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Communication Between Biologists and Statisticians, A Case Study
When selecting a topic for my talk today, some com​ments on the function of Section U by our first Vice-President, Jerzy Neyman (1), seemed especially perti​nent: "Section U should carefully avoid anything that might place it in the position of a novel organization of statisticians. Instead it should concentrate on activities, as an integral part of the A A AS, largely limited to the popularization and decompartmentalization of re​search.... If Section U adopts as its primary purpose the organization of meetings at which scientists and sta​tisticians can exchange information, it is likely to ful​fill a very useful role." In discussions of possible inter​disciplinary topics with biological and statistical friends, one which recurred repeatedly was the problem of com​munication between biologists and statisticians, a bor​derline area which has been my main concern for the past 30 years or more.
* Vice -presidential address in Section U of the A A AS in Dallas, Texas, 1968.

C. I. BLISS The Connecticut Agricultural  Experiment Station and Yale University
What is my background for talking on this subject? By the time I reached high school I was headed toward biology, reinforced a year later by a summer course in entomology under Prof. Herbert Osborn. Upon com​pleting high school, a summer job turned up in a field station on grape insect investigations of the U.S. Bu​reau of Entomology, a post which I held for the next 8 summers.
My undergraduate major at Ohio State University was biology and only in my senior year did it seem de​sirable to include some mathematics, a freshman course in algebra and trigonometry. With this background I entered Columbia University as a graduate student in zoology. After completing my course requirements, the quantitative relation between the rate of insect develop​ment and temperature propelled me as an auditor into courses on statistics and on differential and integral cal​culus, both one-semester elementary courses meeting one evening a week. This is the extent of my formal training in mathematics.
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Following completion of my doctorate under Prof. T. H. Morgan, I returned to the U.S. Bureau of En​tomology for seven years at field stations in New Or​leans, Mexico City and Whittier, California. Quantita​tive problems recurred constantly and here my main resource was the first edition of Fisher's "Statistical Methods for Research Workers" (2). As my experience grew, entomologists from other laboratories in the same Division came to me for statistical help. Then an ad​ministrative change in Washington brought the Whit​tier Station directly under the Bureau chief, who was wedded to field tests and objected to my emphasis upon statistical methods and laboratory experimentation. In 1933, when the federal budget was cut, my post was the one eliminated at Whittier.
This was 1933 at the depth of the depression and jobs were a rarity. The suggestion, that I go to England and by working with R. A. Fisher really learn some statis​tics, seemed by far the best solution. So I wrote to Fisher in Rothamsted to see what could be arranged. In his an​swer he welcomed me to Rothamsted, but noted that by fall he would be at University College in London where he would be happy to have me at the Galton Lab​oratory. By November I was in London. I explained to Fisher that I had no proper background in mathematics or in statistical theory. Shouldn't I attend courses to correct these deficiencies? He replied that I had taken my degree under a master experimenter and should capitalize on that, letting others worry about statistical theory and mathematics. This advice I have followed ever since.
In London, I attended Fisher's lectures but concen​trated on my research. As his only full-time research student that year, he gave me invaluable help. He con​tinued to live in Harpenden, commuting to London, and on several occasions he invited me to spend Sat​urday with him in Harpenden, where we would visit the Rothamsted Experimental Station and talk over problems in my research. After a second year at the Galton Laboratory and two years as a foreign specialist at the Institute for Plant Protection in Leningrad, I returned to the United States as a biometrician. With this background, I have had two problems of communi​cation, the first as a biologist seeking help from statis​ticians, and the second as a statistician advising biolo​gists.
Biological Sources of Statistical Method
In view of the history of statistical science, one may question whether these should be called "problems". Indeed, this area between biology and statistics is where the action has been, especially in the half century from 1890 to 1940, when biological problems were the gener​ating force for many basic statistical techniques of to​day. I will mention a few highlights. A study by Sir Francis Galton of hereditary stature in father and adult son led in 1885 to his definition of regression and in 1888 to the concept of correlation (3). In "Contribu​tions to the Mathematical Theory of Evolution", Karl Pearson defined the standard deviation in 1893 and the

mode in 1894 (4), and in 1900 he developed x2 (5) as a criterion for detecting an association between biological variables of a magnitude that could not reasonably be attributed to chance fluctuations.
In 1901 Biometrika was launched. Quoting from its opening editorial, it was to be "a journal especially de​voted to the publication of statistical data and of papers dealing with statistical theory. Many persons are de​terred from the collection of biometric data by the dif​ficulty of finding such a means for publishing their re​sults as this journal will afford.... It will not only publish valuable biometric and statistical researches, but serve as a storehouse of unsolved problems for both unem​ployed biologist and mathematician. We trust that bringing these men together may widen the activity of both." In the next two decades, Biometrika did indeed publish many papers with detailed measurements on various animals and plants, and many anthropometric measurements covering a wide range of physical charac​teristics. With the emphasis in this period on large num​bers, these distributions were necessarily made up of many subsamples, which only exceptionally were listed separately and identified.
Perhaps the most important single paper in Bio​metrika was that by Student (6) in 1908 which intro​duced the t distribution for measuring the precision of means of small samples or of differences between them. "Student" was the pseudonym of W. S. Gossett of the Guiness Brewery in Dublin. He illustrated the t test with biological data, such as comparing the hours of sleep gained with levo- and with dextro-hyoscyamine hydrobromide in hospitalized patients, and comparing the yields of two varieties of wheat on two soils in pot cultures.
The t test was the forerunner for a new era in statis​tics under the leadership of R. A. Fisher, who as a young man was appointed in 1919 to the newly created post of Statistician at the Rothamsted Experimental Station. Under the impact of the problems brought to him there, he soon revolutionized the methodology of quantitative biological experimentation. Among these statistical pro​cedures were orthogonal polynomials developed when analyzing the wheat yields in the Broad balk plots that had been under continuous cultivation from 1852 to 1918 (7), the analysis of variance and degrees of freedom in comparing the yield of potatoes under different manurial treatments (8), x2 tests for the homogeneity of Poisson means from plate counts of bacterial density (9), and many others.
These were preliminaries to his "Statistical Methods for Research Workers", first published in 1925 (2). In the preface he wrote, "For several years the author has been working in somewhat intimate cooperation with a number of biological research departments; the present book is in every sense the product of this circumstance. Daily contact with the statistical problems which pre​sent themselves to the laboratory worker has stimulated the purely mathematical researches upon which are based the methods here presented." This book has passed through fourteen editions, adding over the years
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a chapter on estimation and sections on covariance, mo​ments and cumulants, the discriminant function and other techniques.
By 1935 new statistical methods developed in re​sponse to the needs of biological research had grown sufficiently that Fisher produced a second volume (10), "The Design of Experiments" which has passed through seven editions. Here he described, among basic statis​tical procedures, randomized blocks, Latin squares, fac​torial designs, confounding, covariance, and fiducial prob​ability. One indicator of the importance of this field in statistical science and in modern research is the number of books on experimental design that has since appeared. On my own shelves there are eleven of these by different authors, which I am sure does not exhaust the list.
This brief glance at the influence of biological prob​lems upon four pioneers in the development of statistical science will indicate how fruitful communication be​tween biologists and statisticians can be. In the last two decades, some of the more prominent statistical develop​ments have come from problems in chemistry, meteor​ology, engineering, economics, and especially in mathe​matics, among them quality control, queueing theory and decision theory. With the spread of electronic com​puters, much more complex techniques have become practicable, such as multivariate analysis, spectral anal​ysis, mathematical programming, and systems analysis. Many younger statisticians have majored in mathema​tics and mathematical statistics with minimal training in the natural sciences, and they frequently rely upon machine simulation for numerical tests of their hy​potheses. Many areas of biology, however, still offer challenging problems, among them molecular biology, biophysics, systems ecology, and overpopulation. In these as well as in older fields of biological research there is ample opportunity for new theory and for new appli​cations of present statistical and mathematical theory e
Experiences as a Biologist Talking with a Statistician
As examples of communication between biologists and statisticians, I would like to review some of my experi​ences as a biologist talking with statisticians, specifically by recalling some of the problems I raised with Prof. Fisher over the years.
The first of these concerns dosage mortality curves based upon the percentage kill in random groups of an insect at successive dosage levels of a toxicant. The problem arose for me in the early 1930's when analy-ing the mortality of red scale insects on lemons fol​lowing exposure to controlled dosage levels of hydro​cyanic acid gas. Percentage kill plotted against the dose of cyanide described an asymmetrical sigmoid curve, not an easy function to fit. My attention was called to a paper in which percentages were considered propor​tionate areas of a normal curve that described the dis​tribution of the just-toxic dose in an animal population. On this hypothesis, transforming percentages to de​viates of the normal curve would convert the relation to a straight line. Although the transformation elim​inated the sigmoid twist in the relation, it still left a

curve. It then occurred to me to transform the dose to logarithms; with the double transformation the data plotted as a straight line.
This I found an exciting discovery, especially when it worked not only with our data on red scale but with all the dosage response curves in the entomological litera​ture at hand. The change of the normal deviate in sign to a minus below 50% was an annoyance, which I elim​inated by adding 5. At the same time I adjusted the scale, so that 0.01% kill corresponded to zero and 99.99% kill to 10. I then named the modified probabil​ity unit a "probit" and sent a paper describing the plot​ting technique to Science (11). Upon reaching England several months later, my attention was called to papers by Hemmingsen (12) and by Gaddum (13), published in the meantime, that employed a similar transforma​tion. Fisher suggested that my constant multiplier of 1.34447 could prove very much of a nuisance. On this advice, I redefined the probit as a standardized normal deviate plus 5, a correction published in a later issue of Science.
My many talks with Fisher on probit analysis were invaluable. In computing the probit log-dose curve I had been giving equal weight to each probit, but Fisher pointed out that changing the scale not only corrected the close spacing between percentages as a response ap​proached 0 or 100, but actually enlarged it enough more to require reduced weighting. My next question con​cerned observed responses of 0 and 100 percent, which on the probit scale would be at minus and plus infinity. We discussed this one Saturday in Harpenden on our return from the Rothamsted Experimental Station. I proposed assuming in these groups that one-half an in​sect had died or lived, so that a percentage with a finite probit could be computed. He countered that these points were of little value and might well be omitted. I protested that they were real observations and should be included in fitting the curve. He was silent for a mo​ment and then remarked: "When a biologist believes there is information in an observation, it is up to the stat​istician to get it out." After lunch that day, he derived the maximum likelihood solution that is now standard in probit analysis (14).
Later, after I had gone to the Institute for Plant Pro​tection in Leningrad as a foreign specialist, I had the problem of analyzing percentage kills from insecticides in a field experiment arranged in randomized blocks. If compared in an analysis of variance, the variance of each binomial percentage would be a function of its ex​pected response, violating a basic assumption in the analysis. I wrote to Fisher for help and in replying he suggested the inverse sine, or angular, transformation. That summer, 1936, while on holiday at a "rest home" for scientists on the Crimean Coast, I computed a table of the angular transformation on a small hand-operated, lever-set calculator, following the formula in Fisher's letter (15).
Some time after returning to the United States and coming to Connecticut, I wrote asking Fisher the stand​ard error of the regression coefficients for a sine curve.
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I was not sure from his answer exactly what to do. Since he was coming to New Haven a few months later, I put his letter to one side and after he arrived asked him again for the standard errors of the coefficients for the cosine and sine, and also for those of the amplitude and phase angle. As I put each question he would think a moment and then write down the equation.
A day or two later, he left to speak before the AAAS in Indianapolis. During his absence, I compared the new equations he had just given me with his answer to my earlier letter. There seemed to be a discrepancy, with which I confronted him on his return. He looked over the equations and read his letter. Both, he said, were correct; there was no contradiction between them. I had asked him two different questions which had dif​ferent answers. The question in my letter had concerned the limits defined jointly by the pair of coefficients for the cosine and sine, while later I had asked for the error variance of each individual regression coefficient (16). This illustrates the importance of precision in asking a question of a statistician.
I could cite other problems that were solved for me by Fisher's genius and generosity. Over the years, I have put many questions as a non-mathematical bi​ologist to other statisticians, too numerous to mention here. Their answers have clarified my understanding of a wide range of statistical procedures.
Problems as a Statistician Advising Biologists
In my other role as a statistician, I have had to con​sider problems arising in many diverse biological special​ties. I will cite a case that arose in the early 40's when serving on a subcommittee of the U.S. Pharmacopeial Committee of Revision. Through collaborative studies we had developed a quantitatively perfected bioassay of digitalis based upon the response in frogs. However, with the deadline for the next revision less than a year away, the distinguished clinical pharmacologist and heart specialist on our subcommittee expressed concern over the comparability of the toxic reaction of frogs and the clinical response of patients. After six months on a druggist's shelf, the potency of a tincture could drop by as much as 30% in a frog assay, without a detectable change in its potency in human patients. Bioassays in cats, on the other hand, showed no similar deterioration. They were also more efficient in that the just-lethal dose could be determined individually in each cat by slow intravenous infusion.
Our heart specialist was so confident of the reliability of the cat assay for digitalis that he proposed we verify the method by sending a sample of digitalis tincture from the same master lot to 8 or 10 testing laboratories and ask each to determine the just-toxic dose in 6 or more cats. We would find that they all agreed and could then write the technique into the new Pharmacopeia. I then asked: suppose the just-toxic dose were to differ between laboratories? This problem, he thought, might be faced when it arose. I suggested alternatively that we should anticipate this possibility by sending out two samples of digitalis tincture, one a full-strength sample
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and the other an 85% concentration of the first prepara​tion, without revealing the difference between them. If all collaborators reported the correct relative potency within the sampling error, we could design a compara​tive assay against a standard preparation and still meet our deadline. This is the plan which was followed.
The results (17) showed significant differences be​tween laboratories in the mean just-toxic dose for both tinctures, but in all laboratories excellent agreement with the true value in the relative potency of the diluted tincture. The comparative assay was official in the next Pharmacopeia. This example illustrates a fundamental principle in all bioassays. Unless the test preparation or unknown is run concurrently with the reference stand​ard, leading to a measure of its relative potency, the in​ternal error of the response may grossly underestimate the error of the apparent potency.
Without citing other problems that have been brought to me for statistical advice, let me summarize the kinds of questions which in my experience a statis​tician needs to ask of the biologist. Ideally, the two should confer in the planning stage of an experiment, but in very "many cases the statistician first sees the problem after the experiment has been completed. My first rule would be to avoid answering any questions on statistics asked initially by the biologist. Frequently the statistical function he proposes to compute is not the one most pertinent to his problem. The statistical consultant needs information on the biological back​ground of the research. What was its biological ob​jective? Upon what preliminary observations was it based? How, in detail, were the data obtained? What ancillary measurements were recorded and in the opin​ion of the biologist, what was their relative importance? Data which initially may seem very complex and even to require the development of a new statistical tech​nique, or an adaptation of an unfamiliar, complex pro​cedure, frequently can be handled by standard methods of analysis.
One rule which arises again and again is to plot the data as a check on their agreement with the assumptions underlying a familiar analytical method. In many bio​logical experiments a transformation will not only simp​lify the analysis, but by its very form reveal underlying characteristics that might otherwise be overlooked. Plotting one variate against another, for example, may show both marked curvature and heteroscedasticity, but when one or both are transformed to logarithms the diagram may be both linear and uniformly variable over the observed range. In one multivariate case, the multiple regression equation after transformation ac​counted for more than 70% of the total variation in the dependent variable, in contrast with less than 35% in a parallel study computed without a transformation.
My experience has been concerned primarily with shorter series of data which arise in biological research and can be handled effectively on a desk calculator. This has the advantage that all intermediate stages can be watched as the analysis proceeds. With longer se​quences requiring an electronic computer, my advice is
to choose a program which plots out the results from time to time, so that they can be checked visually and transformations interposed when they will simplify the analysis.
The Preservation of Original Research Data
The data from many biological investigations are published in summary tables or limited to a graph. However, the original data may contain information that has not been extracted by the author, and in ad​dition may stimulate others to develop new and valu​able statistical techniques or applications. The preser​vation of original biometric data, in fact, was one of the objectives of the founders of Biometrika, who wrote (18): "Those results which are published frequently lose much of their value because the data on which they are based are withheld.... For this reason we shall not only print as copious observational and experimental data as pos​sible but endeavor to form a manuscript collection of such data available for further research." In pursuit of of this policy, large quantities of numerical data have been published in Biometrika. Because of the stress upon large numbers in the first two decades of this century, published tables were necessarily composites of many samples. These cannot now be subdivided or lack the detail that would allow a more penetrating analysis by modern small sample techniques, although I under​stand from Professor Hartley that archives of original data reported in Biometrika were preserved up to the 40's.
The importance of preserving original biological data was again emphasized in the 1927 recommendations by a Committee oh Biological Measurements of the British Association for the Advancement of Science. The pref​ace to their report noted that data which have cost much care and labor to gather are often unpublished save in the form of inadequate diagrams. With the aim of their preservation, archives were established at the British Museum of Natural History in London and at the Royal Society of Edinburgh.
One of my projects in 1934 at the Galton Laboratory concerned the response of silkworm larvae to arsenic from experiments by F. L. Campbell (19). He found that its toxicity, in milligrams per gram of body weight, decreased in successive instars. Fortunately, I knew Campbell personally and at my request he sent me his original data, showing for each larva its body weight, the dose administered, and the time to death. Based upon a reanalysis in logarithms, I found that the tox​icity of arsenic was constant from the second through the fifth instar when the dose in milligrams was divided by larval body weight raised to the 1 1/2 power (20). Ap​parently the organ systems susceptible to arsenic did not increase in weight during development as rapidly as the rest of the body.
It seemed to me that the carefully controlled original observations should be filed where they would be avail​able for further studies. Fisher told me of the archives at the British Museum, so I called there and after some inquiry found that in the seven years since the first re-

port of the British Association Committee, six sets of original data had been put on deposit and it was doubt​ful that anyone had consulted them in the meantime. This stimulated a second meeting of the Committee, of which Julian Huxley was Chairman and R. A. Fisher Secretary, and a revised edition of their recommenda​tions (21).
From this bulletin I quote the following: "If data are properly taken and recorded, failure to use suitable analyses can be remedied by subsequent workers .... Very often the investigator is so much preoccupied by the solution of a particular question that he is content to record his data incompletely, provided that this will suffice for his special problem. He fails to remember that a complete record may make it possible for later investi-tigators to use his original data for the solution of quite new problems .... Frequently, not merely are data published in an incomplete way, but owing to lack of space or for other reasons are not published at all." In respect to graphic methods, they write "Diagrams pro​vide no adequate substitute for the tabular presentation of data or for the critical tests necessary to examine their conformity with the hypotheses they suggest. In the publication of results, their purpose is to illustrate and make plain particular facts selected for emphasis by the author and not to establish such facts."
How much effect these recommendations have had in Great Britain I do not know. However, in a paper on "A Biological Assay on Tuberculins", Fisher (22) gave the individual responses in a table covering five pages, which I later drew upon for an alternative analysis (23). Occasionally, an author will report that the original data are available on request, which is one solution. In other cases, under the stimulus of a summary table or diagram, I have written to the author for a transcript of the readings summarized in a particular table or dia​gram, and am deeply indebted to the many biologists who have sent me such transcripts.
Frequently, however, the original records are dis​carded, either following publication or later in a periodic house cleaning, in part because they may bulk too large to save indefinitely. Yet future developments in bio​logical theory or in statistical methodology may un​cover hidden gold, if the basic data could be made ac​cessible. One solution would be to include the original data in the basic article through photographic repro​duction, but reduced sufficiently in size that the equiva​lent of 6 or more typewritten pages would fit upon a single journal page, reproduced, if necessary, on special paper or film. The data would then be on file along with the author's conclusions, even though the original data would require magnification to read. The detailed rec​ord need take very little space and would be available in all files of the original journal. This possibility might well be explored further by a special committee of the AAAS.
Summary
An important part of statistical science has resulted directly from problems arising in biological research. To
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aid communication between biologists and statisticians, Biometrika and later Biometrics were established. In addition, many statistical papers initiated by biological problems have been published in other journals. The importance of communication between biologists and statisticians is testified by the way biological problems have led to many of the great advances of Gallon, Pear​son, Student and Fisher. As a contemporary worker in the zone between biology and statistics, I have cited some of my own experiences in communication and end with a plea for the preservation of original biological data in a form that would encourage further statistical and biological research.
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