman®st casesot variable.

He [Gartner] perceives in the complete transformadibone species into another
indubitable proof that species are fixed within limits beyotittvthey cannot
change. Although this opinion cannot be unconditionalepted, we find on the
other hand in Gartner’s experiments a noteworthy coafion of that

supposition regarding variability of cultivated plants whials already been

expressed]

32 Es gehort allerdings einiger Muth dazu, sich einer sonegihenden Arbeit zu unterziehen; indessen
scheint es der einzig richtige Weg zu sein, auf demandle Losung einer Frage erricht warden kann,
welche fur die Entwicklungs-Geschichte der organischen Fowmrenicht zu unterschatzender Bedeutung
ist. The original German is from a reprint of Mendefgimal text: Gregor MendeVersuche tiber
Plfanzen-Hybrideped. J. Cramer and H.K. Swann (1865; New York: Hafnerishibg, 1960) 4. All
subsequent footnotes containing the original Germarbeiffom this text.

33 0On page 32 of “Experiment$lendel writes, “But nothing justifies the assumption thattendency to

the formation of varieties [in cultivated plants] isesdraordinarily increased that the species speedily lose
all stability, and their offspring diverge into an endlssses of extremely variable forms.” (Allein nichts
berechtigt uns zu der Annahme, das die Neigung zur Vanmétitdung so ausserordentlich gesteigert
werde, dass die Arten bald alle Selbststandigkeit verlien ihre Nachkommen in einer endlosen Reihe
hochst veranderlicher Formen auseinander geNemsiche36))
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Among the experimental species there were cultivatedsplaand
hybrids between these species lost none of their syadilér four or five

generations.%(] (41)

Though Mendel’s results failed in the end to support NageliUnger’s belief in
variability, this failure does not itself preclude the poiisy that Mendel began his
experiments with the intention of supporting their positin the “Introductory
Remarks” section of his text, however, Mendel suggektswise by citing as his
precursors Gartner, Kolreuter, and Wichura, all of whaiieved in the fixity of the
species. The work and ideas of Unger, Nageli, and D&taie not mentioned here or

anywhere else in the text.

The striking regularity with which the same hybrid forahways reappeared
whenever fertilization took place between the same epéaiduced further
experiments to be undertaken, the object of which wédltav up the

developments of the hybrids in their progeny.

3 Es [should read “Er”] sieht in der vollendeten Umwandlemer Art in die andere den unzweideutingen
Beweis, dass der Species feste Grenzen gesteckt sindyelbke hinaus sie sich nicht zu &ndern vermag.
Wenn auch dieser Ansicht eine bedingungslose Geltung nichterumenkarden kann, so findet sich doch
anderseits in den von Géartner angestellen Versucheneaghtenswerthe Bestétigung der friher Gber die
Verénderlichkeit der Culturpflanzen ausgesprochenen Vermgithun

Unter den Versuchsarten kommen cultivirte Gewachse.ward auch diese hatten nach einer 4
bis 5 maligen hybriden Verbindung nichts von ihrer Selbstiggérit verloren. {ersuchet6-47)

% Of Darwin Mendel has been reported as saying that he'grastly interested in the ideas of evolution,

and was far from being an adversary of the Darwiniaorjh¥eHowever, he is said to have stated that,
“there was still something lacking” (Orel 71).
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To this object numerous careful observers, such asutéireGartner,
Herbert, Locoq, Wichura, and others, have devoted a p#renflives with

inexhaustible perseveranti(1)

In this section of the introduction, Mendel puts his wiarthe context of those
hybridists who have been struck by the “regularity” an@gpearance” of traits during
hybridization, not by their variability or disappearantieough he is reverent regarding
the conclusions of these earlier researchers, Mergetdgses dissatisfaction with the
methods by which they came to their conclusions. igaes that in order to rigorously
confirm or refute the stability of species, a more meguantitative program of breeding
experiments has to be carried out to ascertain wharpsttf any, might exist in the

distribution of traits.

Those who survey the work done in this department will@at the conviction
that among all the numerous experiments made, not @eeles carried out to
such an extent and in such a way to make it possible éongiee the number of
different forms under which the offspring of the hybrids @pper to arrange
these forms with certainty according to their sepagateerations, or definitely to

ascertain their statistical relatioffs(1-2)

% Die aufallende Regelmassigkeit, mit welcher dieselberitiiprmen immer wiederkehrten, so oft die
Befruchtung zwischen gleichen Arten geschah, gab die Anregungiteren Experimenten, deren
Aufgabe es war, die Entwicklung der Hybriden in ihren Nachkommexeralgen.

Dieser Aufgabe haben sorgféltige Beobachter, wie Kd@re@éartner, Herbert, Lecocq, Wichura
u.a. einen Theil ihres Lebens mit unermudlicher Ausdgeepfert. {ersuche3)

37 Wer die Arbeiten auf diesem Gebiete (iberblickt, wirdleuUeberzeugung gelangen, dass unter den

zahlreichen Versuchen keener in dem Umfange und in der Weidegdtiriart ist, dass es moglich ware,
die Anzahl der verschiedenen Formen zu bestimmen, unkelnemedie Nachkommen der Hybriden
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Unlike his predecessors Mendel was uniquely situated to devedaqantitative
hypethetico-deductive experimental design that was requarasicertain the number and
arrangement of forms over many generations of breedimgreason for his success is in
part the result of Mendel being a hybrid himself: part bickigscientist, part physical

scientist, and part mathematician.

Mendel the Mathematician and Physical Scientist

A brief foray into Mendel’s personal history revettle extent of his interest and
training in the physical sciences and mathematics. gtiaagent at the University of
Vienna from 1851-53, Mendel enrolled in courses with the gnegdicist Christian
Doppler and with the renowned mathematician Andreas wmgEhausen. In fact,
Mendel’s interest in mathematics and the physical seewas so pronounced that it
made up, according to Alain Corcos and Floyd Monhagan €in bookGregor
Mendel’'s Experiments on Plant Hybr)dat least half of his academic schedule (24).

Along with learning the subject matter of mathematics@ngics, Mendel also
had an education in how to apply the knowledge in thekks fie investigations of the
natural world. He was chosen by Doppler as an assd¢anbnstrator at the Physical
Institute at the university. In this capacity, he learnad to perform experimental
demonstrations of various physical phenomena. This pahelucation in the

methodology of experiments in the physical sciencesangdoyed by Mendel in the

auftreten, dass man diese Formen mit Sicherheit in dealm@mGenerationen ordnen und die
gegenseitigen numerischen Verhaltnisse feststellen kdvetesuche3-4)
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careful planning and design of lssumexperiments, which, unlike traditional hybrid
experimentation that relies on a process of first dtmgpand cataloguing information
and then drawing conclusions based on these observamp&ys the Newtonian
hypothetico-deductive approach where a hypothesis is givceexaeriments are then
carefully designed to prove the truth or falsity adtthypothesis.

In addition to the methodology of experimentation, Mémdes also introduced
to the use and importance of mathematics as a toolddighing and modeling physical
phenomena. At the time of his studies, the mathematistatistics and probability had
become an important part of this area of knowledge &IrelOrel suggests that Mendel
might have learned something of the subject from Doppleo, ad published a
mathematical textbodkin 1844 with a chapter on, “combinatorial theory and basic
principles of probability calculation” (31).

Orel also suggests that Mendel could have gained some wamtiingt of the
theoretical application of probability to natural philphy from the work of Joseph
Johann von Littrow (1781-1840) with whose small voluPmbability Calculation as
Used in Scientific Lif¢1833), Mendel was also familiar. In the text, Littrdiscusses the
application of Laplace’s theory of probability to allgstomena arguing that, “the
relationships of all phenomena in nature seem atdastpletely random; but the greater
the number of those phenomena that are consideredpger they approach to certain
constant relationships” (32). Orel explains that Memedid on the book as a resource

for compiling meteorological records and for making raei®gical forecasts of the

% Orel does not provide the name of the textbook. Iraeshowever, that he is referringAdthmetik und
Algebra: mit besonderer Rucksicht auf die Bedurfnisse des gecheti Lebens und der technischen
Wissenschaften: nebst einem Anhange von 450 Aufgaibéshed in 1844
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weather in Moravia and that he may have also appliethéteodology developed from
this experience to his work with peas (32).

Although mathematical symbolization for the purpose ohtjfiang and then
comparing experimental results were used by Kolreutesihybrid experiments, there
was neither an effort on his part to use mathematizatiples as a source of invention
for his arguments, nor to make deductive arguments frosetprinciples. Mendel’'s
background in probability and his work with meteorology, e, suggests that even
before he set out on his experiments with pea hybtidizdae may have been relying on

established mathematical principles as aids for undeistandtural phenomena.

The Role of Quantification, Combinatorics, and the Principle of Probability in

Making Mendel's Case

With no primary record by Mendel of how he developed lgsm@ents in
“Experiments in Plant Hybridization,” the only wayaaderstand the role that
guantification, combinatorics and the principles of proligiplayed in developing his
case for 1) the regularity of the distribution of &wers over generations, 2) the
particulate non-interacting nature of characters, ande3gdquality of the contributions of
parental characters in offspring is by closely examiniegatiguments themselves in the
text of the “Experiments.” What this analysis revaeslhat though Mendel’'s arguments
have their source partially in the positions and metlodgsevious hybridists, they also

rely for support on quantified data and on the principlesoaibinatorics and probability
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to elevate the status of his findings from a series séMations to a set of deductive
natural laws.

In the first five sections of Mendel’s text followirtige “Introductory Remarks”
(“Einleitende Bemerkungen”) Mendel does exactly what hend he will do in his
introduction: 1) “determine the number of forms under whinghoffspring of hybrids
appear” and 2) “arrange these forms with certainty awegrto their separate
generations.” His work in this section is very much infed by the traditional practices
of hybridization; however, Mendel adds precision to his hybrmeaments by purposely
choosing specific features to observe, carefully enstingigplants are not accidentally
pollinated, and precisely describing the relationship betwldarent forms in different
generations quantitatively.

In the first two sections following the introductionghtiel provides his readers
with a careful accounting of and rationale for bothrttaerials and the methods of his
experiments. He begins the first section, “SeleabibBxperimental Plants,” by
describing the three basic criteria he employed whenstmg@and controlling his

experimental subjects.

1. [That they] Possess constant differing characters.

2. That the hybrids of such plants must, during the flangeperiod, be protected
from the influence of all foreign pollen, or be easigpable of such protection.

3. The hybrids and their offspring should suffer no marked diahag® in their

fertility in the successive generatiofig2)

% Die Versuchspflanzen miissen nothwendig
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Of these criteria, the one which is unique to Mendebskws the first one. It is
unlike the criteria of earlier hybridists because 1) gihe experimentation from the
position that a species is made up of a mosaic of segaaitires, and 2) it seeks to
ensure that those features are pure or constant. Ttvesepts are extremely important to
Mendel's case. The idea that traits are separatesatsiis important because it allows
Mendel to clearly identify a characteristic of a plasata single unit and follow that unit
from one generation to the next. The traditional belrefld by Kdlreuter and Gartner,
that all of the characters, or describable featurespint, were part of a species essence
and, therefore, had to be considered en toto, made desdhbiagsortment of characters
extremely difficult because it was impossible tddai all of the features at once from
one hybrid cross to the next.

In addition to positing separate characters, thednitgrion also requires that the
features to be experimentally bred remain pure. Thigrionités crucial to Mendel's
arguments because if he is to prove that traits regtable over many generations he
must begin his experiments with traits that do not vafpre hybridization. In addition,
it provides evidence that Mendel was designing his experinaeotsd a preconceived
position that heredity could be described by mathematiaadiples, which require
regularity. In order to ensure the stability of thet¢ran the seeds he was breeding,
Mendel explains he has allowed the plants to selfebrébeen, after examining the

offspring, he eliminated any plants which did not breed 8)e

=

Constant differirende Merkmale besitzen

2. Die Hybriden derselben mussen wéahrend der Blithezeit vBideirkung jades fremdartigen
Pollens geschutzt sein oder leicht geschiitzt warden kénnen.

3. Dirfen die Hybriden und ihre Nachkommen in den aufeinandernfdigeGenerationen keine

merkliche Stérung in der Fruchtbarkeit erleidexer§ucheb)
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Though the first criterion is perhaps the most innareatif Mendel's experimental
parameters, the second and third criteria are no lgssrtamt. In the case of the second
parameter, Mendel reveals the importance of protectmgxperimental plants from
foreign pollen. He explains that if the experimentadjscts are open for fertilization the
results of the experiment will not be accurate. beoito ensure that uncontrolled
fertilization does not occur, Mendel takes two precautibirst, Mendel uses peas,
Pisum because they self-fertilize and second, he folldwsitme honored practices of
emasculating and crossbreeding plants just beforeesgélfziation can occur.

The final criteria, that species whose hybrids areléemust be crossed, is important
because without an observable series of all the pegs@smutations of offspring in
successive generations it would be impossible to ascerithimmy certainty whether or
not there was any regularity in the expression ofstfedom one generation to the next. In
The Growth of Biological Thoughtlayr explains that this particular parameter was also
extremely fortunate for Mendel because, “Differencesragrintrapopulation variants are
usually single-gene differences and display uncompticktendelian segregation, while
differences between species are often highly polygeaet fail to segregate cleanly”
(Mayr 713). Had Mendel chosen less fertile forms, whioluld have varied genetically
to a greater extent, the regularity of the relationghifheé different generations of hybrids
would not have been so clearly observed. Mendel expdditiee end of this section that
after some preliminary crossings he was led to adopt 22atitf@arieties of the species
Pisumas candidates for his crossing experiments (Mendel 4).

Once Mendel has introduced and explained his experimeftia; he provides

his readers with a list of the character traits H@aintends to observe in his experiments.
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There are seven characters including 1) the differentte form of the ripe seeds
(smooth/wrinkled), 2) the difference in the color lod seed albumin (pale yellow, bright
yellow, or orange/intense green), 3) the differencéencolor of the seed coat
(white/grey, grey-brown, leather brown, or violet), d¢ difference in the form of the
ripe pods (smooth/wrinkled), 5) the difference in thecof the unripe pods (light to
dark green/vividly yellow), 6) the difference in the pios of flowers (axial along the
main stem/terminal at the end of the stem), and 7Jifference in the length of the stem
(long 6-7ft./short %2-1% ft.) (5-6). Mendel then explaimsttthese traits were chosen due
to their high degree of visibility and the regularity loéit behavior.

In some ways, this a priori choice of traits is dical departure from previous
hybridization experiments; however, in others it fokoglassical lines of thought
regarding hybridization. It is radical on the one hanthhee, as mentioned before, most
traditional hybridists did not think of the characterttrais separate elements. Having
separate antithetical traits, however, is necedsarnylendel if he is to complete the
primary mission of his experiments which is to presequantitative description of the
distribution of traits within the organism over genemasi This task is immensely
simplified if 1) he can be assured that the traits bemgted have been shown to breed
true and 2) he can discriminate between one trait anthem In this way, Mendel's
desire for quantified results influences the specific festof the experimental design
making it amenable to the application of the formulgerations, and principles of
mathematics.

In other ways, of course, the choice of traits igy¥eaditional. This is especially

true of his interpretation of characters in terms oitla@ses. This either/or distinction
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reflects Kolreuter and Gartner’s impression that epeties had a distinct essence and
that that essence had a certain degree of dominanoe final form. Mendel does not
guestion whether or not a species or variety might baree or four forms for the same
feature. Instead, he is perfectly content to followtthditional opinion of one species or
variety, one form.

This mixture of the novel and the traditional in Melrglexperimental design
seems to continue in the next three sections in whiehddl describes the results of
crossbreeding experiments of the different varietaht and the first and second
generations created by allowing the hybrids to self-breetthelfirst section, “The Forms
of the Hybrids” [F1], Mendel describes the resultfigfcrossing of varieties with the
seven pairs of antithetical characters listed irptt@ious section. He begins by
describing the conclusions made in previous work about tltemets of crossing

different species.

Experiments which in previous years were made with orntahplants have
already afforded evidence that the hybrids, as a riden@ exactly intermediate
between the parental species. With some of the nkang characters... the
intermediate, indeed, is always to be seen; in otdw#s; however, one of the two
parental characters is so preponderant that it iswliff or quite impossible, to

detect the other hybritf.(Mendel 7)

“0'Schon die Versuche, welche in Fritheren Jahren an Ziergfh vorgenommen wurden, lieferten de
Beweis, dass die Hybriden in der Regel nicht die genauelfglittezwischen den Stammarten darstellen.
Bei einzelnen mehr in die Augen springenden Merkmalen... widginThat die Mittelbildung fast immer
ersichtlich; in anderen Fallen hingegen besitzt das eineetiigrbStamm-Merkmale ein so grosses
Uebergewicht, dass es schwierig oder ganz unmdoglich isandiese an der Hybride aufzufinden.
(Versuchel0)
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In this explanation, Mendel acknowledges that in eacliessbreeding
experiments there have been two distinct results, eifhdre characters of the resulting
hybrid offspring are intermediate between the charaofdirse parents, or 2) the
character of one of the parents predominates. In geafall of his experimental
characters, the latter outcome has been the 1(&3ult

Though it may seem coincidental that in all of thegpaf traits that Mendel
chose for experimentation one form tends to predominggetbe other, he makes it
clear that this coincidence is no accident. The geasence of one predominating form
is necessary for quantifying the distribution of traitglifferent generations of
crossbreeds. With a clear predominance of one or bex tgature, it is possible for
Mendel to categorize a form as foxor formy and tabulate the ratio of forms in each
generation. If the forms were blended, this task would Ipegsible because there would
be no reliable way of sorting offspring into one catgguranother, and, therefore, there
would be no way of making quantitative comparisons. Inrg real way, then, Mendel's
desire for a mathematically based argument dictateypleeof characters—those that do
not blend—he uses as evidence for his theory.

For the character in a pair which predominates, Mendsl the terndominant
(dominirende) and for that character which disappeatseifirst hybrid generation he
uses the termecessiverecessivef! These names designate a different aspect of the
relationship between the paired traits. This relationgmpains the central focus in the

rest of the paper. The actual qualitative differences-rkled and smooth etc.—lose

1 n der weiteren Besprechung warden jene Merkmale, weglhe oder fast unverandert in die Hybride-
Verbindung Uibergehen, somit selbst die Hybriden-Mer&mgprasentiren, als dominirende, und jene,
welche in der Verbindung latent warden, als recessivadiers. {/ersuchell)
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purchase in all but the parts of the discussion in whichdes them to distinguish
between the different character pairs present inroi-ta-hybrid crosses.

Following this distinction between dominant and recessitendel adds that it
does not matter whether the character which is domgwnes from a male or female
plant. This, he argues, is in keeping with the obsermatof Gartner, who also believed
that the dominance of a character was not linked to gentdisrfact is important for
Mendel to establish because it eliminates sexualitysasiece of dominance.

After setting up all the parameters of the subjects us#tkihybrid crosses,
Mendel describes the result of two generations of seffsas from the hybrids. Because
of the way he has set up the experiments, it is podsibleam to present the results
guantitatively. In “The Generation from the HybridB2] (Die erste Generation der
Hybriden), Mendel begins by explaining that the dominaaitstfrom the previous
generation appear, but the recessive traits, which haobeigeed in the first cross,
reappear as well and the dominant and recessive plants appeaaverage proportion of
three to one. After describing this trend, he providesdaders with the actual quantified
results of his crosses. For example, Mendel desciilgegdta obtained from observing
the forms of the seeds generated from self-crogslirigybrids which were the result of
crossing parent80 with the dominant trait, round seed form, and the recessait,

angular wrinkled seed form.
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Expt. 1. Form of seed. — From 253 hybrids 7,324 seeds were abimaitie
second trial year. Among them were 5,474 round or roundist amnd 1,850

angular wrinkled ones. Therefrom the ratio 2.96 to 1 daided?? (Mendel 9)

Following quantitative descriptions of the first two expe¥nts, Mendel stops to
explain the manner in which the different dominant andssige forms were distributed
within individual plants. This aside is extremely impotthecause with it Mendel makes
the case from the probabilistic principle of large nursltkat the ratio he is describing
can only be discovered by looking at a large sampleamitgl According to the principle
of large numbers, the more observations/measurenmesastigators make of a particular
phenomenon the closer they can get to the true valth@bphenomenon. This principle
is particularly important in the investigation of peasadese the ratio is not exhibited in
each example, i.e. if you split open a single pod thaltenot be three dominant round
seeds and one recessive angular one. Instead, the obsszds to collect and quantify
the instances of dominant and recessive seeds from neamtg phd add them up to
arrive at the ratio (10).

Having explained the rationale driving his experimentatioandél proceeds to
accumulate more empirical evidence to support his 3:1eatilominant to recessive in
the first generation of hybrid crosses. He reportsehalts from the crossing of all seven
characters all of which, in varying degrees, approximatztto one.

After having made the case for his 3:1 ratio of dominan¢t¢essive in theé2

generation, Mendel prepares his reader for the arguregrihs to make in the next

%2 1. Versuch. Gestalt der Samen. Von 253 Hybriden wurden interwéersuchsjahre 7324 Samen
erhalten. Darunter waren rund oder rundlich 5474, untigkaimzlig 1850 samen. Daraus ergibt sich das
Verhéltniss 2,96: 1 [the comma is used instead of a ébg@ant]. (Versuchel?)
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section. He explains that of the three dominant famtke ratio two of them are
heterozygou&® i.e. they contain within their genetic pool one domiremt one recessive
character (11-12). This distinction between pure or “parémtans” and mixed “hybrid
forms” creates a second set of antithetical relatigos, this time based on the genotype
rather than the phenotype.

Just as the recessive trait could only be uncoveredtaéeelf-breeding of the
hybrid generatioiir1, the existence of heterozygous dominant could only belete
when the dominants of th& generation were bred to reveal that some, the hgtgoaz
dominants, had dominant and recessive offspring while otlersiomozygous
dominants, bred true. Using the collective number oams#s of dominant and recessive
offspring produced by self-breedik@, Mendel arrives at a definite ratio of the number
of hetero- to homozygous plantsh@ and supports his previous 3:1 ratio of dominant to
recessive (12).

As in the previous section, Mendel follows this conicinsvith the quantified
results of his experiments. Using these results, bemaaglates evidence supporting his
position. Then, he provides his reader with a summativettjatve expression of his
findings, “The ratio of 3to 1... resolves itself therefam all experiments into the ratio
2:1:1 [two, in contemporary terms, heterozygous dominanesshomozygous dominant,

and one homozygous recessive]” (18Following the accumulation and quantitative

3 In order to differentiate heterozygous from homozygaasts in the “Experiments” Mendel uses the
quasi mathematical letter combinatiaa and the phrases “hybrid character” (hybrides Merknzaie)
“hybrid forms” (Hybridformen). He contrasts these @aswith “dominant character” (dominirenden
Merkmale) and “parental character” (Stamm-Charaetbi¢h describe the homozygous forms. He never
uses the term “heterozygote,” which was coined in 190%/itliam Bateson the leading advocate of
Mendel’s work in England.(“Heterozygote, Oxford English DictionarfOxford: Oxford University
Press, 2006) 27 Mar. 2006 <http://dictionary.oed.com/>.)

*4 Das Verhaltniss 3:1... 16st sich demnach fur alle Versuchle Merhaltniss 2:1:1 aufvVérsuchel 6)
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description of his evidence, Mendel ends the sectionawjhalitative statement of what
he is convinced is a regular pattern or law of heredlitg italicized presentation of the

statement highlights its importance as a significantksion.

It is now clear that the hybrids form seeds having one or other of the tw
differentiating characters, and of these one-half develop again the hybrid form
while the other half yield plants which remain constant and receiveaimgnant

or the recessive characters [respectively] in equal numbeigendel 13)

In the five sections following the introductory remarikgndel relies on a
mixture of traditional experimental techniques and nontentional mathematical
practices and principles to develop his experiments andrpreisearguments. His
experimentation with two antithetical forms and hishoels for cross-pollination and
emasculation of plants followed the tried and true jrestof the hybridists before him.
Also, his assumption that dominance was not an excles&eacteristic of either the
male or the female plant was supported by Gartner ama byridists of the time.

However, the primary mission of Mendel's experimémtprovide a quantified
description of forms, had not been embraced by other hgtwidihis goal of
guantification affected Mendel's experimental design shahit differed radically from
his predecessors. First, the move towards quantificatioougaged him to simplify the
subject of observation from all of the charactersst€each contributing species/variety

in the cross to particular traits of each. Seconehaouraged him to look only at

5 Wird es nun ersichtlich, dass die Hybriden je zweiterdiender Merkmale Samen bilden, von denen
die eine Halfte wieder die Hybridform entwickelt, wahreliel andere Pflanzen gibt, welche constant
bleiben, und zu gleichen Theilen den dominirenden ureksaen Character erhalteWefsuchel7)
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characters which, when crossed, resulted in offspringctéatly exhibited one trait or
another. Without these simplifications, quantificatweould have been extraordinarily
difficult, if not impossible.

In addition to quantification, there is also evidenc®&landel's methodological
explanations that the principles of statistics and g@iodiby were driving his experimental
design. The influence of probability is evident in his désooin of the appropriate
guantity and quality of data for calculating ratios. Irs tixplanation, he makes the case
for his data collection practices based on the theblgrge numbers, which suggests that
the more data collected the closer the researchayeatan the true value of a particular
phenomenon. In addition, it reveals Mendel's tendeéadiink of character ratios in
terms of the population because he looks at the cumelliatiio of all traits in all plants,
rather than of the specific ratio of traits in antineen individual plants.

In the first five sections following the introduction.elMdel takes the initial steps
in making his case for the non-variability of charactesinsg mathematics. First, he
guantifies the phenomenon, translating it into theemiorm to be assessed
mathematically. Second, he suggests a series of fixedifiplala relationships between
characters. These initial steps of moving from the qu&ktdo the quantitative domain

do not require Mendel to rely heavily on mathematicaltrartaor principles.

From Word into Law

Once his evidence is quantified and the relationship betWeecharacters has

been described both qualitatively and quantitatively, Metolas to the special topics of
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combinatorics and probability to provide deductive argumergsipport the claims made
from inductive reasoning in the first part of the tex#ttthe characters he is examining
remain fixed over time and in a constant, quantifiablgieiship to one another.
Further, he turns to the deductive principles of mathes&t support his contention that
this relationship should be considereldwa of nature. As a result of this movement from
guantification to rational certification, the role mathematics in making his arguments
becomes much more visible and extensive in the text.

Mendel moves to the next phase of his argument in ti®sditled “The
Subsequent Generations from the Hybrids” (“Die weitéenerationen der Hybriden”).
In the opening lines of this section, he makes it deduis readers that his aim is to
establish a law of heredity based on the resultssoéxperiments. He writes, “The
proportions in which descendents of the hybrids develop@itdip in the first and
second generations presumably hold for all subsequent pré§éughdel 13).

The first step Mendel takes in making his case, thatelagionships he has
witnessed in his experiments represent a law of natute transform the dominant and
recessive character traits and their quantitative oglship to one another into a single

guasi-mathematical expression: Adga.

If A be taken as denoting one of the two constant chasafbdennstance the
dominant,a, the recessive, ania the hybrid form in which both are conjoined,
the expression

A+2Aat+a

“% Die Verhéltnisse, nach welchen sich die Abkémmlinge déridgn in der ersten und zweiten
Generation entwickeln und theilen, gelten wahrscheinlichlféweiteren Geschlechteldrsuchel?)
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shows the terms in the series for the progeny of theids/of two differentiating

character¥. (14)

After the initial presentation of this mathematical egsion describing the ratio
of traits in a hybrid generation, Mendel, realizing ppehthat his audience might object
to his mathematical transformation, attempts to wair tbonsent by showing that his
expression provides deductive proof for an observation ma#élbyuter that had long

been an accepted commonplace for hybridists.

The observation made by Gartner, Kélreuter, and ottieshybrids are inclined
to revert to the parental forms, is also confirmedhayexperiments described....
If an average equality of fertility in all plants il gknerations be assumed, and
if, furthermore, each hybrid forms a seed of which oréylads hybrids again,
while the other half is constant to both characteeqmal proportions, the ratio of
numbers for the offspring in each generation is seémeirfiollowing summary*®

(Mendel 14)

47 Bezeichnef das eine der beiden constanten Merkmale, z. B. das idente,a das recessive, unh
die Hybridform, in welcher beide vereingt sind, so erddat Ausdruk:

A+ 2Aa+a
die Entwicklungsreihe fiur die Nachkommen der Hybriden jaewdifferirender Merkmale Mersuchel?)

“8 Die von Gértner, Kélreuter und Anderen gemachte Wahroebndass Hybriden die Neigung besitzen
zu den Stammarten zurtickzukehren, ist auch durch die besprodferseiche bestatigt.... Nimmt man
durchschnittlich fur alle Pflanzen in allen Generatiorine gleich grosse Fruchtbarkeit an, erwagt man
ferner, dass jede Hyride Samen bildet, aus denen zuekéaéitler Hybriden hervorgehen, wéhrend die
andere Halfte mit beiden Merkmalen zu gleichen Theilerstemt wird, so ergeben sich die
Zahlenverhaltnisse fiir die Nachkommen in jeder Generatisificdgender Zusammenstellunge¢suche
17-18)
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Following these comments, Mendel provides the readéranchart in which his
expression for the distribution of traits is applied Hiaetically over multiple

generations.

Ratios
Generation A Aa a A Aa: a
1 1 2 1 1 :2 :1
2 6 4 6 3 :2 :3
3 28 8 28 7 2 7
n 22-1:2:2-1(14)

As a persuasive device, this chart has two functionsh®one hand, it serves as
a means of gaining the support of Mendel's readers whot mébkeptical regarding the
law-like nature of his findings by showing them that hi®saover time support one of
their most cherished beliefs: that most plants teméwtert to parental forms. The result
of this application reveals that over each succegmweration the pure parental forms do
increase dramatically while the hybrid forms remain tamts This suggests,
mathematically, that the expression that Mendelgsiiag in favor of predicts the widely
supported observation of reversion.

On the other, the chart facilitates the reader's@ecee of the law-like nature of
his findings by logically transitioning them from statim@rical data to dynamic
mathematical relationship that the data suggest. The lobgirts with the fixed ratio that
he has uncovered through empirical observation of fethen moves the reader through

successive hypothetical generations to reveal a dynamreduiar pattern of change.
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This movement eventually leads them to a general mattieahformula which, if they
have accepted the regular pattern of trait distributiadhenrempirical data and its regular
action on successive generations, they are compelledtepta This final formula—2-
1: 2: 2-1—is described by Mendel &t law of developmeKEntwicklungs-Gesetz).

With a mathematically describable law stipulating thgutarity of the appearance
of a single pair of traits over many generations irdh&endel moves on to prove that
this law applies to a whole suite of traits in anwulial organism, so long as those traits
breed true before crossing. In the next section ofetkie “The Offspring of Hybrids in
Which Several Differentiating Characters are Assedia{Die Nachkommen der
Hybriden, in welchen mehrere differirende Merkmalebuaden sind) he accomplishes
this task by relying on many of the same tactics that &ée tspersuade his audience in
the previous section. Again, he uses accumulated empanaince from controlled
hybridization experiments to make his case and movesitlisrace from the static
empirical results towards dynamic abstract mathewrdati@nipulations which offer
deductive support for his position.

He begins his argument in the section with natural laggdascriptors but
quickly moves to reduce them to capital and lower cdterde This reduction allows his
readers to understand what traits he is discussing witl®tgving to write out those

traits every time he discusses them.

Expt. 1 —-AB, seed parents; ab, pollen parents;
A, form round; a, form wrinkled;
B, albumen yellow. b, albumen greef?. (15)
“9 Erster VersuchAB samenpflanze, ab Pollenpflanze,
A Gestalt rund, a Gestalt kantig,
B Albumen gelb, b Albumen griin. Yersuchel9)
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After he has established his system of notation, Mam@delually moves from
natural language descriptors of his data towards quasi-matital expressions to
describe the combinatorial relationships between the fitiesits he discusses. This
progression is apparent in the manner in which thetsestithe second-, third-, and
fourth-round crosses are described with increasing abstnagtne first round of
dihybrid self-crosseB1 are described using numbers and natural language phrases in a
fashion similar to the descriptions of the data in thst tiiree sections of the results
portion of the text, except that they are listed nathan presented within the syntax of a

natural language sentence.

315 round and yellow,

101 wrinkled and yellow,

108 round and green,

32 wrinkled and greet!. (Mendel 15)

In the next section, describing the second round of dith@aii-crosses2,
Mendel introduces abstraction by including the letter symfaylthe traits alongside the

natural language descriptions.

38 had round yellow seeds ..o AB
65 round yellow and greenseeds ............ccoceviiiiiieinnns ABb
60 round yellow and wrinkled yellow seeds ................... AaB

138 round yellow and green, wrinkled yellow and green se@dsb* (16)

0315 rund und gelb.
101 kantig und gelb,
108 rund und grin,
32 kantig und grinVersuchel 9)
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Following this initial chart, however, he offers a marderly accounting of the results of

the second round of dihybrid crosses without natural language.

38 plants with the sighAB

354 * : “Ab
28% * ¢ “aB
(16)

As the number of possible results increases, the a@mbuatural language text
decreases. This transition is warranted because ititgdylandel to control the clarity of
his results as they increase in complexity. At theesame, however, the movement
away from natural language affords him the opportunity to lescdeaders from the
concrete results of his experiments towards the abspasi-mathematical expressions
that he wishes to establish as general descriptorsdquattern of inheritance. In fact, by
the end of his description of the results of the dihybridges, Mendel has reduced all of

the relationships into quasi-mathematical expressionsnsuizing the result of the

crosses.

*1 38 runde gelbe Samen . ettt AB
65 runde gelbe und grun Samen T ...ABb
60 runde gelbe und kantig gelbe Samen ..AaB.

138 runde gelbe und grine, kantige gelbe und grunenSameAaBb(Versuchew)

238 Pflanzen mit der Bezeichnungefsuche20)
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Consequently the offspring of the hybrids [F2]—if two kindsliferentiating

characters are combined therein—are represented by thssigprgf?

AB+ab+Ab+aBt+2AaBt+2Aabt2ABbt+2aBbt+4AaBb.(Mendel 17)

It is not hard to imagine that this neat expressioth@final result of the dihybrid
crosses would be cumbersome for readers if it weréenwnh natural language. Mendel's
expression, on the other hand, does a great deal to hekesults accessible while at the
same time leading readers towards two important conalsiskirst, by transitioning
through a series of forms moving from raw data expressedtural language towards
increasingly abstract quasi-mathematical represenidflendel encourages his reader to
see in the concrete semi-variable empirical dat@xpeession of a fixed, regular natural
law. Second, Mendel proves for a second time the taldihis first law stated in the
expressiorA+2Aata by deriving it again deductively from the expression

AB+ab+Ab+aB+2AaB+2Aab+2ABb+2aBb+4AaBb

This expressionAB+ab+Ab+aB+2AaB+2Aab+2ABb+2aBb+4AaBlis
indisputably a combination of series in which the two esgioms for the
character#\ anda, B andb are combined. We arrive at the full number of classes

of the series by the combination of the expressions:

>3 Daher entwickeln sich die Nachkommen der Hybriden, wenn irettarszweierlei differirende
Merkmale verbunden sind, nach dem Ausdrucierguche0)

>4 Diese Entwicklungsreihe ist unbestritten eine Conthinareihe, in welcher die beiden

Entwicklungsreihen fiir die Merkmakeunda, B undb gliedweise verbunden sind. Man erhélt die Glieder
der Reihe vollzahlig durch die Combinirung der Ausdrickerguche?1)
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A+2Aa+a

B+2Bb+b. (17)

In the last portion of this section, Mendel followe 8ame procedures in order to
prove that character traits maintain a constant adtébstribution in trihybrid crosses. He
begins again by presenting the raw data and then trangitaasds a more abstract
presentation as the data becomes more copious. Finalpresents the data in the form
of a quasi-mathematical expression from which he deaxes again the basic formulas
for the ratio of traits for a given series of crosses

After accumulating the evidence from both the dihybnd &ihybrid crosses and
showing that the ratio of characters can be mathealigtdeduced from their results,

Mendel, drawing on his knowledge of combinatorics, concludes:

There is therefore no doubt that for the whole ef¢haracters involved in the
experiments the principle applies thia¢ offspring of hybrids in which severally
essentially different characters are combined exhibit the terrasefies of
combinations, in which the developmental series for each pair of difiEiag

characters are unitet®® (19)

Now that Mendel has established through the accumulatiooétive proof and
through mathematical deduction that the result of timebaoation of different traits in

dihybrid and trihybrid crosses is always simply the comimnaif the separate expected

%5 Es unterliegt daher keinem Zweifel, dass fiir sammtiiciiée Versuche aufgenommenen Merkmale der
Satz Giltigkeit habe: die Machkomme der Hybriden, in twefcmehrere wesentlich verschienden
Merkmale vereinigt sind, stellen die Glieder einer Carationsreihe vor, in welchen die
Entwicklungsreihen fiir je zwei differende Merkmale wertben sind.\{ersuche??)
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ratios for each of the individual characters, he tates that, the relation of each pair

of different characters in hybrid union is independent of the otheretiies in the two
original parental stocks®® (19). With this statement, Mendel issues his formal ehgk

to traditional theories of inheritance that empahsa&zédmogeneous species essence by
arguing, based on his ability to mathematically exteach of the ratios independently
from the combined expression of traits, that charg&s are separate and non-
interacting.

Having proved deductively that characters assort indepdndilendel uses the
mathematical law of combinations to predict the nundberon-variable traits that should
appear if all the possible combinations are made. He bbgipsoviding the formulae for
calculating 1) the number of combinations possible fovarghumber of character pairs,
2) the number of individuals that will occur for all pixés combinations, and 3) the
number of trait unions which will remain constant inseduent generations of self-
crossing’’ Collectively, Mendel refers to these formulaéras Law of Combination of

Different Characters®

If n represents the number of the differentiating charsatethe two original

stocks, 3 gives the number of terms of the combination seriethetnumber of

%% Verhalten je zweier differirender Merkmale in hybridesrhindung unadhéngig ist von den
anderweitigen unterschieden an den beiden Stammpflanvansuthe??2)

> |f, for example, there are two different characteissggaandBb (n=2) then there should be niné)3
possible combination possibilitidB+ab+Ab+aB+2AaB+2Aab+2ABb+2aBb+4AaBWhich describe
sixteen different individuals f#and have four & constant unionsB, ab, Ab, and aB

*8 Das Gesetz der Combinirung der differirenden Merkmferstiche32)
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individuals which belong to these series, anth2 number of unions which

remain constant. (Mendel 19)

Based on the laws of combinatorics, the number of$ommch remain constant
can be calculated by plugging the number of pairs of tf@itsito the expressiornr2
Although he does not supply the data of all of the possilsidt@tions for seven
crosses, Mendel argues that his crossings have yielded a&®@wbunions, the exact
number predicted by his law for seven character pairs. fabt, he argues, gives
practical proof, that the constant characters which appear in the several varieties of a
group of plants may be obtained in all the associations which are possiblalacrty
the laws of combination, by means of repeated artificial fertitzaf (19). In other
words, no matter what trait or variety is crossed,eaiptable number of forms will
always remain constant. Thus, Mendel is able to deductgrdvide empirical
evidence to support his primary claim for the fixity ofcps.

After proving both inductively from empirical resultscadeductively using
mathematical manipulations and principles 1) that desimgit varies regularly over
many generations, 2) that multiple traits combined imgles organism assort
independently, and 3) that the constant charactersiwdlya predictably reappear in
exact numbers, Mendel moves the focus of his invesiig&b the reproductive process.

In the section “The Reproductive Cells of the Hybrid3ie(Befruchtungs-Zellen der

%9 Bezeichneh die Anzahl der characteristischen Unter schieden ameieen Stammpflanzen, so gibt 3
die Gliederzahl der Combinationsreihedie Anzahl der Individuen, welchein die Reihe gehdéren,2and
die Zahl der Verbindungen, welche constant bleibéarguche?22-23)

0 Dass constante Merkmale, welche an verschiedeneneRaziner Pflanzsippe vorkommen, auf dem

Wege der weiderholten kiinstlichen Befruchtung in alle Viellmgen treten kénnen, welche nach den
Regeln der Combination moglich sin¥efsuche?3)
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Hybriden) he provides his readers with evidence and argsrtesupport the conclusion
that the egg and pollen cellsepresent in equal numbers all constant forms which result
from the combination of the characters united in fertilizat?4125). In order to persuade
his audience to accept this conclusion, Mendel makessaiclhypothetico-deductive
argument.

The hypothetical experiment he proposes to confirnetprlity of both the
quantity and quality of parental contributions is simitahts dihybrid experiment in the
sense that he crosses two sets of plants—one wittdpurmant traits for seed shape and
albumenAB and the other with pure recessive versions of tho#s &fa In this
experiment, however, he carefully makes the pointasscexactly half of the flowers on
one set of plants in the experiment with the politemfthe other half and vice versa. If
the contribution of characters by each parent is eqsdle predicts, then the first round
of crosse<1 should result in offspring whose pollen and egg cellsatonhe following
trait combinationsAB, Ab, aBandab. This result, of course, reflects and, therefore,
reaffirms his previously posited ratio of 1:2:1.

Once he has created a set of organisms with these maisdin their cells,

Mendel explains he will then cross the mixes with puesl BB andab again® He
explains that if his previous assumptions are correcit-Hbth the male pollen and the
female eggs will contain the exact same qualitativeufea in the exact same amount—

then the resulting offspring should divide out into two dddtsets of plants. In the first

®1 Welche ihrer Beschaffenheit nach in gleicher Anzahl alterstanten Formen entsprechen, welche aus
der Combinirung der durch Befruchtung vereinigten Merkmetedrgehen.\(ersuche?9)

%2 |n this second round of cross@g, he will combine in equal amounts the pollen and egg oétheC1

mixed-trait plants with pollen and egg cells of pure-k&plants. The same procedure will also be
applied in the crossing of the egg and pollen cellSisfand pure-bredb plants.
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set®? all of the plants should express only the dominaitst#B, ABb, AaB, AaBb
(Mendel 21). In the second $&the predicts that the offspring should present the 1:2:1
ratio of dominant and recessive trakaBb, Aab, aBb, af21). Once he has made his
predictions, he reveals to his readers the resultsafdiual experiments in which the
data supports his experimental predictions.

The brilliance of these experiments is that theyadte to provide evidence for
both of Mendel’'s conclusions in a single set of trigisth the third set of crosses
between plants with pure bred tra&B and mixed hybrids, Mendel proves that both the
egg cells and the pollen cells can contribute exactlgéimee qualitative traits. If they had
not, then half of the offspring in the resulting generatvould have had dominant traits
and the other half recessive. Because they all exprédsseminant traits, each of the
parents had to have contributed equally to the offsprinth e second set of crossings
between plants with recessive tratsand mixed hybrids, he proves that not only are the
traits qualitatively similar in the egg and pollen cdbist also that they exist in
approximately the same amount on each. If they hadhwst,the ratios between pure
bred and hybrid offspring would not have been maintained.

Unlike his previous arguments, Mendel begins making hisloargeby positing a
hypothetical scenario using his previously established cooalsisHe predicts
completely new conclusions which he then verifiesgisixperimental results. This

change of logical approach shifts the emphasis towasd$ieoretical statements and

% In which mixed trailC1s are crossed with the pollen of a dominaBiplant andAB plants are crossed
with the pollen of a mixed tra®1s

% Which introduces the pollen of a recessiblant to mixed trai€1 eggs and the pollen of mixed trait
C1s with the eggs of aab
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emphasizes their strength in making predictions aboutaheal world which, in turn,
provides support for his contention that he has discovavesiof heredity.

After establishing credibility with his readers that si@éscribing a law of nature
by making successful predictions, Mendel provides thetinarfinal section with a
complete description of the hereditary process, fratiifation to expression, based on
these laws. He begins by appealing to the principles obpilitly to make the case that
the results of self-crossing a hybrid plant should leaal situation in which every
possible combination of the dominant and recessive tsagtgpressed because each of
these characters is equally represented in the polleagindells. This argument from
the principles of probability is important because it sutgplooth the veracity of his
character ratios as well as his claims of equal quiaktaind quantitative contributions of

characters in fertilization.

It remains... purely a matter of chance which of the twassarpollen will
become united with each separate egg cell. According,Jew® the law of
probability, it will always happen, on the average ahmcases, that each pollen
form, A anda, will unite equally often with each egg cell forranda®. (Mendel

25)

What Mendel is describing here under the title “the lawrobability” (Regeln

der Wahrscheinlichkeit) is actually a combination of gpiptes. The first is the principle

%5 Es bleibt ganz dem Zuffalle iberlassen, welche von deem@ollenarten sich mit jeder einzelen
Keimzelle verbindet. Indessen wird es nach den Regeln dersdfeeinlichkeit im Durschnitte vieler Falle
immer geschehen, dass sich jede Pollenfanmda gleich oft mit jeder Keimzellformh unda. (Versuche
29)
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of elementary outcomes which suggests that given a daiglend independent trial, the
result of any given outcome will be 1/number of posgiliecomes. Since there are two
possible outcomes in this situation, a dominant &ait recessive tra#, there is exactly
always a .5 percent chance that a particular variaitleppear. Because, however,
Mendel is interested not only in the individual probabitifthe appearance of one trait
or another but in the probability of the appearancetbéein conjunction with another, it
is also necessary to calculate the probability ofweeindependent equiprobable events
occurring together. This can be easily done by referarigaiscal Arithmetical Triangle
which permits the calculation of the binomial coe#iuti or the possible successes of a
particular outcome given a certain number of tnmals

In Mendel's model, we must imagine that each joining dbminant with a
recessive trait involves the same probability as tpeifig of two separate coins with the
possible pairings either both domin@ntboth recessiva, or oneA and onea. Accepting
that the probability? of each event is ideally .5 and that the number osmiédking
place in each pairing is 2, Pascal’s triangle revéwisthe probability distribution IBA
=.25,aa=.25, and Aa or aA = .50 (Gonick and Smith 77). These leioos reveal that
the average distribution of these traits in any givereggion should be ideally 1:1:2, the
exact ratio that Mendel describes in his expressionAata.

Starting with the assumption that the action of liegtiion is random and
independent in each case, as in a probabilistic triahdelepresents his reader with a
step-by-step walkthrough of the process of trait combinaHenpresents this
information visually, interspersing mathematical symhatis the description and giving

it the air of a mathematical proof.
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He begins by describing the traits in the soon-to-besemparents as equally
manifested in the egg and the pollen of each. His cluditee ordering and juxtaposition

of traits reinforces his position on the similaritytbéir contributions.

The pollen cells (die Pollenselle+A+a+a

The egg cells (die Keimzellen) A+A+a+a (25)
Once he has defined the starting scene of the proeetsgim proceeds to a visual
diagram describing the action of crossing using arrowddioate the direction of the
coupling of the characters. This visual is, of course,dbasehe ideal probable outcome

of the situationrather than what might really happen in any givensingsof two

characters.
Pollen cells (Pollensellen) A A a a
Egg cells (Keimzellen) A A a @5)

Once Mendel is finished showing the action of cross¥ailbn combining two
traits into a single plant, he symbolically presdnssreaders with the results of the

combinations.

> >

+A+a+ta
a A dMendel 25)
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In this expression of the results, the symbols feisdin and addition play
important roles. The horizontal line reinforces fag thader the idea that the traits in a
new organism are both together but at the same timengxes separate, particulate, and
non-interacting entities. The addition symbol “+” beem the sets of traits signals that
the traits are part of a series of results obtainaa the same procedure. In neither of
these cases do the symbols actually entail the usubématical relations for which they
are used; however, in addition to the functions meeticabove, they suggest that
Mendel is describing the steps of the process in terntedteps of a mathematical
proof.

That these symbols represent separation and membexghigyi evident in
Mendel's final transformation in which he restatesréationship of these traits in the
set in terms of his familiar 1:2:1 ratio expression.

+A+a+a = A+2Aa+a

A a (26).

> >
o >

By starting with what he believes are established @e&srfrom his previous
proof and from established principles in the field of proldggbMendel ends this major
line of argumentation in the results section withegpsy-step deduction of the
foundational ratio describing the distribution of traitsigiven generation that he had
derived from his experimental data in the opening sectibtise paper. This allows
Mendel to visually represent for his readers all ofptteees of the logical puzzle he is
constructing and the mathematical neatness with whigpdll fit together. In doing so,

he suggests the logical deductive veracity of his cormiusi
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Whereas the first portion of Mendel's “Experimenitstiedicated to making the
case for a regular pattern in the expression of inhefiegdres, the focus of the second
portion of the paper is on proving that these patternsxaeessions of regular and
predictable natural processes which, because they araregdl predictable and find
expression and support in existing mathematical principésyightly be considered
laws of nature. In the first section, Mendel arguesafarathematical law of development
from the assumptions 1) that the ratios describedeititt section are accurate and 2)
that they hold true over every generation. In the,feximakes the case for the law of
segregation by recovering his ratios for all the charac@mbined in bihybrid and
trinybrid crosses. In the third section, he proves tdependent and equal contribution of
characters from the egg and sperm through hypothetico-deslecperiment: first, by
predicting the outcome of his experiments based on hisopidy established law of
development; then, by reporting the experimental repudtging his predictions were
correct.

In all of these arguments, mathematical symbols,atjpgrs, and principles play
an increasingly crucial role. In the case of the l&gevelopment, a mathematical
expression for constant unionsf@®m the laws of combinatorics is used to present the
value for constant forms. This suggests that Mendel loakedmbinatorics not only as a
source for the descriptive notation for his theory, bsm &r the invention of his
arguments about what the ratios of dominant, recesaiemixed should be.

In the second argument for segregation, Mendel refiegiasi-mathematical
notation and the law of combination of different chteexcto make the case not only that

the combination and segregation of trait pairs do not inflei¢he combination and
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segregation of other traits, but also that traits btaeslin a regular fashion over time. By
using mathematical principles and quasi-mathematicationsaand operations, Mendel
lends a deductive ethos to his conclusions to convinceetiuers of the law-like property
of his findings.

In the final section, Mendel supports his conclusioat tihe traits of the male and
female are equally represented and independent in thesprottertilization, by
invoking the special topics of probability. In addition,diso relies on a quasi-
mathematical format to suggest to his reader that h@iggen of the reproductive
process is analogous to a deductive mathematical prooé ¢dvihof development.

As a whole, Mendel's mathematization of his argumantkhis use of
mathematical principles to support his work make tlse ¢hat characters do not vary
over time. In order for phenomena to be subject to madheal description and
prediction, they need to display a regular pattern odben. By providing mathematical
descriptions which lead to predictions, i.e. mathemalawed, Mendel boldly asserts the

persistence of characters over generations.

Critical Responses to Mendel's “Experiments in Plant Hybdization”

In addition to the role that mathematics plays irkimgaMendel's biological
arguments, the most fascinating rhetorical aspect ddttrg of Mendel's work is why,
given its current importance to the development ohtbeern theory of genetics, it
received so little attention when it was published. Theerto publication for Mendel's

work was the most common one for amateur naturaisise time, through the
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proceedings of a local natural history/philosophy sod@tyhich they belonged. In
Mendel’s case, this was the Natural History Societigramnn.

The results of his experiments were first presenté@anone-hour lectures in
February and March of 1865 at the Society’'s meetingsr@dwtion that Mendel got
from his colleagues foreshadows to some degree the @teipdit his paper would get
from the wider scientific audience after its publicationhe Society’$”roceedings.
According to Mendel’'s own account of the paper’s receptiis findings were
controversial because of their unorthodoxy and nonkeoSbciety member’s felt they

were sufficiently important to replicate.

| knew that my results were not easy to harmonizk wointemporary science,
and that in view of this publication of an isolated expentmight be doubly
dangerous.... | did my best to institute control experimemd,for that reason at
the meeting of the Society for the Study of NaturaéBae [lltis’ translators
version of the society’s title “naturforschenden \fiees in Briinn”] | described
my experiments with Pisum. As was only to be expectedcbuntered very
various views, but, so far as | know, no one undertoobketit®n of the

experiments (lltis 180).

Even though the Society’'s members found Mendel's resaitgoversial at best
and forgettable at worst, his complete lecture was publighe customary procedure for
all papers presented at the Society’s meetings, iRrtbeeedings of the Briinn Natural

History Society{Henig 142). Undaunted by the lukewarm response he receivadHm
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Brinn Society, Mendel requested forty reprints from thenjal editor so that he might
share his findings with important figures in hybridizatiow @elated fields in hopes that
they might recognize and support what he believed wererasaly important results.

Of the forty reprints Mendel requested, twelve are knamwhave been sent out.
Among the recipients are some of the most imporigatds studying variation,
evolution, cytology, botany, hybridization, and reproductt the time Mendel was
writing. The most famous recipient was Charles Daywiho was found to have a reprint
on his shelf, the pages uncut. Perhaps Mendel's motivatiossending Darwin the paper
was a belief that his laws were relevant to Darwitrgggle to understand the hereditary
process and its role in variation. Perhaps he beliexadihtheory of non-variable
characters, though on the face of it contradictorjné¢oDarwinian doctrine of continuous
variation, might help Darwin solve the problem of thgpersion of useful variation over
many generations of breeding. Why Darwin didn’t open épeimt is unknown. Perhaps
it was because it was from a relatively obscure jdypuatout by a small natural history
society. Perhaps it was because he had never hearégdGvendel before.

Though a language barrier might have contributed to Daswlisinclination to
look at the paper, this same factor cannot be saidvi®ihBluenced the prominent
German and Austrian, and perhaps even the Dutch stsentis received copies. The
recipients included scientific luminaries such as MadiBeijerinck, a Dutch biologist
and co-discoverer of viruses; M.J. Schleiden, the establsf cell theory; and Carl von
Nageli, a well-respected cytologist who worked with Sdele. A fifth copy was sent to
a classmate of Mendel’'s from Vienna, Kerner von Maml, who was at the time of the

manuscript’s publication a biologist in Innsbruck. Therals® speculation, but no
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substantive proof, that a sixth reprint was sent to Rcaiger, Mendel’'s and Marilaun’s
botany professor from Vienna. Although six other copreskaown to exist, there is no
evidence of who their original owners were (Henig 142-46).

Among the German and Austrian biologists and cytolsgigtre is a common
thread of connection which suggests why Mendel believgdwield be receptive
audiences for his mathematically described theory @fritdnce. During the 1840s and
1850s in Germany and Austria, there was a small but petdistad in research away
from the qualitative descriptive methodologies of tradigil hybridists and towards the
more disciplined experimental/mathematical approach usteiphysical sciences.
According to Robin Henig, this method, described in thekvadthe cytologists Matthais
Schleiden and Theodor Schwann, gained traction under the mésgientific botany”
and found supporters in both Nageli and Unger (Henig 57). Gineermportant role of
mathematics in Mendel's arguments, it seems only dittivat he would target a group of
biologists who would appreciate his attempt to expressomeslasions mathematically
and use mathematic principles to make his arguments.

Of this group of influential and mathematically inclined bgtal researchers,
Carl von Nageli was the only known to have fully reaahsidered, and responded to
Mendel’'s work. His critique of Mendel's theory offersthe only solid evidence about
what concerns the recipients who did read the papéitiaye had with it.

The reason that Mendel sent Nageli his theory appeds his belief that the
cytologist would appreciate and support his mathematical apprto heredity. However,
there is evidence that Mendel was not certain tleatdmmon ground of methodology

was sufficient to solicit Nageli's attention to hisakoTo add relevance to his work for
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the cytologist, he also suggested in the letter whichragaaied the monograph that he
was interested in doing further hybridization experimentslieracium(Hawk Weed) a
species on which Nageli was an expert.

The correspondence between the two suggests that Meexglessed interest in
theHieraciumexperiments was an important factor in Nageli's moiovato write back.
In his response to Mendel's first letter and his artitie,only existing communication of
Nageli's to Mendel, Nageli writes at length absligraciumand asks for Mendel's help

in doing some breeding experiments with it.

Your design to experiment on plants of other kinds i€keat, and | am
convinced that with these different forms you will getably different results (in
respect of the inherited characters). It would seem tespecially valuable if you

were able to effect hybrid fertilizations in Hieraciuiitis 192)

In this response, Néageli provides evidence not only of lesast in Mendel's
proposed experiments wittieracium but also of the reasons why he believes the results
of Mendel’s first experiments are aberrant if not @lriwrong. First, his statement that
Mendel will “get notably different results” suggests thatr@jects Mendel’'s primary
conclusion that character traits remained unalteredeandarly distributed through the
process of combination and separation. Nageli's rejectidhis position is not surprising
given that he is a firm believer that during fertilion the characters of the parents

typically blend to create a new intermediate charaéterexpresses these views in an
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article “Hybridization in the Plant Kingdoifi (Die Bastardbildung im Pflanzenreich)

published in the very same year as Mendel's “Experinients

The rule, however, is that the characters of theefaand the mother combine and
interpenetrate, whereby a new individual charactermatgs which holds more or
less the mean. The way and the manner in which thewaicurs cannot be

determined in advance. (Quoted in Roberts 96)

In addition to believing that Mendel’'s conclusion wasoimect, Nageli also
provides his opinion about why Mendel got it wrong. In his esion, Mendel fails to
make his case because he has not done a sufficient nafréogreriments. Although this
seems like a ridiculous accusation given that Mendelslusions were based on the
crosses of nearly 10,000 pea plants, Nageli's complaiatsa that Mendel didn’t do
enough experiments with peas but that he didn’'t do a muffiaumber of experiments
with other species. Because his sample is deep but net Mijeli argues that Mendel
cannot assume that his belief in the inalterabilityraits is good in all cases.

Nageli's comment about the breadth of Mendel's sarmag have also
encouraged him to attack Mendel's move in his argumentegent his empirical
findings as the source for a predictable, mathematidakcribable, law of nature.
According to Mendel, in his second letter to Nageli tentApril 18, 1867, Nageli had
written him that he, “should regard the numerical exgioes as being only empirical,
because they cannot be proved rational” (Stern and $bdréB). The point that Nageli

was trying to make to Mendel with this piece of critcigs that Mendel could not rely on

% Karl von Nageli, “Die Bastardbildung im PflanzenreicBgtanische Mittheilunge® (1865): 187-235.
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rational proof from the principles of mathematicsuport his argument for the
regularity in the distribution of traits in hybridizeeas. In his reply, Mendel defends his

use of deductive reasoning to argue his position.

My experiments with single traits all lead to the saemlt: that from the seeds
of hybrids, plants are obtained half of which in turrmmgaine hybrid trait (Aa), the
other half, however, receive the parental traits & am equal amounts....
Therefore 2Aa+A+a or A+2Aa+a is the empirical simgdeies for two differing
traits. Likewise it was shown in an empirical manthat, if two or three differing
traits are combined in the hybrid, the series is a coatioin of two or three
simple series. Up to this point | don’t believe | d@naccused of having left the
realm of experimentation. If then | extend this combarabf simple series to any
number of differences between the two parental plamhizve indeed entered the
rational domain. This seems permissible, however, bedausve proved by
previous experiments that the development of a pairfieirthg traits proceeds

independently of any other differences. (Stern and Sheh&8p

In his reply, Mendel argues that because he has shathe same pattern
describable with the same mathematical expression ctoubé in independent
empirical observations across at least three diftdraits, he should be able to assume
that it will be the same for all traits through suhssg generations. Though Nageli is no

stranger to the application of mathematics to destitegical phenomena in his own
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work,®” he was not particularly enthused about Mendel's useattiematical claims to
support a theory which directly opposed his own positigpe@ally because Mendel's
ability to mathematize his claims served as a conmgedrgument that Mendel's belief in
the non-variability of characters should be accepted.

By investigating Nageli's response to Mendel and Mendel'sraef of his own
work, it is possible to understand at least in Nage&d'se why Mendel's work was not
compelling. To some degree it failed to make a strong imjpre¥ecause it supported
the conservative theory held by Kélreuter and Gartmeatrthe essence of the species
remained separate and inalterable in the offspring of hyandgended to separate out
over multiple generations. This position was in confiith Nageli's position that a
completely new character was formed from the blendfnieoparents’ essence during
the process of hybridization.

The concept of non-variable traits was also in coinflith evolutionary theories,
both Darwinian and Lamarkian, which had gained ascendangygdbe period Mendel
was distributing his reprints. Because many biologistisidicg Unger and Nageli had
embraced this position, it is likely that at least sqogion of Mendel's audience
rejected his findings on evolutionary grounds.

In addition to challenging the substance of Mendalisctusions, the belief that
organisms vary from one generation to the next or bleradrin new characters also
challenged the manner in which Mendel argued for, arriveahdtpresented his
conclusions. If organisms vary and or new characiesisire formed in each generation,

then the laws of combinatorics and probability which Menged to design his

%7 Jltis explains that in Nageli’s cytological work hissearch, “led him to... formulate upon a mathematical
basis his theory of growth [in which].... Cells constitute elements out of which we can construct the
organs in accordance with mathematical rules” (lltis 184).
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experiments and to deduce his laws are inapplicable bettamsgelaws require outcomes
to be as fixed and clearly discernable as the resuéioin toss. If characters vary or
blend, neither of these conditions is possible.

Though mathematical models developed in the 1920s and 1930and t
recognition that mutation was a natural source of vanailowed for a grand synthesis
between Mendel and Darwin’s work, at the time Mendel sea&ling out his work it
would have been impossible for his audience to reconcileomislusion with Darwin’s.
Given the general excitement during that period generat&tdoyDrigin it is not
surprising that Mendel's insistence on the persistensean traits in a single species of
plant did not draw much attention. In fact, it was notl idrwin’s concept of
continuous variation was repeatedly challenged and Menulgisf in the stability of
characters was three times confirmed by De Vries, &rsthk, and Correns that his

theory was heard by a more receptive audience in tharbeg of the twentieth century.

Conclusion

An investigation of Mendel’s rhetorical situation, his kground, and his
arguments reveals the complexity of forces affectivegrhetorical situation surrounding
the publication of “Experiments in Plant HybridizatibAs a participant in the discourse
regarding plant hybridization, Mendel was guided by thermé&tion, methodologies,
and arguments that had come before him. His work showsl&dge of and reverence
for the observations of the hybridists who preceded thioygh his methods for

confirming their position on the fixity of characteaits were radically different.
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Drawing from his experiences as a student of mathenaiashe physical sciences,
Mendel applied the hypothetico-deductive approach to his empats which required
him first to state his proposed conclusions and thengxpariments to prove their
validity. In this planning process he relied on the priesimf combinatorics and
probability to supply him with direction in the a prioraming of his investigation. By
starting with these principles to develop his hypothessgdag an appropriate set of
experiments, and rigorously carrying out those experiméteadel was able to
demonstrate the regularity of the distribution of chanactver generations, the
independent segregation and integration of character pagghe independent and equal
contributions of parental characters in offspring.

Mendel is interesting rhetorically, on the one hamtaose his arguments
represent a novel first case in which mathematicssegibe employed to make
arguments about heredity. A close examination of hip&Ements in Plant
Hybridization” reveals that Mendel used methods of dedeiceasoning to elevate his
empirical results to the status of a natural lawnorbter to persuade his readers that traits
are not variable across generations and that their apmeafollows a law of nature,
Mendel used quantified data, argued for regularity in the uitg mathematical and
guasi-mathematical formulae, and elevated these pattetins status of a law through
the use of quasi-deductive proofs and the argument thagdbtar patterns he described
follow existing laws of combinatorics and probability.

On the other hand, Mendel’s failure to find an audidacéis work, despite the
eventual importance of his conclusions to modern genegipsgsents something of a

modern rhetorical mystery. How could such a clearly atguel currently celebrated
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paper have been ignored for so many years? A detailed madaoni of his rhetorical
situation, background, and arguments, however, revedlthihaeasons why Mendel's
work was ignored are numerous. Perhaps his work wasdoagsebecause of language
barriers. Perhaps it was overlooked because the joneralblished in wasn’t held in the
highest esteem. It could have been ignored because Meada geographically and
academically obscure figure.

Though Néageli's response to his work gives no hints abouthehéhese
possibilities were a factor, it does provide evidencehbavas overlooked because his
work challenged the theory of evolution which expectathtian in each generation. In
addition, it made great claims about inheritance basexperiments on a single species.
Without social or professional credibility, which migdtcourage his readers to look past
these issues, it is perhaps not surprising that Mendelumeecognized for so many

years.
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Chapter 4: Contours of Heredity: The Law of Error and Francis
Galton’s Biometrical Approach to Heredity

To those who are acquainted with the statistics set forth by Galtoatumall
Inheritance...it will be well known that measurements of certain qiemtigroup
themselves around a mean form in such a way that the curve represbkatirgguency
of occurrence of the several measurements has the form known ag afcbrequency
of Error. — William Batesoin Variation in Secondary Sexual Characf&rs
It was Galton who first freed me from the prejudice that sound matlosncatld only be
applied to natural phenomena under the category of causation. Here for thaerfast
was the possibility... of reaching knowledge—as valid as physical knomedgéen

thought to be—in the field of living forms and above all in the fielkdimman conduct. —
Karl Pearsort®

Although it may seem historically that Mendel's “Expeeimbs in Plant
Hybridization” represents a lone voice advocatingsiesnatic mathematical approach to
the study of heredity informed by the special topics obabdity, the reality is that he
was not the only researcher in the latter half efriimeteenth century applying
mathematical principles to the investigation of inhea& In fact, a decade before
Mendel’'s arguments on the subject were widely read an@epped in England, Sir
Francis Galton (1822-1911) broke ground for a probabilisticssitztl approach to the
investigation of heredity in his bod¥atural Inheritancg1889).

Like Mendel, Galton develops in his work a theory of déyewhich employs
guantitative evidence and the special topics of probaliibyvever, while Mendel used
basic principles of probability codified as combinatqr@salton used the law of error to
establish meaningful patterns in hereditary data. Aksdton’s efforts to persuade his

readership of the efficacy of mathematical principfedascribing patterns in inheritance

% R.C. Punett., edScientific Papers of William Bateso® vols. (Cambridge: Cambridge University
Press, 1928) 194.

% Nicholas GillhamA Life of Sir Francis GaltoifOxford: Oxford University Press, 2001) 277.
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were a success, whereas Mendel's were a failure. Bhberital issue in this chapter,
therefore, concerns what unique characteristics ahthir, the argument, and the
audience may have resulted in the successful recepiti@alton’s arguments where
Mendel's arguments failed. After examining each of tHastors in detail, | conclude
that Galton’s success is due to a combination of 1) theedegmotoriety and respect he
commanded in the scientific community, 2) the inclusiveradsis views about the
hereditary process, and 3) the extensive rhetoricaitéffomade to persuade his
audience that the special topics of probability andssiedihave jurisdiction in making
arguments about variation and its distribution in hup@pulations. The use of
mathematics to inform and describe his arguments aractieptance by the biological
community of this method of argumentation are importanthse the success of
Galton’s arguments set a precedent for employing matleahfirmulae and principles
in arguing about heredity in English biology, helpingetbablish a positive atmosphere

for the reacceptance of Mendel's work.

Francis Galton: a Gentleman of Science

One of the factors in Galton’s success in his argusnfenta mathematically
informed theory of heredity was his status in Engdisbial and intellectual circles, a
status due in part to an accident of birth and in part tddvstion to science. From birth
Galton enjoyed a comfortable position within the wealthsésta of the English middle

class. His father, Samuel Tertius Galton (1783-1844), veaseessful Quaker
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industrialist and his mother, Violetta (Darwin) Galtaras the daughter of Erasmus
Darwin and aunt to Charles Darwin (Brookes xv, 4).

In addition to being born into a family of materia¢aith, Galton was also born
into one with intellectual fame as well. His fati@&amuel was an amateur scientist who
contributed to the theory of color vision and his gratidfaErasmus Darwin, a member
of the intellectual society the Lunar Club, devisetkearsng mechanism for carriages,
published a classic paper explaining the formation of cloaus crafted the poem
Zoonomiawhich argued that all living things were descended fromglesmicroscopic
ancestor (Bulmer 3). The propensity and talent for sei@f these illustrious forbearers
seem to have been genetically gifted, or at least Galtuld have thought so. He was
considered as a child prodigious in his capacity to learn.

In the formal system of education Galton’s brillianaswot so obvious. In his
opinion, his lack of enthusiasm for his studies was duectogstrictiveness of the
subjects he was forced to study. In his autobiography he wfites early educational
experience: “I learnt nothing and chafed at my limitatidrhad craved for what was
denied, namely, an abundance of good English reading, auglht mathematics, and
solid science” Memories20).

At the age of sixteen, he was given the chance to phisiseientific interests a
little more freely by his mother who hoped that Framesild join his grandfather and
his uncle in the medical profession. He was sena fggar to study medicine at
Birmingham General Hospital and the following year iog& College Medical School
in London. In these more scientific settings, Galt@tademic performance briefly

improved (Bulmer 5).
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In 1840, however, he left King’s College to read mathasaatt Cambridge. This
interruption had been suggested not only by his father, ®wtogl his cousin, Charles
Darwin. Francis agreed to it whole heartedly and edt@irinity College Cambridge in
October of 1840. His academic career at Cambridge, howléeehis earlier secondary
education, was lackluster.

About his studies in mathematics, Galton says relgtitde. He admits that he
had a little catching up to do in elementary mathematiemwhe first arrived and that he
had several mathematical coaches during his time at s¢hdus third year reading for
mathematics, however, he suffered a mental breakedweh ended his studies in the
subject Memories79)

Galton’s struggles to keep his restless mind confined tpdainstitutional
academic program ended in 1844 with the death of his fatherconsiderable wealth
that he inherited left him financially independent and fridlei©responsibility to finish
medical school. He quit school, abandoned the meplic&ssion, and took off for the
Near East to travel and experience the world.

From 1845 to 1846 he traveled to Egypt and Syria, embarkiag expedition
up the Nile with two Cambridge friends, Montague Boulhod Hedwith Barclay, and
from there traveling to Jerusalem and Jordan. He rettongdgland in 1846 after facing
potential trouble from the family of a guide who wasekilduring the journey and after
the death of one of his sister’s husbands.

After four years of hunting and general idleness inl&my Galton decided to
return to adventuring, this time in southern Africa. Thportance of this exploration to

Galton’s interest and success in science cannot be stideted. In the planning and
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execution of the trip, Galton made a serious connebigween his life’s pursuits and
science for the first timeMemoriesl22-23). In addition, the trip provided him with his
first opportunity to gain recognition for scientific work

The inspiration to make the trip a journey for sciemitgally came from Francis’
cousin Douglas Galton, a Fellow of the Royal Geograpba@e®y, who suggested that
Francis might incorporate in his adventure some scieittivity. He provided Galton
with introductions to some of the Geographical Societyésnimers who worked with him
to develop a plan of exploration for his journey whiclsuw@take him from Cape Town
to Lake Ngami, recently discovered by David Livingstoneniers of the Society
suggested that Galton survey the land on his route and tEmkrhis findings (Bulmer
11). Although unversed in the use of the sextant and techni§aesveying, through
reading and practicing, Galton became competent enough tbeubasic tools and
techniques of geodesy to survey the country through whittaleled, making careful
measurements of longitude and latitulfee(nories125-26). As promised, he sent his
observations back to the Royal Geographic Society whichghdalithem in their journal
in 1852. In 1854, because of his work in Africa, he receivedadheir two annually
awarded gold medals, “for having at his own expense and mefarice of the expressed
desire of the Society, fitted out an expedition to epgptbe center of South Africa, and
for having so successfully conducted it... as to have endlie&ociety to publish a
valuable memoir and map in the last volume of the jdu(t&0).

Galton’s success in his African adventures helped hiabksh a place of
prestige in the scientific community and encouraged himyotdehis time, energy, and

wealth to the pursuit of science. Of the ethos withendcientific community that his
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work in Africa afforded him Galton writes, “The GeograpthiMedal gave me an
established position in the scientific world. In conrativith subsequent work, it caused
me to be elected a fellow of the Royal Society in 1856, to receive the very high honor
of election to the Athenaeum Club” (151).

With these new laurels and the support of a winning penspaald disposable
income to help fund scientific projects, Galton was smoestablished member of the
scientific elite. He was elected to the council of Rwyal Geographic Society in 1854
and made secretary in 1857. He was also elected to varglupdsitions in the British
Association for the Advancement of Science inclgdieneral secretary (1863-67),
president of the Geographical section (1862, 1872), and presidciet Anthropological
section (1877, 1885), turning down the position of Presidetiteoéntire society twice
(Gillham 105). He was selected to be a member of thelSayaety in 1856 and in 1854
received the silver medal from the French Geologicalradgtee (105).

In addition to supplying him with the necessary credibfbtyprosecuting his
later mathematical arguments about heredity, Galtear' scientific exploits prepared
him with the requisite mathematical skills to develapdriguments. In his African
travels, his work with geodesy most likely put him in cohtaith some of the
mathematical developments in the field which could hagtided work estimating error
using distribution tables calculated from the error curve.

In addition to geodesy, his scientific investigationsveather may have also
provided him with the necessary mathematical exposure tosiadd and make
arguments about heredity using the error curve. ledhnly 1860s, Galton became

interested in the laws of weather which were atithe beginning to be comprehended
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with the help of the collection of numerous observetimade at the same time over a
wide area. Specifically, he was interested in the phenamf wind and how it was
created. At the time, the only wind model was that efttbpical cyclone in which an
area of extreme low pressure and a mass of warm mipisioving in different directions
collided. Galton wondered whether the direction of wmé&urope might not be caused
by a similar weather phenomenon.

In order to find out, he sent out requests to obserestdighthouses, and ships to
make measurements and observations three times a daydfcover, wind speed and
direction, temperature, and barometric pressure. Hechants of his compiled data to the
Royal Society in 1862 and in 1863 offered an analysis of tteevdaich made the case,
that not only did Europe experience cyclonic conditionslar to those in the tropics,
but that it also experienced anticyclonic conditiongmytduring a period of high
pressure, air from the upper atmosphere would rush dowtingr@andy conditions
(Memories229-31).

Michael Bulmer suggests that the papers and charts aahipilGalton in his
work with the anticyclone and other meteorologicabyems reveal his knowledge of
statistics/probability. Specifically, he suggests thakt@h’s “facility for interpreting
maps and charts, in particular by drawing isobars, isothesind so on through points of
equal geometric pressure, temperature, and other physicalegiaeems to foretell his
technique of drawing ellipses through data points on tabldseqgbint frequency
distribution of the heights of parents and offspring toaker the properties of the
normal curve in the distribution of the data. AdditityyeBulmer explains that in an 1870

paper discussing the problem of predicting wind velocity,daatalculates wind velocity
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from a crude multiple regression formula which couldd®nsas a precursor to the ones
he develops for his hereditary experiments with peasiss®d in the next section
(Bulmer 31). Finally, Bulmer argues that it may havenbieis work with weather that put
him in contact with Quetelet, who might have been hislgipior the Belgian data for

the weather maps he was compiling in the winter of 1861:62)(

The Development of a Mathematical Theory of Inheritance

At around the same time as his meteorological invesiigatGalton began work
on his hereditary investigations. Even in his earlidstisf, it is possible to see the
importance of quantified data in his work. At some poetirdeen 1865 and 1869, Galton
was introduced to the application of the error curveudinchis friend William
Spottiswoode, who had used the law of errors in orderaade evidence that mountain
ranges were “not accidental and that the geologistrenddtural philosopher will at least
have good grounds for seeking some common agency whicksedctheir upheavaf”
(Gillham 158).

Further, he was introduced to the physiological and sogicdl applications of
the law through the work of Quetelet.MemoriesGalton says that he made the
acquaintancé of the Belgian statisticiartMemories304). Though it is not clear what
transpired during their meeting(s), after reading an Bmgjlanslation of his 1849 text,

Letters on ProbabilityGalton decided to incorporate Quetelet’s curve fittingnhépues

O william Spottiswoode, “On Typical Mountain Ranges: an Amlin of the Calculus of Probabilities to
Physical GeographyJournal of the Royal Geographic Sociétly (1861): 149-54.

" Bulmer suggests that this meeting most likely took plaberethrough his collection of weather data or
at the International Statistics Conference which fgake in London in 1860. (Bulmer 173)
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into his assessment of his collected data on talentsnelationship to heredity. The
results of this application are presented in his fixggreded work on hereditijereditary
Genius(1869).

In this text, Galton argues for the first time that taw of errors accurately
describes the distribution of variation in the tratsiuman populations. Given that
Quetelet’s statistical/probabilistic approach had yieldexh svonderful results in
predicting the distribution of qualities like height arfest breadth in a population,
Galton argues that the same distribution might be eghpdi traits such as intelligence.

In the third chapter dfiereditary Geniusentitled “Classification of Men
According to their Natural Gifts,” Galton uses Quetslapplication of the law of error
to a collection of heterogeneous subjects to move hikeréawards his own conclusions

regarding the distribution of eminence within a population

| propose in this chapter to range men according to th&ural abilities, putting
them into classes separating them by equal degrees of amefrito show the
relative number of individuals included in the severassés....The method |
shall employ for discovering all this, is an applicataf the very curious

theoretical law of deviation from the averagdefeditary Geniu6)

Given that Quetelet’s statistical approach had yielded wanderful results in
predicting height and chest breadth, Galton suggestdihaatme distribution might be
applied to non-physical traits such as intelligence. Tows,of the differences between

Quetelet’s and Galton’s approach is that it expandsgpkcation of the error curve from
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easy-to-quantify physical characteristics to more diffito-measure qualitative features
(32).

In the sections of the text which follow, Galton lgnas actual scores from the
Royal Military College at Sandhurst’s entrance exanmamatising Quetelet’s calculations
of the law of errors and shows that the scoresfgiroximately within a distribution
predicted by Quetelet’s tables of calculatioHsreditary Genius3). This proves for
Galton that the distribution of intelligence, like hdigind chest size, can also be
estimated within a population.

Although Galton’s application of the law of error to thega is strictly in keeping
with the applications as they are described by Quetaeattérprets the results
differently. While Quetelet is interested in ascertagnihe profile of the “average man”
and views deviations as errors in nature, Galton isasted in variation itself. He sees
the distribution of values of a trait around a meanasa series of mistakes in nature but
as the description of the degree of variation of aqdati feature in a particular natural
population (26-30).

Galton explains that a natural population within a stamérenment will have a
predictable range of characters with a predictable “agfme. bell shaped distribution.
He adds that if two populations from different environteeare compared, two different
ranges of characters with different population meaftidoacome apparent. As a result,
the law of error can be used to determine whether ofthetevents of which an average
has been taken, are due to the same or to dissimiaeslaf conditions'Hereditary
Genius 29). Because the law of error can be used not only twideshe range and

distribution of variation within a population affected bg tsame conditions, but also
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whether a sample contains two distinct populations,cibtres a powerful tool in
Galton’s later work and in the work of the biometaits for defining homogeneous
populations and identifying evolutionary changes within @awben populations.

In addition to describing variation, Galton also occupeaslers oHereditary
Geniuswith a discussion of the degree to which the intertdity particular inherited trait
is maintained across generations. To ascertain the dégatten examines the pedigrees
of eminent men in various professions and attempts ¢toles the number of eminent
offspring, forbearers, and relations by blood that coulddmed from a given set of
eminent individuals. What he finds is “that the proporbémen of eminence
continually decreased as one moved away from the enoisient person roughly
according to the law that, ‘the percentages are quarétreach successive remove,
whether by descent or collaterally’” (287). This procaisgeometrical decrease
eventually becomes a central feature of his argumestaral Inheritanceand is later
codified by Galton as theaw of Ancestral Inheritance

In Hereditary GeniusGalton develops the germs of several principles which pla
important roles in guiding his later arguments about thereaf heredity. First, he sets
forth the principle that the distribution of a traitany given homogeneous human
population is approximately normal; and second, that tieasity of traits diminishes
over each successive generation by a geometrical regreBsom these principles,
Galton directs his natural inquiries from specific inseof single characters to general
instances of multiple characters over multiple gereratin hopes of discovering 1)

whether the normal distribution of traits in smalhimgeneous populations might also
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occur in the heterogeneous aggregate of all populationsy2héredity affects the
distribution of traits, and 3) how traits could remaib¢e over time (Chatterjee 288).

In order to answer these questions, Galton performsaatiset of experiments
on the same natural subject as Mendel, peas. Beginnihg spring of 1874, he
designed an experiment in which he separated groups of teimp@aeven classes
according to their seed weight and diameter. Galtotetleghese classes as homogeneous
subpopulations in a larger more heterogeneous general populdpeas. He sent
samples from each of the seven groups to differentdsiém raise according to strict
instructions. When the seeds were harvested, Galtoruttgneeighed/measured the
offspring for each group, calculated the mean, and workethe distributions of the
weights and diameters of each of the offspring aroundndan. What he found was that
in each of the seven groups the values of their wedjstisbuted normally around the
group mean.

Now that Galton was certain that both the smallendgeneous weight/diameter
groups and the larger more heterogeneous population ofla gergeration distributed
normally, he felt confident in comparing seed weights/@i@nms across generations. This
would allow him 1) to ascertain any change in the exprassia particular trait from
one generation to the next and 2) to determine wheteen#&an and the distribution of
the population changed over time. In order to do thesggshire invented a totally new
mathematical procedure called regression analysis invitvio different sets of
variables, one dependent (marked with respect tg #xes) and one independent
(marked with respect to theaxis), are plotted with respect to one another. Tading,

called a regression line, is drawn which minimizes tvead in the data points. The
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slope of this line provides a quantified description of whedinelrto what degree the
dependent value of) can be predicted by the independent value)of (

In his examination of two generations of peas, Galtortedato know to what
degree the magnitude of an offspring’s trgjt uch as weight, could be predicted from
the magnitude of the same trait in the parght Plotting each of the means for each of
the offspring groupsyf against each of the means for each of the parentabgo,
Galton observed that the means lay roughly on a striigh After drawing the
regression line, he measured the slope of the line toHatdhe predictability of the
median weight of the offspring)Yfrom the median weight of their parent¥ \Wwas 1/3.
Galton interpreted this result as meaning that offsgradyonly 1/3 of the original
variability of their parents, either above or beldw tean, which meant that on the
whole the offspring tended to regress towards the populaga@mm

Given the regularity of the distribution of the meansach of the generations
and the regularity of the variance of those means ftee line of regression, Galton
affirmed his hypotheses that 1) distributions of traite¥othe principles of the law of
error across generations and 2) traits regularly reggleéssvards the population mean.
With regards to heredity, he believed that his findings\&d that characters were
generally stable over time, the same position suppbstédendel, because there was a
constant tendency towards the population mean ratheiatkay from it and because the
traits were normally distributed over generations.

After developing his method of bivariate, i.e. two-variablealysis on plants,
Galton was eager to apply it to human subjects. His prablem, however, was that

there was no available data. He decided to collect gélfimThis Herculean task began
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in 1884 when he sent out a notice offering a reward &tisttal data from family
records for such characteristics as stature, eye;¢eloper, and artistic facultiNétural
Inheritance72, 77). In the spring of the same year, he also set @nthisopometric
laboratory at the International Health Exhibition in thardens of the Royal Horticultural
Society in which visitors paid three pence to have thtit statistics including eyesight,
hearing, height, and strength recorded (Gillham 211-12). Fnese statistics, in addition
to the statistics from a more permanent anthropomietooratory set up in the Scientific
Galleries of the South Kensington Museum, Galton viaées t® obtain information on
more than 17 different characteristics for over 13,00 iduals.

By the time Galton was ready to make his argument&ataral Inheritancehe
had already established for himself through his family cotmes, wealth, exploits, and
hard work a significant reputation in the scientifiersounity. Thus, Galton had access
to and the attention of many influential members of thensiféic community. Because of
his experience with and track record of publishing on indwec#, he also had the
credibility to speak authoritatively on this subject anédaken seriously by them.

In addition to giving him credibility, his early scientifieork exposed him to and
gave him practical experience with statistical methodsglwplayed a major role in
developing his later work with heredity. Through the agpion of the error curve to
biological data on humans khereditary Geniusind his work with peas, Galton began to
develop some of his fundamental tools for dealing withewian within and across
generations of human populations. The application o&thass to plants led to results
which encouraged further exploration of the phenomemagrséssion and the geometric

diminution of traits in humans.
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Natural | nheritance

Though Galton’s social and scientific ethos playrapdrtant role in the
acceptance of his theories, the succeddaddiral Inheritancecan also be attributed in
part to his skill as a rhetor. The next few sectiofisfacus on the arguments in the text
itself. The goal will be to understand not only how persgatsictics helped secure the
positive reception of the text, but also to comprehexwd ftundamental assumptions
which ground Galton’s model made it amenable to its readers.

Although up until the point that Galton publishddtural Inheritancene had been
offering various arguments about the nature of inheritautgeh relied in some part on
the law of errors, this text represents the firsetime makes an extended coherent
argument for his theory of heredity based on the madhieal operations and principles
developed from the law of error. After a first chapteat establishes his ethos and
promises rewards for those readers who can persevetgthhis introduction of new
mathematical methods, Galton provides his reader witlseigéon of the hereditary
process in chapters two and three which necessitatastha very least legitimates, the
application of special topics from these two matherahfields. Then, in chapters four
and five, he makes the case that the law of errorseapblied to the study of heredity
by developing his own particular interpretation of the, lenaking the case that this
interpretation does not violate the law’s basic precepts presenting arguments to
establish that the data on hereditary features distribatecordance with the scheme of
the law of errors. In conjunction, these chaptersstiglaish the basic biological

principles that Galton is arguing from and 2) persuadechdership of biologists and

149



other scientists, who, he assumes, have eitheelihat no general background in the law

of errors, to accept the application of this law to tiel\g of heredity in humans.

Chapter One: The Author, the Audience, and the Journey

In the first chapter dflatural Inheritance Galton supplies the reader with three
very important pieces of information. First, he presénms own credentials. Second, he
identifies the characteristics of the audience he ingsgieading the text. Finally, he
provides a brief qualitative characterization of the qaesthe intends to ask and the
method he intends to employ to answer them.

He begins the first chapter by establishing his ethokiforeader and the reasons
why his particular theory of inheritance is superior to esitheories on the same
subject. In order to establish his credibility, Galton exsléhat he has been investigating
heredity for many years and that he has published mahgitat memoirs concerning
the subject. This appeal to past experience and succeddslisapan lets the reader know
that the theory he is about to describe is not sodiealty new idea, but rather one that
has grown up over time: “l have long been engaged upacarc@roblems that lie at the
base of the science of heredity, and during severas yeeve published technical
memoirs concerning them” (1).

This claim to credibility is important because Galton éslthat his theory of
inheritance is different, and he believes superior,ltoravious theories. (He is, of
course, unaware of Mendel's work.) He explains thatatgelty and strength derive from

hisl) examining multitudes or populations of organisms ananp)oying, “more refined
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and searching methods than those usually employed in tagyedquiries” (1). The
methods he describes are in fact the mathematicaldevetoped from the law of error.
He proposes to his reader that by employing the mathexhapierations and principles
of this mathematical law he is able to provide a moreiggeand credible theory of
heredity than those who have come before him: “hheiry relates to the inheritance of
moderately exceptional qualities by brotherhoods and nndéig rather than individuals,
and it is carried on by more refined and searching methadghiose usually employed
in hereditary inquiries” (1).

Once he has made an ethical appeal and an argument rggaedgsuperiority of
his approach, Galton recognizes his audience and makeasddor the style and
organization of his argument. One common element &ablkes not divulge in the
introduction is his conclusions, though he does suggestes sd¢nproblems that he

intends to address in the text.

The conclusions cannot however be intelligently @nésd in the introductory
chapter. They depend on ideas that must first be welpoehended and which
are now novel to the large majority of readers and uritano all. But those who
care to brace themselves to a sustained effort, needalaohéich regret that the
road to be traveled over is indirect, and does noitaafrbeing mapped
beforehand in a way they can clearly understand fulllief interest of its own. It
familiarizes us with the measurement of variability, witth the curious laws of

chance that apply to a vast diversity of subjeddatifral Inheritance3)
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In these lines, Galton makes several important rleationoves that set the tone
for the rest of the text. First, he identifies hisiande. He recognizes that they are most
likely unfamiliar with the operations and principles neated to the law of errors. This
suggests that his argument has been designed primardipfogists and not for those in
the fields of geodesy, astronomy, mathematics, ando@uies, who would most likely
have knowledge of the role of the error curve and wohétgefore, not require an
extended explanation of how the law works.

Once he has identified his audience, he tries to devedogtimos further by
showing them that he understands they might have ultibs with the mathematical
elements of the arguments. He assures them thapttence with the circuitous route
of his arguments and their perseverance will pay afieir knowledge of a new,
powerful method of investigating heredity that will leddm through the tangle of
traditional problems towards a clearer understandingeoptienomena. In this
exhortation, he makes the case that that which is hartbetter. This argument places a
premium value not only on the endurance of his readerldmba the value of the
methods employed in and the results reached throughgumants.

Collectively, Galton’s introductory remarks serve agaaning and a promise.
They warn the reader that the approach is unorthodbxliéficult. However, they
promise the reader that Galton himself is sufficiektipwledgeable to lead them through
this difficult approach and that if they follow and peese, they will reap the rewards of

this new method.
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Chapters Two and Three: Establishing Jurisdiction

Once he has exhorted readers to follow his lead, Ghé&gims the task of
persuading them that the mathematical methods hemlay in the text are fitting for
the study of heredity by making the case that heredayr@adom phenomenon and can,
therefore, be best handled by the laws of probabHieybegins chapter two of the text

“Process in Heredity” by explicitly stating his goal.

A concise account of the chief processes in heredity® given in this chapter,
partly to serve as a reminder to those to whom the wadrRsrwin especially,
and of other writers on the subject, are not famibat,principally for the sake of
presenting them under an aspect that best justifiemétieods of investigation

about to be employedNatural Inheritanced)

In addition to stating the goal of the chapter, thsspge provides further
information about Galton’s intended audience for thé #lthough the basic gist of
Darwin’s work was widely known by 1889, the particulars sftheory were probably
not common knowledge for all but a very small grouppeicgalists in the biological
sciences. Galton’s recognition here that he needsaiexhe basic tenets of Darwin’s
principles relevant to his work suggests that he is tagéis arguments to a broad,
educated audience who might know something about the rudinfdntdogy and

mathematics but who are by no means experts in digher
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Once he has described the purpose of the chapter, Galjars laying out his
own theory of transmission of characters looselgdam Darwin’s theory of pangenesis.
According to Darwin’s theory, the cells that areatesl in the zygote contain minute
particles called “gemmules” each of which representéfereint physiological feature
inherited from the parent. As the cells multiply, thiesow off these small particles
which, “when supplied with proper nutriment, multiply byfs#vision, and are
ultimately developed into units like those from which theyrevoriginally derived” The
Works of Charles Darwir321). Darwin suggests that the differential dispersfon o
gemmules could be responsible for variation and thatdispersion could be affected by
damage to the reproductive organs caused by changes in theiaphgaditions and the
effect of environmental conditions on the parents whiohld/cause them to produce
modified gemmules in adaptive response to these changbsG174).

Darwin’s basic concept of the particulate gemmuldearty echoed in the
opening section of Galton’s second chapter “Particufgteritance” in which he
describes generally the process by which traits are iedekiVith no concepts of genes—
the term “gene” is not even coined until 1%44Galton makes the case that the
fundamental unit of inheritance is particulate and sendiibfferent environmental

influences.

We seem to inherit bit by bit, this element from one progetiitat from

another... while the several bits are themselves lialdetwe small change

2 “Gene,”Oxford English DictionarfOxford: Oxford University Press, 2006) 27 Mar. 2006
<http://dictionary.oed.com/>.
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during the process of transmission. Inheritance may threréke described as

largely if not wholly “particulate,” and as such it b treated in these pages. (7)

In these lines which echo the essential tenets oiiba theory of pangenesis, it
is also possible to find similarities to the ideas @ndel, whose work was not known by
Darwin or Galton. Specifically, there is a comparatgdéon in Mendel's work that
organisms were made out of a mosaic of differentstead that these traits were
particulate in that they could be represented as digtimdies.

Though Galton and Mendel share this common position@sdparate
particulate nature of traits, their concepts of indiisl traits are the not the same. While
Mendel saw the trait as a single cohesive fundamantalGalton argues that traits are
made up of smaller particulate units. In the second chapiatural Inheritancefor

example, he writes,

So in the process of transmission by inheritance, elenaemived from the same
ancestor are apt to appear in large groups, just ag/ihtteeclung together in the
pre-embryonic stage, as perhaps they did. They form wheatll expressed by
the word “traits,” traits of feature and character—ibdb say, continuous

features and not isolated points. (8-9)

In some ways, the fact that Galton sees traits@dlection of characters rather

than indivisible units does not necessarily make higipassubstantially different from

Mendel’s. If, for example, similar elements cling tdget then they represent in practice
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a single cohesive unit. However, because they araliejishis also means that there is
the possibility of integration between them and theigdast of the complementary trait
from the other parent. This integrated or blended inheatasimilar to the kind
described by Nageli.

In chapter two of his book, Galton explicitly supportspbssibility of both
blended and mutually exclusive inheritance allowed by a muttiepdate character

model.

There are probably no heritages that perfectly blendadbratbsolutely exclude one
another, but all heritages have a tendency in one artkteg direction, and the
tendency is often a very strong one. By what we rmeayirs plots of wild
vegetation, where two varieties of a plant mix frealyl the general vegetation
becomes a blend of the two, or where individuals ofvanety congregate and
take exclusive possession of one place, and those dfeanatriety congregate

together. (13)

In this metaphor of seed dispersal, Galton describgglist&ribution in terms of
separate particles which, like different seeds scatter¢te wind, find purchase in
different combinations on different plots of land. ém® rare cases, however, the
resulting flora is equally mixed, while in other cases type tends to dominate over the
others. As time wears on, however, organic stability deselop in those areas where

some seeds tend to predominate. This creates a staltlerptzsi a particular trait.
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Although stable positions can be accomplished, the degmekitb these stable
conglomerates affect reproductive outcomes is stlli@nfced by the regular interference
of chance. At the close of the chapter, Galton mékssargument explicitly. He also
argues that the influence of chance in the hereduargess, based on an a priori
probability, makes this process amenable to descriptiohéognathematics of probability

as they are instantiated in the law of errors.

What has been said is enough to give a clue to the cbigfarof this chapter. Its
intention has been to show the large part that isyas\w&yed by chance in the

course of hereditary transmission, and to establismtpertance of an intelligent
use of the laws of chance and of statistical methatsatie based upon them, in

expressing the conditions under which heredity ablstural Inheritancel?)

Though Galton’s vision of the process of trait distribntihrough reproduction
includes random selection of traits and dominance, botthiwh are present in Mendel’'s
theory, Galton’s position on these two issues isawttical. First, Galton and Mendel’s
concepts of dominance are not identical. For Mendel doroe& an inherent feature of
one character or another, whereas for Galtonaitgesition of stability among groups of
particles that tends to gain a greater degree of permaeec time. Second, the role of
random selection is different in each of their thesarFor Mendel, the choice of which of
the two traits from the male and the female makeadt he genetic make up of any one
particular offspring is random. Though Galton has a amtiieory for the selection of

particles, this theory differs to some degree becausl®naselection can act in two
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different ways. First, there is random blending of abtars which can lead to a series of
different possible character expressions. Second, ithéne random selection of groups
of particles which is similar to the phenomenon desdripeMendel.

Galton’s model of heredity, therefore, embraced bottticoous and
discontinuous variation. This model, which accepted athefbeliefs about hereditary
outcomes that were accepted at the time he was wrnitiag,have had a substantial
influence on Galton’s success with his critics, esgggcin making the case for the
general applicability of his mathematical law of regi@ssind his principle of
geometrical diminution of characters. The opposite casebe observed with Mendel
who was challenged by Nageli on the grounds that he wasrmneg to make the case
that discontinuous variation was the only form of intagce despite the existence of
facts which challenged this assertion.

Throughout chapter two, Galton offers a view of the gartendencies and
operations of heredity limited to the process in winereditary particles combine and
the contributions of the parents are mixed. In thism@sen, he makes the case for the
application of the special topics of probability to thedy of heredity based on the
influence of chance on the selection and combinati@haracters.

Whereas chapter two restricts its scope of investigatidghe mixing of traits in a
single reproductive instance, chapter three offers terea broad multi-generational
vision of reproductive outcomes. Despite the differerfades scope, Galton uses his
examples, explanations, and arguments in chapterfidnwése same end as he used them
in the second chapter: to make the case that probabidigg p major role in the process

of inheritance and, therefore, the mathematics ofghility and statistics have
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jurisdiction in making arguments about heredity. Thengeaof scope, however, does
impact the direction of Galton’s argument becauskoitva him to argue for the necessity
of taking a population approach, which Galton describesstettiatical approach, to the
study of heredity.

In the opening paragraph of the chapter, Galton changssdpe of his
investigation from the process of trait combination anelics®ln to a description of the

distribution of traits within a population.

The total heritage of each man must include a greatetyari material than was
utilized in forming his personal structure. The existens®me latent form of an
unused portion is proved by this power, already alluded toand$mitting
ancestral characters that he did not personally exhingrefore the organized
structure of each individual should be viewed as thdlfaént of only one out of
an indefinite number of mutually exclusive possibilitiess Bliructure is the
coherent and more or less stable development of whatmsore than an

imperfect sample of a large variety of elementat(ral Inheritancel8).

In this opening explanation, a few elements are remark&bkt, Galton
acknowledges that some traits are unexpressed whichsekathe, like Mendel, had
something like an idea of the distinction between thtgge, the total number of
characters that exist, and the phenotype, the numlohiaodicters which are physically
manifested in the organism. Second, he makes the caskdaldéments which are

expressed are only some out of an indefinite numbeutdally exclusive possibilities.
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This statement reveals that Galton was thinking albadihes of a gene pool of which
individuals were only samples. This contrasts stronglly the traditional “essence”
theories of species, such as the ones proposed byukgrlr&artner, and Quetelet, in
which variation was only deviation from an ideal type.

Once he has made these general characterizatioastabalistribution of
variation in populations, Galton makes specific argumsmpgorting his position. He
begins by challenging the traditional model of inheritedlarity as the direct transfer of

traits by describing in detail what he believes is an égpélusible gene pool scenario.

It appears that there is no direct heredity relatidwéen the personal parents and
the personal child... but that the main line of hereditary eotion unites the sets
of elements out of which the personal parents had éeslied with the set out of

which the personal child was evolvedatural Inheritancel9)

In this statement, Galton reveals that he is thinkihigeredity in terms of
populations rather than in terms of individuals becaussefs parents and children as
random expressions of characters out of a collectidraits. This characterization
provides a rationale for accepting the necessity abtat as a tool for studying
inheritance. If heritability is seen as a fairly dire@nsfer of traits which are only slightly
altered as a result of environmental or other factors, tthe phenotype of the parents and
the individual offspring can suffice as the subjectarfwestigating inheritance. If,
however, individual offspring are simply one of infinitehany combinations of a set of

heritable traits, then an investigation of the featofesngle individuals becomes
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meaningless, particularly because there is no wayeéttly observing the combination
of the particles themselves.

As a result, the study of inheritance by necessity besahsestudy of fraternities
or large samples of population which are capable of riemppétterns in and ranges of
character combinations, a point also recognized by Mental.tffpe of assessment,

according to Galton, can only be accomplished throughgsbef statistical analysis.

We are unable to see particles and watch their grougngsye know nothing
directly about them, but we may gain some idea o¥éh®us possible results [of
the combination of character traits] by noting the ddfees between the brothers
in any large fraternity... whose total heritages must e much alike, but
whose personal structures are often very dissimilaat i why it is so important
in hereditary inquiry to deal with fraternities rathlean with individuals, and

with large fraternities rather than small ones. (19-20)

Once Galton has made this case for his “gene pool” naidetheritance and the
subsequent need for a statistical approach the studyedfityethe presents his specific
arguments about how stability of character is maiethin a system where traits are
randomly selected from a large pool of possibilitieghls section, he turns to analogy to
make his arguments. His choice to make arguments frolmggnand hypothesized
description rather than from the authority of previoyseexnents and observations

suggests that Galton is trying to make the case for vedlanon-specialist audience
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that his methodological approach is novel and more aféetttan previous approaches to
the study of heredity.

He begins by positing that for all randomly combining patichere are
tendencies of attraction and repulsion. He adds thataoperiod of time there will be a
few groupings that will tend to reoccur and after multigleccurrences to become fixed

as a stable pattern or form.

In every congregation of mutually reacting elements, stimeacteristic
groupings are usually recognized that have become famit@ugh their frequent
reoccurrence and persistence. Being less evanesceimtthiggrcombinations, they

may be regarded as temporary stable forhatyral Inheritance22)

As evidence for his conclusion, Galton presents analogstaices in which
constituent elements seem to tend towards certairsfdfien draws on analogies from
governments, crowds, and landscapes—all of which are cechpdsliverse elements
that tend to commonly combine into certain stable forsh &is democracy, an evening
party, and “true to nature” artistic compositions. Thesdagies, although illustrative of
the concept of stable form, seem quite unusual for dwsgra physiological
phenomenon because they are social, emotional, pegitel phenomena rather than
physical ones. They seem to serve Galton’s purposegveoybecause they are
accessible to a wide readership and because they canda® wescribe entities whose
constituent parts can take multiple stable forms, whehalls “types,” and whose forms

can change over time.
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Throughout the second and third chapters where Galton rtiakease for his
theory of inheritance, there are only three citatoinscholarly sources. There is one
citation each in the field of anatomy and cytologgt ane from his own work on the
faculties of twins. There are no sources from hybation studies, animal breeding, or
even from Darwin’s theory of pangenesis, which Galedies on heavily as a platform
for his conceptual model, to provide evidence to support himgldn each case where
citations do appear, the sources cited do not supply evidemthical support for critical
ideas in the text.

At the end of the third chapter Galton, who recognibasthis approach to
developing his theory of heredity may appear dubious to #tereprovides a rationale
for not drawing on the existent scholarship. He writelsave largely used metaphor and
illustration to explain the facts, wishing to avoid egiaments with theory as far as
possible, inasmuch as no complete theory of inherithase/et been propounded that
meets with general acceptance” (34).

By refusing to acknowledge the methods and results fromogu® approaches to
the question of heredity, he is effectively castingrttier the reader as largely
inadequate and, therefore, obsolete. Having characterigemps scholarship as such,
he can then position his own approach as a contrastieekl and effective alternative.

Rhetorically, the second and third chapters serve thmeertant purposes in the
overall argument presented in the text. First, thelyenthe case for the collection of data
on traits in large populations as the only adequate sofimedence for arguments about
heredity. Second, they provide arguments supporting théigtien of the special topics

of probability, which represent the general mathematmaidations for the law of
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errors, in making conclusions about the hereditary gaad its results. Finally, they
shape the reader’s impressions about Galton’s approadvekand potentially

successful for solving problems more traditional approalcaes failed to solve.

Chapters Four and Five: Demonstrating Compatibility with the Law of Error

After describing his model for the distribution of traated generally making his
case for the application of probability and statisticthe study of heredity, Galton turns
his attention to arguing specifically for the applicapiof the law of error to
investigations of the hereditary process. Chapters foufiadvolve particularly
delicate arguments toward this end. Their delicacy i®fwlin the fact that Galton wants
to make the case, on the one hand, that the prin@ptkshe formulae associated with
the law of error are applicable to the study of here@tythe other hand, he also wants
to argue for a new way of interpreting the law of erraisich changes the focus of
attention from the median value of a measurabletoalte deviation of trait values from
the median, while at the same time maintaining thatitherpretation does not violate
the basic precepts of the law of error. In order tchgeteader to accept his analogy
between the law of error and the distribution of sréita human population, Galton
appeals both to his readers’ subjective experience waithvariation as well as their own
Victorian sensibilities about the importance of knogvame’s place or rank in the scheme
of things.

In chapter four, “Schemes of Distribution and Frequér@glton begins his

persuasive efforts by defining his new “science of heréditg its practices, by laying
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out for his reader the value of applying the law of etwastatistical data, and providing a
graphical demonstration of what the results of thisieapdn yield. Because he is
introducing a new science, Galton begins by generalinidgfthe objects of study for
this science and the methods by which these objects astigated. In the first sentence,
he explains that these objects are, “fraternities amgeIpopulations rather than...
individuals” (Natural Inheritance35). In the second sentence, he lays out the
methodology for the study of these subjects which heritbescas, “a compendious
method is therefore requisite by which we may expresdistiebution of each faculty
among the members of any large group, whether it baexriity or an entire population”
(35).

The “compendious method” that Galton alludes to bus s directly identify
here is, of course, the law of errors. Though it m&yrsstrange that he does not mention
his methodological touchstone in the opening of the chapitesilence here is an
important strategic choice. The law of error, as s &pplied by Quetelet and commonly
used in physics, history, astronomy and sociology, wast often, if not exclusively,
employed as a means of ascertainingnieanvalue of a particular feature in a
population. Galton recognizes that this particular focuthemmean as the object of study
is likely the one that his reader, if he has had any ez with the law of error at all,
will recognize. In Galton’s unique application of the lemthe subject of inheritance,
however, it is theleviation of a particular variation from the meaat the mean itself
that is the object of interest.

Because the primary focus and goal of the traditionabtitee law of errors is to

find the median value in a distribution of values,t@abegins his attack on the orthodox
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application of the law by assaulting the notion thatrttedian value provides the
researcher with the most significant information al@pbpulation. To challenge the
importance of the median and to persuade his readehthednge of variation is more
important, Galton offers an example from the finaheiarld. He describes a case in
which the median income of the English population is kmawd explains that this
information tells virtually nothing about the populatioseif. In contrast, a description of
the deviation of a particular variation from the mean reveal, “what proportion of our
countrymen had just and only just enough means to ward ofatasn, and what were
the proportions of those who had incomes in each amy ®ther degree” (Galton,
Natural Inheritance 35-36). In other words, knowledge of the mean and the sthnda
deviation allows individual values to be ranked or compariduail other values.
Although the mean alone can also serve as a rankilex,iit can only supply an idea of
whether a value is above or below normal, whereawlaage of the standard deviation
can reveal precise information about the percentaggeqiopulation which does or does
not share a similar value.

The concept of rank within the overall population is imaot for Galton and
most likely for his Victorian readers, who existed icudture obsessed with the concepts
of progress and betterment. Although Galton is a dtd6ever in the determinacy of
natural endowment, rejecting much of the Victorianisesmt surrounding self-
improvement, he makes a point at the end of his exam@mphasize the importance of

the concept of rank and its value in ascertaining socarpss.
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A knowledge of the distribution of any quality enablesauadcertain the rank
that each man holds among his fellows, in respect tajtkality. This is a
valuable piece of knowledge in this struggling and competwtivdd, where
success is to the foremost, and failure to the hindrmrosspective of absolute
efficiency.... When the distribution of any faculty haeh ascertained, we can
tell from the measurement, say of our child, how he ranksng other children in
respect to that faculty, whether it be a physical gifigne of health, or of
intellect, or of morals. As the years go by, we nearh by the same means
whether he is making his way towards the front, wheltlegust holds his place,
or whether he is falling back towards the rear. Sityilas regards the position of
our class, or our nation, among other classes and ottiensaNatural

Inheritance37)

In these lines, Galton explains that knowledge of thigildution of trait values
could provide the reader with a way of ascertaining howlHildren, with regards to
these highly esteemed attributes, would measure up todtitenen as well as supply
him with a means of tracking over time the improvemermemline in these attributes. In
the competitive late nineteenth-century environment, aoddbly which the rank of
one’s offspring could be ascertained and tracked would begfreatest utility. By
characterizing the usefulness of knowing the distribudiovalues in terms of the ranking
of offspring, Galton both draws upon the values ofrda@ler to support his case and
establishes a link in his reader’s mind between the lasvrof and the study of heredity

which prepares the way for acceptance of his methodology.
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Once Galton has preemptively made the case for the iemmar of determining
the range of values for a given trait in a particulgsysation over the importance of
knowing the median value, he then introduces the lagvrof in the fifth chapter of the
text titled “Normal Variability.” Here he presents argemts that the law of error can be
applied to natural data but that a distinction had to be ineneeen the traditional
applications of the law of error and the approach henjg@ying.

In the opening of the chapter, Galton introduces theeguraf deviation and
makes the case that when natural data are marshaiedrganization reveals regularity
in terms of deviation from the median which is simtlathe regularity observed in the
deviations from the median in the mathematically detilaw of error. In the first
section, “Normal Variability,” Galton explains thditet mathematically derived model for
the probable distribution of errors reveals a scHéwfedeviations which is fixed and
which differs to some degree from the distribution efvhlues represented in his
anthropometric data. By mathematically “smoothing”¢beve, however, Galton claims
he is able to make the deviations of the anthropomgaiti fall nicely into line with the
scheme derived from the normal law of error. As eviddnc this claim, Galton presents
the values of deviation in the known tables of probahititggrals, which describe the
scheme of the law of error, side by side with theaimed values for deviation in the
anthropometric data for height, weight, arm span,iet€able 3 of the text and draws his
readers’ attention to the visual evidence of their quaivetaimilarity,”* “All the 18

schemes of deviation that can be derived from Table & bagn treated on these

3 For Galton the term “scheme” refers to, “a compendifia mass of observations which, on being
marshaled in an orderly manner, fall into a diagram wisos#our is so regular, simple, and bold, as to
admit of being described by a few numerals... from whicamn at any time be drawn afresh” (49).

" See Appendix H
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[smoothed] principles, and the results given in Table 8irigeneral accordance with
one another, and still more with the mean of athefn, is obvious”Natural Inheritance
54).The close similarities between the values for diewian the natural data and the
distribution of deviation values calculated from prob&ppirovide sufficient evidence,
according to Galton, that all of the mathematicairfolae and principles that have been
developed for describing the law of error can also be egbpdi describing the
distribution of natural data.

Although by smoothing the values in the anthropometric Gatton has shown
that the law of error is mathematically suitabledescribing deviations, or errors, from a
true value in anthropometric data, he has not madeaseethat that they are suitable for
describingvariability which is the focus of his hereditary investigation. Assult, he
still needs to persuade his reader that these deviatiotedaterpreted in terms of
natural variation. To accomplish this, Galton makesmaanis from definition which
attempt to establish a general similarity between timeepts of error and variation.
According to the standard application of the law of ettee values of the observational
results which fall above or below the mean “true va@fean observation represent a
distribution of erroneous observations. By calculatimgdeviation of possible errors
from the median, it is possible to estimate how faayaw contrast with other
measurements from the “true value” a particular measemehes and, therefore,
calculate the probability of its erroneousness. Assalt, deviations describe, in the
nomenclature of the law of errors, “probable errors.”

In the second section of the chapter titled “NormaMEwf Distribution,” Galton

makes the case that because variations and errorsugezlday similar phenomena, “the
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combined influence of a multitude of accidents,” they aandasonably classed together

(Natural Inheritancebb).

But errors, differences, deviations, divergencies, digpessand individual
variations!” all spring from the same kind of causes. Objects tratthe same
name, or can be described by the same phrase, are thekelmyvledged to have
common points of resemblance, and to rank as memb#re edme species,

class, or whatever else we may please to call thgpg(65)

Based on his position that “error” and “variation” descriptors of the effects of
the same cause, Galton argues that the mathematids agpties to the calculation of

errors should also reasonably apply to the calculatiaariability.

All persons conversant with statistics are awarettha supposition [that errors,
differences, etc. are all the result of a multitufilerall accidents] brings
variability within the grasp of the laws of chance,hatihe result that the relative
frequency of deviations of different amounts admitbeaihg calculated, when

those amounts are measured in terms of any self-cedtamt of variability. (55)

Although Galton makes the case for identity betweerte¢hms “error” and
“variation” for the purpose of convincing the reader thatlaw of error can be used to

describe variability, he is quick to differentiate his aséhe law of error to study

S Here Galton is using the figure congeries to persuslestader that the terms “error” and “variation”
share a similarity with one another by offeringediess of possible subjects which connect the two terms.
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variability from the traditional applications assocaéteith it. To make this distinction,
Galton relies on arguments from definition. He begwif the conclusion that because
the science of heredity has different ends tharetbdsnathematics, the specific manner

in which terms are employed by the one is not partiyuieseful to the other.

It has already been said that mathematicians labdotbe &aw of error for one set
of purposes, and we are entering into the fruits of thbors for another. Hence
there is no ground for surprise that their nomenclasuoéen cumbrous and out
of place when applied to problems of heredity. Thesjgecially the case with

regard to their term of “probable errorNdtural Inheritance57)

Although initially Galton has no quibble with the law ofae’s concept of
“probable error” Q), and describes it as co-referential with variabibtlythis point in the
text, he assaults the term as misleading and in negapér clarification. He argues that
in common parlance most people would take the phrase ‘plbearor” to mean the
most probable error which, mathematically, would bentledian error. The median error,
however, is not an error at all, but instead the “Ualae” or the case of zero probable
error. Because the term is so misleading, he claiatghib recasting of the statistical
phenomena of “probable error” as “probable deviation'disanly justified, but
necessary. In this way, Galton is able to separatetmsriology from the terminology
commonly employed in the law of errors while at thesdime maintaining the position

that conceptually the law of errors is compatible i study of variability.
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Making the Case for Regression and the Geometric Diminutioof Variation:

Blended Inheritance.

After spending chapters two through five arguing for thisgiction of statistics
and probability in the study of heredity generally andagelicability of the law of errors
to data gathered from the natural world specifically, @ui$ ready to introduce his
reader to the theoretical insights about heredity whebelieves can be gained from the
application of the law of error to anthropometric datanheritance. These efforts begin
in chapter seven, “Discussion of the Data of Statwbgre Galton describes the
mathematical patterns that he has uncovered by apphenigw of errors to
anthropometric data on variation in height reveablendedinheritance. They continue
in chapter eight “Discussion of the Data of Eye Cblehere Galton makes the case
using eye color data that the theoretical mathematezlictions he has established in the
previous chapter are also applicable to the study of cleaisigts that are mutually
exclusive

In order to describe the laws of heredity, Galtors layt for his reader his work
organizing and comparing data on the statures (heights)fodtesnal offspring, with the
statures of their mid-parents. He begins by defininghBeretical constructions “co-
fraternal” and “mid-parents” and by making the caseHerappropriateness of describing
parents and offspring using these constructions. He defirgateonal as, “all the adult
sons and transmuted daughters of a group of mid parentsavbdhe same statife

and the term mid-parents as “the average of two valumesthe stature of the father, and

® The term “stature” used here by Galton is equivalettié term “height.” | will use the two
interchangeably throughout this section.
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the other the transmuted stature of the mother” (88,H&lExplains that the arithmetical
“transmutation” of the values for height in femalet®itheir male equivalents is
appropriate because it makes the male and female valogmtble so that either their
contribution of traits or their acquisition of tragan be considered with statistical
uniformity. He transforms the stature of mothers and ldgaung by “adding to each
observed female stature... one inch for every foot” (6).

In addition to these theoretical constructions anasfaamations of the
constituents of the observed population’s heights, Galkinmdescribes constructions for
the general population itself. Because he is comparingaioes for median and
deviation of heights in two groups, mid-parents and co-fratesnhe also has to
establish a theoretical value for the median and dewiati heights in the overall
“general’ population which encompasses both groups. Frora tadses, he can not only
make the case that there is no one-to-one correspantietween the statures of the
parents and the statures of the offspring, but also idedtre ratio by which the offspring
and parents vary from one another. He establishesathe of the mid-stature of the
population P) at 68.5 inches and the value of the variability withe population@) at
1.7 inches.

Once he has defined his terms and given the valuesdonédian and variability
for the whole population, Galton presents his resuliplgcally to his readers and makes
the case, using graphics as evidence and the method afsiegranalysis he developed
earlier with his work with peas, that there is a gen@radency for the stature of the
offspring to regress towards the norm. The sample usa@dke his argument is a mix of

data. One set of data comes from his Records of Fa&adylty Data, which he calls his
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R.F.F. data, gathered through a general offer of prizedata on the stature of
immediate family and relations. He also uses a sedatalset he calls “Special Data”
which was collected by circulating cards to trusted cpordents asking them to provide
the measure of stature among brothers. The R.F.F ulabpéysneasurements on 928 adult
offspring and 205 Mid-parents. The special data contained ie@ajgr the stature
measures for 738 brothers (Galtdiatural Inheritance 72-75 and 78-79). Although the
measurements from his anthropometric laboratory atdoded height, they did not
specifically include the height of the brothers and parehain individual. As a result,
these measurements were not used in his arguments.

Galton begins his discussion of his regression calomgtof the R.F.F and
special data by stating the conclusion he draws frotHldwever paradoxical it may
appear at first sight, it is theoretically a neceg$act, and one that is clearly confirmed
by observation, that the stature of the adult offspringherwhole must be more
mediocrethan the stature of the parents” (95).

After defining his position, Galton provides his reader \&itjraphical

presentatioFigure 1) of the data.
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Fig. 1. Regression from Mid-Parent to $bn

" Natural Inheritancen. 96
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In this graphic, the stature (heights) of the mid-parentisted along the left side
and the heights of co-fraternities are listed alongdpe Dots are placed at the point
where the statures of the mid-parents, plotted védlstiand the average statures of the
co-fraternities, plotted horizontally, intersect. ®althen draws lin€D through these
dots which represents the average relationship betweemlires of the mid-parents and
their co-fraternal offspring. Next, he draws a secomelAB which describes, “what the
mid-statures of the sons would be if they were onagesidentical with those of their
mid-parents” Natural Inheritanced7).

After establishing that the statures of offspring arediht from the statures of
their parents, Galton makes the case geometricallyhbalifference between the two
has a fixed value. By drawing a vertical llBMF though the place wheiB andCD
intersect, it is possible to discover the degree of @iffee between the stature of the
offspring and the stature of the mid-parent by taking the ocAEA to EC which is
constant throughout the arda8lA andEMB . Galton reckons that the ratio betwdéeh
andEC is 2:3 which he calls the ratio of “filial regressioor, “the proportion in which
the son [co-fraternal group] is, on the average, lesspional than his mid-parent” (97).
Because Galton believes that parents contribute egoale stature of their offspring,
“the average regression from the parental to the rad{ico-fraternal] stature must be
the one half of two-thirds, or one-third” (98).

After making the case using regression that the mediaes/af stature for
groups of co-fraternities regress towards the mean by 2i&)rGmakes the same case

geometrically from the arrangement of the data ondsslts table. He explains that
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while looking at the values as they were listed in rand columns in table 11, it
occurred to him that there seemed to be a relationshiebr values on the chart and
those values which were near to them. After he smootleeelritnies, “by writing at each
intersection between a horizontal line and a vertioal the sum of the entries in the four
adjacent squares,” he noticed that, “the lines drawnugirohe entries of the same value
formed a series of concentric ellipses” (100-01). Thegdavhere, “each successive
ellipse was touched by a horizontal tangent, lay imaag$tt line that was inclined to the
vertical in a ratio of 2/3, and those where the elBpsere touched by a vertical tangent,
lay in a straight line inclined to the horizontal in tgo of 1/3” (101). In the midst of
the proceeding description, Galton provides his readerthatiiollowing graphic (Figure

2).

Fig. 2. Geometrical Proof of the Filial Regression Value from Natlnheritancé®

8 Natural Inheritancep. 101
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This visual represents the resulting transformatiorrgdimized raw data into
geometric proportions. By tracing these geometric prapwtfrom the contours of the
raw data as it was organized, Galton is again able tg geometric principles to bear on
the data in order to provide proof for his conclusions. éntéixt, however, Galton does
not do a sufficiently lucid job of explaining the origohthe graphic nor of reproducing it
in such as way as to clearly reveal the origin oihifigortant elements. In an earlier
article “Regression Towards Mediocrity in Hereditatgt8re” inThe Journal of the
Royal Anthropological Institute of Great Britain and Irelar@alton is much clearer both

graphically and in writing about how this particular geamdigure emerges from his

data.
DIAGRAM BASED ON TABLE 1|.
[ all femals heights are multiplied by I'08
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Fig. 3. Geometrical Proof of the Filial Regression Value withAbial Datd®

" Francis Galton, “Regression Towards Mediocrity in HeeegiStature,Journal of the Royal
Anthropological Institute of Great Britain and Irelari® (1886): Plate X 248-49.
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In the two sections of Galton’s argument described @blo® relies on proofs
based on arithmetic and the axioms of geometry to makeaeefor the value of
regression. Because these proofs could be deduced usingtgeanaearithmetic from
both the graphical representation of his data and froimnpasition of a geometrical
arrangement on the physical data, his evidence for régmasghis section is presented
with multiple sources of credible deductive support.

Despite the strength of this evidence, however, Gal@mgaments might be
undone if the evidence cannot be shown to distributerdiocpto the law of error and if
it cannot stand up to the scrutiny of professional matheiaas. In order to avoid both
of these problems, Galton has his results checked byngeimid values for the variability
of the general population and the co-fraternity, alorty e average value of regression
from mid-parent to co-fraternity to Mr. J.D. HamiltBickson, Tutor of St. Peter’s
College, Cambridge, to calculate their distributionading to the law of error. The
results which he receives, though not exactly the saraesimilar enough to his own for

him to proclaim that they correlate with the laweoifor.

It is obvious from this close accord of calculation vatiservation, that the law of
errors holds throughout with sufficient precision toobeeal service, and that the
various results of my statistics are not casual ascbdinected determinations, but

strictly interdependentNatural Inheritancel03)
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On the basis of this success, he describes his findingstifis point on as the
“law of regression” which holds that, “the deviation loé tsons fronk [the mid-stature
of the population] are, on average, equal to one-thirdeotieviation of the parent frobn
[The population mid-stature], and in the same direct{@84). In other words, the
offspring have only 1/3 the amount of variability in anyegi character of the combined
average of their parents for the same character,¢haracter values always being closer
to the population mean. Following this assertion, Gakarareful to explain that his
assumption of this law is justified because he can ptax@ng multiple deductive
methods (an approach that Mendel takes in making his argsirice the law of
development), because this law has been shown to hbldmans as well as peas, and
because it holds for both blended and exclusive heredity.

Once Galton has established his law of regressiongmeuses it as a jumping off
point for making the case that variation in charagtats diminishes geometrically
between each generation. He begins by reassertingdiiisg that offspring regress from
their mid-parents towards the norm by 2/3. From thishHaateasons the amount of
influence that the variation of one generation haamsther is 1/3.

Once he has posited this value of 1/3 for inherited petul{@ne value of
variation from the population mean), Galton inquiresoashat the total inheritance for a
particular trait in a given generation would be if tladue of 1/3 remained constant in
every generation. In order to investigate this, he imagwvteat the value of transmittable
deviation would be for a given mid-parent if the valuel@fiation for each preceding

generation was 1/3. By adding these values to the degueeiation existent in the mid-
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parent, which is one because it represents an undividezlaf variation, he is able to

calculate the amount of the Mid-parents bequeathablatiari 3/2.

Call the peculiarity [value of variation from the pogtidbn mean] of the Mid-
ParentD, then the implied peculiarity [value of variation frahe population
mean] of the Mid-parent of the mid-parent, that isrthe-grand-parent of the
man, would on the above supposition beDlABat of the mid-great-grand-parent
would be 1/®, and so on. Hence the total bequeathable property wowdram

to D (1+1/3+1/9+&c.) =D3/2. (Natural Inheritancel34)

Even though it is a mathematically viable expectatian iffteach offspring
receive 1/3 of the variation of a particular charatit@t from their ancestors over time
this variation could add up to a value of 3/2, Galton argué¢stibdaw of regression
strictly limits the amount of variation that each gaien can pass down to 2IB(the
value of the mid-parent’s variatioff). Galton further offers a series of suppositions that
he admits have no empirical support but which he bediewest hold true given the law
of regression and the generally accepted principle efsen.

His first supposition is that the variation betweeneagations should always be
diminished by the same amount. Given this parametardwes, we should expect that if
the value of the bequeathable variation from the midfpacethe child without

diminution is 3/D and the law of regression proves that the value oftacplar

8 The total amount of heritable variation in the midgpa must be 2/3 because it is cut in half when
passing to the next generation making the actual anuertited 1/3 as required by the Law of
Regression.
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characteristics variation is actually PY3then the value of variation must have been
diminished by 4/9 or approximately %2 in each generation.

His second supposition asks the reader to accept thadbmeneration further
back variation shrinks geometrically. As a result, ‘itifeience... of the mid-parent may
be taken as Y2, and that of the mid-grand-parent by %a0amd’$136). Interestingly, this
supposition, despite the lack of evidence, proves to bect@mehe strength of the
Mendelian model of trait distribution in which half ttetal endowment of genes of a
parent is transferred, in turn transferring ¥4 of thdo@ment of the genes transferred to
the parent by their parents, and so on. In additiorartipement echoes Darwin’s
argument for competition based on Malthus’ argument of géasal versus arithmetical
progression.

Galton’s final supposition is that it is possible thaheaemote ancestor could
contribute more of a particular character than thed-parent. This supposition accounts
for the widely accepted phenomenon of reversion, vidyea@ offspring resembles more
closely a grandparent than a parent (Bulmer 110). ThougbrGacognizes the
phenomenon of reversion, he argues that it should msd®red an exception from the
general process characterized in the first two suppositions

In this final section, Galton argues for a geometrigairlition in traits over
time. He makes his case from the law of regressioneweta hypothetical suppositions
which have no empirical basis. Because of the thinokls case, Galton does not
explicitly argue in this text that this geometric progi@ssepresents a hereditary “law.”
It is not until his 1897 article iNature “The Average Contribution of Each Several

Ancestor to the Total Heritage of the Offspring,” nine ydaitesr that Galton is finally
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able to dub this mathematical pattern of trait contribbutiee “law of ancestral heredity”
after finding the empirical evidence he needed in breeathig describing the coat color
of basset hounds.

In the seventh chapter of the text, Galton finallkesahis case that by applying
the concept of standard deviation from the law of éo@nthropometric data and by
comparing the standard deviations of two generations toratbex using regression
analysis, mathematical expressions for the pattdrpsobable similarity and difference
between generations can be established. First, he gs&sture data to establish a
mathematically describable law of regression using theiadepics of geometry and the
law of errors. Then, based on this law, he makes tbe foa the geometrical diminution

of traits from one generation to the next.

Predicting Regression: Exclusive Inheritance

Although Galton makes a strong case for his patterhereflity using empirical
data and deductive arguments, he understood, as Mendel dith, ahader for his
mathematically describable laws to be accepted as tititpahand deductive they had
to be able to predict the distribution of hereditary abtars. In addition, he also realized
that for his regression law to be considered a hergdaw, it should apply to both of the
recognized types of inheritance, blended and exclusive.dnvey, his work was more
comprehensive than Mendel's which did not seriously addhessases of blended
inheritance which ran contrary to his position. In ordembke the case that his laws

were all inclusive and not only empirical but rationaltGn presents his reader in
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chapter eight, “Discussion of the Data of Eye Cdlaith a set of values for the
distribution of eye colors predicted from his mathenadiicoased laws and compares
them to the actual distribution of eye color as desckin his anthropometric data.

Galton begins the chapter by discussing the source dbtheand the methods he
used to gather and organize it. According to Galton, the@ge data also came from the
“Records of Family Faculties” (R.F.F.) of 928 adult pfiag and 205 Mid-parents.
Results from the “Special Data” and the anthropomé&thoratory were not used because
neither of these data sets contained information ercelpr.

Unlike stature, eye color is qualitative and, thereforquired Galton to construct
a special scheme to define the different categorieg®tolor. Given the data he
identifies eight distinct categories 1) light blue; 2) bidark blue; 3) grey, blue-green; 4)
dark grey, hazel; 5) light brown; 6) brown; 7) dark browrd 8) black Natural
Inheritancel4l).

In addition to dividing up his data by eye color, Galtow alsparates his
information by generation. To accomplish this, he ceefiter separate categories of
heredity: category | represents the children of a pedigtearly identified extended
family); category Il the children’s parents, uncles, amatsof the pedigree; category Il
the children’s grandparents, great uncles, and great audtsategory 1V great
grandparents etc. (140). He uses these categories, albritpevtypes of eye color, to
organize the data in Table 15 of the t8xn this table, Galton provides readers with the
number of subjects in each generation with a parti@yarcolor as well as the
percentage of each eye color in a generation. Hidtsasweal that the total frequency of

any given eye color in proportion to the frequency of atiner eye color does not

81 See Appendix |
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significantly change from generation to generation. Téeals that there is segregation
rather than a blending of traits from one generatidhémext. Thus, eye color is
exclusive inheritance in contrast to height which istésl.

Having established for each generation the percentage pbphdation which is
endowed with a particular eye color type, Galton cated, using his principle of the
geometric diminution of character, the theoreticatrdtigtion of eye color in a particular
generation. The results are listed by Galton in Tat®sand 282 in which he presents
both the observed and the calculated eye colors fapgrof families (Table 19) and for
individual families (Table 20). The values in these tahfesarrived at by calculating the
eye color of the offspring based on the eye coloth@parents (l), the grand parents (ll),
and a combination of the parents and grandparents (llI).

He begins by predicting the eye color of the offspringgdam the eye color of
the parents. Employing the law of regression and the tegder the geometric
diminution of traits over generations, he calculabes €ach parent separately must
contribute 30% of the child’s heritage: this calculai®based on the assumption that the
average contribution of variation from both parentading to the law of regression is
1/3. If one parent contributes 30% of the child’s heritéigen combined they should
make up 60%. That leaves 40% to be contributed from othestp@ccording to the
tendency for the geometric diminution of traits (Galtdatural Inheritance 149).

Galton presents these contributions in percentagegs tatrefractions because
unlike blended traits such as stature, in which a certastidraof the final trait’s makeup

can be contributed by the parent, exclusive traits #nereall or nothing. As a result, he

82 See Appendix J

8 See Appendix K
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needs to speak of them then in terms of the probatilitywhich they might be
expressed in a particular offspring or set of offspringzokding to his calculations, there
is a 30% chance of getting a particular feature from orenpar the other, and a 40%
chance of inheriting a feature from a distant relativeualvhom nothing is known
except that this relative belongs to the same ratdeeasubject. In addition, these
percentages also describe the percentage of the total popolboffspring for a
particular set of parents that should have a partica&ufe: for example, 30% of all
offspring should have the features of one parent, 30%i¢have features of the other.

Once the general percentages for inheritance arenagsig a particular
generation of offspring, these percentages must bealigtassigned between light and
dark eye color, in the proportion in which those eyersoare found in the race in
general,” or in the particular generational categoigpecific (150). If, for example, the
40% probability of inheriting a particular eye color froomg distant relative belonging
to the same race was divided according to the differeneptages for light and dark
eyes in the total race, 61.2% and 26.1% respectively, higechtance of getting light or
dark eyes from this possible source for inheritance rdag to Galton, 28% for light
and 12% for dark. It should be noted that in these caiontathe general percentage of
light and dark eye colors (87.3%) does not account fototiadé amount of inheritance
from the race whereas the percentage of light and garkaors (40%), which
represents the possibility of inheriting a particular fraim the general race, does. This
discrepancy is the result of Galton looking upon hage$@s a blended inheritance of
2/3 light and 1/3 dark eye color. In order to simplify his inguinto alternating

inheritance, Galton decided to allocate the percent Yailugazel eyes, which he lists on
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the chart as 12.7% of the total race, in a 2:1 ratibvaodut of the total contribution of
30% that hazel makes of the 40% of possible inheritance,j2@%cated to the total for
light eyes and 10% to dark. In other words, the existisg cdé blended inheritance, hazel
eyes, in the predominantly non-blended hereditary categjaye color is made to
support the 2:1 ratio predicted for its non-blending countexplaght and dark eyes. This
resolves the complication of the existence of blendkeritance in a population which
Galton is trying to use to establish the verity of e bf regression for exclusive
inheritance.

The calculations previously described, as well as tfarsihe total percent of
either light or dark eye colors for grandparents andhfercombination of parents and
grandparents, are all organized by Galton in Tables 17 afftFblowing the theoretical
calculation of these values using the law regressiorrendeometric tendency for trait
diminution, Galton compares his calculated values to¢heahdata gathered on the eye
color for different generations in Tables 19 and 20. Tosecsimilarity between the
values calculated from the laws and the values obsamveature encourages Galton to
exclaim, “A mere glance at Tables 19 and 20 will show koxprisingly accurate the
predictions are, and therefore how true the basiseotalculations must beNatural
Inheritancel52).

Despite the promising outcome of his results, howewatton tempers his claim
with the recognition that his sample is statisticatly small to provide robust enough
results for him to claim complete success in his invastg: “My returns are
insufficiently numerous and too subject to uncertaintylaseovation, to make it worth

while to submit them to a more rigorous analysis” (153).axéeless, he considers them

8 See Appendix L
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robust enough to support his position: “but the broad cowiusi which the present
results irresistibly lead, is that the same pecukaetiitary relation that was shown to
subsist between man and each of his ancestors in résghetquality of stature, also
subsists in respect to that of eye color” (153).

With these words, Galton concludes the final portiohistext in which he lays
out for his readers evidence that his laws of hereditiyragression have the power to
describe if not predict the process of heredity. Thoughretare three more substantive
chapters, on artistic faculty, disease, and latemhehts (i.e. the characteristics not
expressed in the genotype), and a summary which folkineg,do not substantively
build the theory beyond the point to which he has takierthe eighth chapter. But they
do show a willingness to extend the discussion of higréalbehaviors and propensities
and not just observable physical traits.

Combined, chapters one through eight represent a delibedhteed orchestrated
argument in which Galton makes the case for a matligahapproach to the study of
heredity. Within these chapters, Galton argues gendoalthe jurisdiction of probability
and statistics in the study of heredity, advocatesifpadty for the applicability of the
law of errors to anthropometric data, draws conclusimnsg the special topics of
arithmetic, geometry, and the law of errors that pastexist in the hereditary process,
and provides evidence presented as compelling that thesemagital patterns are

supported by empirical evidence.

187



The Reception ofNatural | nheritance

The reactions of reviewers in professional journatsiarwidely-read public
newspapers and magazines to Galton’s statistical-pradtabodpproach to the problems
of heredity provide evidence that the tactics he uséthtaral Inheritancewere effective
in persuading his readers 1) that he was taking a novel abppimthe study of heredity,
2) that statistics and probability had jurisdiction il avere effective methods for
investigating heredity, and 3) that regression and geomkdiiminution were
fundamental principles of heredity. In addition, thheyeal the existence of a readership
which both understood the principles of probability andsttes and which was
favorably disposed to their application in biology.

That Galton’s arguments for the novelty of his worklapters two and three of
the text were successful is clear in reviewers’ contggatrticularly in their assertions
that Galton’s work dealt with some important issuesualheredity raised by the work of
Darwin that had not been sufficiently investigated by hesipcessors. This position is
expressed by the mathematician John Venn, originattwed?&énn diagram, in his review

of the book in the journallind.

This seems to me a very important contribution to acatedl side of the doctrine
of heredity or descent. It is an attempt to apply atceugaantitative methods to

the various successive steps by which one generatiogariaed beings follows
another. Statistics in abundance have long been bieada to the characteristics

of each such generation separately.... But no one sg fékreow, had hitherto
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thought of tracking the intermediate steps, and of gigid answering the
guestion... Whyit is that successive generations thus continue to tdserach

other (Venn 414).

Another response suggesting that Galton had pushed the besnafarquiry
about heredity in an important direction appeared irStwdtish Leadein which
Professor Patrick Geddes observed that Galton “hadithecs$ of heredity all to himself”
while “most eminent biologists, from Huxley downwards, desgheir strong Darwinian
faith and advocacy have... stuck to pre-Darwinian problemsadsbf attempting the
solution of the far more important post-Darwinian dr{€sllham 267).

In addition to being convinced that Galton was exploriengy topical territory in
his work, there was also a sense among his reviewdrthéyawere persuaded that his
work offered a new and relevamiethodologicabpproach to the subject as well. This
opinion is expressed in Venn’'s comments and by an anonymaewee inSciencevho
writes, “A prominent feature in this work is the applicatof ‘the probability curve’ to
the facts of physical variation—an attempt to applylmatatical conceptions in the field
of biology, and to found a science of biological statsst(“Natural Inheritance” 322). In
this review, the anonymous reviewer not only expressesgneement with Galton’s
contention that his use of the principles of stasséind probability to investigate biology
are novel, but he also accepts Galton’s argumenthbagpecial topics of probability and
statistics have jurisdiction in biological investigasoithese convictions are shared by
John Dewey in his review ®fatural Inheritancan Publications of the American

Statistical Associatian
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This work is of double interest. Its primary purpose isdgalal, being to subject
the question of heredity to accurate quantitative and medidreatment. As
such it is doubtless the ablest work on the subject eX@eihin the course of his
investigation Galton has collected a large mass of stafi;nformation, and,
what is more important, has developed some new andstiteyestatistical

methods. (Dewey 331)

In addition to providing evidence for the overall suscasGalton’s persuasive
efforts in the text, the reviews also offer proof tthetre were groups in his readership
who understood and appreciated his statistical/probab#igficoach to heredity. All of
the reviewers in the scientific journals, for exampliscussed the mathematics in detalil
which suggests that at least in scientific professioingles there were some scientists
who had been exposed to and understood statistical t{i2ewey 1889, “Natural
Inheritance”1889, Venn 1889). That Dewey, who was a mathematician gifthina
statistical journal, understood the mathematical iatigs of the argument is no surprise
at all.

That the scientific reviewers MatureandMind could write in detail about the
mathematics is not as significant, perhaps, as théHhatcthey chose to write at length
about the mathematical aspectdNatural InheritanceBy extensively discussing these
aspects of the argument, the reviewers indicate thathloeght their respective
audiences in the sciences were ready and, perhapsieleeho appreciate the

mathematical intricacies of Galton’s argument.

190



Although the scientific and mathematical reviewersudisgGalton’s
mathematical arguments in depth, the reviews in the popiatarars, such as the
Scottish Leadeand theSpectatoronly briefly mention the mathematical elements. The
reasons for the scant treatment are most likelyét)ttie reading publics that they were
addressing were not familiar with or not generally irgeré in the mathematics of
probability and statistics; 2) that unlike the scienfdigrnals they did not have as much
space to write long explanatory pieces; and 3) thatetviewers in popular publications
were less familiar with the mathematics of statssind probability than the scientists
and mathematicians and, therefore, less comfortalimgvin detail about them.

A common theme running through the commentaries in the pogrdalars was
that Galton’s text presented a novel and importamriherhich was, however, difficult
to access even for well educated members of the publiccritleein theSpectatomrites
that the text was difficult, “even for those compet® understand it,” and that it
required, “careful and concentrated study,” in order topgrehend it. Despite these
difficulties, however, he writes, “it is well worthe time and trouble needed to master it.
It lays the foundations of what one day will be a gremree” (Gillham 267).

An analysis of the reviews dfatural Inheritanceaeveals that an audience which
understood and was receptive to the arguments from probamtitgtatistics existed and
that for this audience the content and method of Galeimguments were novel and
appropriate for making his case about the process ofiherkdthe decade which
followed the publication datural Inheritancethe feelings expressed by the critics
seemed to be shared by biologists as well. Studies gftlvess of variation such as

William Bateson’s “Some Cases of Variation in Setamy Sexual Characters
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Statistically Examined” (189%) and W.F.R. Weldon’s “On Certain Correlated
Variations inCarcinus moendg1893)*° began to emerge which employed Galton’s
biometrical method of gathering and graphically organizing fbaitthe purpose of
studying the change in the frequency of characters in pagnsat The fact that Galton’s
work was not only praised, but also emulated suggestdhénte had arrived for
theories which applied the special topics of probability statistics to the study of

heredity.

Conclusion

Whereas Darwin used quantification and quantitative cosgaias a source for
support and discovery in his arguments and Mendel appeatee toathematical
principles and operations of probability and combinatdaagesign his experiments and
support the lawfulness of his conclusions, Galton waéirdieo use an existing set of
mathematical principles and operations as an organizmiggnfor understanding
natural phenomena. Although it is impossible to knowtvgpacific elements or
combination of elements to credit with the success &b&a argument, this
investigation of the rhetor, the argument, and the audieneals several factors which
most likely played a central role in its triumph.

One factor influencing the success of Galton’s argumeasshis position within

the scientific elite of England. Although Mendel's theof heredity was also novel in

8 william Bateson, “Some Cases of Variation in Secop@axual Characters Statistically Examined,”
Proceedings of the Royal Sociéy/ (1893): 585-94.

8 W.F.R. Weldon, “On Certain Correlated Variation&Ciarcinus moena’s,Proceedings of the Royall
Society54 (1893): 318-33.
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important ways, Galton had a much better chanceionfliaken seriously because he had
established his scholarly credibility thorough his earlierk and because he was a well-
known figure with social connections within differentestific institutions. This
contrasts starkly with the social and academic sitnatfdMendel who had a sparse and
unremarkable record of scholarship before he published Rgefitnents” and who was
a virtually unknown figure living far away from the sociald academic centers of
science in Western Europe.

A second factor contributing to the success of Galtamjaraent was that unlike
Mendel his basic conception of hereditary was not mflmb with the established
wisdom on the subject. Whereas Mendel's arguments addree embraced the position
of non-blended discontinuous inheritance exclusively, @altework allowed for the
possibility of both blended, continuous inheritance and skau discontinuous
inheritance. That Galton’s inclusiveness played well Wwishveaders is evident in the
lack of criticism about the substance of his positiosh thve success he had in persuading
his readers that his results were generally applicabtssall cases of heredity in many
species. Mendel, on the other hand, is ignored by alpg¢Xt¢&geli, whose criticisms
were aimed at Mendel's insistence on the existence gfdistontinuous inheritance and
focused on chastising him for assuming that what he hadifto be true in some traits in
peas was true in all traits in all organisms.

A third factor influencing the success of Galton’s work wWessuccess of his
initial persuasive arguments deployed in his first chaptepsstify his application of the
methods and principles of statistics and probability éostiudy of heredity. The

importance of this factor is supported in the reviewasseptance and even approbation
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of Galton’s use of probability and statistics to devddapogical laws. Galton’s success
in this persuasive endeavor probably had something to ddisitise of readers’ own
subject experience with human characteristics asaselheir cultural predisposition to
be concerned with rank and order as common ground fangyétem to accept the law
of error as an organizing analogy for understanding the gsaxfeheredity. In Mendel's
work, there was no overt attempt to persuade his audibatstatistics, probability, and
combinatorics could be used to describe the distributidraib$ and the character of the
reproductive process: even if there had been, it would heese dbifficult to construct as
persuasive an analogical argument using peas.

With good established ethos, a popular position on inheritancea subject of
study that his audience could identify with, it may, perhapsje as no surprise that
where Mendel’s brilliant arguments failed, Galton’atpts to persuade readers to
accept the use of the special topics of probability aattssts to investigate the invisible
processes of heredity succeeded. In the end, Galton’sssyma®/ed to be a crucial factor
in the revival of Mendelian inheritance because in thediet@lowing the publication of
Natural InheritanceGalton’s statistical probabilistic methodology for gtady of
heredity rose to prominence through the work of WillianteeBan, Karl Pearson, and
Frank Weldon—all of whom would develop and provide further exdddo support the
efficacy of his approach. It is within the context oktgrowing mathematization of
biology and the debates which arise between biologiststabe continuous or
discontinuous nature of inheritance that Mendel's monogresirfaces and ushers in the

modern study of genetics.
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Chapter 5: Behind the Curve: The Place of Mathematics in
Making Claims about Heredity at the Opening of the Twentieh
Century

But | am horribly afraid of pure mathematicians with no experimengaitng. Consider
Pearson. He speaks of the curve of frontal breadths, tabulated ingbe,ras being a
disgraceful approximation to a normal curve.... This skew curvehBitddzen
observations at the two ends better than a normal curve; it fitseteof the curve,
including 90% of the observations, worse. Now this sort of thingvesyal being done by

Pearson, and by any ‘pure’ mathematicians. —Frank Weldon to Francis &alton
The development of mathematical methods by Professor Karl Pearsonemdthérs
promised for a time the key to the riddles of evolution. This meng led by a pure
mathematician, developed a series of beautiful methods for the matheraaébyis of
data and the comparison of variations. These methods are of the greatesaimpor
when rightly used-George Shull on Karl Pears&h
With his arguments iNatural Inheritance Galton initiated the development of a
mathematical theory of inheritance and variation tlnatv on the principles of the error
curve and employed statistical methodology for gatheantydescribing biological
phenomena in populations. This approach to heredity was adoyptesmall but
important group of young natural researchers in the lastdgeof the nineteenth century
who began to use the error curve to invent and support angsiadgout the nature of
variation, evolution, and heredity.
During this period, three of Galton’s most notable dissip-Karl Pearson (1857
— 1936), William Bateson (1861-1926), and Frank Weldon (1860-1906)—indrdease
number of biological phenomena investigated using Galteoliques and developed

novel mathematical applications for biological reskawhile Bateson and Weldon

represented a new breed of biologist who adopted the edstatistics and probability in

87 Robert Olby, “The Dimensions of Scientific ContrasserThe Biometric-Mendelian DebatdBtitish
Journal for the History of Scien@? (1988): 305.

8 Geo H. Shull, “Heredity as an Exact Scien@gtanical Gazett&0.3 (1910): 226.
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their efforts to understand biological phenomena, KedrBon was an even rarer
creature: a mathematician interested in biology fersdike of expanding mathematical
applications. Inspired by the efforts of Weldon and @atb apply statistics and
probability to biological phenomena, Pearson developedmigtnew statistical tools for
graphically describing variation and evolution but als@eehbiometric theory of
heredity based primarily on the principles of the ecwowve and correlation.

This chapter investigates two important rhetorical issiet what extent
mathematics was accepted by biologists studying variatht@®n, and heredity in the
last decade of the nineteenth century, as a legitinsates for arguments about these
organic phenomena? And 2) to what degree was the acceptabditmathematical line
of argument contingent on the acceptability of a pretag biological line of
argumentation? In this chapter, | will make the casedhang the last decade of the
nineteenth century there was a general feeling in theda@bcommunity that the
biological arguments from the special topics of probatslitd statistics developed by
Galton in the previous decade were legitimate sourcesm fuments about variation,
evolution, and heredity. In addition, | will argue thiaugh mathematically informed
arguments were generally accepted, the acceptance dicalpa line of argument from
mathematics depended on the audience’s willingness tptabeebiological model upon

which the mathematical arguments were based.

Karl Pearson (1875-92)
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While Francis Galton is considered the conceptual fatheiometry, Karl
Pearson might be best described as its first radsaibte. With his zealous, some would
say single-minded, efforts and considerable mathemadilealts, he became a major
force, along with Frank Weldon, in developing and prongptive use of mathematical
models to describe the action of evolution in populatafrarganisms.

In recent years Pearson and his work have been gettirgatiention from
historical scholars because of their importance tatimg the development of a
mathematically rigorous program of statistical biologyhe early twentieth century. In
the first extensive biography of Karl Pearson, Theoéan¢er suggests that Pearson’s
drive to expand the purview of mathematics to include bio&dgthenomena was
influenced by his belief in the humanist ideal of the trparsuit of knowledge and his
opinion that a broad base of theoretical knowledge caucesas a source of inspiration
for finding solutions to practical problems. His belief imtanist education and the
importance of theoretical knowledge is evident in tmgeaof his interests in his
formative college years, in his later work as a teac&t in his contributions to the
physical and biological sciences.

In his years as a student and youthful traveler (1875-80)s®&eamctivities
indicate his multi-faceted interest in language, cultpoditics, and literature as well as a
focused attention on the study of mathematics. Frony earlPearson was encouraged to
study mathematics by his father William PearSbim 1875, before he was even admitted
to college, his father hired a famous tutor, E.J. Rdotprepare Karl for competition in

the prestigious Cambridge mathematical Tripos, a gruelingdagenathematical

89 A prominent lawyer who garnered the title of “Queed&incil” in 1875. (Porter 16)
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examination whose winner garnered perhaps the highest acgo@stige that could be
bestowed on an undergraduate at Cambridge (Porter 22, 40).

Though Pearson’s father focused Karl's ambitions on madhes, Karl directed
his own energy into the study of the humanities, eslhedtarature. In1877 he began a
commonplace book in which he included commentaries oty mathe authors he was
reading including Shelley, Rousseau, Voltaire, and hisritey Goethe (27). Porter
argues that these choices were most likely influencedebfyidmdship that had
developed between the young student and the celebratadiHitgtary figure, Oscar
Browning.

Pearson’s pleasure reading and his relationship with Brayvaccording to
Porter, moved his interests toward German philosophy, impstrtantly the
phenomenological philosophy of Ernst Mach. In the sunwh&877, Pearson traveled
with Browning to France and Germany. In the year foltayhis return, Pearson read
heavily in German philosophy and began sharing his opinipeslp on German
philosophy and literature with fellow students Robert Padan Lawrence Green, and
Edwin Cooper Perry. Based on his regular conversatiaishig fellow students,
Pearson began to develop a “Teutonic metaphysical ideakgch, Porter explains,
joined a search for individual meaning with a growing samalcern for improving the
lot of the laboring poor (Porter 33).

Despite his blossoming interest in literature, philosophy, all things German,
Pearson continued to grind away at his mathematicaksttm prepare himself for the

Tripos. After nine grueling days of examinations in the bittdd of January 1879, he
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finished third in the competition. His unsuccessful bid ferpbsition of top
mathematical wrangler left Pearson bitter and fillaith welf doubt.

Harboring feelings of failure and resentment and tireth@harrowness of study
that he had been confined to in preparing for the Tripca,sBe used the first year of his
fellowship award from the exam to fund a year of studgenmany. There, he pursued
the political, philosophical, historical and literary ir@sts he had been developing but
had not been free to fully explore (42).

On returning to England, Pearson engaged in a busy aaatiienvhich reflected
his varied humanistic pursuits. He lectured and wrote onashjnging from
mathematical physics to German history, politics, amtbpophy. From 1880 to 1884, he
gave lectures at King's College London on German cylfotielore, and history. His
writing and lectures focused primarily on the German Middjes and the effect of
Martin Luther and the Reformation on German Medisegiety (Provine 27).

At the same time he was lecturing about German histadyculture, Pearson also
returned seriously to the study of mathematics. Higestevas in mathematical physics
which used the mathematics of known physical phenomenaasuthe action of springs
and pulleys, to make arguments concerning the activityabservable physical
phenomena such as the movement of electricity, mi@scetc. (The model for such
applications was James Clerk Maxwell—who had scored daodhe Tripos behind
Routh the year he took the exam.)

Pearson’s main source of interest was in the mattiesvaf the ether, a semi-
elastic substance within which all molecules were sugghby some theorists to be

suspended and which reacted to their physical movements gsafgieng mechanical
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waves across space. In his ether theories describmagtath and repulsion between
matter, Pearson took the position that these phermiuwrd be described by
mathematical models based on the harmonious pulsatatow within the elastic ether
(Porter 187).

Although the content of Pearson’s pulsating atom the@g generally dismissed
by molecular theorists, his work exhibits important phifgsoal predispositions which
are important to understanding his later arguments aboeditye First, it shows his
predisposition to see natural phenomena in terms direxighysical principles or
models. In the case of atoms and ether, for exarRelason believed that their actions
could be described from the point of view of the physiaslasticity. Second, it reveals a
tendency to invent and develop arguments about natural ple@ace first exclusively
from the principles and operations of mathematics ag ¢imly later to test through
observation whether the mathematical descriptionppasrted by empirical evidence.
This approach to developing theories of natural phenomenaasagnized in Pearson’s
physical theories and criticized by George Gabriel Stdkésasian Professor of
Mathematics at Cambridge. In an 1884 letter to PearsokeStvarns him that his
calculations of the spectra for polyatomic molecli@sed on the pulsating atom theory
would not hold up when compared to actual observations cirgpanalysis (187).

Though his physical mathematical theories never got efgtbund, Pearson’s
knowledge of and skill with mathematics earned him a pasih 1884 as professor of
applied mathematics in the Department of Mechanics g@pdied Mathematics at
University College London. In his capacity as an educamgontinued to follow the

same philosophical line that he had in his work with physahematics, that
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theoretical mathematics was a crucial first step iretibgang a better understanding of
actual physical phenomena.

At the same time that Pearson was teaching engirteergas laboring over the
manuscript oThe Grammar of Scien¢&892), a text whose purposes were to critique
the fundamental goals of science and to reconstrucatimnal principles of proper
scientific methodology. Predictably Pearsonian inheoty-first approach to the topic,
the text introduces some important elements of Pearpbitlosophy, particularly his
belief that causation does not exist and his opinion abeutture of the biological
sciences.

Pearson’s rejection of causation has important reatibns for his approach to
heredity. Primarily, it encouraged him to adopt a prosllvision of natural
phenomena. This conceptualization explains in part whyisirsn of heredity was so

tightly associated with the probabilistic law of errGf.cause he writes,

Scientifically, cause, as originating or enforcing a ipaldr sequence of
perceptions, is meaningless—we have no experience of anytiaingriginates or
enforces something else. Cause, however, used to makgeails a routine, is a
clear and valuable conception, which throws the ideaaase& entirely into the
field of sense-impressions, into the sphere where wereason and reach

knowledge. The Grammar of Scien¢&892], 153)
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Cause, in this sense, is a stage in a routine of experiand not one in a routine
of inherent necessity. Causation, says John Stuart isliliniform antecedence,

and this definition is perfectly in accord with the stignconcept. (156)

Here Pearson explains that we cannot accept theicabs®tion of “cause”
because we cannot witness one thing causing another mogtdfundamental level. All
we can observe, he explains is a sequence of stagesrantine. We can infer a
relationship between these stages over the courseawy wbservations which tells us
whether those events occur in the same sequencen@rmey instances. (In this sense,
“‘cause” can be understood as an observed event which, ih ingances, usually
precedes another observable event.)

This type of inference is best made using the mathemafica posteriori
probability which allows the user to calculate the philiig of a future event, in this
case the probability of a particular sequence happening aga®xl lon past observations

of this sequence.

Yet the only supposition that we appear to have made is ttlas, knowing
nothing of nature, routine and anothyre to be considered as equally likely to
occur. Now, we were not really justified in making evhis tassumption, for it
involves a knowledge we do not possess regarding natures®&/eurexperience
of the constitution and action of coins in generahs$sert that heads and tails are

equally probable, but we have no right to assert bedaperience that, as we

% Used in the same sense here as anomaly, that whioh isual or expected based on previous
experience.
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know nothing of nature, routine and breach of routine qualey probable. The

Grammar of Scienc€l892), 172-73)

In addition to providing evidence of Pearson’s beligh& importance of
probability to understanding natural phenomena@Gra@mmar of Sciencalso provides
further proof of Pearson’s tendency to see all phenoineieams of theoretical
mathematics. Just as he developed a theory of moldoutas and hoped to develop a
study of engineering that involved mathematically describalfpysical forces, Pearson
argues in th&rammarfor a mathematical theory of biology based on the same

theoretical mathematics applied to bridges and atoms.

If we look upon biology as a conceptual description of migphenomena, then
nearly all of the statements we have made with tegmaphysics will serve as
cannons for determining the validity of biological iddasparticular, any
biological concept will be scientifically valid if @nables us to briefly summarize

without internal contradiction any range of our perceppkrience. (395)

Pearson’s belief that the approach of the physicahses could be used to
understand biological phenomena was so strong thatrodudes the final chapter dhe
Grammar “The Classification of the Science&y proposing a new branch of science in
which the methodology of the physical sciences would bkeaipjp the study of

biological phenomena.
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A branch of science is therefore needed dealing witappdécation of the laws of
inorganic phenomena, or Physics, to the development of orfgams....

Thus just ag\pplied Mathematicbnks Abstract Science thePhysical
SciencessoBio-physicsattempts to link thé&hysicaland theBiological Sciences

together. (470)

The importance of probability to Pearson’s scient#itonale in theGrammar of
Scienceand his belief that the techniques and mathematics ugbé physical sciences
could be applied to the biological scienpesvide a theoretical backdrop from which to
understand the importance of mathematics, particularbbability, as a source for

invention for arguments about heredity.

On the Road to Biometry (1893-96)

Although graphical calculation, scientific theory, prolighiand biology may
have initially been independent elements within Persgpestrum of interests, these
elements began to coalesce in the early 1890s int@le sinified approach to the study
of variation. The coalescence began in 1890 when Peaa®appointed the Gresham
Chair of Geometry at Gresham College. As a profeds@Gresham, he was responsible
for giving twelve one-hour public lectures a year deliveredbon consecutive days from
Tuesday to Friday during Michaelmas, Easter, and Hilaryséktagnello, “Karl
Pearson’s Gresham...,” 47). In Pearson’s Gresham ledtoresl 891 to 1894, he

presents two series, one on scientific theory and anoththe error curve and graphical
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statistics, the latter of which culminates in a geoitetstatistical presentation on the
process of evolution.

In the second set of lectures on “The Geometry ofsiitat” (1891-92), Pearson
discussed graphical statistics, the application of geort@estatistical data (Porter 236).
In 1891 he discussed death rates and used the graphicatstptissented in the
previous lecture to measure variation from the meartutieg the next year on the same
subject he introduced the concept of standard deviationhivioation these lectures on
graphical statistics, mortality, and standard deviationgotethe fundamental concepts
and techniques which prepared his audience for his Greshaorésof 1893-94 which
present new mathematical methods for describing bimodadkewied curves, one
example of which had come to his attention throughtidtesscal work of the biologist
Frank Weldon. It is this lecture that marks the beginningezrson’s foray into

biometrics.

Weldon and Pearson

Frank Raphael Weldon (1860-1906) was a zoologist whose printargst was
in the evolution of marine fauna. He had graduated foambridge in 1881 and was
made a lecturer in invertebrate morphology in 1884. Duringankest period of his
research, Weldon worked on developing Darwin’s theogvofution through the study
of morphology and embryology, but he met with no substiesiiccess. After reading

Galton’sNatural Inheritancan 1889, however, he decided to test the validity of@sest
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proposition that variation distributes according toltve of errors within a population
(Magnello, “Karl Pearson’s Gresham...,” 50).

In May of 1889, he and his wife Florence began collecting nneasents of the
carapac# length of adult female common shrir@pagon vulgarisat Plymouth in
Cornwall and Southport in LancashifeAfter corresponding with Galton for help with
the mathematics, Weldon was finally able to confirmhvhiis shrimp data that Galton’s
argument for the regular distribution of traits was maliy true for each separate shrimp
population, but also that it was true across all opitygulations collected. He published
his results under the title, “The Variations Occurim@ertain Decapod Crustaceans. I.
Cragon vulgaris in the Proceedings of the Royal Soci@tyl890.

In addition to measuring thariation in shrimp, Weldon had also calculated the
value ofcorrelation between different organs, the degree to which changae®inrgan
were connected with changes in another. He found diseymti correlation across organs
in all the samples, meaning that when the measureeobi@an changed the measure of
the other organ with which it was compared changed asawelto the same degree
across all samples. This meant that no matter weasize of the shrimp the relations of
their organs remained the same.

Weldon’s work on variation and correlation in shrimpyided further empirical
confirmation of Galton’s theory and encouraged him to deersaploration. Weldon’s
next subjects were shore crdbarcinus moenade collected 23 measurements from
two sets of 1000 female crabs, the first from Plymoutmdaand then, in the spring of

1892, a second set from female crabs of the same spetiesBay of Naples. Of the 23

°1 The protective back plate of the shrimp.

92 He also enlisted the help of a friend in Sheerneas the Mouth of the Thames to collect samples.
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characters measured, all but one distributed normatiyeder, this one exception
provided an interesting case which Weldon believed mightanelithe presence of a new
type in the crab population (Magnello 50).

What he found in his analysis of the frontal measurésneincrab shells, was that
the curve describing the population was bimodal, double humatber than a single
hump distributed around one mean which was expecteddatdta. This discovery
engendered excitement in Weldon because a second mglatnimdicate a new stable
type or “sport” as Galton called it. He also, howebedljeved that it could represent the
confluence of two distinct races. With these possitslitnemind, he wrote Galton,
“Apart from any arithmetical analysis, | tried to drawide it two “Curves of Error”
whose sum might represent the observed distributidg f@ell.... Either Naples is the
meeting point of two distinct races or a “sport” ishe process of establishment”
(Weldon to Galton 27 Nov. 1892 quoted in Magnello 51).

In order to prove mathematically that either possibéitisted, however, it was
necessary to isolate the smaller aberrant mean adhdhie distribution of the
characteristics around it. At some point following tpargg of 1892, Weldon turned to
Pearson for advice about how these calculations mghtdzle. Pearson suggested that a
more precise result could be found using a process called fitingein which the
original values of the data were reevaluated using nteisimaller curves which more
precisely followed the contours of the data. Pearsakeaon the data for all of the
summer of 1893. According to his results, the two humgphke curve divided nicely into
two normally distributed curves which he believed reweé#he existence of variation as

a result of natural selection in the population (52).
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From the results of these efforts, Pearson becatheiged about the possibility of
a purely mathematical approach to the issue of evolugoraiation. His excitement is

clear in his notes for his Gresham lectures in 1893 intwimcwrites,

We are living in an essentially critical period ofesaie, when more exact
methods and more sound logic... [are] replacing the old ‘Bficgospel'.... For
the first time in the history of biology, there iglaance of the science of life
becoming an exact, a mathematical science. Men areagpng the question of

heredity and evolution from a new standpoint. (quotedindP 237-38)

In his November 21 and 22 lectures on probability and theadarurve, Pearson
used Weldon'’s work to discuss the potential usefulnessidtats in solving the
problems of evolution, to dispute the ubiquity of the nomiistribution in nature, and to
discuss his own methods of curve fitting to deal with skkarel bimodal curves. In the
text of his November 21 lecture he writes, “Symmetry isi@yneans universally the
case.... The keynote to the most interesting and valuabdepns in evolution lies in the
non-symmetry of the frequency curves corresponding tontresurements of special
organs in animals” (quoted in Magnello 54)). After thisestant, he introduces curve
fitting for symmetrical and asymmetrical distributions.

In Pearson’s writings and Gresham lectures, it isiplest witness the
confluence of different strands of his research frorplgcal calculation to scientific
theory and the influence of the statistical work indgyl on the direction of these

combined interests. In the work of Frank Weldon, Peaisamd the data he needed to
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illustrate (and, perhaps, even to provide exigence fothaaretical work with non-
normal and asymmetrical curves. It also provided him witbgportunity to make
claims about biological processes based on statisticdéling. Though Pearson by no
means spent the majority of his time in the lattet pbathe decade working exclusively
on developing biometric theories, he did devote a substamiount of it on developing
mathematical models to describe heredity and evolutibis. Work, initiated by his
contact with Weldon, was instrumental in setting hinagath towards developing the

mathematical theory of heredity which is the subgdchis investigation.

Oil and Water?

Although Pearson may not have been as excited abobiatiogical ramifications
of Weldon'’s findings as he was about their providing hitihwmaterial for new methods
of graphical statistics, Galton was certainly impressitd Weldon's results. Galton’s
interest in Weldon’s work and Weldon’s need for funding tetiooie it encouraged
Galton to call for the formation of a committee tgport statistical research on plants
and animals. On January 18, 1894, with Galton as the ctaensibair, and Frank
Weldon as secretary, the “Committee for ConductingsSitz! Inquiries into the
Measurable Characteristics of Plants and Animals” wasded under the charter of the
Royal Society for the purpose of funding statisticakeech regarding questions of
evolution and inheritance (Gillham 299).

Initially, Pearson was not a member of the commithegyever, his work with

Weldon and his zealous support of a mathematical appro&sfoltttion won him a place
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on it late in the year of 1896. In the next year, t@mittee was expanded even further
and renamed “The Evolutionary Committee of the Roy&i€y” at Galton’s request
(300).

The reasons for Galton’s 1897 expansion and renaming cbthenittee appear
to be two-fold. On the one hand, it was a way of briggnore traditional practitioners of
biology into the group. This move expanded the committae’adth and credibility by
including, along with biologists doing statistical reseatmblogists employing
traditional methods of qualitative observation and expentation. On the other hand,
the group’s expansion helped to add to the committee reseawchese philosophy of
variation was more in line with the position supportedSajton. Whereas members of
the committee, particularly Weldon and Pearson, heldvérgation was predominantly
continuous, i.e. that it accreted in small incremengs ime, Galton believed that it was
predominantly the result of discontinuous variation,that variation was massive and
appeared suddenly. (Neither group disagreed with the otherthbaeitistence of both
types of variation, only about the degree of importamzear the other had to the
development of varieties and species.)

One of the new members added was William Bateson (1861-192&mhridge
graduate, an early practitioner of the statistical apgindo biology, and an ardent
promoter of the theory of discontinuous variation. Batewas a one-time friend of
Weldon with whom he had had a falling out because of tdogistant conflict about the
preeminence of continuous or discontinuous variation iniapen. Bateson began to
develop his theory of discontinuous variation in 1891 @dting it in an article written

by himself and his sister Anna Bateson entitled “On tagations in Floral Symmetry of
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Certain Plants Having Irregular Corollas” in theurnal of the Linnean Societiy this
article they are cautious not to dismiss the realityianpbrtance of continuous variation;
however, they do question the assumption that continuemiegion is the only or even
primary source for variation in natural forms (Punett-598

In the next year, the same year that Weldon gatreréexamined his data on
crabs, Bateson published “Some Cases of Variationdorikary Sexual Characteristics
Statistically Examined,” in thBroceedings of the Zoological Societywhich he
presents statistical evidence for the bimodal distributiocharacters in the forceps on
earwigs Forficula auricularia) and in the horns on stag beetlXglptrupes gideon This
work, with results stunningly similar to those published bgidlin in the following year,
was, however, different in the sense that it maghdi@ikclaims that the bimodal curve
was evidence of discontinuous variation. Though Weldos doge to Galton that his
data might be evidence of the existence of a “sporiyheve does he suggest in his
discussion of his data, as Bateson does, that hidisttesvidence gives support to a
theory of discontinuous variation. Bateson, on themhiand, takes a clear position on

the matter.

In the common language of naturalists, the facts efdase [the forceps on
earwigs] suggest that there is, for some wholly unknmason, a dimorphism
among males of these earwigs, maintained though alldyether....

For the present we are content to recognize thatsrc#se of the earwig
there is evidence of a definite and partially discontusueariation in respect of a

secondary sexual character (Quoted in Punett 197).
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Despite any philosophical differences there may hage between Weldon and
Bateson about the nature of variation, Pearson saldVs crab curves and Bateson’'s
earwig curves as statistically similar and included botihem as examples of bimodal
curves in the printed abstract of his paper “Mathema@oalributions to the Theory of
Evolution” (1893). He writes, “Such abnormal curves arigéiqudarly in biological
measurements; they have been found by Professor Wédddhe measurement of a
particular organ in crabs, by Mr. Thomson for prawndyibyBateson for earwigs”
(Pearson, “Mathematical Contributions,” 329-30).

Though their data might have distributed in the same ®ateson makes it very
clear in his major workMaterials for the Study of Variatiof1894), that he supports a
strict theory of discontinuous variation. Materials Bateson catalogues facts about
variation in specific organisms and speculates aboutghee of variation based on
these collections of facts. He argues that the evideunmeorts his claims 1) that
discontinuous variation exists, 2) that this variatios itmsource within the organism,
and 3) that this type of variation is not a product afirs selectio’> He writes, “The
discontinuity, of which species is an expression,itsagrigin not in the environment nor
in any phenomenon of adaptation, but in the intrinattire of organisms themselves,
manifested in the original discontinuity of variatioMdterials 567).

Once he has sufficiently argued for the existence ebdisnuous variation and
its likely role in speciation, Bateson concludes th weth a discussion about the

methods whereby these issues might be further explokdlarified. He argues in favor

% Though Bateson makes the case that discontinuous variists and that it plays the seminal role in
speciation, he does not dismiss the existence of eantmvariation.
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of a continued program of gathering statistical data seoditinuous variations; however,
he explains that this program should not be purely obsenz but should rely also on
experimental breeding to direct or limit the scope ofddia set: “The only way in which
we may hope to get the truth is by the organization désyetic experiments in

breeding, a class of research that calls perhaps far patience and more resources than
any other form of biological inquiry” (574).

As an indirect critique of Bateson’s book, Weldon mi#d “Remarks on
Variations in Plants and Animals” in ti¥oceedings of the Royal Sociéltythis paper,
Weldon makes two things clear about his position on waniaEirst, he explains that the
only way evolution can be profitably examined is throughutbe of statistics. This
examination includes knowing the distribution of valuesafgarticular trait around the
mean as well as the frequency of the birth or deaghafabrganisms within the
population for different values within this distributiorec®nd, understanding evolution
does not require an understanding of heredity. Weldorvieslie is not necessary, or
perhaps even possible, to know how organisms vary betweenagiens. All we need to
know is the magnitude of a particular character for emeleration and the difference

between magnitudes across generations to show thef rateation.

It is to be observed that numerical data... contairhalinformation necessary for
a knowledge of the direction and rate of evolution. Kimgyvthat a given

deviation from the mean character is associated wgtieater or less percentage
death rate in the animals possessing it, the importdrsiech a deviation can be

estimated without the necessity of inquiring how thatdase or decrease in the
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death rate was brought about.... In the same way a tloéting mechanism of
heredity is not necessary in order to measure the alafitriof an offspring

associated with a given parental abnormality. (“Renic884)

In these words, Weldon clarifies the difference betweis and Bateson’s
position. Bateson believes that it is possible to fir@ldource of variation within the
organism. Weldon feels that all the necessary infaomatbout variation can be gathered
statistically from the outward measure of charact®@esause the source of variation for
Bateson is internal, knowledge of heredity from expeniiaibreeding provides the best
route for understanding variation. For Weldon, the emation of heredity is a waste of
time. He does not need to know the cause of variatierdmine its effects on
differential survival.

The differences between these two biologists apgitant to understanding the
position taken by Pearson in his hereditary argumemtsrenarguments presented
against his position. By the time Pearson makes hisfeageeritance, he has been
working with Weldon closely for ten years; therefatés no surprise that his
mathematical model of heredity is informed by Weldon’sdgaal assumptions. In fact,
Pearson’s hereditary argument is actually a defengéetifon’s model in that it provides
a theory of heredity which characterizes the phenomesasimple and mechanical and,
therefore, unworthy of detailed scrutiny. This exigencdaaxp in part why Pearson
chooses the error curve and its underlying conditionseamtin source of

argumentation.
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The Biometrik Response

Given the animosity that developed between Weldon anesBatover their
biological theories in the years following the forroatof the “Committee for
Conducting Statistical Inquiries into the Measurable &ttaristics of Plants and
Animals,” it was no surprise that despite Galton’s gotehitions to bring traditional
biologists, mathematicians, and quantitatively inclineddgjists together, the resulting
combination was a disastrous mix. What was initialtjfacult marriage between the
two groups became by 1899 a completely untenable situaticording to historian
William Provine, under the impression that Galton, $imel pin that was holding the
group together, had changed his position on the importdribe study of heredity
mechanisms by accepting Pearson’s revision of his leamadstral heredity, Bateson,
through some skillful maneuvering, attempted to turn ttexests of the committee
towards a program of plant and animal breeding (Provine 54).

Realizing that the committee had become untenable, G &@arson, and Weldon
all resigned in January of 1900 in the hopes that therstie® would collapse. Through
some shrewd political wrangling, however, Bateson garramedgh support to keep it
from folding. As a result, the committee was compyeti®ominated by Bateson and his
supporters much to the chagrin of Pearson who later whateéheir “capture of the
committee was skillful and entirely successful” (@ain 307).

Angered by Bateson’s success in getting control oveevbkitionary committee
and turning it towards breeding, a of type investigation\t¥xaldon felt was profitless,

Weldon set out, with the firm backing of Pearson amdliary support from Galton, to
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establish a conduit for their descriptive statisticakstigations of biological phenomena.
To create a conduit for their biological work, theyrided the journaBiometrikain

1901. It's purpose according to Pearson’s opening editoribé Scope of Biometrika,”
was to, “serve as a means not only of collecting undertitie biological data of a kind
not systematically collected or published in any othemopéal, but also of spreading a
knowledge of such statistical theory as may be requditiheir scientific treatment”
(“The Scope of Biometrika” 1).

Although the opening lines of Pearson’s editorial seenmepresent some
common-sense goals of gathering data and developing aictdapproach to biological
guestions, further reading reveals tBaimetrikawas also intended to support a more
radical platform for the development of a new mataiecal biology guided exclusively
in its investigations of evolution and heredity by the @ples and practices of
mathematics, especially statistics and probabilityhénsecond section of the editorial
entitled “The Spirit of Biometrika,” Pearson expreshes views that biometrics must be
focused solely on a mathematical solution to the queswof evolution, variation, and

heredity.

Whatever views we hold on selection, inheritance, rbitifg, we must ultimately
turn to the mathematics of large numbers, to the thefomyass phenomena, to
interpret safely our observations. As we cannot follbbevgrowth of nations
without statistics of birth, death, duration of lifearmage and fertility, so it is

impossible to follow the changes of any type of lifighaut its vital statistics. The
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evolutionist has to become in the widest sense of trdsa registrar-general for

all forms of life. (“The Spirit of Biometrika” 3)

In his mission to create an exclusively statisticahdm in the study of evolution,
variation, and heredity, Pearson hoped to reach twaeliffe@audiences. He makes the
dual nature of his audience clear in his description ostidgstical scientific enterprise

which included both biologists and mathematicians.

The biologist may find in our pages algebraic analysis kvimay repel him. We
would still ask his attention for the general conclusiamg for the formulae
reached by the mathematician. The biologist will findttthey frequently suggest
observations and experiments which he alone is in postiandertake
satisfactorily. We shall aid the more arithmetical pdihis work by diagrams and
numerical tables wherever it seems possible. In thisner we hope that
Biometrikawill provide for both branches of science; that it widlt only publish
valuable biometric and statistical researches, but seraestorehouse of unsolved

problems for both unemployed biologist and mathemati¢&6)

As in his earlier days working with engineers and with glafsnathematics, this
characterization of the relationship between the nmaélieian and the scientist suggests
a hierarchical relationship with mathematics and the emaslician at the top. In this
scheme, the mathematician’s job is to come up witmdédae and to reach general

conclusions which then suggest the type of data to lected and the subject and
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manner of experimentation to be carried out by the bistegnvhich is exactly what the
rhetorical topoi do. According to this biometric visioniesice becomes the process of
developing and testing mathematical theory through thection of data.
AlthoughBiometrikahad been founded as a safe place for Weldon and Pearson t
present their statistical-biological work, it was riog bnly outlet for Pearson’s efforts. In
fact, Pearson had been publishing mathematical papers bab&dogiical examples in
the series “Mathematical Contributions to the Theadrkvolution” in section A offhe
Philosophical Transactions of the Royal Soci#dtg section devoted to mathematics,
since 1893 and continued to publish there until 1904. At fliettitles of these papers
reveal that the primary topics of discussion wereeeithe new statistical tools used in
biological investigations or new statistical procedures tbuld be developed to analyze
statistical problems presented by biological data. In 189&eWer, the goal of some of
these papers began to change including titles suggestinpe¢lgatére written to
establish biological principles to support the matherabtiodels applied to biological
phenomena. The appearance of these new titles sedmataesponse to a new conflict
within the statistical committee itself between Galand Pearson/Weldon over whether
the continuous accretion of variation was suffickénsupply the larger variations which
could be acted upon by natural selection to create naetiesrand species (Provine 35).
With the rediscovery of Mendel’'s work at the turrtlod century and the
development of Hugo de Vries’ theory of mutation in theegear, the pressure on the
Darwinians to defend their theory of variation by smstdlps mounted. In particular, it
was necessary for them to prove that most variati@as both regular and small. It had to

be small; otherwise, it would be considered discontinuibasso had to be regular. In
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order to measure and compare variation to show the idinessdd magnitude of evolution
using statistics, the variation measured had to be unéoross the population and
change predictably from one generation to the nexhelfvariation was too haphazard
either within or between generations, then no availafaithematical modeling could
apply.

In addition, Weldon and Pearson had to defend their poshat their model was
sufficient to explain evolution. This position was léaged by both Bateson and Galton
who made the case that small variations would be swaopgdnded away in
subsequent breeding and, therefore, would never accumutateestly to be acted upon
by evolution. Only radical large changes created by theaappee of stable ‘sports’
could serve as the material for selection.

Realizing that their mathematical model of heredity Waing seriously
challenged, both Weldon and Pearson began to shore upefaiases. Weldon took on
Mendel’'s work in his paper “Mendel's Laws of Alternatimberitance in Peas” making
the case that Mendel's results did not take into addbeninherited contributions of
remote ancestry. Pearson, on the other hand, toolkpentaf Galton’s work in part
nine of his series “Mathematical Contributions to thedy of Evolution” in an article
entitled “On the Principle of Homotyposis and its tiela to Heredity.” In this article,
Pearson proposes a theory of heredity which challe@Gg#en’s belief that heredity is a
process of selection and combination which takes pla@eitise organism. Though both
Weldon’s and Pearson’s arguments are important to theejdébearson’s is of greater
interest here because it is directly involved with suppgthe mathematical model

developed by himself and Weldon using arguments from the $peuies of the error
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curve. Also, Pearson’s communications with Batesorrdagygthis publication reveal

the importance of mathematics to establishing the ciégibf scientific arguments.

Homotyposis and Heredity

In Pearson’s homotyposis paper, he proposes a mobdetadity in which
variation in organisms is the result of external eamtlom phenomena which alter the
reproductive material when it is produced. This particulaomisif heredity supports his
and Weldon'’s statistical Darwinian model in which vaoas had to be small and
regular. At the same time, it challenged Galton’s cptice of variation as an internal
process driven by selection and combination.

In order to make the case for the minuteness and réguévariation, Pearson
argues for the existence of hypothetical organs caltbedotype®r undifferentiated like
organswhich by definition vary regularly and minutely within a geat®n and from one
generation to the next according to the law of erraar$ten’s choice of the phrase
“undifferentiated like organ” to describe this centraépbmenon is unfortunate in that it
appears at first glance either contradictory or unrsacég redundant. Though Pearson
himself is, “fully conscious of theerbaldifficulty of the phrase,” he nonetheless
believes that the distinction between differentiated andifferentiated is mathematically
clear (Pearson, “On the Principle of Homotyposis,” 2&8sentially, the difference
between these two phenomena is in their source and gahgistribution. An
undifferentiated population is homogeneous and distributesding to the law of errors

symmetrically around a single mean. A differentiategydation, on the other hand, is by
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definition heterogeneous and does not distribute normaillynaka single mean, like
Weldon’s crabs. Because it is made up of two or more pioodaof types with different
means, its values will distribute multimodally with husrground each of the means of
the population types mixed in the sample (287).

According to this explanation two things can be said aibodifferentiated like
organs. First, because they distribute according t@thef errors, their variation is the
result of a large number of small, unknown influenceso®d, we know that they are all
essentially expressions of some true value. The fopmiet is explicitly stated by
Pearson when he writes, “variability in ‘undifferextéd like organs’ is not to be
associated with any one or two dominating factors whichdcbe isolated, it is due to
that combination of many small causes, inherent and envaotat which leads to... a
homogeneous chance distribution” (287). The latter psintdade in his use of the word
“like” in the phrase “undifferentiated like organs.”’Hat he means by this term is that the
organ being described is produced from a single non-variaidét antrue value. He

makes this point when he writes:

| shall call undifferentiated like orgah®motypesndicating that they are types
produced by the same mold or individual. Thus two leavélseo$ame tree or two
blood corpuscles from the same frog hoenotypestheir resemblance will be
homotypic, and the character by which their resembl@ngaantitatively

measured will be the homotypic character. (294)
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Pearson’s model of similarity and variation in tehseplication and error meets
the criteria for supporting the mathematical practicesraadels that he and Weldon
developed to make their case for continuous variatiost, Eire process is regular in the
sense that a feature is struck from the same mold anth#hvariation which affects it
can be described by an error distribution. This allowseéhkalts to be mathematically
rendered and makes variation subject to the principlédsedaw of error. Second, it
keeps variation small which is a necessary criteridDasfvin’s model.

Once Pearson has argued for the existence of organs Velabtses meet the
specifications of his and Weldon’s model variation, he gods onake the case that
heredity and variation can be understood in termie¥ariations found in like “organs”
in a single individual. In order to make the connectionvben undifferentiated like
organs and heredity/variation, he first argues thaspleem and ovum are
undifferentiated like organs: “But turning to the processepfoduction, the offspring
depend on the parental germs, and it would thus seem ¢hdeginee of resemblance
between offspring must depend on the variability of thenspells which may be fairly
considered “undifferentiated like organs” (“On the Piple of Homotyposis” 287-88).
Then he argues that if the sperm and ovum are coesidedifferentiated like organs,
the process by which they vary must be the same prbgegkich undifferentiated like
organs vary: “Inheritance will not be a peculiar featof reproductive cells.... If this
view be correct, variability is not a peculiarity okaal reproduction, it is something
peculiar to the production of undifferentiated like orgenthe individual, and the
problems of heredity must largely turn on how the resanda between such organs is

modified” (288).
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Based on Pearson’s assumptions that sperm and ovumdifferentiated like
organs and that the process of their production is the s& the production of
undifferentiated like organs, it is possible to understaadiilarities and differences
between Galton’s model of heredity and Pearson’snsimportant way, both Galton
and Pearson’s models are the same. They both holdithate plays an important role in
variation and, as a result, that the error curve carsbd to describe it. The difference
between the two, however, is how chance influencesditary outcomes. For Galton a
large number of unknown causes influence the selectitraits from a pool of available
features, the influence of this selection being evident maskedly in the normal
distribution of traits which blend.

Unlike Galton, however, Pearson holds that the acfarhance on reproduction
does not operate on the selection of internal chasadteing fertilization. Instead,
chance acts in the production of undifferentiated like mgga process which can be
analogized to a factory production line. Like a factong, body of the male or the female
produces either sperm or ovum from the same mold. Dunsgrocess of production,
however, many small unknown influences affect theicapbn creating slight variations
in the sperm and ovum produced. These variations aretfientively passed on to
offspring®* As a result, the variability observable in the phgpetof the offspring has its
source not in the characters inherent in the sperm an @aviheir combination, but
rather in errors during the replication of these fiatentiated like organs.

Once Pearson has argued that the sperm and the ovunmdé#ferentiated like

organs and that the hereditary process is the reprodunftundifferentiated like organs,

% Pearson assumes that the contributions of each phtleats are equal and blend together during most
instances of reproduction.
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he has to provide sufficient evidence to support his caseeli¢aés that if he can show
both mathematically and empirically that the coriefatvalue, i.e. the degree of
relatedness, between undifferentiated like organs isaire value as the correlation
value between offspring, this would support that they weneluced by the same
process.

Pearson begins by mathematically proving thahe‘ correlation between
brothers.. [is] equal to the mean correlation between the undifferentiated like organs put
forth by an individudl (“*On the Principle of Homotyposis” 291). He offers a
mathematical proof for this relationship in the secomtice of the article entitled
“Theoretical Discussion of the Relation of Frater@alrelation to the Correlation of
Undifferentiated like Organs” with equations for variaticarrelation, mean and
deviation based on the principles of the error ctitve.

Once he has deduced mathematically that the average odtibined correlation
values of sperm and ovum and the correlation of offsmiagild be equal, Pearson
provides observational evidence from undifferentiateddilgans to support his case. In
his opening statement of the third section of the homotypaper, “On the Variability
and Correlation of Undifferentiated Like Organs in in@ividual,” he explains the

rationale behind his choice of evidence.

What | have endeavored to do is to take as wide a rdrjfevent organs as
possible in different types of life and trust to the bulkny statistics to give me a

substantially accurate value pfcorrelation of undifferentiated like organs] to

% See Appendix M
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compare to the values Bf[fraternal correlation] we have determined on other

occasions. (292)

True to his word that he is going to give evidence concertasgyide a range of
organs as possible,” Pearson provides correlation valoesundifferentiated like organs
such as leaf veins, mushroom gills, and Shirley poppyssé#ging leaf veins as an
example, he explains his statistical method for catitiglaéhe correlation. In conducting
this type of analysis, he gathers 26 leaves each from &€§ itr the same district at a
given height. He then counts the number of veins ¢h é=af. Next, he places these
values on a correlation table pairing each leaf withyeg#er leaf to generate a total of
325 entries (¥2(26x25)). In order to maintain symmetry irctireelation values, he also
creates a second table in which the order of compaissswitched. This results in a total
of 650 entries for each tree and 65,000 values for 100 tee® all the values are
gathered, he calculates the mean and standard deviatio® sdmple which allows him
to generate a correlation value for the data (292-93, 298ll¥5ihe compares the mean
values of correlations to the fraternal correlafibn.4 as it is described by his version of
Galton’s law of ancestral heredity.

Pearson’s ability to make his case using a wide varietpiwélative values from
different types of undifferentiated like organs is opbssible because of his assumption
that the difference in the production of these orgaradl iorganisms is uniform and
small, i.e., it is the result of regular error pre@ped by a large number of small
unknowable causes. He confesses the importance of éisdeof the error curve in his

mathematical section when he writes,
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Now if the degree of resemblance between undifferendtidte organs vary
largely from organ to organ we could proceed no further thighinvestigation.
We should have shown that there was a relation eetweamely (iiij® between
theR [fraternal correlation] and thes [correlations of undifferentiated like
organs] but as the characters in the spermatozoa lanewn and unmeasurable
we could not proceed further. On the other hand, if tneetation between
undifferentiated like organs is approximately constant) tha may replace
correlation coefficients... with themeanvaluep, say. (“On the Principle of

Homotyposis” 290)

Here Pearson admits that without assuming that vamig regular and small
there would be no way of making a general case aboptrdless in heredity in the large
population using correlation values measured in individualnost He argues,
however, if variability is small and we can find a regudorrelation in measurable
features, such as the veins in tree leaves in a sarhplees, this value can then be used
along with the average values of other trees to detertineneorrelation value of leaf
veins in the whole population. In addition, because atiosl is measured from the
mean of a sample in units of its own standard deviatia;ma standard unit of measure
(Chatterjee 297). As a result, it can be used to compaiables as diverse as mushroom

gills and leaf veins. Because correlation allowsbimth an inter- and intra-specific

% See page 290 of the section of Pearson’s paper entittebtatical Discussion of the Relation of
Fraternal Correlation to the Correlation of Undiffarated like Organs” provided in Appendix M.
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comparison, Pearson believes that if a mean valgeroélation of all undifferentiated
like organs for all forms of life exists, he will bbla to find it using his method.

Though Pearson hopes that his model of heredity basdu dewt of error will
allow heredity to be described within a circumscribed ttative range using correlative
values, his results suggest that this model of heresiftyablematic. He begins the results
section of his paper by making an ethical appeal to his awdieraccept his results
despite their imperfections based on the claim th&alsebeen honest in reporting his
findings and has not tried to obscure data which he mae left out to make his case

stronger.

In summing up my results and comparing them with thotsrada from fraternal
correlation by my coworkers and myself | felt soméiclilty. If | made selection
of what | considered the best homotypic correlasernes and the best fraternal
correlation, 1 might well lay myself open to the mi of selecting statistics with
a view to the demonstration of a theoretical law laidial before hand. (“On the

Principle of Homotyposis” 355)

After making this appeal, Pearson reports all of his figlr®espite this show of
integrity, however, he does not actually use all oféssilts in calculating the mean
correlation for undifferentiated like organs. He cheaseleave out the data gathered
from the measurements of correlation in mushroom giit$ ivy leaves because he

believes these measurements are unduly influenced by lat@rredue to stages of

97 See the chart labeled “General Results for Homotypicetation” in Appendix N “

227



growth” (356). This elimination is acceptable in Pearsopision because such growth
would be considered a differentiating influence.

A closer inspection of the summary of values on tletclhowever, reveals that
Pearson’s elimination of these values, at least thesdor ivy, seems to be motivated
exactly by a desire to fit the data rather than foralyl exception of outlying data. The
correlation values he presents for the length of iayds, their breadths, and the
combination of their lengths and breadths are respecti¥6|y.53, and .51. A glance at
the values on the acceptable portions of the charakévat there are no less than 8 of a
total of 22 acceptable measures which actually exceed theshigdlee presented by the
ivy and a total of 11 that are larger than the lowektevan the ivy measurements. If the
ivy results based on their value are in fact aberthat) so are half of the results
presented as acceptable.

Basing the exclusion of the results on factors of gnhcseems even more
treacherous for Pearson who admits that he is matreetd botanist and that quantitative
data are the only acceptable means of assessing inherifdns leaves his argument
caught up in a contradiction whereby it accepts data abiter of truth but then rejects
guantitative results based on supposed qualitative corglition

In addition to irregularities evident in Pearson’s etiating certain values from
his calculation of overall correlation, there isca#s unusual tendency on his part to
admit data which might reasonably be eliminated basetieanvalues falling far outside
the normal range. If we take Pearson’s own calculadfthe mean for the correlations in
his research, .4570, and the highest correlation valueshackapted into his normal

distribution, .6313, we can assume that he believese¢havnable values fall within
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.1743 of the mean. If this is the extent of the accepatees for the lower limit, then for
the sake of symmetry of outlying values in a binomiakihstion there should be a
similar limit below the norm. This would mean that asajues below .2827 should be
eliminated as well. A brief inspection of the lowerued on Pearson’s chart, however,
reveals that he has not applied this practice to his bhetact four or more than 1/3 of the
data in his chart, fall below this value, yet theystiincluded in the final computation.

The combined result of leaving out values which fall alibeemean but below
the upper limits established for the data and including datsevvalues fall below the
reasonable limits is that the mean value of theidigion is artificially lowered. A
recalculation of the results, which extends the uppatdiof acceptable data to the same
degree as the lower limits are extended and includes$ e data which are excluded by
Pearson but fall well within the limits of the disttion, results in a shift of the mean
upwards. The new upper limit based on a recalculated spré&ael acceptable lower
values (.2837) from the mean is .7407. This new limit incladlesf the unacceptable
data with the exception of the length of mushroom.ddisincluding all the data within
the new acceptable range, the mean value of correlaomes from .4570, which already
differs from his original hypothesis of .4, to .4826 an eyezater difference.

Further evidence that Pearson is massaging data to geeafibevith his theory
can be found in his revaluation of the fraternal cati@if® to a value higher than his
own original estimation at the beginning of the paperhéniteginning of the text,
Pearson clearly states that the value of the fratearrelation is .4. In the results section,
however, he gives a different value for this corietat.4479. This new calculation is

made from a combination of statistics taken from plantsanimals as well as humans.

% See the “General Results for Fraternal Correlatitiaitcin Appendix N
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His calculations include such correlations as the aalat @ basset hounds, the same
data Galton used in developing his Law of Ancestral Heredind horses, whereas the
original calculation is based solely on the statsstjathered from human brothers. The
correlation statistics for plants and animals arsuistantially higher than those in
humans; the highest correlation value for humans is .54f,.45 lower than the
highest correlation value for Daphnia at .6934, pulling theaaeevalue of the
correlation considerably higher.

Ignoring these obvious discrepancies in data selecti@ns®e argues that the
similarity between this new value for fraternal céatien .4479 and his average
correlation for undifferentiated like organs .4570 is €laad seems to provide proof for
his conclusions 1) that sperm and ovum are undifferentidte organs and 2) that
reproduction is a case of the production of undifferésdidike organs. In other words,

progeny differ from each other just as leaves on the sese do.

| do not propose to lay great stress on what at fgbt snight look like a most
conclusive equality between the mean values of homotyqud fraternal
correlations—within the limits of probable errors .4479 at%&¥0 are indeed
equal. | am quite aware that a few further series addeter the homotypic or
fraternal results might modify to some extent this étyudut what | would ask
the reader to do is to examine the two tables side bytsia®te how the first and
last several results of both may be fairly held tsllgject to quite definite
modifying factors, and then to consider whether theretivery substantial

evidence gathered from a fairly wide range of charaatersarly as wide a range
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of species to show that homotypic and fraternal caticel fluctuate about a mean

value between .4 and .5. (*On the Principle of Homotygid3%8)

Despite all of his efforts to minimize the diffics inherent in trying to reduce
biological qualities to exact quantities within his math&ioal model, Pearson is forced
to recognize the formidableness of the obstacles facangeneditary theory. Following

his efforts to legitimize his conclusion he writes,

| do realize that it is extremely difficult withélcomplex system of factors
influencing living forms to reduce our conditions to ttieoretically perfect state
in which we shall measure solely the factor we arestigating.... In the first
place the theoretical conception of undifferentidilesl organs is very hard to
realize practically.... Secondly, the environmental factomes into play. It is
difficult to obtain a hundred individuals with like envmment; solil, position with
regards to other growths, sunlight, insect life, etc.... Tyitthe difficulty that
ensuring all individuals are of the same age or in thee stage of development,

is very great. (358)

Undaunted, Pearson remains confident that the prinapld® error curve can be
usefully employed to describe the action of heredHi/.closes his paper by making an
argument from the law of large numbers which holdstti@tnore data which are
gathered on a phenomenon, the closer the researchgetcanits true value. Within a

large collection of data, Pearson argues, the differ@mgi factors which would skew the
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true value of the sample either upwards or downwards wiauldel each other, leaving
only the true value for the “bathmic influence,” i.ee thfluence of regular error on the

undifferentiated like organ.

If homotyposis had a practically constant value throughature, | should only
expect this value to be ascertained as the resuleaitbrage of many series in
which the opposing factors of differentiation... may mordess counteract each
other. In this manner we may approach to a fair appreniafithe bathmic
influence of individuality [the value of the set of masall unknown causes that
effects the production of sperm and ovum in individualshenproduction of

undifferentiated like organs. (“On the Principle of Hugposis” 359)

In his concluding remarks in the text, Pearson exprésse®nfidence that his
evidence and arguments have sufficient credibility to sugp®tonclusions 1) that the
value of correlation found for the production of diffier@rganic homotypes, leaves,
mushroom gills, etc. was remarkably similar to theaation values found for different
physical features in brothers and 2) that, as a resthi$imilarity, it is logical to
conclude that heredity is an example of the procebsmbtyposis. Because
homotyposis produces small and regular variability ungesame conditions assumed
by the mathematical law of errors, the statisticatlelimg that Pearson and Weldon have
been using and promoting as the only method for studying taeitude and direction of
evolution is justified. In addition, homotyposis suppdtints veracity of a Darwinian

model of evolution in which the major variations theg the basis of specific formation
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through natural selection are developed by the accretismall variations in offspring.
Finally, it refutes Galton’s hereditary model in whidriation finds its source within the
organism and is the result of the random selection efi@iypic features from a
genotypic pool of traits.

At first blush, Pearson’s argument appears to be mptuof theoretical
mathematical reasoning in making biological argumentsedins with a hypothesis
proved deductively from mathematical principles and incotpsrdne mass collection of
empirical data to test the validity of his conclusioAgloser inspection of his methods
for selecting data to make his calculations and of thdlertges surrounding the
identification of pure homotyposis ( i.e. a processepfication/variation unaffected by
factors which might increase or decrease the degresriation/similarity beyond the
limits allowed by chance influences) reveals, howevett there are major weaknesses in

his model.

Bateson’s Critique

In the fall of 190F° the same year that Weldon, Pearson, and Galtothéft
evolutionary committee, Pearson submitted and presentétbmstyposis paper to the
Royal Society. A few months later, in January anbré&ary of 1901, William Bateson
submitted and read a critique of Pearson’s ideas in fratiecgsame body. The fact that
Bateson responded to Pearson’s attempts to defend hismatbal model of Darwinian

variation comes as little surprise given Pearson'sectelationship with Weldon and the

% In the spring of 1900, some time after May 8, Batesmaime acquainted with Mendel’s “Experiments
in Plant Hybridization.”
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friction between Bateson and Weldon over the priaritgontinuous or discontinuous
variation in supplying the material for specific variatid®hat may come as a surprise,
however, is that up to the publication of Pearson’slaréind even in his critique,
Bateson was actively trying to recruit Pearson to éanWeldon’s theory of continuous
variation. Why would Bateson try to recruit his arclemy’s right hand man? | contend
that his actions were motivated by his belief in the paf@enathematics to make or
break scientific arguments.

This position is not without controversy, however,dee some historical
evidence describes the debate as antagonism betweenrBatestogical method and
the mathematical methods developed by the biometricianenfonly used phrase
around the time of the disputes which developed betweesd@atsnd Weldon/Pearson,
for example, was the “Biometrician-Mendelian comngxsy.” This antithesis suggests that
the definitive difference between the two sides indébate was that the biometricians
were mathematical while the Mendelians were non-mattieah@ their approach to
heredity, a position disputed in this chapter and in blla@ter on Mendel. Evidence that
biologists at the time of the debate split the groupsgatbe lines of mathematics and
biology is present in a 1910 book review by George Shull #iévn Johannsen’s (1857-

1927)Heredity as an Exact Science

An essential part of the reaction [which occurred atathd of the nineteenth
century against speculative theories of evolution anddiiglethe development
of mathematical methods by Professor Karl Pearsoraded others promised

for a time the key to the riddles of evolution. This mwment, led by a pure
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mathematician, developed a series of beautiful methodedanathematical
analysis of data and the comparison of variations....

Parallel with this movement toward the use of math&aldy precise
methods, there has been a rapidly increasing utilizafipedigree culture or
genetic methods... in Mendelian investigations of heredlitich methods lay
stress chiefly on biological methods of analysis. dh&agonism of active
workers with biometric and genetic methods in the studyeoddity scarcely
permitted it to be hoped that a work might soon appearlizing the results

gained by both biometry and genetics. (Shull 226)

Shull's division of the two groups into the biologistalahe mathematicians was
most likely encouraged by comments made by Pearson wimg the only professional
mathematician engaged in debates with a group of biologists, took criticism of his
gualitative biological assumptions as an attack on higlmaathematical approach by
backward-looking biologists. For example, Pearson wroteGatfter the first meeting

of the new evolutionary committee which included Batdsacomplain,

The committee you have got together is entirely unsuitgtt].contains far too
many of the old biological type, and is far too unconscidukeofact that the
solutions to these problems are in the first placessitatl, and in the second place

statistical, and only in the third place biological. (qdoteProvine 51)
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This statement reveals that Pearson believedhbead was a division among
members of the group, which now included Bateson, alongnige of traditional
gualitative biologists and modern mathematical biologiStatements such as this one
and others like it may explain why modern historiang o@l the division between
biology and mathematics in the two groups to explain thByEvolutionary Committee
of the Royal Society became disorganized: “the new Ineesnshowed little sympathy to
the biometrical approach, and in some cases antagorfisovife 51). The split is also
used as the motivation for the formatiorBadmetrika “Biometrikg established in 1901,
became the official organ of the new statisticsstiadard bearer of a quantitative
program in opposition to the biological mainstream” (B0269).

Although these characterizations of a split betwerbtological and the
mathematical camps seem to be justified by certain lwat@vidence, other evidence
suggests that an alternative interpretation of theidivgsbetween the two groups can be
made in which Bateson is a supporter and not a detradioe biometrical approach. An
historical review of Bateson’s work, for example, r@gehat there is ample evidence
that he can be fairly grouped among biologists who reliechaiiematics as a source for
evidence and invention in his arguments. His use, for elkampthe law of errors and
the error curve to draw conclusions about the dimorphistagsetles and earwigs two
years before he published his work on dimorphism in sti@ates suggests that, if
anything, Bateson had beaten the biometricians to the punch.

In addition to the evidence that Bateson was not opjpimsbiological arguments
which drew support and inspiration from mathematics, tiseaéso evidence in Bateson’s

history with the biometricians that his primary critiqpfeheir mathematical solutions to
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biological problems was not that they were mathemiatica rather that they were only,
as Pearson contends, in the third place biologicahadecomplained, for example, that
that the work done by Weldon on the carapac&3anfinus moenas measuring
variation did not take into consideration the fact tihad not measured crabs in the
same stage of molting. As a result, the distributiothefshell characteristics he was
measuring would not be accurate and, therefore, coulgravide evidence for the action
of continuous variation in evolution (Provine 49).

In the events surrounding the publication of Pearson’s mapkeBateson’s
response, we can actually see the same high regarcatbematics in investigating
biology and the same criticism of the biometriciansegard for biological phenomena
that is evident in Bateson’s previous work and critiquehénwinter or spring of 1901,
conflict arose between Pearson and the Royal Sosiley, without Bateson’s
permission, the manuscript of his critique of Pearsorpeipaas distributed to referees
before the referees had received a complete manustfgarson’s work. Needless to
say, Pearson was angered by this unorthodox procedurawndas more evidence of
discrimination in the biological establishment agamstattempts to develop a
mathematical biology (62).

When Bateson found out what had happened, he immedwatatrew his
critique until Pearson’s paper was published. He also pronwotite him a letter
apologizing for the incident. Bateson’s response sootkadsBn’s ire to some degree
and initiated an interesting exchange of communicationdestthe two over the course

of the next year (62-63).
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The proof that Bateson saw mathematics as an img@dance for biological
arguments is made clear in his attempts during his corrdepoe with Pearson from
1901 to 1902 to recruit Pearson and his mathematical taleatsfrom Weldon. In
October of 1901, Bateson sent a translation of Mendglisrta Pearson in the hopes
that, after reading the text, the mathematician nghpersuaded to accept Mendel’'s
theory of inheritance. Though Pearson read it, in lply tee “expressed skepticism about
the general applicability of Mendelian inheritance” (#ne 63).

Even though Pearson was not receptive to these irffoaitss Bateson remained
hopeful that he might yet persuade Pearson to joindoxatdn him. With the publication
of Weldon'’s critique of Mendel iBiometrika(January, 1902), however, Bateson realized
that the level of enmity developing between the two camgsssuch that his window of
opportunity for recruiting Pearson was almost gone. last ditch effort, he wrote

Pearson on February 13, 1902, exhorting him to reconsider.

| respect you as an honest man and perhaps the abldsrdedt worker | have
met, and | am determined not to take up a quarrel with yiocaih help it....
There has probably been no discovery made in thealrbi@ogy that we
can remember which approaches Mendel’'s in magnitude, ambhisequences
that it leads to. This is not a matter of opinion butaser You have worked well
in the same field and if through any fault of mine youeate be permanently
alienated from the work that is coming, | should alwagget it. With Weldon it

is different. He is a naturalist. He goes in withdygs open. (63)
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Ultimately, Bateson'’s efforts failed. In his resporf@earson tried to maintain an
appearance of rational balance by writing that though laig aes with Weldon his head
was still open to various positions. Despite this pestdifairness, Pearson made it
known in no uncertain terms that he was firmly behindddfiels philosophy of
continuous variation. Shortly after this exchange, Ratsscritique of Pearson’s paper
“Heredity, Differentiation, and other ConceptionsBoblogy: A Consideration of
Professor Karl Pearson’s Paper ‘On the Principlearhbityposis™ (1902) was published
as well as a scathing attack on Weldon’s critique of Metiidisdl Mendel’s Principles of
Heredity: A DefenseAny chance of détente between the two men vanished.

Though 1902 marked the end of friendly communications bet®atson and
Pearson, it was not because Bateson was an ardesfti@ametrics. His interest in
recruiting Pearson’s talents to help further develop therthof Mendelian inheritance
suggests that, though Bateson was at the core a biodegisiated to experimental
breeding as a way of unlocking the mysteries of hereaityyas also keenly aware of the
power of mathematics as both a tool and as a sourceaking biological arguments.

The respect that Bateson shows for the use of matiesnio make biological
arguments in his communications with Pearson is silyidevident in his critique of the
mathematician’s homotyposis paper. In this critique, 8ateloes not attack Pearson for
making an argument about the nature of heredity usingematics; instead, he attacks
the validity of the biological model which Pearson’stinegnatical arguments are
supporting.

In the beginning of the text, Bateson seems to contiraievartures to Pearson

by making the case that they both share similarester He commends the
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mathematician for adopting a philosophical position thaear his own and draws
parallels between Pearson’s concept of homotyposis aram work inMaterials for
the Study of Variatio(iLl894) in which he argues that variation has its sourcgnmmetry

and repetitionaterials for the Study ofariation 242).

At the outset | wish to express the conviction thatieheing idea which inspired
and runs through the work is a true one. Professor Reanggests that the
relationship and likeness between two brothers is an €dpreof the same
phenomenon as the relationship and likeness betweer&wes on the same tree,
between the scales on a moth’s wing, the petalslofvef and between repeated
parts generally....

This idea first came to me—as it has perhaps to others—whas
studying the phenomena of variation in meristic séff®and in writing on that
subject | introduced an outline of the conceptions invol@dthat occasion |
ventured to carry this reasoning a step further... and to su@gegid
resemblance which we call heredity may be a special case of the mrenmooi

symmetry (Bateson, “Heredity, Differentiation'94)

Following a few complimentary words, Bateson layslositcritique of Pearson.
He argues that there are essentially two major problgthshis theory of homotyposis.

First, given the current qualitative biological knowledg®rganisms, it seems unlikely

190 Mmeristic variation refers to changes in the number ggometric organization of the physical features of
an organism such as, for example, changes in the numpetad$ or their distribution on a particular
species or variety of flower. Bateson claim$/aterialsthat this type of variation was the primary force
involved in speciation.Materials for the Study of VariatiaM3)
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that Pearson would be able to obtain the results tinging to obtain using the methods
he is employing. Second, even if such a value as a uaiv@gelation constant were
calculated, it would not be a meaningful descriptor oftfzeesses of heredity.

In presenting his case against Pearson, Bateson bétins step-by-step
summation of the particular claims that the biome&tnas making. He starts by restating
Pearson’s arguments concerning the assessment of hpoadity in organisms recalling
the basic premises set forward by Pearson: 1) thattype®) by definition, are a series
of organs whose variability has its source in many lsraatlom influences and 2) that
the homotypic correlation of undifferentiated like argan a series can be lowered if
variation in an organism has its source in differemgginfluences (i.e. that two organs in
a series have not been produced by the same process).

After laying out the mathematician’s claims, Batesoallehges the
biometrician’s distinctions betweaelifferentiation the occurrence of significant variation
between two organs which leads to their being distingdislsewo different types, and
variation, the occurrence of slight changes within a homogengopslation of types
which account for their distribution according to the lof error. He argues that from the
outset Pearson’s argument is in jeopardy because aodiinction between these

phenomena can be made in nature.

It is not, however, the difficulty of recognition | wial now emphasize, but the
fact that between the two phenomena [differentiaéiog variation] no absolute
distinction exists in nature. An “undifferentiated ssrof like parts” means only a

series of like parts which have varied and are varyinghgnitzemselves but little.
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A series of highly variable like parts is a series in Widdferentiation exists or is
beginning to exist in a complex and irregular fashiond#férentiated series of
like parts” means a series among which variation ts&asrbecome definite of
regular. Between these classes there is every shddiegree. No one can say
finally where each begins and ends, and, by appropriaiisalewe could find
homotypic coefficients of any required value. Hweragevalue of such
coefficients taken at random has no significance tarea(“Heredity,

Differentiation” 197)

In this section of the critique, Bateson'’s criticisfrPearson’s biological model is
a direct result of his own belief in Galton’s and Menslefiodels of inheritance, which
hold that variation is the result of the random ge&ecirom a pool traits within the
organism. Based on these models, different hereditargittons can exist in different
organisms at any given time in nature. In some populatibasgans, there will be very
little variation, because the population has reacheat @halton would refer to as a place
of stability for that organ. In other cases, howettsre is shifting back and forth within
the population between different places of stabilityafyn in still others two clearly
distinct places of stability have emerged. The rasuhat across all organs there will be
a wide rang of possible conditions with no clearly dexaiged boundaries or values.

Because there is no way of knowing where variatiasemd differentiation
begins, Bateson argues that a researcher can selessttasiyalues for correlation that
they desire. As a result, they can come up with anyageevalue for correlation they

want. This, he argues, is what Pearson has done. Hanaly selected a subset of
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correlation values which yield the closest value teefral correlation. As a
consequence, his contention that the correlation affarehtiated like organs in nature
is between .4 and .5 has no real purchase in nature.

Once he has made the case that the nature of hecaditpt be ascertained by
statistical analysis because it is impossible to defisesample, Bateson makes the case
that the only other alternative is to turn to closeitsey of the individual. This position
is, of course, in accordance with Mendel's and Batesapproach to the study of
heredity. It begins with gathering specific qualitatwvewledge of individual instances
through experimentation and then collecting and organizegesults of these

experiments statistically to create a general pictlitkeohereditary process.

But let us now suppose that we could define differentidtimm variation in
general, say, as orderly variation. Even so we couldiisthguish it unless its
order was conspicuous.... Does not, then, the presencderfyodifferentiation,
in various degreegompelus to an analysis of individual instances? In plain
language, we shall have to pick and choose our cases, avalubef our

coefficient of homotyposis will depend entirely on haw do it. (202)

For Bateson, the only way the appropriate sample edaund is through the
development of qualitative knowledge of the organisms balisgrved. As an example
of how this biologically-oriented experimental techniqugmibe applied to the study of
these phenomena, Bateson reconfigures Pearson’s céhtidtservations of leaves on

trees in terms of a qualitative experimental obsermati
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He [Pearson] speaks of the extreme difficulty of dateing whether his material
is homogenous in respect of the environment, but | ness fis work any deep
appreciation of the subtle and evasive quality of diffeagion. If anyone would
obtain a conception of this difficulty, let him go to ange or large plant and set
about pruning it, or better, let him try to choose thewosh for propagation. Until
he tries, it seems simple enough; but when he begirgdsethe shoots are of
many complexly differing kinds, and unless he has expezipnming or
propagating, he will not know which to choose. If he stathe tree attentively,
he will soon see that the kinds of shoots are largdigitkeand, in fact,

differentiated. (“Heredity, Differentiatiorn202)

Bateson suggests here that if Pearson simply tookitireidy the individual
instances in detail through experimental trial and ea®gny naturalist worth his salt
would do, he would soon be able to recognize which shootsseed distinct types and
which did not. The results of this experimentation wdedt him inevitably to Bateson’s
conclusion that different kinds don’t develop in a seviesmall connected changes but
rather from radical character saltations. From theearson might then be able to
construct a viable mathematical theory of heredity.

Such a theory, Bateson suggests, would not be stdtistite grand sense that it
would seek, as Pearson’s theory does, to statistgather all variation big and small
together to find a mean value for the degree of vanatitstead, it would involve

identifying points of stability, the degree of variationwand those points of stability, and
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places of discontinuity. This approach would describ&tian and explore its range not

to distill it into a meaningless universal average value.

By the one word/ariation we are attempting to express a great diversity of
phenomena in their essence distinct though merging ib$éemnsth each other.
The attempt to treat or study them as similar is lgatbrutter confusion in the
study of evolution.

If normality thus imagined can be shown a real phemomé is
conceivable that we might then profitably attempt to deitez in specified cases
the average value of homotypic correlation for easle chut the average value
for a miscellaneous collection of cases would saltdino natural significance.

(203-04)

In Bateson'’s critique of Pearson’s paper on homotypisspossible to see both
the power and the limits of mathematics in biologargluments. Just as Darwin, Mendel,
and Galton recognized the power and the precision of quatiifin and mathematical
formulae, operations, and principles, Bateson too recogtiiedr strength and does not
attempt to make an issue of Pearson’s application oélebion and the law of error to
the study of heredity. What he does take issue withsiafguments, however, are the
inconsistencies that he believes exist between Pears@tihematical model and the
actualities of nature. In taking this rhetorical appro&ehargues not against Pearson’s
use of mathematics per se, but rather against Pearsdostion of variation to a single

average value, warranted by the law of large numbessopposition is predicated on his
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belief in the Galtonian and Mendelian models of heradityhich traits can be in
different modes of stability and in which sudden raditalnges in traits can take place
making the concept of an average value of variation aelpfu if not meaningless
measure for describing variation.

As history reveals, Pearson’s arguments for a honotlgpory of heredity
ultimately failed to persuade biologists. This failureywbweer, was not the result of his
employing the principles, operations, and formulae fronbgipdity and statistics in
making his arguments; rather, it was the result of @gemovement away from
Darwinian continuous variation and toward Mendel's appareliscontinuous theory of
heredity. That the mathematical argumentation waseasponsible for his failure in the
minds of other biologists can be evidenced by quoting againgé&hull's evaluation of

Pearson’s arguments:

The development of mathematical methods by ProfessoiPi€arson and a few
others promised for a time the key to the riddles ofutiem. This movement, led
by a pure mathematician, developed a series of beautfinads for the
mathematical analysis of data and the comparisonr@tiens. These methods
are of the greatest importance when rightly used butgta the almost
invariable lack of an equally kedological analysis, the applications of these

methods have led to a largely spurious product. (Shull 226)
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Conclusion

From his early work with physical mathematics and graphadaulation to his
later development of a theory of heredity based omttighe matics of the error curve,
Pearson consistently advocated the importance adadhical understanding of
mathematics to the exploration of both physical androcgghenomena. This belief in
the primacy of mathematics as a source for discoveriog/kealge about nature informs
the developments of his arguments in “On the Prin@pldomotyposis and its Relation
to Heredity” in which he makes the case for a matheaatodel of heredity based on
the error curve supporting Darwin’s theory of evolutiorcbytinuous variation.

Though Pearson’s belief in the importance of mathemefissgenerally accepted
by scientists of all stripes from physics to biology,pikesPearson’s complaints to the
contrary, his zeal for theoretical mathematics saswce for inventing arguments about
nature met serious resistance from both physical andgiwal researchers. In the case of
his biological arguments, William Bateson challenged $taes insistence on the
mathematical average of correlation as a fundameaha¢ for the process of heredity.
Bateson’s complaint was not over whether lines giarents developed from the
principles of probability and statistics could be used &zidee biological phenomena,
but rather that Pearson’s mathematical model anaéls gvere based on a biological
model that was not indicative of actual biological candi.

In the end, Pearson’s theory was rejected and forgagt®arwin’s theory of
discontinuous inheritance was swept away in the eadnptieth century in a tide of

evidence supporting Mendelian heredity. The mathematickl tibat Pearson helped to

247



develop for determining correlation and testing goodness dbfvever, endured. The
survival of these mathematical applications in biologyifye not only to the importance
that mathematics had assumed by the last decade of theemitietentury in making
biological arguments, but also to the importance of Radrson as an advocate for the
value of statistics and probability as sources of invardiad support for biological
arguments. Without the heightened awareness of theramme of mathematics to
biology and without the environment of competition which deded a mathematical
response to discontinuous theories of evolution, théenadtically described laws of the
monk from Briinn may not have had the opportunity to shineugih substantively
Mendel's work had appeared limited in scope to hybridistdatahists for thirty five
years because they were a detailed analysis of a &#w/ ity a few species, with the dawn
of the twentieth century and the rise of statistimalogy, the hidden value of Pearson’s
broad, mathematically informed methods and laws beghe tecognized and to

transform biology.
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Epilogue
The goal of this project has been to explore the rivatibr unexplored territory of the
role of mathematics in making arguments in evolutiot@wiogy from the middle of the
nineteenth to the beginning of the twentieth century amxtend the analysis of the
arguments of nineteenth century evolutionary biologists[Paswin to the works of
Mendel, Galton, and Pearson. The analyses undertakeeetiothese goals reveal some
important trends in argumentation in evolutionary biologthe latter half of the
nineteenth century which have been previously overlooked.

First, rhetorical analyses of the texts and contektbe arguments of Darwin,
Mendel, Galton, and Pearson suggest that they belieaeth#ir arguments could be
strengthened with the deductive logos and ethos of mathsmma Darwin’s work, for
example, he employed quantitative comparison as a perst@sifer making the case
for variation, natural selection, and the principleivergence of character. Additionally,
Mendel used combinatorics to develop experiments to prevevhriability of character
traits over many generations of breeding.

A second trend revealed by these analyses is the impertd mathematical
concepts as a source for inventing arguments about natwieapters four and five, for
example, analyses of the arguments of Galton ang&®dluminate the importance of
the error curve and the principles of the law of eroadévelop new lines of arguments
about the nature of variation, evolution, and hereditapter four reveals how, by
replacing the concept of “error” with “variation,” Gailt transformed the error curve into
an instrument for describing the distribution of variatiathin human populations for

any measurable physiological or psychological featureitidaally, it illustrates how
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this transformation opened up for him new paths of engdimwvestigation and
encouraged the development of new methods for mathedhagstablishing the degree
of change in quantifiable heritable features from one gdioerto the next which served
as the foundational arguments for this law of anceiséradity.

Similarly, chapter five shows how Pearson, inspired alggd’s arguments from
the error curve, developed arguments for a phenomenaldageory of heredity based on
the law of error in which Galton’s concept of “err@nariation” was transformed back
to Quetelet’s original notion of “variation as errofHhis transformation brought
arguments about the biological process of variatiaoy gand evolution completely
under the jurisdiction of mathematical evidence and priesip

In addition to revealing important general trends in e of mathematics in
making arguments in evolutionary biology, this investigaatso illuminates specific
instances of the limitations of mathematical argumampersuasion for some audiences.
These limitations are brought to the surface in theyagsalof the failure of Mendel's
brilliantly constructed mathematical arguments in “Bxpents in Plant Hybridization”
and in Karl Pearson’s mathematically sound but bioldigid&conceived theory of
homotyposis.

The rhetorical analysis of Mendel's “Experiments” imapter three reveals that
though Mendel employs in his argument a carefully imelet@d system of
mathematically informed experiments, his results wgmeried by biological researchers
in Western Europe. By analyzing the rhetorical contexthich Mendel makes his
arguments, the case was made that Mendel's conclusiessite their underlying

mathematical rigor, were ignored because he failedk® account of in his work, and in
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fact argued against, biological phenomena which were yatsepted by biologists at
the time. Without the proper professional ethos t@ettsupporters to his unorthodox
position, Mendel's conclusions languished in obscuritynfiore than thirty years despite
the fact that they were mathematically supported. Simprsuasive limitations were
revealed by the rhetorical analysis of the context amtienit of Pearson’s arguments in
chapter five. This investigation concludes that his mathealarguments also falil
because they support a vision of heredity at odds withitiegical evidence accepted
by the majority of biologists at the time he is wigtin

While my analyses of the content and context of Meaddl|Pearson’s arguments
provide evidence that there are persuasive limitationsiédhematical arguments, my
investigation of Galton’s arguments explores how othetoriital circumstances and
strategies can furnish the necessary support to persuadeséaaccept potentially
controversial mathematical arguments. My analysehapter four of Galton’s position
in the social and scientific community suggests thastleeess of his arguments for an
analogy between the law of error, variation, and dieyean be attributed in part to the
strength of his ethos and in part to his direct persuafimese The investigation of
Galton’s personal and professional history in the chapterals that he was a well
regarded member of the highest social and intellectud¢@nd, therefore, well
positioned to inspire in British scientific audiencesillingness to consider his
arguments imNatural InheritanceIn addition, a rhetorical analysis of his argumemts
Natural Inheritanceorovides evidence that some of Galton’s success can Ineitstr to
his skill as a rhetor. This skill is evident in thead and third chapters in which he

deftly argues for the jurisdiction of the error curveanguments about variation, heredity,
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and evolution. Galton’s powers of persuasiveness aréllalsivated in the later chapters
of his text where he appeals to the prevailing sociakarhtific sentiment of the
audience to persuade them to accept the analogy betineerror curve and variation in
nature.

Though this project has focused specifically on the rbfeathematics in making
arguments in evolutionary biology and the success loréadf these arguments for
specific historical figures in particular rhetorical texts, the use of mathematics in
biology, in particular the error curve, has importamplications beyond the current limits
of this investigation. Future areas of rhetorical expionamight include the role of the
error curve in the debates over fate and free wihexmiddle of the nineteenth century,
the influence of the error curve in the developmerrgtiments for eugenics in the end
of the nineteenth century, and the use of the error ag@ipport for communist
ideology in the latter half of the nineteenth century.

Although the debate over whether fate or free will gogd human life has been a
staple topic of disagreement at least as far backaas, Rk different times in history this
debate has dominated the public forum. In the middleeohiteteenth century, an
increased interest in the debate developed following thecatibh of H.T. Buckle’s
History of Civilization in Englandh which Buckle used the error curve to support a
historical argument that the course of human societsesstrictly determined by climate
and locality (Chaterjee 278).

A rhetorical examination of Buckle’s work would offer tiaer detail about the
social and rhetorical dimensions of the error curvéénrtineteenth-century public

imagination in England. Importantly, it might give foet clues about the involvement of
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the mathematical construct in the complex debatesaatesation which developed with
the emergence of positivist philosophy in the late ninetesmihearly twentieth
centuries.

In addition to controversies over personal fate agd Will, the error curve as a
rhetorical warrant also plays a role in debates albeutlégree to which societies can
control their evolutionary destiny. Fears of eradaratesulting from evolutionary
change seem to be the central impetus around the fomudtthe eugenics movement in
England in the latter part of the nineteenth centuryhBoancis Galton and Karl Pearson
play seminal roles in articulating and promoting the @péx of eugenics. Given their
interest in the error curve and their belief in itsvpoto describe the limit and
distribution of variation in organic populations, it i®ra than likely that the curve
played a role in developing and supporting eugenic arguments.

The importance of eugenics to social and political deluftdege late nineteenth
and early twentieth century encourages a more detaigdrital examination of the
nature and degree of influence of the error curve in dewvgagugenic arguments. Such
an investigation might profitably explore how the conadptrue value” might have
affected a new definition for a biological ideal. Itghi also investigate how the concept
of regression and the possibility of a shifting populatiomamay have provided
inspiration for the necessity of and possibility fagugenic program of social
improvement.

In opposition to some elements of Galtonian eugenicreenti the error curve
may have also been a source for arguments supporting aastrigdeology. One of the

major lines of argument that communist ideologues souogtistredit was that the
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structure of the social class was simply the exprassi@n innate biological superiority
of some blood lines. The appearance of the law of estoich allowed for the
mathematical description and comparison of biologi@alsr provided the opportunity to
challenge, if not to refute, elitist arguments for biotagjdeterminism. An investigation
of the role of the error curve and concepts such asssign spawned from the curve
might offer some useful insights into the role of b} and bio-mathematical arguments
in communist rhetoric. It might also open a useful bh@vestigation into the
relationship between the eugenics and the communist mowgnparticularly in the
arguments of Karl Pearson, who was an ardent suppadietio(Porter 2004).

The number and variety of these lines of investigatiaterstore the importance
of the error curve as a guiding topic for developing amushin the latter half of the
nineteenth century. In addition, they reveal the imgraoe of mathematics in the
nineteenth century as a source for arguments not only incggibut also as an influence
on some of the most important socio-political movemamd debates of the period.
Although the role of mathematics in argumentation culygeceives slight attention in
rhetorical scholarship, the possibilities for rhetdrinaestigation offered by the error
curve in the latter half of the nineteenth century alsimould provide encouragement that
a broad and virtually untapped source for rhetorical investig#s waiting to be

explored.
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Appendix A

List of Scholarly Books Analyzed for Citations of the Role oMathematics in

1)
2)
3)
4)

5)
6)

7
8)

9)

Darwin’s Arguments.

Gale, Berry GEvolution without Evidence Charles Darwin and the Origin of
SpeciesAlbuquerque: U of New Mexico P, 1982.

Ghislen, Michael TThe Triumph of the Darwinian MethoBerkeley: U of
California P, 19609.

Gillespie, Neal CCharles Darwin and the Problem of Creatiddhicago: U of
Chicago P, 1979.

Brent, PeterCharles Darwin a Man of Enlarged Curiositiew York: Harper
and Row, 1981.

Bowlby, JohnCharles Darwin a New LifeNew York: Norton, 1991.

Browne, JanetCharles Darwin the Power of Plac¥ol. 2. Princeton: Princeton
UP, 1996.

Bowler, PeterCharles Darwin the Man and his Influencgambridge:
Cambridge UP, 1990.

Hull, David. Darwin and His Critics: The Reception of Darwin’s Theory of
Evolution by the Scientific Communityambridge: Harvard UP, 1973.

Aydon Cyril. Charles Darwin: The Naturalist Who Started a Scientific
Revolution New York: Carroll and Graf Publishers, 2002.

10)Mayr, Ernst.Charles Darwin and the Genesis of Modern Evolutionary Thought

Cambridge: Harvard UP, 1991.

11)Campbell, John Angus. “Charles Darwin Rhetorician oé&we.” The Rhetoric of

1)

2)

3)

the Human Sciences Language and Argument in Scholarship and Public. Affairs
Ed. John S. Nelson. Madison: The U of Wisconsin P, 188-86.

“Mathematics” in the index: p. 13-14 discusses Darwiréskness in
mathematics. Page 79 explains that Darwin ieatlirebut that he did not
understand most of the articles which used mathemati&sle/discusses the
contents of Darwin’s arguments in depth. He looks aatgaments, their
weaknesses and the problems of evidence in chapter 7tekthét no point
does he discuss the role of mathematics in preseangin’s evidence.
“Mathematics” in the index: p21 Defends Darwin’s not gsmathematics to
make his geological arguments. He argues that somethingdagital whether
it is expressed in a language of formal logic like mattés or not. P65 Again
he attacks mathematical argument in the harder sgeRd€7 Darwin uses
geometry to describe changes in the physical shape afisnga P170 Darwin
guantifies different physical features in organisms to pigsecise
morphological comparisons. P175 Discusses Darwin’s hybtidizaxperiments.
It claims that his results were subjected to statistinalysis by Galton (though
its not clear whether this was done before or afterigatizin)

Gillespie doesn’t mention mathematics in the index.ddesn’t discuss it with
regards to Darwin’s approach to his subject.
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4)

5)

6)

7)

8)

9)

Appendix A (continued)

Brent doesn’t mention mathematics in the index ofdms. in skimming chapters
4 and 5 “Origin of all My Views” and “The Speculatistfdund no discussion of
mathematics.

Bowlby doesn’t mention mathematics in the index of his. t€hapter 22 “My
Abominable Volume” discusses generally the contenteeftgument in
Darwin’s text. It does not, however, go into specifisiso, it does not include
any mention of mathematics.

Browne doesn’'t mention mathematics in the index ottéetr. She talks at length
in chapter 2 “My Abominable Volume” about Darwin’s usesgidence but at no
time discusses the role of mathematic notation ingot@sy that evidence.
Bowler doesn’t mention mathematics in the index otéws. On P104 of his text
he mentions that Darwin undertakes arithmetical stunfitise number of species
to prove that population pressure within a given area fapesies to diversify in
order to compete more successfully. On P 117 he alsosdessthe importance of
mathematical reasoning in Malthus’ argument which infonmmsconcept of
natural selection.

Hull has an entry for mathematics with 6 page referencéhe index. On P 11 he
comments how Darwin was no more confused about thereliftes between
scientific laws, mathematical axioms, and metaphysicatpies than most
people in the period in which he lived. Hull claims thatpie his
misunderstanding of these differences Darwin undedstio® general distinction
between deductive and inductive reasoning. On P 14 Hull esplaat Darwin
was caught in the middle of a debate about the differbatween, “the nature of
mathematical axioms and their relation to their exgrex@”. On page 20 Hull
argues that mathematics for Aristotle was differeminfrempirical science
because it required fewer observations to reach dusaoe. On p 32 Hull claims
that Darwin’s theory is not mathematical in form othe type of reasoning. P34
Hull claims that in the 1930s different scientist triecbugh genetics to create a
mathematical science of evolutionary biology. This waisaffective in creating
verifiable outcomes, however. P61 Hull argues that evaldtid not exhibit
mathematical regularity as did the laws in hard s@enc

Aydon doesn’t mention mathematics in the index of his tdig only reference to
it is in his comment that Darwin was not particulagbod in mathematics in
school on P 30.

10) Mayr doesn’t mention mathematics in the index of és.tIn chapter 5 p48

Mayr notes that the concept of science in Darwimetivas completely
dominated by mathematics and the physical sciences.

11)Campbell does not discuss the role of mathematics ichiaister of the text.
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Appendix B

List of Scholarly Journals Analyzed for Citations of the Roé of Mathematics in
Darwin’s Arguments.

1) Browne, Janet. “Darwin’s Botanical Arithmetic and ther@iple of Divergence,’
1854-1858".Journal of the History of Biolog¥3 (1980): 53-89.

2) Campbell, John Angus. “Why was Darwin Believed? Darw@rgyin and the
problem of Intellectual RevolutionConfigurationsl1.2 (2003): 203-37.

3) Campbell, John Angus. “The Invisible Rhetorician: Chalaswin’s ‘Third
Party’ Strategy.’/Rhetorica7.1 (1989): 55-85

4) Moore, Randy. “The Persuasive Mr. DarwiBibscience47.2 (1997): 107-14.

5) Gould, Stephen J. “False Premise Good Scieridattiral History92.10 (1983):
20-26.

6) Manier, Edward. “External Factors’ and ‘Ideology’ in tEarliest Drafts of
Darwin’s Theory.”Social Studies of Sciend&.4 (1987): 581-609.

1) Complete discussion of the role that mathemati¢barform of botanical
arithmetic played in developing Darwin’s principle of diyence in species.

2) No discussion of mathematics. Campbell is more ésted in Darwin’s linguistic
choices than in his use of evidence to support his argsmen

3) Does not discuss mathematics.

4) Moore recognizes the role of data in making Darwin’s argusieut not the role
of mathematical operations or principles (pp107-108). He &scpamarily on
the linguistic strategies that Darwin uses to preserdrggisments.

5) Gould discusses the debate about the age of the eastbelneDarwin and Kelvin.
His point is that calculations aren’t everything anddadtit’s the frame of
thinking. There is little discussion of Darwin’s argureRrcept to say that he
stuck to his guns for a long time regarding the age of thk.dadoesn’t provide
any in-depth discussion of Darwin’s argument per se.

6) On page 589 Manier suggests that Darwin rejected, “The @Gartaseria for
mathematical clarity and distinctness in biologicat@epts”. Here he suggests as
Hull does that Darwin’s arguments are in form non-matéal. This, however,
does not preclude the use of mathematics in his arguieralso suggests
(P.529) that Darwin did not rely on empirical evideriCieere is a two-fold
definition of empirical evidence in Webster’s whicts@amething, “capable of
being verified or disproved by observation or experimdrtélieve that Darwin’s
observations were verifiable in the sense that hedsuitonials from others who
said that what he witnessed was so. Later Manier atbae®arwin was a
pioneer in statistical thinking and that his arguments wased on statistical
probability rather than vera causa. This comment foausélse mode of
argument rather than the means of presenting evidence.
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Appendix C

Mathematical Tables Created by Darwin Used inThe Variation of Animals and
Plants under Domestication

CharlesDarwinThe Variation of Animals and Plants under Domesticatibwols. 2nd
ed. (New York: D. Appleton & Co., 1883) 175, 182.
Page 175

The following table will serve as a summary, and wihstthe most remarkable
deviations in the number of the vertebra and ribs whitdve observed:—

Rock Pigeon Pouter, from Tumbler, Bussorah
9 ) Mr. Bult. Dutch Roller. Carrier.
Cervical 12 12 12 12
Vertebrae The 12th bore
a small rib.
Dorsal Vertebree
8 8 8 8
" Ribs ..
8 8 7 7
The 6th pair with| The 6th and | The 6th and | The 6th and
processes, the 7th 7th pair with 7th pair 7th pair
pair without a processes. without without
process. processes. processes.
Sacral Vertebrae 12 14 11 11
Caudal Vertebree 8or9
7 7 7
Total Vertebrae 39 42 or 43 38 38
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Appendix C (continued)

Page 182
TABLE I1.
Pigeons with their beaks longer than that of the Rock-pigeon, proportiondhs tsize of
their bodies.
Difference between
Actual| actual and calculated
length| length of feet, in
Name of Breed. of | proportion to length of
Feet @ feet and size of body
in the Rock-pigeon.
Too short| Too long
Wild rock-pigeon (mean measurement2.02 by by
Short-faced Tumbler, bald-head 1.57 0.11
Carrier 2.60 .. 0.31
Carrier 2.60 .. 0.25
Carrier 2.40 .. 0.21
Carrier Dragon 2.25 .. 0.06
Bagadotten Carrier 2.80 .. 0.56
Scanderoon, white 2.80 .. 0.37
Scanderoon, Pigeon cygne 2.85 .. 0.29
Runt 2.75 .. 0.27
Number of specimens 8 .. 8
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Appendix D
A Mathematical Table Created by Darwin Used inNatural Selection

Charles DarwinCharles Darwin’s Natural Selectiored. R.C. Stauffer (Cambridge:
Cambridge UP, 1975) 149.

VARIATION UNDER NATURE
TABLE 1t

For particulars on the The numerators in the eolumns give the number of
works here tabulated and species presenting varieties; the denominators the
on the few corrections number of species in the larger and smaller genera:
made, see the Supplement these fractions are all reduced to common denominators
to this Chapter. of a thousand for comparison, and are printed in larger
tvpe to catch the eye. The right hand rows of figures in
the three columns, with decimals, show the average
number of varieties which each varying species has,—
thus the number 1.50 shows that each two varying
species have on average between them three varieties.
Smaller Genera
(including those Genera with a
Larger Genera with single species) single species
Great Britain. Bentham
Great Britain: Babington
—Larger Genera with 5
species and upwards, 101 = 152 140 | 89 = 119 1.30 24 = 94 1.50
smaller with 4 species and | gg=s 1000 745 1000 255 1000
downwards g [Peneil note by C.D.:
[Pencil note by C.D.: Write “Write this larger’.]
this column larger’.]
Great Britain, Henslow —
Larger Genera with 5
species and upwards,
smaller with 4 species and
downwards.
The Varieties are divided
into two groups, the less
strongly marked, and those
which have been ranked by
some eminent Botanists as| gg = 123 1.55 67 = 96 1.40
species. Lesser Vars: 560 1000 692 1000
83 = 58 1.83 | 20 = 41 1.20
Stronger Vars: _ _— —_
560 1000 692 1000
Great Britain—London
Catalogue (1853) (see
Supplement for nature of
Varieties)—Larger Genera
with 5 species and up- _
wards, smaller with 4 97 = 157 1.35| 85 = 132 1.27
species and downwards 616 1000 642 1000
Great Britain—London
Catalogue—forms ranked
as species in this catalogue
but which have been
thought by some authors
to be warieties. In this
second line, larger genera
with 5 species and up-
wards, smaller with 4, 3, 57 = 101 14 = 87
and 2 species 559 1000 377 1000

1 [Darwin’s holograph draft for this table is in ULC wvol. 16.1, fol. 167.]
149

260



Appendix E
Mathematical Tables Created by Darwin Used ifNatural Selection

Charles DarwinCharles Darwin’s Natural Selectioad. R.C. Stauffer (Cambridge:
Cambridge UP, 1975)150-51.

Page 150

VARIATION UNDER NATURE

Table 1 cont.

Smaller Genera
(including those Genera with a
Larger Genera with single species) single species
Centre France: Boreau—
Larger Genera with 5
species and upwards,
smaller with 4 species and 113 = 154 1.38 84 = 10V 147 | 19 = 721 1.47
downwards. 732 1000 T41 1000 267 1000
Holland : Miguel—Larger
Genera with 4 species and
upwards, smaller with 3 22 = _35 25 = 44
species and downwards. 622 1000 557 1000
Germany & Switzerland:
Koch—Larger Genera with
7 species, and upwards,
smaller with 6 species and | 300 = 186 1.%2| 162 = 118 1.79 | 32 = 92 1.50
downwards 2093 1000 1365 1000 345 1000
Dalmatia: Visiani—Larger
Genera with 5 species and
upwards, smaller with 4 164 = 162 1.37 130 = 144 1.31 46 = 158 1.26
species and downwards. 1007 1000 899 1000 2900 1000
Rumelia: Grisebach—
Larger Genera with 6
species and upwards,
smaller with 5 speciesand | 98 = 86 1.453| 54 = 49 1.14| 12 = 36 1.16
downwards. 1136 1000 1083 1000 326 1000
Russia, Ledebour (All 4 vols
together) Larger Genera
with 10 species and up-
wards, smaller with 9 692 = 174 1.48| 307 = 127 1.39| 45 = 94 1.26
species and downwards 3955 1000 2407 1000 475 1000
Ledebour— Vols 1 207 = 167 1.42| 82 = 107 1.82
separately. 1237 1000 576 1000
Vol: 11 192 = 154 1.56 94 = 122 1.35
1243 1000 ke 1000
Vol: oI 171 = 188 1.49| 94 = 157 1.50
205 1000 595 1000
Vol: v 122 = 214 1.45 57 = 121 1.36
570 1000 470 1000
N. United States. A. Gray—
Larger Genera with 5
species and upwards,
smaller with 4 sp. and
downwards. The two kinds
of vars. marked in this
work are here classed 112 = 98 1.40 66 = 70 1.86| 82 = 88 1.87
together. 1136 1000 917 1000 361 1000

150
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Appendix E (continued)

Page 151
VARIATION UNDER NATURE

Table 1 cont.

Smaller Genera
(including those Genera with a
Larger Genera with single species) single species

Canary Islands, Webb &

Berthelot—ILarger Genera

with 4 species and

upwards, smaller with 3 49 = 116 42 = 76

and downwards. 421 1000 551 1000
India (part of Flora)

Hooker & Thomson—

Larger GGenera with 7

species and upwards,

smaller with 6 species and | 21 = 81 1.61| 13 = 78 1.53

downwards. 258 1000 165 1000
Tierra del Fuego: Hooker—

Larger Genera with 3

species and upwards,

smaller with 2 species and | 19 = 107 1.57| 16 = 98 1.37

downwards 177 1000 163 1000
New Zealand: Hooker—

Larger Genera with 4

species and upwards, .

smaller with 3 species and | 52 = 149 1.82| 387 = 114 2.05| 15 = 94 2.00

downwards 361 1000 323 1000 159 1000
Insecta: Coleoptera

Madeira: Wollaston—

Larger Genera with 4

species and upwards,

smaller with 3 species and | 35 = 155 1.71 26 = 101 1.34

downwards 225 1000 257 1000
Sweden-Gyllenhal—Larger

Genera with 11 species and

upwards, smaller with 10 | 512 = 880 1.85| 151 = 811 1.43| 11 = 255 1.54

species and downwards 1344 1000 485 1000 43 1000

that there were many great difficulties in the way. The subject is
so highly important to us, as we shall see in a future chapter, that
these difficulties must be discussed at tedious length; but it will
be convenient first to give the tables./

A 26/In Table 1, we have several of the best known loecal Floras,
(some of which were selected for me by Dr. Hooker) with the
species divided into two great groups, those in the larger & those
in the smaller genera. On the extreme right hand we have the
genera with only a single species, but these are likewise included
amongst the smaller genera. Some of the smaller Floras have been
selected simply from giving remote countries under different
climates. I may premise that I have given every single Flora (&

151
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Appendix F
An Example of Kdlreuter's Graphical Presentation of Crosses.

Joseph Gottlieb KdlreuteY,orlaufige Nachricht von einigen das Geschlecht der Pflanzen
betreffenden Versuchen und Beobachtuntygoroform (Leipzig: Gleditschischen
Handlung, 1761-1766. Volume 4) 48.
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Appendix G
An Example of Quantitative Comparison in Koélreuter's Work

Joseph Gottlieb KdlreuteY,orlaufige Nachricht von einigen das Geschlecht der Pflanzen
betreffenden Versuchen und Beobachtuntygoroform (Leipzig: Gleditschischen
Handlung, 1761-1766. Volume 1) 41.
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Appendix H

Table of Massaged Measures from Natural Inheritance

Francis GaltonNatural InheritancgLondon: Macmillan and Company, 1889) 201.

TABLE 3.

DeviaTioss from |f| in each of the series in Table 2, after reduction to a Scale in which (' =1, wheve ()’ is the Mean of the

observed Deviations et the Grades 20°, 80°, 70°, and 80°,

Unit of Deviations reckened in units of g
Sulject of measure- |Vafes | measure- | g No.of
ment, of Q ment in " |persons
Table 2. 5 | 10° 20° | 80° | 40° | 50° | 60° | 70° | 80° | 90° | 95°
|
| Height, standing, 172 Fiehsd M 811 | 2078 | 198 | 1+22 | 081 | 085 | 0 035 76 | 192 1 198 | 261
without shoes . . 162 T, 770 | 2071 | 210 128 ‘T4 4710 37 [‘80 193 | 191 | 2'46
Height, sitting, 0:95 Tuhse M. 1013 ] 252 | 189 | 115 73 63| 0 a1 730 1416 | 179 | 281
from seat of chair | | 082 F. 775 1 2255 | 1'95 | 122 ‘78 w6 0 ‘86 85 | 192 | 207 | 255
2:07 M.| 811 236 1°83 | 130 82 431 0 ‘83 9% 1 1716 | 179 | 2 36
Span of ammss . . «| 7.gy [n"hes{ F.| 7ol a5 | 187 | 128 | 69| 32| 0 | 87| 80| 1-28 | 198 | 267
Weightin ordinary | (10-00 Pounds{ M.| 5200 2920|180 | 120 | 80| -+40 | 0 40| 70 | 130 | 220 | 2:80
indoorelothes . . J 11700 I 276 1 1°80 | 1+60 | 1-10 70 401 0 60 90 | 180 | 1:80 | 240
Bieithinas it 24°50 |Cubic M| 212 232 168 | 128 80 = | 28 68 | 1-16 | 232 | 284
reaBhIng CAPACIy + 119-00 |Inehes || F. | 277 | 289 | 187 | 1120 | 73| 86| 0 | 31| 67| 135 | 203 2:49
Strength of pullas) | 750 p_ o (| M| 519§ 239 186 | 133 80| 40 0 ‘40 | 80 | 1°06 | 1°99.| 2:02
archer with bow . | | 522 { F. | 276§ 192 | 106 | 80 | B3 27| 0 27 53| 93 | 1'46 | 1-86
S‘f?f}?gthfsqueezte 7495 poungef| M| 510 | 282 | 1'8L) 118} 77| @0 0 B9 77| 199 | 1198 | 245
T R I ounds{| p" | 75| 932 | 178 | 10| 66| 40| O | 40| 80| 133 | 1'99 | 266
Sthness of Blow 287 |Ft.per (| M. | 516 2:06 | 1'68 | 122 *80 3| 0 42 80 | 118 | 177 | 231
e “| 165 lscond 1| 7. | 271|271 | 213 | 135| 84| 38| 0 | 88| 71| 110 187 | 2°26
Sight, keenness
of — hy distance { | £:00 Teistes {| M. | 3981 300]| 2:00 | 1'25 75 50 0 25 5 | 195 | 175 | 225
of reading dia- 522 1| F | 483 | 2:66 | 228 1452 95 88 | O 38 ‘57 95 | 1:33 | 1'52
mond test-type
Sums . . |48¢11 |93+12 |21°96 |13'65 | 7:00.| 0 | 657 |13°34 | 2146 33+96 4382
i Means . .| 2:40 | 1-84 | 122 | 076 | 0:39 | O 0:87 | 074 | 1:39 | 189 | 243
MeAxs multiplied by 1015, to change unit to () =1} 2'44 187 | 194 [ 077 | 040 | 0 | 038 | 075 | 121 | 1'92 | 247
Normal Values, when Q =1| 244 | 190 | 1'25 | 078 | 0°38 | 0 038 | 078 | 125 | 190 | 244
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Appendix |

Galton’s Table of the “Frequency of Different Eye Colors inFour Successive
Generations”

Francis GaltonNatural InheritancglLondon: Macmillan and Company, 1889) 212.

Tanre 15,
FrEQUENCY oF DIFFERENT EvE-cOLOURS T8 FoUR SBUCURSSIVE GENERATIONS.
No. of cases of eye-colour observed. Percentages.
[ = J | e . g g %
= 2 5 g = g N g
Sex and the 2| & |2 z = & | m 2
No, of the e g 8 2|2 \ s g | £ g |8
(ascending) | £ | £ = 5 | B E | | 2 g = B | 2 E ol
generation, | = A = S : & |25 Totals,| = = = é Bl ow E K < Totals.
=l g e I - - E| 3 B M |E| B | 2 S
| B8] R & A T < = i 2 I E g . & g |om
SR |6 | a A a8 SlBE |s &[98 |a
T A A R A S = | o | B | 4 8| 8 | 8 B
..l 1s ] 1] 18| 40| 2 39i44 19| 463 | 2:8) 882 | 294 | 86 (04| 84| 95 26| 999
Malos 1IL | 19| 234 | 233 | 84| 87967 2 778 || 24| 303 | 801 | 10'9 | 04| 10-1 [ 126 | 81| 999
alesd 11" ag | 167 | 236 | 108 | 8 83|74 | 86| 742 | 40| 225 | 818 | 146 [1:1| 11-2| 10°0 | 481000
To.| 8| 89| 8| 47| 1/87|81| 9| 299 10| 289 | 274 | 157 | 03| 124 | 104 | 3:0 1000
Greneral..,..| 65 | 687 | 687 | 279 | 14 238 246 | 81| 2277 | 29| 20°3 | 302 | 123 | 06| 104 | 108 | 361000
vl 7| 12| 14| 48| 2|70| 58 |19| 450 15| 293 | 253 | 107 [0'4| 156 | 12:9 |42 | 99°9
Fomalosd 111+| 22 | 178 | 2411 89 | 70100 | 9g | 17| 742291 285 | 895 | 121 0-9| 185 | 125 |23 |100°0
o891 21| 910| 241 98| 8|78 |60 |94 | 735 (29| 286 | 82§ | 13:3 (04| 106 | 8283|1001
T s| 78| 82| 55| 5/88lo2| 5| 286 |21 27-3| 287 | 192 (17| 115 | 7T 17| 990 |
General....| 56 | 593 | 678 | 290 | 17 [281 |733 | 65 | 2213 | 25 26' | 806 | 131 [0'8| 127 | 105 (29| 099
Males (LV-{20 | 800| 240| 88| 41109102 81| 9152 |34 |21 |10 1 |12 |11 |3 |100
t® JIIL. 41| 407| 474 | 173 |10 179 190 | 41 | 1515 )8 | 27 | 81 |11 |1 |12 |12 3100
pone JIL.| 51| 877 477 | 206 |11 161 (134 | 60 | 1477 |3 | 26 |82 | 14 |1 |11 9 |4 [100
emales\1,. 9| 167| 164| lo2| 6 (70|63 |14 | 4851 |20 |28 |18 |1 |12 | § |2 |100
General ......1121 | 1260 | 1365 | 569 | 81 (510 479 (146 | 4490 | 27 | 28°1| 304 127 |07 | 11'6 | 107 3-3|1on~z
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Appendix J

Galton’s Tables Comparing the Observed and Calculated Freqncy of Eye Color

in 16 Family Groups

Francis GaltonNatural InheritancgLondon: Macmillan and Company, 1889) 215.

TasLE 19.

OBSERVED AND CALCULATED HKYE-COLOURS IN 16 GrRoUPS OF FAMILIES.

Those families are grouped together in whom the distribution of Light, Hazel,

and Dark Eye-colour among the Parents and Grandparents is alike.

contains at least Twenty Brothers or Sisters.

Each group

! Number of the light eye-
g ol e ok Sho coloured children.
Total
Parents. Grandparents. child- Calculated.
ren. Ob-
served. i
Light.| Hazel.| Dark. | Light.| Hazel.| Dark. I. II. Hi
2 4 1883 | 174 | 161 163 | 172
2 3 1 53 46 47 44 48
v 3 1 92 88 81 67 79
2 2 1 1 27 26 24 18 22
2 2 2 22 11 6 12 6
1 1 3 1 62 52 48 51 51
1 1 3 1 42 30 33 31 32
1 1 = 2 2 31 28 24 24 20
1 1 2 2 49 35 38 28 84
1 1 2 1 1 31 25 24 21 23
1 1 3 1 76 45 44 55 46
1. 1 2 2 66 30 38 38 35
1 1 2 1 27 15 16 18 16
I 1 T 3 20 , 12 8 9
1 1. 1 3 2 22 8 13 114 11
1 1 1 1 2 24 9 14 12 10
629 623 601 614
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Appendix K

Galton’s Tables Comparing the Observed and Calculated Freqncy of Eye Color

in Several Generations

Francis GaltonNatural InheritancgLondon: Macmillan and Company, 1889) 216-17.

Page 216

TABLE 20,

OBSERVED AND CALCULATED Evye-CoLOoURs IN 78 s

EPARATE FAMILIES, EACH

ERS OR SISTERS.

OF NOT LESS THAN S1ix BrorTH

ght eye-
dren.

coloured chil

Number of the 1i

Eye-colours of the

Total

Calculated.

Ob-
served.

child-
ren.

B E

II.

338322222111111783018666347077641550607651

58m55666757464445243355679

BODNNANNNCO00000NNONonaa
1101018 0 O OO ON IS NI © 00 ® © fa fo 1o 1o
r~ ™~

666577777888877.&74_@6899707960452113 HOovo~No
’ ™ ™ . ™

66667777788888827027899907060786

o O
Srad SivoBo MO ON0G

..............
.....
..................

Grandparents.

Dark. | Light.| Hazel.| Dark.

Parents.

......

Light.| Hazel.
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Appendix K (continued)

Page 217

continued.

TABLE 20

ght eye-
dren.

coloured chil

Number of the 1i

III.

954_791152448387399955222341956666474
68456445647654_34444_55334574333322443

= R

604954_461075124188866446707363314036

685683345465464555566334584433323654

Children.

065067720780215166622556811116658015
785784_467477643444455334584444434705

Ob-
served.

OV HOHNOAHONHNONHOLIOHARNHANNN KON

Total

child-
ren.

OHNIHPDONNOONNNONNNNONQLONVOHININNDNOOOMN
™ il ™ ™ - ™

Eye-colours of the

e NN N AT A A A NN NN HNOOON M

o

e
P PRI

o S e B S B 18 O B B B 8

Grandparents.

Light.{ Hazel.| Dark.

MONNINNNNNNHHNORNNNNNNNNNNHHMS (NN

11111111111111111111111

.
T
. P

v .
. .

Parents.

S o 8 50 e B o 6 e B 8 AR ANV R !

PR

Lol R a1 e

Light.} Hazel.| Dark.

A S ] S A A AT A A A A A A S -~
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Appendix L
Calculated Contributions of Eye Color from Different Generations

Francis GaltonNatural InheritancgLondon: Macmillan and Company, 1889) 213-14.

Page 213
TaBLE 17.

CALCULATED CONTRIBUTIONS OF EYE-COLOTUR.

Data limited to the eye-colours of the

2 parents and

2 parents. 4 crandparents. . .
Contribution to the . = 2 4 grandparents.
heritage from each. ;
1; 1L 11I.
Light.| Dark. | Light. | Dark. || Light. | Dark.
Light-eyed parent.........| 030 | ... 0-25
Hazel-eyed parent......... 0°20 | 0°10 | 016 009
Dark-eyed parent .........| ... 030 | 025
Light-eyed grandparent..| .:. 0°16 | 0-08 e
Hazel-eyed grandparent.| ... 0-10 006 || 005 0-03
Dark-eyed grandparent...| ... 016 | 008
1
Residue, rateably as- ‘L
SIemed, .cooaomsanssssievens 028 | 0°12 025 0-11 | 0-12 0-06
|
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Page 214

Appendix L (continued)

TAaBLE I8.

ExAMPLE oF OxNE CALCULATION IN EACH OF THE THREE CASES.

1 |
I. [ II. ; IIL
[
I
= = | = 1
sl E W
Ancestry and their |Z | Contribute = %| Contribute £ %| Contribute
eye-colours, o to Ee to s 21 to
e |2 © 2 2|
S8 28 12 &
- ek =2
S | s~ s |
= Light.lDark. 4 | Light.| Datk. |Z nght.lDalk
: !
i J
Light-eyed parents.| 2 | 060 (R
Hazel-eyed parents. 1] 016! 009
Dark-eyed parents . 1 | 025
|
Light-eyed grand-
PATENTS.. v 1] 918 11008
Hazel-eyed grand-
parents. oo 2o 21020 012 21010 006
Dark-eyed grand-
0] o AN o 1 016 1 0-08
Residue, rateably as-| |
sigaeth oo D 628 | 012 f2s: | <011 0-12 | 0-06
Total contributions 088 | 012 061 | 039 | | 046 | 0-54
i 1:00 100 | 1-00
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Appendix M
Excerpts of Pearson’s Mathematical Arguments in the HomotyposiPaper

Karl Pearson, “Mathematical Contributions to the Trigexf Evolution. IX. On the
Principle of Homotyposis and Its Relation to Hereditythe Variability of the
Individual, and to that of the Race. Part I. Homotyjpahe Vegetable Kingdom,”
Philosophical Transactions of the Royal Society of London. Series A, Contaapegs
of a Mathematical or Physical Charact2d7 (1901): 288-91.

Page 288

11, TarorEricAr, DiscussioNn or THE RELATION 0F FRATERNAL CORRELATION TO
THE CORRELATION OF UNDIFFERENTIATED LIKE ORGANS.

(2.) Let z be the deviation from the mean of the general population of any indi-
vidual with regard to any character. Let us suppose z to depend upon certain

Page 289

characters in the spermatozoon and certain characters in the ovum from which the
individual has developed. These characters cannot of course be determinerd, still less
measured, but we have no reason to doubt their existence. In the particular sper-
matozoon from which the individual has developed, let them have deviations z,, z,, x,
.. . from their mean values for all the spermatozoa of the race, and let y,, v,, %, . . .
be the corresponding deviations for the ovum characters. Then

p=fe, @y xy Y Y Yy e )

where f'is a quite unknown function.

The mean of the z-character will, however, correspond to the mean values of the
spermatozoon and ovum characters, and if we suppose the variation of these
characters small as compared with their mean value, we assume as usual for such
deviations :

v=ogr + oy + agwy + ..o+ B+ B+ B+ . (1),

where the «’s and B's are independent of the 's and y's, and define the male and
female inheritance.

Now let o be the standard deviation of the character z in the population; o, the
standard deviation of @, o', of 7, Let #,, be the correlation of x, and z,, +/,, of y,
and ¥, Then we will suppose that there is no selection of particular ova by parti-
cular spermatozoa, or that z, and y, are not correlated. Then if 7 = number of
individuals in the population :
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. S22 S (i,
oo = S 52560

+ 25 (o) 0 S ()

ya

4 S p S ol
+387 20 4 93,8, S,
where 8 is the sum for all individuals of any « or y for constant subscript, and ¥ is

the sum of « and @ for every possible subscript.  This follows by simple squaring and
remembering that S(z,v,) = 0. We thus reach:

?= F (flp oy ) + 2 (sz ’ 2) + 23 (apa,‘,crj,o*?. ?""I) + 2 (18?)8; oo (,J M) - (i )

Now let us consider the correlation of two individuals due to the spermatozoa and
ova put forth by the same two individuals. Let z; and 2z, be the values of their
characters, and a, 2", 9/, y" represent the fundamental characters in the two sper-
matozoa, and two ova on which they depend.

Then we have

5 = (o)) + Z(B)
2y = 2 (22") + 2 (B

Now let us multiply z, by 2, and sum for every fraternal pair; then if R be the

Page 290

fraternal correlation we have, since one set of brethren will have the same standard
deviation as the other, if they be taken of the same sex,
S(z, Xz)=nXocXaoXR,

where 7 1s the total number of pairs of brethren.
Hence

n X o' X B =3(e!(«x",)) + 2(o0S (@ a", + ")
+ 2 BS (") + 2 (BBS (V" + v ')

with the same notation as before and the same assumption as to no selective process
between the female and male reproductive cells.

Now 2/, 2", are undifferentiated like organs put forth by an individual. If p,, be
the correlation of such :

S (#2")) = no,’py,,
Similarly Sy = ne'p'.
In the next place we should have all pairs of brothers :
S (m,ﬁ ) S ( ) = OpTyPpy s

Sy, = S(y ) = 0P
We thus deduce " 234 2T P py -

"X R=2x (“wﬂo}ﬂﬂpwf) (BJ" O p P;w)
+ 23 (a?JaQUPGQP?JG)+ ZE(BJJBYOJPU 7P M) I (iii-)'
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Now if the degree of resemblance between undifterentiated like organs vary largely
from organ to organ, we could proceed no further with this investigation. We should
have shown that there was a relation, namely (iii.) between the R and the p's, but
as the characters in the spermatozoa and ova are unknown and unmeasurable, we
could not proceed further. On the other hand, if the correlation between undif-
ferentiated like organs is approximately constant, then we may replace correlation
coefficients like p,, and p’,, by their mean value p, say.

We have next to consider such correlations as p,, or p’,,. These are the two
correlations between two different characters in two spermatozoa or ova from the
same individual.  Such correlations must vanish (i.) if there be no organic correlation
between characters of the same spermatozoon or ovum, (ii.) if' there be no correlation
between the reproductive cells put forth by the same individual. In other words, p,,
must contain p and 7, as factors, and since if these two correlations are perfect p,,
must be perfect, it is a reasonable hypothesis to assume

Py = P X '3};;{ . . . . . . . . . . (lV)

This, it will be seen, is identical in form with the result 1 have supposed to hold
Page 291

tor cross-heredity,” and which appears to be approximately true for that case. We
shall consider later statistics bearing on this result.
Assuming accordingly that (iv.) holds, we find from (iii.)

o X R = p{E(el0)°) + 2 (8707 + 22 (wuw00) + 22 (BiB,0",0" 170)}
=p X 0'2.1)}-' (ii.).

Henece we conclude that

R=p. . . . . . . . . . . (V)

Or: The correlation between brothers will be equal to the mean correlation between
the undifferentiated like organs put forth by an indiwvidual.

Now, if this result be true, it is very remarkable and very fundamental. We
should hardly expect it to be absolutely true, for it is very unlikely that the coefficient
of correlation between undifferentiated like organs is the same whatever the organs
may be. This equality may rather be spoken of as belonging to an ideal theoretical
vital state approaching the actual state, perhaps, as Bovre’s Law or the perfect fluid
approach phenomena observed in physical nature. What we should expect would
be a general approximation between the values of R and p, and a tendency to equality
when large series are averaged. This is the point which we shall investigate in the
sixth section of this paper, after placing before the reader in the fourth section a fairly
widet range of actual statistics.
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Appendix N
Pearson’s Table of Average Homotypic Correlations

Karl Pearson, “Mathematical Contributions to the Trigexf Evolution. IX. On the
Principle of Homotyposis and Its Relation to Hereditythe Variability of the
Individual, and to that of the Race. Part I. Homotyipahe Vegetable Kingdom,”
Philosophical Transactions of the Royal Society of London. Series A, Contaapegs
of a Mathematical or Physical Charact&d7 (1901): 356-57.

Page 356
Tapre XXXIL—General Results for Homotypic Correlation.

! Per- :
: . Corre- :
‘ Race. Character. centage o Remarks.
i DO lation.
| variation. |
: i
i i
| — S o S (R 5 - = NI —— E—
‘.
Mushroom, Hampden . . .| Lengths of gills .+ 5092 8607 \
' " .. .| Breadths of gills .| 67-67 7363 1| All these results introduce
» . .. .| Lengths and — 6275

breadths of gills

i

i

I .

| acorrelation due to stages
i+ of growth and accordingly

Wild Ivy, mixed localities . | Lengths of leaves . | 82-73 arc not included in the
’ W .« . . .| Breadths of leaves 8456 determination of means.
' »s o« « « . .| Lengths  and o
breadths of leaves
i) C vtua,ch Somersetshire | Lobos on fronds T7e57 ) 6311 | Said to be largely affected
(ii.) Hartstongue, Somerset- | Sori on fronds 7764 6303 by growth and environ-
shil e ment,
(iii.) ShirJey Poppy, Chelsea . | Stigmatic bands . & 78-86 6149 | Much sclocted in transit.
(iv.) English Onion, ITampden | Veins in tunies .| 7918 *6108 | Possibly slightly hetero-

geneous.
(v.) Ilolly, Dorsetshire . .1 Prickles on leaves | 80-11

(vi.) Spanish Chestnut, mixed | Veins in leaves .| 80-65 Ileterogeneous.
(vil. ) Beech, Buckmo}nnnshne Veing in leaves. .| 82-17
(viil.) Lupaver Rhevas, Nit wmpden | Stigmatic bands .| 8271
(ix.) Mushroom, Hnmndun | Gill indices . . L] 8358 o Possibly influenced by indi-
! | vidual growth.
x.) Lapaver Rhoos, Quantocks, Stigmatic bands . ¢ 84-59 ¢ -5333
(xi.) Shirley Poppy, Hampden | Stigmatic bands .| 85-18 23¢
(xii.) Spanish Chestnut, Buck- | Voins in leaves. .| 88-5] 5%
inghamshire
(xiil.) Broom, Yorkshire . .|Seecdsinpods . .| 90-96 | 155
(xiv.) Ash, Monmouthshire .| Leaflots on leaves. 91 -4t 4047
(xv.) Papaver IRhens, Lower | Stigmatic bands . 91-66 ¢ -3997 | All from one ficld.
Chilterns
(xvi.) Ash, Dorsetshire . . .| Leaflets on leaves. | 91-81 3964
(xvil.) Ash Buckinghamshire . | Leaflets on leaves. I 92-73 | -3743
(xviil.) Hnlly, Somersetshire . | Prickles on leaves 93-12 3548
(xix.) Wild Tvy, mixed Leaf indices. . . 96-21 2726+ From two localities and pos-
localities ‘ sibly shightly influenced
by differentiation.
(xx.) Nigello Iispanica, Slough | Segments of seed- | 93-18 1899 | Differentiation of organs
capsules | due to position on stem.
(xxi.) Malva  Rotundifolia, Segments of geed- | 98-32 | 1827 | Prineipally spread from one
Hampden vessels - clump by stolons.
(xxii) W rmdmﬁ Buckingham- | Members of whorls 6849 ~1733 1 Members really different in

mor pholooxcal origin.

8744 | 4570
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Appendix N (continued)

Pearson’s Table of Average Fraternal Correlations

Page 357
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