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Foreword 

This timely reprinting of Donna Haraway's Crystals, Fabrics, and Fzelds 

gives cause for two audiences to n:;joice. The first audience includes 
philosophers, cultural historians, semioticians, sociologists, and 
anthropologists. This group has been variously enlightened, enter­
tained, and enlivened by Donna's analyses of our culture and her 
suggestions for alternative futures. Since Donna has been adamant 
that understanding the contextual nexus of origins is critical for 
understanding history and its outcomes, Crystals, Fabrics, and Fields 
should provide this group with insights into how Donna came to her 
present views. Indeed, I would contend that one of the most impor­
tant precepts in her most recent pamphlet-namely that "'the rela­
tion' is the smallest possible unit of analysis"�can be traced directly 
to the embryo logical science analyzed in this 1976 volume. No mat­
ter what else Donna's philosophy might be-Marxist, feminist, affec­
tionate, ironic, cyborgian, anthropocanine-it is thoroughly and 
uncompromisingly epigenetic. 

What does that mean' Epigenesis is an embryological concept 
that celebrates interaction, change, emergence, and the reciprocal 
relationship between the whole and its c01nponent parL'i. Epigenesis 
states that the identity of any particular cell is not preordained, but 
that this particular fate arises through the interactions bet\'>'ccn the 
cell and its neighbors. N. Hans Spemann noted, "we walk on cells 
that could have been used for thinking had they been in a different 
part of the embryo." The whole is determined by its parts, to be sure; 
but the parts are reciprocally determined by their relationships within 
and with the whok. Epigenesis tells us that "being" never is anything 
except the processes of "becoming." Thus, it is not surprising that 
many embryologists were attracted to the philosophy of Whitehead 
or that Donna would also look to process philosophy as a context for 
her work. 

The scientists whose work is discussed in CrystaLr::, Fabrics, and FiJ.:lds 
were attempting to create an ernbryological science based on epi­
genesis. Their experiments had told them incredible things-that 
the mechanical metaphor of machines and wiring was inadequate 
to explain embryonic development, and that there were materialist 
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rules that the embryo obeyed. The result of this epigenetic, non­
reductionist materialism was organicism, a materialistic (i.e., non­
vitalistic) way of explaining development that remained consistent 
with their data. Organicism provided a third way between the exper­
imentally invalid reductionism of form to gene and the unscientific 
vitalism that gave consciousness to inorganic matter. It provided a 
scientific way of describing those processes whereby directionality 
could be demonstrated. Thus, the embryologist A. M. Dalq (1951) 
concluded one of his essays by asserting his "scientific faith in Organi­
c ism, which reconciles the struggle for objectivity with a full respect 
for life." 

Organicism was an international effort, and Haraway focuses on 
three figures who typified the embryology of the interwar period� 
the American Ross G. Harrison, the Englishman Joseph Need ham, 
and the Austrian (who later led American embryology) Paul Weiss. 
They had different backgrounds and agendas, but each wished to 
uncover the Gestaltungsgesetze�the laws of organic growth�by 
which the parts and whole interacted to coordinate the development 
of the embryo. Donna is also keenly aware of the aesthetic component 
of this approach. These three individuals each saw the relationship 
of form to art, and Donna notes (p. 44) that the mystery of the beauty 
of organic form-its symmetries, its patterning, its spatial relation­
ships-set some of the major problems to be solved. Experimental 
embryology was a science that had important social dimensions, for 
its organicism was both a scientific conclusion and a way of appre­
hending the world. Donna is at home discussing the details of their 
experiments as well as discussing what the experiments and their 
conclusions mean. Trained as a developmental biologist in Philip 
Trinkaus· laboratory and mentored by ecologist G. Evclyn Hutch in­
son (to whom the book is dedicated), she likes and respects scien­
tific data. 

This epigenetic interactionism, the consciousness of the aesthetic 
and political dimensions of science, the awareness of level-specific 
categories, and the celebration of change also constittHc some of the 
principal characteristics of Donna Haraway's approach to society. 
While there are numerous other strands to Donna's methodologies. 
epistemologies, and ontologies, these above-mentioned attributes 
can be derived from the organicism of these mid-twentieth century 
embryologists. And woe w those who think that the contributions of 
these separate strands to Donna's philosophy are merely additive 
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Truly epigenetic, the Marxism, ferninism, organicism, Catholicism, 
and other lineages each interact with one another along the tem­
poral and spatial coordinates of Donna's life. And as Donna enjoys 
pointing out, epigenetic interactions engender strange progeny. Just 
as the meeting of brain and head ectoderm generates the retina and 
lens, so we are blessed with the emergent progeny of those interac­
tions between (among others) a feminist suspicion of universals, an 
embryo logical appreciation for the linkage of form and process, a 
Catholic respect for syn1bolism, and a Marxist appreciation of the 
politics of language. 

One might complain that I thereby privileged this epigenetic 
strand over the others, making it the unifying framework ofDonna's 
philosophy. I think that at different times, different strands of Donna's 
thought constitute the framework, while the others form pans, and 
that each strand can be both part and whole. But, yes, I do think that 
the epigenetic stance is the one most often privileged in Donna 's 
epistemology and ontology. Epigenesis is both a strand of her work 
and often the framework connecting the strands. Moreover, inter­
actions often alter both partners, and Donna's epigenesis has changed 
due to its interacting with these other strands since this book was 
written. One cannot reduce Donna's philosophy to epigenesis; but nei­
ther can we understand her philosophy without it. 

The second audience to enjoy and benefit from the reprinting of 
Crystals, Fabrics, and Fields is the new generation of developmental 
biologists. Developmental biology has experienced a major revolu­
tion since the three embryologists discussed here did their work. 
Embryology became developmental biology. Its epigenetic frame­
work receded to the background, as the genetic control of develop­
ment became the predominant way to study animal development. 
The question of form likewise receded, as the major question for 
developmental biologists became cell differentiation. This revolu­
tion began in the 1g6os and has continued to the present day. 

However, in the late t\ventieth century, a second revolution began. 
Based on the remarkable successes of the first revolution-the dis­
covery of transcription factors, paracrine factors, and signal trans­
duction pathways, and tl1e technologies of polymera..o:;e chain reactions, 
in situ hybridization, genornics, and rnicroarray analysis-a second rev­
olution is presently occurring. It is a revolution that reunites devel­
opmental biology with three disciplines that it abandoned in its 
n1etamorphosis from en1bryology. Evolutionary developmental biol-



xw CRYSTALS, FABRICS, AND FIELDS 

ogy sees changes in development as essential for evolutionary change. 
Only by changing developmental patterns can novel structures 
emerge, and the relationship between the parts of the developing 
organism can constrain what possible evolutionary changes can take 
place. Ecologzcal developmental biology brings the concept of epige­
nesis beyond the borders of the embryo. Factors in the environment 
can also control the form of the individual. Species have evolved to 
respond to certain environmental factors, and one genotype can pro­
duce different phenotypes in different environmental circumstances. 
(Donna had already been aware of earlier studies in this field and 
had remarked, "Why should our bodies end at our skin ... ?") Last, 
medical developmental biology is looking at the ways in which genes 
and environment can interact in the production (and disruption) 
of embryonic form. These three new areas of developmental biology 
are interacting with each other to generate a new revolution whose 
focus is once again on the genesis of form. 

Crystals, Fabrics, and Fields should help those newly minted devel­
opmental biologists understand the morphogenesis of their disci­
pline. It should reconnect the new developmental biology with the 
older embryology. The morphogenetic fields that were so important 
for 1--larrison, Needham, and Weiss have re emerged as important 
modules that mediate the production of phenotype from genotype. 
The specificity and polarity of vertebrate axes have also become major 
research programs after a long time residing on the periphery of 
developmental biology. Moreover, the ideas of context dependency 
and complexity are becOining important concepts and frameworks 
for the new developmental biology. These ideas constitute impor­
tant connections between the experimental embryology of the mid­
twentieth century and the present day. D evelopmental biologists are 
usually very much interested in their own history, and Crystals, Fab­
rics, and Fields provides a wonderful way for these biologists to recon­
nect with a fascinating and robust intellectual world. Moreover, Donna 
has argued that the stories biologists tell are civic� lessons. It is irrlpor­
tant to get the stories "right." In Crystals, Fabrics, andheld1, biologists 
can access a set of robust biological narratives that subsume and 
enrich the one-dimensional genoccntric story that has dominated 
biological discourse for the past quarter-century. 

Crystals, Fabrics, and Helds represents Donna's doctoral thesis-a 
publication birthed in frustration, joy, and hope. That this book 
might now be read by a new generation of developmental biologists 
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who seek to reclaim their inheritance of ideas and concepts certainly 
justifres its republication. Gaudiamus igitur1 

-Scoll F. Gilbert (ZOOJ), Howard A. Schnciderman 
Professor of Biology, Swarthmore College 



Introduction 

Formal Obligations 

Form, like nature, is one of the most complicated words in the Eng­
lish language. Form is about shape, number, figure, beauty, making, 
ritual, image, order, cause, relationship , kind, conduct, and charac­
ter. 'To have good form" describes a way of doing something that is 
at once about ethics, technics, and practice. "Simply 'to have form' 
is more likely to call to mind a criminal record." Meanings, com­
munities, persons, organisms, landscapes, and artifacts are config­
ured, constituted, brought into being-fonned-in the relentless 
emergent relationality that is the world. Far from connoting a fixed 
type, form is formative process. No one could look at an embryo and 
think anything else. 

This book is about looking at embryos-looking with what my 
graduate student, Shawn Hayward, is teaching me to call "fingery 
eyes."1 This looking, these eyes, are about encounter, not static dis­
tance. Form can only be properly seen with fingery eyes. 

The dedication of Crystals hLbrzrs, and Fields to George Evelyn 
Hutchinson is, literally, a formal obligation, as well a<; an act of love for 
a mentor. In all its incarnations, from a Ph. D. dissertation in 1972 to 
the present reprinting, Crystals, Fabrics, and flelds emerges from the 
understanding of form that Hutchinson enacted in his extraordinary 
scientific life. I was privileged to be one of Hutchinson's last gradu­
ate students in the Biology Departn1cnt at Yale University. He was one 
of the world's most accomplished theoretical ecologists, limnologisL<i, 
natural historians, essayists, and sLudenL.;; of t.hc organic life depicted 
in medieval illuminated manuscripts.:! He was also an enormously 
generous adviser who accepted into his lab group a naive refugee 
from the molecular biological hegemony growing in cell and devel� 
opmental biology by the late 1g6os.' In his lab, I lost my fetish is tic 
fear of reductionisrn and remembered my love of n1olecular biology 
because in his world all of biology, indeed, all of life, at whatever scale, 
was dynamic, hungry, curious, con1plex, connected, and in process. 
Hutchinson was a gifted mathematician; and he expected his studenL<; 
to know their way around equations, but also to love the beauty and 
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power of mathematics for telling us about real, as well as imagined, 
worlds. He was a polymath, who was as likely to use the vast diversity 
of bugs as the lineaments of a spare equation or the baroque bio­
geochemistry of the planet to think about how a lake or a meadow is 
put together. In short, all of biology was Hutchinson's subject, no mat­
ter what the special tools and practices a particular sub-field might 
develop in order to address its material vrith epistemological and eth­
ical respect. Hutchinson's students were invited to be seriously curi­
ous about living beings and to do what they needed to do to satisfy 
their hunger. 

And so, in Hutchinson's lab-group meetings, while our greedy 
bodies were fed quality English cakes and tea, our greedy minds 
devoured a motley array of writers whom Hutchinson considered 
necessary to biological literacy. To be sure, we read recent published 
papers and preprints in ecology, genetics, or developmental biology, 
or argued about the claims and evidence of a speaker at the last Biol­
ogy Departtnental colloquium; but generative authors in our lab dis­
cussions also included Virginia Woolf, Kurt Goedel, Alfred North 
Whitehead, Charles Darwin, D'Arcy Wentworth Thompson, Simone 
Weil, Goethe, Newton, and Karen Stevens. History, philosophy, reli­
gion, literature, art, politics, mathematics, science: they were all biol­
ogy to Hutchinson. They were all theoretical ecology. I reveled in 
this disciplined promiscuity; it seemed so Catholic. Ever since, this 
bumptious ecology has formed my work, in longing and, as far as I 
am able, in practice. 

A colleague, Katie King, my graduate student twenty years ago, 
makes me remember that this kind of ecology is also about "speak­
ing with things," an activity in which intellectual and political prac­
tices are knotted into myriad material contexts that link curious 
bedfeilows and messmates, not all of them hurnan. It is no wonder that 
as an undergraduate King was Gregory Bateson's student at UC Santa 
Cruz. 4 She remained his friend and student until his death. Bateson, 
in turn, was a companion and intellectual interlocutor with Evelyn 
Hutchinson, especially in their shared fascination with all things to 
do with emergent self- or eo-organization. Hutchinson, Bateson, 
myself, King, Hayward: a kinship web, a multidirectional cascade of 
generations, an ecology of the academy, a form of companionship. 

Crystals, Fabrics, and Fields asks how sensuously lived metaphors 
shape scientists' relatings with developing organisms, and vice versa. 
I paid close attention to the experiments, writings, and intellectual 
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communities of three biologists over the first half of the twentieth 
century as they tried to understand how a single fertilized cell becomes 
the shapely, dynamic adult of its species. Their attention to emer­
gent forms did not stop with embryos; the biologists I write about in 
this book attended also to how adults remain permanently in process, 
permanently maintaining and reworking themselves within their spe· 
cific formative nexus of relationships, at temporal and bodily scales 
from the kinetics, affinities, and fluid crystalline arrangements of 
molecules in cells; to the achingly slow, restorative travels and reat· 
tachments of the tips of injured nerve fihers; to the regenerating 
of sometimes monstrous limbs after an encounter with a scientist­
predator. The vivid artistic sensibilities of these scientists-their appre­
ciation of organic form-mattered to their science. Although he 
surely would wince at my use of his notion, Thmnas Kuhn5 gave me 
the category of paradigms. Paradigm is a richly ambiguous and capa· 
cious term for visual and verbal imagery and for communities that 
share generative commitments Lo explanatory and experimental prac­
tices. Paradigms are like forms-structuring structures that. make 
one remember in the flesh and in the text the disciplined promis­
cuity that makes both organisms and scientists possible. 

CrystaL<>, Fabrics, and Fields is also a polemic, one I would conduct 
differently today, but not one I would abandon. The narrative of this 
book is classicaL A hero-materialist organic systems theory-defeaLs 
the dragons of tnechanistn and vitalism, which threaten the country 
of true biology with their fire-breathing, binary, reductive or idealist 
prcdations. Today, in debt to the last thirty years of feminism's life· 
changing critique of this cyclopean and teleological narrative form, 
I look for other ways to tell stories and build explanations. I now look 
for myriad connections and emergences that do not necessarily fmd 
their form in levels, hierarchies, and holist oppositions to fragmen­
tation. Heroes are in short supply, but actors are proliferating.6 If I 
tried to evade the misleading alternatives of mechanism and vital ism 
in this book on experimental embryology and its successor called 
developmental biology, in my work today I try to find a third way 
oblique to the geometries of whales, fragments, and central axes. 
For example, I try to ask what cmergences are like without hierar­
chically organized levels. From heterogeneous genomes to ecologi­
cal cntangienlCnt.s, the congeries of historical relatings that organisms 
are requires more venturesome geometries and topologies than 
organic systems theories can offer. 
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Fortunately, the fevered brains of modern geometricians and prac­
titioners of the natural and human sciences and arts are generating 
a treasure house of promising ways of thinking. Politics, friendships, 
enmities, equations, bloody histories, precious achievements, poems, 
art installations, databases, lab and field work, and all the other doings 
that make up a thinking person's life are in play in that house, just 
as they were for Ross Harrison, Joseph Needham, and Paul Weiss, 
the three main biologists in this book. Unfortunately, Evelyn Hutchin­
son is not alive to join in the orgy of possibilities for knowing, which 
he would have loved. But what he did and what he taught gave rnc and 
many others a chance to know and to connect across the deadly lit­
eralist divides that threaten to extinguish the heterogeneous emer­
gent worlds that we need to inhabit. I bear him a formal obligation 

-DonnaJ. Haraway, 2003 

1. E. Shawn Hayward, ''Envisioning Invertebrates: Immersion, Inhabitation, and Inti­
macy as Encounter Tropes in Marine TechnoAn," Qualifyir.g Examination, History of Con­
sciousness Department, University of California at Santa Cruz, Fall 2003. 

2. G. Evelyn Hutchinson, "Homage to Santa Rosalia, 01� 'Why .Arc The1c so Many Kinds 
of Animals?" American Naturalist 93 ( 1959): 145-59; T!u: Ecologi((tl Tlu:aii'J and tlu Evolu­
tionary Play (New Haven: Yale University Press, 1965); A11 lnlrod1;rlwn lo 'lhnnl'liml f'ojmla· 
lion Ecolof.:,ry (New Haven: Yale University Press, 197B). 

g. I also had a valuable sojourn in the developmental b1ology lab or !-1' Trinkhaus. Even 

though my cell cultures died, my hamsters, who donated those cdls, U>JJectly hated he.111 
punctures, and my tttnicatcs wilted, I learned a huge <tmount from fellow gr;aduatc student.� 
and from Trinkhaus. I ask forgiveness from tlw anirn;als whom I v ... ·as too unskilled to learn 
from without causing pain and killing 

4· Katie King, SjJmking t(illh 'i7<ing>: An lnlrodw:tim1 11, 1'/muru.\m <'ll<rl H'nlmg ·t�rimulo,t,'1r\, 
book manuscript, University of Maryland, Fa!t 200:). Grey;ory Bate.�Orl . . \hj11 to rtJJ Ftulo,r._,')' ''/ 
f\.1inrl: Collated E.uay.\ in Anlhrof)(Jlogy, Psythwtry, I-:uoLutiV11, 11nd L}illt!ml•ingy {San Franciw:o: 

Chandler, 1972). 
5· T homas Kubn, Tfu: Slrurlurt of Scir.ntl_/ir R.euolutwns. znd edition (Chiugo: Univcr· 

sity of Chicago Press, 1970). 
6. Donna J. Haraway, 7/u: Companion SjN:rir.5 A1amff.llo: !)ogl', Ptof!lr, ruul .\\;.,rnijiul1ll Oth· 

emns (Chicago: Prickly Paradigm Press, 2003). 
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Paradigm and Metaphor 

To cast off the rotten rags ofmemor7' by inspiration, 

To cast off Bacon, Lockc, and Newton from A!bion\ covering, 

To take off his filthy ganncnts and clothe him with i1nagination; 

To cast aside from poetry all that is not inspirntion, 

That it no longer shall dare to mock \Vith the aspersion of madness 

Cast on the inspired by the tame high finisher of paltry blots 

Indefinite or paltry rhymes, or paltry harmoni(:s, 

Who pretend to poetry that they may destroy imagination 

By imitation of nature's images drawn from remembrance 

\Villiam Blake 

If the history of science \vere a disinterested, purely descriptive ac­
count of o�jective operations performed to elucidate the vvorkings or 

a nature no one believed in anymorc, it vvould raise fev·.r passions. 
Sill1ilarly, if science were progressive in the sense of an ever enlarging 
body of true statements about an ever unchanging yet fundamentally 
inaccessible world, nature would be seen simply as a big puzzle to be 
solved. Surely there would be no fUndamental insights into personal 
or historical experience to be expected from pursuing such a science. 
Si m plc cumulative science vvould be a curse. Those vvi th lcisu re, money, 
and arbitrary reason to solve puzzles could devote their time to it. 

They could then present solutions to society, which \-vould translate 
them into technology in the interests of current power alignments, 
benign or otherwise. History would be the search into the past f(n the 
truly clever vvho anticipated the later, better solutions to problems. 
But at the same time, the hope of approaching nearer �md nearer to 
nature is not surrendered lightly in science. Nor should it he. ff the 

vin-vs of science espoused both by the old realist.'> and by t.he more 
recent positivists arc lo be rejected, it remains fOr us to understand in 

\vhat sense science is progressive and in vvhat VI/ay it might kad to an 
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appreciation of the structure of nature. I t  seems that the task of con­
temporary history and philosophy of science is to rediscover for this 
age a humane sense of scientific research and theory. For it is a fact 
that the history of science does raise passions, and the basic perspective 
adopted tov,rard the status of scientific worlrls does condition our 
poetry and our politics. Surely much of our dis-ease with modern 
science comes from appreciation of the inadequacy of the old view of 
progressive, control-oriented, objective descriptions of nature (or of 
meter readings, if  nature herself is hiding or dead). 

Two fundamental problems in understanding science can be noted : 
How does science change and what are the implications of the view 
adopted for the theoretical corpus of a science? Second, in what way 
can a science lead to a sense of the natural? To approach these two 
very broad issues, it is useful to look at a quite restricted area of one 
science, developmental biology, in the first half of the twentieth 
century. The period is a time of basic crisis in which the age-old 
dichotomy between mechanism and vitalism was reworked and a 
frui tful synthetic organicism emerged, \Vith far-reaching implications 
for experimental programs and fOr our understanding of the structure 
of organisms. As a key aid in analyzing a period of change in a science, 
it is instructive to explore the notion of a paradigm as applied to 
biology. The book by Thomas Kuhn, The Structure of Scientrfic Revolutions 
( 1 962) ,  is of central importance in exploring a change in a biological 
paradigm. An important aspect of a paradigm is metaphor, and it is 
suggestive to investigate the use of metaphor to direct research and its 
interpretation. The paradigm concept is rich with suggestions for 
analyzing the proper place of metaphor in biology. To begin to under­
stand again the place of image in a science should suggest a way in 
which natural structure can be seen in a post-positivist age. 1  Visual 
i magery in particular is of critical importan<:e. 

t. Kuhn hnn,;df doe.s not believe that scie.ncc "draws ccnstantly nearer to some go;d set by 

nature in advance." The progressive aspect of science is different for him. "Can we not a{�Count for 
both science\ existence and its surcess in terms of evolutionfrom [emphasis added I the commu­

nity's state of knowledge at any given time? Does it really help to imagine that there is some one 

full, objecti\ c, true account of nJ tu re <tnd that the proper measure of scicntifi{· achi(·vr-mrnt j_, the 
t·xtcnt to ,.,-hJCh it bnng> m ('loser to that ultimJIC g-oal�" { t(j6'2, P- 1 70) The Yi<'w to be drvdop(·d 

below is difif-rent from Kuhn's hut it i� through his di�cus,ion o!' paradigm and p<nadigrn com­
munitie-� I hat thi� qud� will appr(,;H.h the probkm of oatural \truuurc�. This essay will 110t be able 

to discuss adequately rnao;. illlportant is�urs raised by Kuhn For a rr!narH critique s{·r K{lrdi!I 

I {)i J. 
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Kuhn raises a host of interesting problems when he introduces the 
notion of paradigm change. Normal science, he claims, proceeds by 
exploring the suggestions derived from a dominant paradigm. The 
paradigm is not a set of explicit rules of procedure but rather "an object 
for further articulation and specification under new or more stringent 
conditions'' (p .  23). Kuhn simply takes a device common to writers of 
history, the period, and applies it to a field thought to have developed 
differently from the rest of human endeavor, that is, in a straight line 
with occasional Dark Ages and metaphysical sidetracks. But his deeper 
value lies in refining two aspects of scientific paradigm : paradigm as 
shared constellation of belief (or disciplinary matrix) and paradigm as 
model or example. Both the communal and the exemplar nature of 
paradigms are essential to understanding fundamental change in a 
science. 

The first aspect leads to a consideration of particular communi ties 
in science, their formation and modes of communication, and their: 
types of interaction with conflicting scientific communities using 
dif ferent images and thus different languages. Kuhn's book has been 
criticized as leading to a highly subjective view of science in which 
an undefinable central picture conditioned all activity and prevented 
the believer from talking with any but the converted ( Lakatos and 
Musgravc 1 970) .  Thus the paradigm could be shown but not rigorously 
defined. The distinction is not far from that made by Wittgenstein 
in his Tractatus between saying and showing. Science might become 
more poetic in the mind of the general public if such a belief were 
widely held, but would it be any more intelligible? Kuhn argues, 
however, that his view is more historically accurate for describing 
what real scientists have done. Further, it is not open to the charge 
of subjectivity because paradigms and their constituent metaphors 
are eminently community possessions whose principal value lies in 
their growing points. In contrast, a view of scientific theory that does 
not give a large place to metaphor, with its predictive value and 
potential for development, has trouble accounting for the very pro­
gressive aspect of science such views are most often interested in. 

If one feels he has a strong support fOr a view of objective science 
( i .e .  separable from the historical context in which the science developed 
and separable from any heuristic props used in getting to pure formal 
theory) he will naturally feel that Kuhn 's view of science is dangerously 
relativistic. In the second edition of The Structure of Scientific Revolutions 
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( r g7o) ,  Kuhn answers such charges by refining his meaning of com­
munity. More is shared than the articulated theories. A whole system 
of assumptions, values, and techniques is involved. Paradigm as 
disciplinary matrix involves sharing ( I ) symbolic generalizations 
that give points of attachment for using logical and mathematical "" 
techniques in solving puzzles of normal science; (2) belief in the 
appropriateness of particular models, such as fields or atoms in a void ; 
(3) values about such things as the place of prediction in an explana-
tion ; and (4) exemplars or concrete typical solutions used in the 
li terature and important to the formation of s tudents. Kuhn recognizes 
degrees of assent, and discerning the fine structure of paradigm groups 
would involve constructing a thorough sociology of science. 

A simpler approach to community will be sufficient for the purposes 
of this essay. In looking at a time of paradigm change in developmental 
biology, it is important to note the types of association of biologists 
involved in the revolutionary switch of metaphor. The Theoretical 
Biology Club in the 1 930s in Cambridge, England, is a suggestive 
example. Members of the group were interested in bringing to biology 
the power of logic and mathematical explanation previously enjoyed 
in the physical sciences, but they were not merely a modern variant 
of workers operating on a mechanistic paradigm. They shared also the 
view that hierarchical organization, form, and development were 
the central concerns of a new biology. Sensing a crisis and sharing a 
view of the future, the club self-consciously tried to make explicit 
among themselves the implications of their viev.'S. Its members were 
importantly involved in the transition to an organismic, nonvitalist 
paradigm for developmental biology. 

A second example from biology of an emerging paradigm com­
munity of the same period is that of the crystallographers turning 
attention to biological molecules. 2 Their atti tudes and experimental 
work were significant in the critical refocusing of the relations of 
physics to biology and of biochemistry to morphology. A present-day 
paradigm group sharing the organismic paradigm that was born in 
its current form in the first half of this century is the Alpbach group. 

2. John Law of the Science Studies Unit of the Cnivnsity oi Edinburgh is doin g an extrundy 
provocative study of the paradigm community of British crystallographers of the 1 93os and be­
yond. It would be hard to ovcrestimil.tc the importann' of this g:roup for the course of developmen­
tal and molecular biology. The enrichment of co!lccpts of snucture in molecules was a major 
ingredient in brewing a nonvitalist organicism 
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Participants in the Alpbach Symposium of 1 968 include a former 
member of the Theoretical Biology Club, C. H .  Waddington-' His 
relationship to the group) however, was tenuous, largely due to 
divergent views on mechanisms of heredity. Neither the Alpbach 
group nor the TBC represent tight working groups from closely related 
laboratories. Instead, they represent scientists groping toward a com­
mon metaphor appropriate across several previously separate areas 
of science. Their disagreements are as revealing as their agreements. 
The nature of the community forming upon the transformation of 
the vitalistic- mechanistic controversy will need more sensitive 
attention later. I t  is enough here to note that a shared paradigm is 
more than an aesthetic predisposition peculiar to a few minds. I t  is a 
concrete, common picture of the central focus of a science. The 
picture conditions the problems seen by the community and the 
types of solutions admitted as legitimate. The problem for this study 
is to sketch the picture and to point out subtle but important differences 
in the paradigm core for various workers. 

In addition to stressing the community nature of paradigms, Kuhn's 
thesis is fruitful in another sense. The process of switch of paradigm 
is compared to a revolution. A major reorientation of fundamental 
metaphor occurs, leading workers in a field to see new problems and to 
accept radically different sorts of explanations. Normal science is 
characterized by the solution of puzzles, a truly cumulative enterprise, 
made possible by " a  strong network of commitments�cbnceptual, 
theoretical, iqstrumental, and methodological" (Kuhn 1 970, p. 42 ) .  
By contrast, 

the transition from a paradigm in crisis to a new one from which 
a new tradition of normal science can emerge is far from a 
cumulative process, one achieved by an articulation or extension 
of the old paradigm. Rather it is a reconstruction of the field 
from new fundamentals, a reconstruction that changes some of 
the field's most elementary theoretical generalizations as· well as 
many of its paradigm methods and applications. [Kuhn 1 970, 
p 84] 

3· Sec Koest!cr and Smythies 1969; the book is based on papers and discussion of the Alpbach 
symposium_ Among the participants were Ludwig van Bertalanlfy,Je.an Piagel, Barbd I nhelder, 
Paul Weiss, and W. H. Thorpe. Wciss and Waddington have long been divided on important 
biological issues, and these division� were also apparent at the meetings. 
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If such is the case, normal science must be particularly good at generat­
ing periods of crisis in which the switches will occur. Kuhn points out 
that the perception of anomaly is the first step in the production of 
full-scale crisis. The paradigm inspires certain expectations. If  such 
(�xpectations repeatedly are not met, strains are introduced into the 
total paradigm system. Kuhn's historical examples of anomaly and 
crisis in science are drawn from chemistry and physics. The phlogiston 
theory led workers to expect metals to behave in a particular way when 
roasted. Experiments with the red oxide of mercury did not fulfil! such 
anticipations. Perception of the anomaly alone was not sufficient to 
lead to the discovery of oxygen, but  i t  was critical that the problems 
presented by the old paradigm were proving resistant to proper 
solution. The paradigm was failing in application to its own traditional 
problems (Kuhn 1 9 70, p. 6g) . 

There is an illuminating biological parallel to the examples given by 
Kuhn. The strict atomistic, mechanistic paradigm applied to organisms 
led Driesch i n  t8gr to expect the echinoderm egg to behave like a good 
machine. That is, its development should have been "mosaic" : the 
parts should have their fates fixed at the outset and simple interaction 
of atomic parts according to mechanical laws should be the essence of 
development. Regulation was not an admissible occurrence within a 
strict mechanistic paradigm. Driesch formed his expectations in such 
allegiance to the paradigm that he was certain his experiment of killing 
one of the f-irst two blastomeres resulting from the first cleavage of sea 
urchin eggs would result i n  half-embryos. The appearance of whole 
l i ttle animals in his dish precipitated a practical and philosophic crisis 
of the first rank in embryology. The old paradigm seals its own fare 
by the operation of i ts own dynamic. 

Two further aspects of paradigm change can be drawn from the 
example of Driesch. Kuhn notes that periods of crisis and revolution 
are marked by concern over the philosophic foundations of the science 
not evident in times of normal functioning. Ordinary scientists, used 
to a certain degree of confidence in their epistemological and metaphy­
sical commitments, come to feel a need to defend their positions or to 
evolve new ones. The first third of this century was marked by constant 
debates between neomechanists, neovitalists, and older brands of each. 
Despite the fact that each camp rested secure in the belief that reason 
and experiment resided with it alone, no resolution could or did occur 
until the machine paradigm common to mechanist and v!talist alike 
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was fundamentally altered; the metaphor was of central relevance. 
Thus the second aspect of Kuhn's analysis of paradigm change: 

The act of j udgment that leads scientists to reJeCt a previously 
accepted theory is always based upon more than a comparison of 
that theory with the world. The decision to reject one paradigm is 
always simultaneously the decision to accept another, and the 
judgment leading to that decision involves comparison of both 
paradigms with nature and with each other. [Kuhn 1 970, p. 77] 

There is no absolute court of appeal ; there are only alternate world 
views with fertile basic metaphors. This book attempts to trace in some 
detail a process of paradigm change in metaphor from machine to 
organic system that took the ground out from under atomism and 
animism alike in developmental b iology. But  in the end the essay 
must also ask how adequate Kuhn's model truly is in this field of bio­
logy. Surely it will be possible to tell the story of twentieth-century 
embryology in terms of Kuhn's paradigm switch. Yet how exactly, to 
what depth, in how essential a way does to K u hnian scheme apply' 

So far, the fundamental objection raised against a positivist view of 
science and history has been that inadequate attention is given to the 
role of metaphor. 4 Does such an objection reduce theories of scientific 
knowledge and progress to a type of formal literary criticism? 'The 
question ultimately concerns the nature of language. A neutral 
observation language, at least as a goal, is central to positivistic 
assumptions. Kuhn believes that the program of operationalism makes 
the history of science incomprehensible and the status of a scientific 
theory sterile. 5 Operations and manipulations, he feels, are determined 
by the paradigm and nothing could be practically done in a laboratory 

+· The argument to follow is directed in particular against the type of approach taken by Pierre 

Duho_·m in his 1�)!4 book /_a 1111;orit jii�)'SUJIIC, Duh(·m allows a certain heuristic role to models but 

denic� that theories arc essentially cmbrdded in models and lose their coherence and compn:hf'n� 
,j\'f"rlf'ss when uprooted from a rich , me taphoric soil. Campbcll (1920) provide-d the c!as-;ical 
argument against Duhem. Campbdl's view of model i� compatible with the one adopted here. 
But it is necessary to explore the differences, if any, between p hysics and biology in the use of 
;;1naphoric system� 

-1_ Ernst MMh in The Snenre o.f Af('(/llmio f'arly stated th<' po,itivist, opn.ation;1li't pcrspectiw 
Thcoric� do not say anythi ng neu' about phenomena or their structured relationships but arc econo­

mical systems for rcst;.ning the content of operations. This radical empiricism has been ;ntarked 
manv time.�, for cx<cunplc by F. P. Ramscy, but it remains iJJfiuent ia! under various guises. Probably 

P W. Bridgman 's 1 :127 Lo,f!,i( of Afodrm 1'/!J'SICS gives tht' best account of the program for diminating 

l!Onopcrational con(Tpt� from phy�ics. 
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without one (Kuhn 1 970, p. 1 25) . A pure observation language as the 
basis of science exactly inverts the order of things. Operationalism 
might make sense as a posttheoretical exercise in clarification, but i t  
does not help in the process of planning experiments or in j udging the 
fit of expectation and result. Further, the theory must be "reinte­
grated," at least tacitly, after positivist analysis if i t  is to make sense, 
that is, for its structural character to show. The reverse of the positivist 
claim seems to be the case : the positivist program is the useful device 
but a richer conception is required to generate or understand science. 
As Steven Pepper ( I g6 t )  observes, structural coordination and 
empirical and logical data are necessary for adequacy. Positivism 
admits only the last two elements to science. Metaphoric systems are 
the core of structural coherence. Kuhn feels that philosophy of science 
from the English-speaking world " analyzes the logical structure of a 
completed body of scientific knowledge (Kuhn 1 962, p. 1 36 ) .  History is 
suppressed in the formalization of a particular system. The fOrmaliza­
tion does not codify a pure body of knowledge stable for all future 
time. The rich languages used in actual science (including any axiom 
systems complicated enough to generate arithmetic) embody expecta­
tions and fundamental views of the structure of nature. Scientific 
theories are therefore testable and generate crisis and subsequent 
change. 

Mary Hesse in her A1odels and Analogies in Science ( 1 966) gives a more 
complete critique of the inadequacies of positivist views of science. 
She discusses various efforts to avoid the basic pitfalls of pure opera­
tionalism, which include versions of the hypothetical-deductive 
method (dictionary theories, in her language) .  The basic program of 
positivism and its offspring has been to eliminate from science theoreti­
cal terms that lack direct, observable, empirical consequences. The 
stumbling block has been that success in the program would make all 
theories tautologies, static restaternents of what is already known in 
a longer fOrrn in terms of direct operations and observations (Hesse 
r g6 1 ,  p. 8) .  The theory would lack "growing points." Loaded terms 
might be anod1er expression for theoretical concepts pregnant with 
"impure" expectation because of the paradigm metaphor or rnodel 
in which they are embedded. Hesse gives a number of paradigm model 
examples from physics such as wave fronts in quantum physics (pp. 8, 
I 7 ) ,  but as many can be drawn from biology', one of the most suggestive 
perhaps being the gene concept. The idea of the genetic particle went 
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far beyond what could have been operationally defined, and precisely 

because of that fact, it was fruitful in the development of genetics. 6 

I t  is now possible to explore more carefully what is meant in  this 
essay by a metaphor vvith explanatory power. A metaphor is the vital 

spirit of a paradigm (or perhaps its basic organizing reb tion).  Hesse 
sees metaphor as an intrinsic part of science because metaphor is 
predictive. According to the formalist view of theories, " it can never be 
more than a lucky accident that a satisfactory isomorphism is found" 
between theory and nature. 7 The number of meanings applicable to 
theoretical trrms is indefinite and there are no systematic criteria fOr 
searching out correspondences. Science becomes too arbitrary. In  the 
metaphoric view, testing an i mplied isomorphism is the normal pro­
cedure. But metaphor is notjust pleasing comparison. Hessegives a pro­
vocative analysis of the logical status of  analogical explanation ( r g66, 
pp. 52 I 29) . She secs analogy between two areas from three aspects: 
positive, neutral, and negative. Formalist phi losophies of science 
restrict analog;,_r in science to the positive points of correspondence. 

Comparison of theory and analogy is then a didactic device and a 
posttheoretic operation. Other sorts of analogy might have been useful 
to the scientist but would not be an intrinsic logical part of scientific 
knowledge. Analogy would then have a private function only. I t  

vvould not be part of public science. Hesse contrasts such fOrmal analogy 
with material analogy, \vhose essence is the possession of causal implica­
tions.t� A metaphor is important to the nature of explanation because 
it leads to the testing of the neutral parts of the analogy. I t  leads to a 
searching for the lzrnits of the metaphoric system and thus generates 
the anomalies important in paradigm change. 

An important consideration in Hesse's view is the theory given by 
Iv1ax Black ( 1 �)62) of in teraction between metaphor and system of 

(i_ The gene a]-;n h:.ts had to l_wcolllc less < uornis tic i n  the process, the partick metamorphosing 
i n 1 o <1 _,\·stem l-\ 1 \ h  -;;ructu r;,] L1ws somcwhc1e betweu1 1020 <11:d I :JGO, the same period that saw 

the d n dupmcr1t "r l\011\'it?..li\t orgJnicism and :;tructuralism rn dnTlopmcn ta l biology. But, of 
coup;c, th;n s�ster�1 ;-; firmly roorrd in biocl1emi�t r') 

7 - Hcs'lf 1 9i)6, p.46 The tt:rrm paradigm ·lild m<'!oj;lwr require further clarification. Parad igm, 
th(." 'A-ider notion. u1cludcs tcdJriH)Uts. <';clmpk<;, cnmrnuni ty values, ._md the cen tr<l.l meta phor. A 
mt·upiH.II i!· gc1wr.dl; rdat,·d u, �� "'liS<' ubjcn �i1ch et� d nlJ.clllnC, crysLiL or orgJ.ni�m - /\ mtt:t­
plliJr j, ,u1 i 1�1;tg-r 1hat p,i\'(_:s rorrn,·rc  < e>IH"rTnc<' tll ('\Cl\ highly abstran thought 

U. l ! l!d _, pp. 79 8o_ A dcci,Hrn nn 1 iw ulti m;Jtc nature of causality is not neccs�ary to the point 

The logical statu_, of arralr;�;- j, :1 proiJk1n nr1 m a. 1 1 n  what vin, i., adopted toward causality_ TlK 

fund:uTwntal :t'<•l"fC,r)Jl is tholl ,,--ir:nti fi,o krww!tdge r� nrlr.--:r than theory undcp,rood as deductive 
.'i')· S\('!Il wi t h ruieo; of :!pplicatiOII 
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phenomena under investigation. Again one is immediately returned to 
the problem of the nature of language. There is no correct literal 
description of anything by which an analogy should be j udged (Hesse 
1 966, p. 1 66 ) .  Analogy and primary referent are both altered in 
meaning as a result of juxtaposi tion. The example given by Hesse is 
that "nature becomes more like a machine in the mechanical philoso­
phy, and actual, concrete machines themselves are seen as if stripped 
down to their essential q ualities of mass in  motion" (p. 1 63) .  

I t  is  important to both Black's and Hesse's points that metaphor be 
seen as intelligible, with real impact and consequences explored by 
communities sharing the language and image. The point is the same 
as Kuhn 's defense of paradigm as a community possession. Metaphor 
is predictive because it is embedded in a rich system not private to any 
one man. The conditions necessary for metaphor to be explanatory are 
not loose. They can he summarized as the requirements that the meta­
phor have neutral points of analogy to be explored, that the metaphor 
contain the germ of concrete expectations, and that it give definite 
limits to acceptable theoretical accounts in science. Metaphor is a pro­
perty of language that gives boundaries to worlds and helps scientists 
using real languages to push against these bounds. Thus one returns to 
Kuhn's point that the activity of normal science, puzzle solving within 
a particular world, itself leads to the anomalies preceding paradigm 
change. 

One of the principal foci of this book is what Kuhn calls the quasi­
metaphysical aspects of a paradigm ( 1 970, p. 4 1 ) :  the sorts of entities 
scientists visualize as the stuff of the universe. Descartes' immense 
influence was a major factor in the dominant scientific belief after the 
mid-seventeenth century that the universe was composed of minute 
corpuscles. Particular kinds of motion and interaction were part of the 
world picture of Cartesian atomism. The paradigm functioned like a 
map to the structure of things. 9 The world picture functions to exclude 
other perceptions. It is important to stress, however, that as a conse­
quence of the central role of metaphor paradigms operate more as 
directing tendencies than as clear and tyrannical logical archetypes. 

g. Thi� essay does not deal directly with the thorny problems set for VVe�tcrn dualistic science by 
Hurne and Kant. Terms such as structure and lSOmorphwn arc meant to point to a modified reahsrn, 

much like that suggested by A. N_ Whitehead in Process and Reali£y. The mechani�tic dodge of 
sah-a_ging empiricism and po�itivism by dealing with the world only a.> !fit were made of atoms will 
be treated later 
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Kuhn treats operation of the paradigm as analogous to the ge.rtaLt of 
psychology. However, in science one does not have the option of switch­
ing perceptions back and forth, and the community of working scientists 
is not always aware that its vision has shifted. The pedagogical methods 
of science systematically suppress history) and a person sees basically 
only his own world and its possibilities. Kuhn gives the example of 
Galileo's pendulum versus the Aristotelian's falling stone ( I  962 ,  p. I I 3) ,  
but biological examples also abound. A critical one for this essay i s  the 
perception of the organism in relation to the crystal. If one sees the world 
in atomistic terms ( metaphysically and methodologically), the crystal 
is a smaller, simpler version of the organism in a nearly literal sense. I f  
one sees the world i n  terms o f  h ierarchically organized levels (the or­
ganism becomes the primary metaphor), the crystal becomes an 
intermediate state of organization. There is no longer a continuum of 
forms all based on a corpuscular foundation but rather a discontinuous 
series of "organisms." The crystal is still a fruitful metaphor used very 
seriously in exploring structure. But one sees a different crystal, just as 
Galileo saw a pendulum not a falling stone. 

Phillip Ritterbush in his essay 7/re Art of Organic Forms outlines a 
number of suggestive approaches to the use of metaphor in biology, in 
particular the use of the crystal analogy ( I  g68). Nehemiah Grew ( r 628 -
I 7 r 2),  an early plant anatomist, regarded regularities in natural fOrms 
as evidence that the processes of growth consisted of the repetition of 
simple steps, in which forms might be successfully analyzed 10 Ritter­
bush notes that in the nineteenth century Ernst Haeckel, operating (;n a 
permutation of the crystal analogy combined with an idea of ideal 
types, analyzed the radiolarians. His drawings show animals that are 
"wonders of symmetry and design. Under the influence ol' his aspira­
tions to discover strict sym metry, Haeckel altered his drawings to 
conform to his belief in the geometrical character of organic form· ' 
(Ritterbush I g68, p. 64) . Bi.itschli ( I 848-Ig2o) ,  still influenced by the 
crystal metaphor, analyzed protoplasm in terms of a geometrical space­
lattice. Belief in his paradigm led to his seeing structures that could 
hardly be confirmed today. This fact does not belittle Butsdrli's contri­
bution to cell biology but points out the importance of his aesthetic 
predispositions and the power of a metaphor (p. 67 ) .  Thomas Huxlcy, 
an untainted empiricist in philosophy, nonetheless made a m��jor 

10 Rincrbu:-h 1 �j(i8, p. 8 See also Grew 196_). 
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advance in the classification of coelenterates by modifying an ideal 
body plan to explain the place of a whole group of difficult organisms 

(p. s6) .  
The illustration of the significance of aesthetic commitments in the 

development of biology raises an important point. Ritterbush develops 
the thesis of the progressive concretization of the idea of organic form. 
In contrast to the atomistic analysis of the form of organisms, Goethe 
( r 749·- r 832) stated clearly and powerfully the concept of organic form. 
Goethe is not considered primarily a biologist, but his impact on the 
development of that science is significan t . 1 1  Ritterbush's provocative 
thesis is that biology can be seen as a concretization of an initial aes the­
tic notion. The metaphor of organic form became progressively more 
powerful as it became more concrete, never losing its nature as meta­
phor. A perfect instance of the thesis is the elaboration of the cell theory 
in the nineteenth century. The sphere had long been regarded as a 
perfect form, appropriate to organic nature in contrast to crystalline 
units. Schleiden went beyond the opposition of the two notions in a li great synthetic step, seeing the globular units of organisms as a funda- !-

mental structural basis. � 
The cell theory provided a representation of the whole organism 
as an assembly of essentially similar structural units which always 
arose from pre-existing cells. This was a scientific representation 
because it referred to structure and function but also because i t  
precisely fulfilled the esthetic requirements of the idea of organic 
form. In the development of the cell theory we witness the trans­
formation of esthetic presuppositions into scientific knowledge in a 
manner that parallels Kant's statement that the sense of beauty 
is an aid to the discovery of truth. 12  

1 1 .  1\ uscfu! discussion o f  the relation ofGoethe\ scientilic thconcs w hi� poetry is t o  be found in 
Salm 1 9 7 1 .  

1 2. R:ttcrbush, 1 968, PP- ·33 34- Thr: establishment of the cell theory also meant the triumph of 

atomism in ninetcenth�century biolog-y. But the cd! theory has been transformed in an organismic 
paradigm and filis a diAt·t-cnt role_ Development of the eel! theory was an important nodal point in 

the history of the mechanist-vitalist controversy. The crisis in embryology rooted in the Roux'" 
Driesch expcrinwnts of tbc late nine-teenth cent uno and resulting in a nonvitalist organicism in de­
velopmental biology must be seen in a nuanced and complex historical context. The debate 
between Mueller and Schwann was only partly over the former's avowed vitalism. The basic di:;­
:lce,recmcnt hing-ed on the rtl<ttion of part to whole, the issue that is ;!I<;<) central to the later embryo­

logical debates. Mudler in>i'>tnl tl1<1t the nature of each part 1s iDAuenced by its relation to the 
whole; Schwann sought causes only at the level of the smallest organic elements (sec Schwann 
tH.-J.7 and Muelkr r839} 
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Ritterbush sees the reduction of ideal form to objective knowledge of 
biological structure as a fundamental paradigm that makes the "pro­
cess of biology a coherent sequence from the cell theory to DNA" (p. 
34) . The paradigm of the objectification of organic form is not identical 
to the organismic paradigm that became explicit in this century. Never­
theless, the two are closely linked and both have been important in 
transforming our notions of the structure-function dichotomy in 
science in general 

Several workers of late nineteenth- and early twentieth-century 
biology are important from the perspective of both paradigms. For 
example, the German embryologist Hans Driesch was instrumental in 
breaking the limits of a too simple mechanism in biology and in preci­
pitating the crisis leading to a nonvitalist organicism. But he violated 
the mandate of the concretization paradigm in postulating an entelechy 
as the director of developing form. He relapsed into the ideal, and if 
anything, weakened the aesthetic appeal of his explanations. D'Arcy 
Wentworth Thompson ( I  86o- I 948), British biologist and classical 
scholar, also is relevant to both paradigms. I n  his treatment of the 
theory of transformations, he il luminates the geometrical relationships 
that exist between closely related species. Treating the transformation 
of fields as a whole, he concretized the notion of type and also applied 
systematic criteria ( 1 9 1 7) .  

The focus of this study is a period of crisis and reformulation of basic 
concepts in experimental embryology and cell biology. The two major 
concepts sketched above, that of the significance of metaphor in a revo­
lutionary change of paradigm and that of the progressive concretization 
of aesthetic dictates, together form the core of the analysis. Three 
principal scientific workers have been chosen fOr careful consideration : 
Ross G. Harrison, Joseph Needham, and Paul Weiss. Ross Harrison 
( I  870 - 1  959) was a pioneer in the construction of a modern organicism 
in distinction to the old vitalisms and mechanisms. Trained at Johns 
Hopkins with W. K. Brooks and at the University ofBonn with Moritz 
Nussbaum, H arrison brought experimental embryology to Yale in 
I 907, where he remained until his death. His extraordinarily rich scien­
tific career included development of tissue culture, a technique that he 
used to demonstrate the nature of nerve outgrowth ( 1 9 1  7b ) .  His major 
work was an analysis of the establishment of the axe..s of symmetry in the 
developing limb bud and inner ear of the newt. His keen interest in 
problems of pattern and symmetry led him to one of the most beautiful 



CRYSTALS, FABRICS, AND FIELDS 

experimental treatments of form problems on the "biological level" 
ever undertaken. Harrison 's experimental work and perceptive analysis 
of its i mplications establish him as a primary foundation stone in the 
edifice of molecular biology, especially as molecular study is concerned 
with problems of function, structure, and integration of whales and 
complex systems. Harrison's work spans the years of crisis in develop­
mental biology in the first q uarter of the twentieth century and termi­
nates as the new paradigm was becoming firmly established in the I 930s 
and I 940s. His work was rooted in the fertile mechanistic school of 
Entwicklungsmechanik (developmental mechanics) and developed into a 
mature tree transcending the old metaphors and programs. Harrison's 
work on the limb bud helped lay the foundation for the controversial 
field concept that informed so much biological work in the I 930s. The 
concept of the field, considerably modified since the I 930s, still supports 
the organismic paradigm today. Also, H arrison's associations with 
Hans Spemann, the German worker on the "organizer" in amphibian 
development, and with Paul Weiss i llustrate the role of paradigm com­
munities sketched by Kuhn. From the perspectives of the transforma­
tion of the mechanistic crystal analogy to apply to hierarchies and fields, 
of participation in pivotal paradigm communities, and of his central 
concern with the form problem in development, Harrison stands as a 
critical figure for a nonvitalist, experimental approach to modern 
organismic frameworks. Yet Harrison also is refractory to analysis in 
terms of paradigm revolution ; he is a subtle blend of the old and the 
new, the continuous and the discontinuous. 

Joseph Needham (b. I goo) , a student of the father of British bio­
chemistry at Cambridge, F. G. Hopkins, saw as his major scientific task 
the union of the areas of biochemistry and morphogenesis. He viewed 
both fields as absolutely essential to a proper understanding of the 
central problem of developmental biology, that of form and pattern. 
Following the discovery by Hilde Mangold and Hans Spemann in the 
1 920s that a piece of the dorsal lip of the amphibian blastopore im­
planted in the blastocoele of another embryo so as to be in contact with 
ventral ectoderm results in the formation of an organized secondary 
embryo, Need ham worked with C. H. Waddington and Dorothy Need­
ham on the chemical nature of lhe "organizer."  He remained con­
vinced that structure and function, form and chemical composition, 
were inseparable and could be dealt with experimentally without the 
old dichotomies. Even though the original problem of the organizer 
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and induction remains unsolved and even ignored, his vision has been 
vindicated many times over in the concerns and achievements of 
modern developmental biology. Needham was a Christian socialist 
impressed with the logic and philosophy of dialectical materialism as an 
alternative to the static systems of mechanism and vitalism. He was also 
influenced by the organic mechanism of Alfred North Whitehead and 
perceived that the revolutionary developments in physics and psycho­
logy in this century were pregnant with significance for the guiding 
principles ofbiology. Organization and organism became the dominant 
themes of his work. Need ham provided one of the first full statements 
of the organismic paradigm. 

Beginning with World War I !  and a position in Chungking as liaison 
between Chinese and British scientists, Needham's major interests 
shifted to the history of Chinese science and technology. He abandoned 
direct experimental work in the early 1 940s to pursue his historical 
questions. Thus the period of interest for this thesis extends from Need­
ham's dissertation work in I 925 on the metabolic behavior of inisotol 
in the developing avian egg to his insightful publications with A. S.  C. 
Lawrence and Shih-Chang Shen in 1 944 on the anomalous viscosity 
and flow birefringence of protein solutions taken from embryonic 
tissues at critical points in development (Lawrence, Needham, and 
Shih-Chang). From the beginning of his scientific life, Needham was 
acutely interested in the philosophical and historical dimensions of 
science. His writings up to the early 1 930s on mechanism and vitalism, 
culminating in the important Terry Lectures of 1 932 ( 1 936),  are a 
valuable record of the nature of the controversies of that period. He 
has continued since that time to  publish papers on the philosophical 
status oforganicism, one of the most interesting being his study ( 1 943) 
of the significance of Whitehead for biology written in 1 9 4 1 .  He has 
also continued to note in provocative papers the progress of his old 
direct scientific interest, the chemical nature and specificity of the 
organizer ( 1 968). The problem is indispensable for a full understanding 
of the ties between chemistry and morphogenesis. 

l f  Harrison pioneered in laying the ground work for a biological 
organicism and Ncedham explicitly stated the implication of the para­
digm, Paul Weiss (b .  t 8g8) has spent a life time constructing a fu ll 
organismic conception of biology and the organism. Weiss, born and 
educated in Vienna, studied both engineering and the life sciences. He 
brought the S';''Stems concepts of engineering to the problems posed by 
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the developing embryo ( r g25b) .  Drawing on the fertile analogy from 
physics, Weiss developed the field concept for developmental biology 
( r925) . His early work on the regeneration of limbs led him to the 
concept of "resonance," highlighting a system of interaction between 
peripheral and central nervous structure and function. He has worked 
on problems of nerve growth, pattern of outgrowth under various con­
di tions in tissue culture, organ formation as a cooperative product of 
cell and cell matrix i nteraction, neuroplasmic flow in nerves, and 
numerous other fundamental problems of morphogenesis and function. 
His experimental \Vork on cell shape and movement and interaction 
has been constantly informed by an appreciation of the organism as a 
system-whole. Weiss exemplifies the biologist who takes organization 
as his basic problem, rather than as a verbal solution to profound 
questions. 

Weiss, like Needham and Harrison, is instructive on the nature of 
paradigm communities. His connections with the work and thought of 
H arrison date from before his r g3o work at Yale. He currently partici­
pates in a community of scientists, the Alpbach group, from several 
fields working out organismic or structural paradigms. Needham's 
connection with the Theoretical Biology Club has already been men­
tioned. C. H.  Waddington, a member of that fascinating group of the 
r g3os and eo-worker with joseph Needham on the chemical nature of 
the organizer, took part in the Alpbach Symposium with Weiss. 
Waddington, with his concepts of genes and pattern and ofchreods, or 
structured pathways i n  development, perhaps more than anyone else 
has built the foundation for viewing developmental biology as a struc­
turalism related philosophically to the psychology of Piaget and 
anthropology ofLevi-Strauss. The organismic paradigm with its associ­
ated metaphors has permeated the heart of modern science ( Piaget 
tg67a, 1 967b) .  

Harrison, Needham, and Weiss also demonstrate the role of aesthetic 
factors in suggesting experimental work and directing its in terpretation. 
Weiss has explicitly analyzed the relation of art and science in a provo­
cative later article, "Beauty and the beast" ; r 955) .  Our study will look 
carcfUHy at the progressive concretization of aesthetic notions resulting 
trom the thought of all three men. 

I t  is possible at this point to be more explicit about the questions and 
plan of the book. Is it legitimate to hold that a major new paradigm 
developed for embryology in the r g2os and I 930s) If so, what are the 
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fruitful metaphors and models and how do they differ from the key 
images of the previous period ? What is the nature of the crisis generated 
by the normal science preceding the postulated revolution ' How do the 
new· pa radigm communi ties develop and function ? What are the 
weaknesses of the paradigm notion for embryology' Finally, what is 
the relation of the organismic paradigm in biology to developments in 
other sciences? I t  is possible to maintain that branches of physics, 
mathematics, linguistics, psychology, and anthropology have all ex­
perienced revolutionary and related changes in dominant philosophical 
perspective. The primary element of the revolution seems to be an 
effort to deal with systems and their transformations in time ; that is, to 
take both structure and history seriously without reducing whales to 
least common denominators. Organization and process become the key 
concerns rather than last ditch incantations. 

But before looking directly at the work and intellectual allegiances 
ofHarrison, Needham, and Weiss, it is necessary to analyze the nature 
of the mechanism--vitalism controversy in order to put i t  in historical 
context. The next section looks at the years from about 1 850 to 1 930 as 
years of crisis in biology. Theories of tropisms, physiology, biochemis­
try, developmental mechanics�-all illustrate both the triumphs of 
work conducted under the mechanistic program and the strains leading 
to the new paradigm. The major long-standing dualities in biology-­
structure--function, epigenesis- preformation, form-process-have all 
been reformulated as a result of the crisis. The section following the 
historical survey deals with four  basic elements of the organismic para­
digm. First is the primacy of the form problem, then the roles of symme­
try, polarity, and pattern concepts in the old and new metaphoric 
systems. Third, the nature of the fiield-particle duality is examined 
with emphasis on the resolution offered by a nonvitalist organicism. 
Finally, the relationship of organicism in biology to structuralism as a 
philosophy is considered with the focus on the fundamental concept of 
organizing relationships. The following three parts of the book con­
sider in detail the work of H arrison, Needham, and \IVeiss. The con­
clusion evaluates the adequacy of the paradigm idea in discussing 
change in biology and finally differentiates among 1-larrison, Needham, 
and \Veiss in their degree of adherence to the organismic paradigm. 

Brief HistorzcaL Sketch 

I n  d iso VVilhelm Roux was born in Germany. Setting up a program 
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and a method for the experimental analysis of development within 
a mechanistic world, he was to see himself as the Descartes of 
embryology 1 3  But before considering his program and its effects on 
embryology, it is necessary to look at the long and complicated interac­
tion of mechanism and vitalism. In  this way it will be possible to under­
stand of significance ofRoux's school ofEntwicklungsmechanik. 

Joseph Needham in his article "Hunting of the Phoenix" sketches 
the oscillations of mechanism and vitalism in biology ( r gs r a) . 1 4  His 
version of the history has been chosen to emphasize his conception of 
revolutionary change in his own work. In a curious sense Paracelsus in 
the sixteenth century is the father of both the vitalistic and mechanistic 
modulations of the machine rh em e. He gave birth to modern chemistry 
through the school of iatrochcmists that followed him. But side by side 
with his views on "chymical medicines" was his development of the role 
of "archaei," or spirits, as governors of the chemical processes. The 
fund amen tal ambivalence of Paracelsus was prophetic for the historical 
and logical development of the mechanism--vitalism controversy. 

The seventeenth century saw the full flowering of the mechanical 
corpuscular philosophy. This was Whi tehead's "century of genius,'' 
producing Nevvton, Leibnitz, Descartes, Harvey, Boyle, Galileo, 
Francis Bacon, Pascal, Locke. ()n and on the list grows, including 
virtually all the names a liberally educated person would recognize in 
the history and philosophy of science until the mind-shaking develop­
ments in contemporary science. There is good reason these are the 
names remembered, for the seventeenth century articulated and en­
throned the paradigm and its metaphoric system, which reigned until 
this century. In Kuhn's terms, and consonant with Needham's views, 
the intervening 200 years were a time of puzzle solving. The core of the 
paradigm was summed up by Robert Boyle, author of the Sceptzca{ 
Chemist of I CSo, " I  do not expect to see any principles propos'd more 
comprehensive and in telligible than the Corpuscularian or IVIechani­
cal ."  The seventeenth century gave science a method, a metaphysic, 
and a cohf'rent fabric of expectation that was forcibly exploited in the 
following centuries. It is difficult to choose a single man from that cen-

1 3  . .Janc !\1. OppC'nhcimcr drew thi� analog-y in a con,.er-;ation on July 20, 1970. 
q. !\:luch of the analysi� tha! fo!!O\,·� is scmmsly O\·crsimp!ified_ Mechanism and vita!ism have 

den·!opt'd in Oiolog)· �ince thf earliest recorded observations of the Greeks, bu t I feel that the 
simplificalion is l egitima11· in highlighting the particular crisis of the late nineteenth and early 

twentieth centuries. For a recent useful <>ummary of the period, see Co!eman 197 1 .  

.i-· 
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tury as the most influential, but surely Rene Descartes would be hard to 
pass over. He is instructive too for the current of ambivalence in mecha­
nism that expressed itself in various vitalistic reactions. Descartes 
clearly provided for a transcendent principle to plan and service his 
machine. His dualism was complete, and his mechanic was as necessary 
logically as his animal-machine. (Descartes 1 955) .  When his successors 
tried to banish the substance of mind and to construct a monism of 
mechanical materialism, the ghost in the machine reappeared just 
often enough to spook the factory workers and technicians.15 No argu­
ments of logic would banish the vitalists, because the issue was essen­
tially not a logical one. The metaphor and its rationale led to a vitalism 
as surely as it led to a mechanism. The mechanists continually embar­
rassed the vitalisls by solving difficult puzzles on mechanical principles, 
and the attitudes of the vitalists often enough made their suspect status 
well earned. But the splits of mind and body, structure and function, 
efficient and final cause were never sutured during the reign of corpus­
cular philosophy. 

The late seventeenth century saw a wave of reaction to rigid mecha­
nism in the anima sensitiva of the chemist-physiologist Georg Ernst 
Stahl. But the eighteenth century was again dominated by discrete bits 
of matter in blind motion. Vitalists in this context often had a richer 
view of the organism. l\llan a Machine by Julien de la Mettrie, physician 
of the Enlightenment monarch Frederick the Great, was an expression 
of full, naive materialism applied to the workings of the finest timepiece 
of all, the human body. I t  is ironic that current excitement with timing 
and rhythm in nature might owe a great deal to the mechanical clock 
metaphor of Enlightenment science. If anything, the anonymous 
answer Man more than a Machine only served to emphasize the strength of 
the machine paradigm. The pair of articles from the eighteenth century 
provided the images and inspiration for Need ham's /1![ an a lvf achuu: 
written in 1 928, in which he sums up his neornechanism of those years 
( 1 928a) . His own realization of the implications of the new organicism 
dawned gradually. 

The nineteenth century was to witness the triumph of mechanistic 
explanation in biology but also ironically the birth of the strains that 
\Vere to contribute to a major crisis. Yet the strains are not so surprising 

15 .  Kot'stler HJ67- l !  is imtructi\'e to note that Kocstlc-r is a friend of Paul \Veiss and was the: 
organiler of the A!pbach Symposium. Howc\Cr, Koc�tler's and Wadding-ton's views difkr ,]gnl­

ficantly, especially on genetics. 
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from Kuhn's perspective of normal science generating its own contra­
dictions for the new synthesis. Needham singles out two important 
developments of the century as critical to the power and acceptance of 
mechanism : the synthesis of urea, an organic molecule, by purely 
chemical means by Wohler in 1 828 and the demonstration by Atwater 
and Rosa in 1 897 that the law of conservation of energy applies strictly 
to animal metabolism.16  Also, by 1840 explicit atomisrn had been 
triumphantly established in biology by the cell theory. Dalton's atom 
did the same for chemistry. By 1 859 Darwin had published his Ongin of 
Species, a work that was in many ways suspect to the archmechanists of 
biology (Sachs, Loeb, and Roux). But the Origin represented a kind of 
thinking very compatible with the corpuscular world view. Natural 
selection was not unlike the invisible hand of Adam Smith. The free 
play of forces and the lack of internal constraints and organizing rela­
tions were central. The Enlightenment's ideal of untrammeled reason, 
progress, and materialism was pervasive in the biological as well as in 
the social order of things. 

It is instructive to look at the situation in Germany in the mid-nine­
teenth century, for it will be in a German context that the neovitalist 
Driesch will pose a fundamental challenge at the end of the century to 
Roux's Cartesian prophecy for embryology. The Mechanistic Quad­
rumvirate ofHelmholtz, Ludwig, Du Bois-Reyrnond, and Brucke swore 
a mutual oath in  I 845 to explain all bodily processes in mechanistic 
terms. This group did not make its mechanism a final metaphysic and 
tolerated various philosophical stances outside biology. But the step 
from method to metaphysic is an easy one. The medical materialists of 
the 1 85os took the step in no uncertain terms. Jacob Moleschott, Lud­
wig BUchner, and Carl Vogt are "remembered for their outrageous 
dicta that man is what he eats, genius is a question of phosphorus, and 
the brain secretes thought as the kidney secretes urine. ' 1 7  At about the 

J 6. "Hunting of the Phoenix,'' in 1931  a, p. 1 1 5. However, full application oft he law of comcrn­
tion of energy to animals had actually been demonstrated by Max Rubncr in r8g3. The csscntJa] 
content of the law was already widely accepted, and R;,�bner felt compelle-d to justify his extcnsi\c 
efforts ( 1 894). Also, the synthesis of urea did not have the critical effect Need ham ascribed to ir, 
having more to do with the perplexity over the intricacies of organic catalysis than with the d1suw­
tion betwt:cn vitalists and mechanists. Liebig interpreted Wi:ihlcr's discovery in terms of .1 clear 
separation of catalytic and vital processes (see Samuel 1972). Origin of form. not chemical corr.­
po�itiorr. W<'!S the real issue for vitalism and mechanism (see Brookc 1 g68). 

1 7 .  Lo;:b 1964 .. The quote is from Fleming's introduclion, p. ix. For a discussion nfimporta;11 
issues in physiology and biochemistry relevant to this dissertation. <cc the introduction by Fredcric 
L Holmrs toJustus Liebig's Animal Chemistr_y ( rg64). See also Gabty ; 1�l74-), for <1 discussion oftlw 
philosophical basis of mid-nineteenth century reductionism. 

l 
I 



PARADIGM AND METAPHOR 2 I 

same time, Rudolf Virchow, the celebrated physiologist, published 
"The mechanistic conception of life. " 1 8  

I t  was i n  this atmosphere thatjacques Loeb ( I  859- I924) developed. 
Tormented by a deep need to resolve the issue of free will and deter­
minism in human action, Loeb found a solution in his doctrine of 
animal tropisms, first elaborated about I 88o. He was a student of the 
plant physiologist, Julius Sachs, at the University of Wurzburg. 
Another of Loeb's teachers, Adolf Fick, had been in his turn a student 
of Ludwig and Du Bois-Reymond of the Mechanistic Quadrumvirate. 
Sachs developed the concept of plant tropisms.19  Loeb became the 
apostle of the significance of the new physical chemistry for explanation 
in biology. The important contemporary experiments of Arrhenius on 
electrolysis were vital to his own work on osmotic phenomena in  
animals. The power of Loeb's approach is important as  an illustration 
of the high tide of mechanism in biology. 20 

I n  1 9 1  I in Hamburg at the First I nternational Congress of Monists, 
convened by Ernst Haeckel, Loeb gave a speech printed in the following 
year as The Mechanistic Conuption of Life. I n  that address Loeb outlined 
his theory of tropisms. It is interesting that in the body of the talk he 

18. J. S. Haldane's opinions later in the cernury on the secretion of oxygen by lung tissue made 
him a vitalist; it is amusing to speculate what his opponents would have thought had he proposed 
that the brain secretes thought. Even modern membrane physiologists would hesitate to postulate 
the precise mechanism of such active transport. It might be noted too that Feuerbach held opinions 
similar to the medical materialist� on the nature of man and nutrition. 

Virchow and the medical maKrialists related their scientific doctrines directly to their radical 
socialism in opposition to the Prussian state-. An important chapter in the history of science must be 
concerned with the relation between social and scientific commitments. It has been noted that 
Needham, a socialise was an influential organicist who was explicit about using dialectical 
materialism in science. Gary Wcrskey, lecturer at the Sciene<· Studies Unit of the University of 
Edinburgh, has written a provocative dissertation about the important British socialist scientists of 
the 1930s,J D. Bernal, L. Hogbcn, Ncedham,J. B. S. Haldane, and others 

19 .  A tropism is an obligatory movement made by an organism in a response directly propor­
tional to a physical stimulus such a.� light or gravity. The debt ofLoeb to Sachs is only one example 
of the dose relation of botany to the development of embryology. Ross Harrison was deeply in­
debted to lx>th Sachs and Gottlieb Haber!andt, who first tried to culture the cells of higher plants 
Jane Oppcnheimcr also makes a strong argument that Harrison was influenced early by Hermann 
VOchting, an investigator of plant polarity (se.e Oppenheimer 1967, p. 1 10). Harrison's lifelong 
associate, Sally Wilens, ICels there is insufficient evidence in the Harrison papers for VOchting's 
influence 

20. In this essay oversimplified example;; from physiology have been incorporated for several 
reasons. Mechanism wa� hi:;torically more fruitful fOr physiology than for embryology . .Jacques 
Locb form� one link between the two sciences. Also, the physiologist.J. S. Haldane was important 
to Nccdham'sjudgments on mechanism and vitalism. Finally, Wilhe!m Roux saw himself apply­
ing the powerful tools developed in a mechanistic framework, l<.mg well-exploited in physiology, to 
the problems of embryology 



22 CRYSTALS, FABRICS, AND FIELDS 

never states precisely which organisms he means when he says that 
"animals" respond in a certain way to light. The animal machine was 
a powerful abstraction 21 He worked on the coelenterate Eudendrium 
and the marine worm Spirographis, showing that they turn to light just 
as positively heliotropic plants do. Such determinisms under1ie even 
the most complex phenomena, including those of that other great 
abstract entity, the "will." 

A second aspect ofLoeb's work more directly relevant to embryology 
is his investigation of artificial fertilization and parthenogenesis. 
Flemming states that the demonstration of the possibility of raising 
healthy sea urchin larvae without participation by the sperm "was 
the feat that captured the imagination of the world" (Loeb I g64, 
p. xxiii) .  Physical factors alone could trigger all the complex processes 
of development. 

Work proceeding from the concept of tropisms generated the con­
tradictions and strains that were to contribute to the approaching crisis 
of mechanism. By I 894 C. Lloyd M organ in England had developed 
the concept of trial and error in animal learning. It was H. S . Jennings, 
an American student of animal behavior and author of several papers 
on mechanism and vitalism in biology, who used the concept of trial 
and error against Loeb's conception of tropism. J ennings believed that 
his work flowed from Loeb's lead in the objective analysis of behavior. 
Yet in I go6 Jennings demonstrated that many lower organisms did 
not display true tropistic behavior but rather showed spontaneous 
activities until a chance course of action relieved distress. Pure deter­
minism did not explain even the behavior of simple animals.Jennings's 
work hardly toppled mechanism, and he rejected all vitalism vigorously 
(Loeb I 964, p. xxxvii ) .  But the refractory nature of animal behavior 
to inclusion in the pure machine paradigm was an important backdrop 
in the development of organicism. 

Before organicism was born, many outstanding biologists went 

2 1 .  Locb 1964, p. 29. The identification Loeb actually gives is, ' 'l found the same phenomenon, 
i.e. positive heliotropism, in sessile animals, e.g. certain hydroids and worms." In another section of 
the paper he discusses similar experiments on a beast with eyes and muscles and the power of move­
ment in response to light. In no place in the paper from the speech or its illustrations is the animal 
identified even as to phylum. The point to be made is similar to the famous one made by Wpitehead 
in referen(:e to mechanistic physics. To consider simple location as the fundamental reality is not 
"wrong,'" it is a case of misplaced concreteness. Loeb expresses the tremendous abstract nature of 
his creed; the paradigm of progressive concretization oft he conception� ofanima! form and process 
�uffers. 
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through a stage of neovitalism. Ncedham felt that three workers in 
particular had deserted the straight and narrow and had invited the 
demon back into tlie machine oiled and put in running order by the 
energetic craftsmen of mechanism : J. S. Haldane, E. S. Russell, and 
Hans Driesch. Haldane was a physiologist, Russell a student of animal 
bchavior, and Driesch an embryologist. Biology owes to all three a 
great deal of fundamental work. None of the three judged mcchanist 
analysis adequate to explain the phenomena he dealt with daily. 
Haldane, who with J .  G. Priestly did a basic analysis of animal respira­
tion ( 1 935) ,  developed the idea of "nostalgia." He emphasized the 
wholeness of the organism and the inadequacy of mechanism to account 
for purposeful behavior and, specifically, for the unity of the life history 
of the organism ( H aldane r g3 r ) .  His nostalgia was perhaps analogous 
to the eo natus of Spinoza. The charge of vitalism is difficult to maintain 
against Haldane, but i t  is certain he was struggling through a period 
of dissatisfaction with the metaphors and explanatory power of the 
machine paradigm. But he did not formulate a clear, alternative 
organicism. As Needham observed, Haldane tended to let the word 
organization take the place of a definite program of experiment and 
intellectual framework ( 1 932 ,  p .  r r o ) .  

Russell, in  attempting to bridge the mind-body split of  post­
Cartesian science, emphasized the directive character of organic life. 
His mistake came i n  seeing direction i n  terms of a future state of the 
organism instead of in terms of the present configuration of the whole 
system. This perspective was classically Aristotelian. The nonvitalist 
organicists, although deeply indebted to Aristotle, insisted that form 
had to he explained ·via process, not the reverse. Russell had no system 
of transformations for complex whales, but again his service was in 
refusing to cover up strains in mechanism with naive abstractions. 
The metaphor of the machine was unsatisfactory. The alternative 
appeared to be either vitalist or nebulous (Russell r 945) . 

Hans Driesch is the most important neovitalist for the purposes of 
this work. Operating from strict mechanistic expectations and under 
the influence of Roux, he was driven to construct an elaborate mechanic 
for the embryo, a recmergence of Aristotle's entelechy. But to give 
greater depth to the theories of Driesch and the program of Roux, i t  
would be helpful to  look again at the significance of physics and 
psychology for biological explanations and at the logic of the machine 
paradigm. 



CRYSTALS, FABRICS, AND FIELDS 

Two critical periods in the development of physics for explanatory 
principles in  biology are obvious. The first is the seventeenth century, 
which witnessed the appearance of Newton's Princrpia in 1 687. The 
essentials of the corpuscular and mechanistic philosophy were a 
distinction between primary and secondary qualities and a reliance on 
an associationist empiricism in epistemological questions. Causal 
analysis was the method of success, and the unity of science rested on 
the hope of reducing all explantions devised to deal with phenomena 
in the natural world to the fundamental principles of mechanics (laws 
of matter in  motion) .  I t  is a truism to note that biology felt i tself a 
secondary science, one sadly behind sophisticated physics. The 
program of Roux to begin full causal, physical, and mathematical 
explanation for embryology was an expression of both his confidence 
in the machine paradigm and his sense of the inferiority of the previous 
approaches of biology. If  the machine analogy were not held to apply 
rigorously, at least explanation had to be "physical-chemicaL" As 
was evidenced by Clerk Maxwelrs development of electromagnetic 
theory in the nineteenth century and even by the scandal of Newton's 
gravity, physics itself was not totally contained with in the strict 
machine analogy. But  the assumption ran strong that the basic 
principles necessary for real science were all i n ;  to say that explanation 
must be in physical-chemical terms but not necessarily reduced to one 
branch of physics, mechanics, was a slight modification. Physics and 
chemistry were throughly mechanistic, in hope if DO! fact. 

Then the certainties of physics shattered in  the twentieth century. In 
1 925 Alfred North Whitehead published his Science and the Modern 
f-1/orld, in which he outlines the events of the second critical period for 
biology. I f  field theories alone had not, relativity theory and then 
quantum mechanics had broken the axis of the machine analogy for 
physics. Even the ultimate elementary unit of matter, perfectly 
describable by the device of primary qualities, was doing unexpected 
things and directing trusted, intelligent men such as Whitehead, a 
mathematical physicist, to think in terms of organization, wholes, and 
internal relations. Reductionism no longer seemed simple, because 
physics and chemistry themselves were outgrowing the mechanism 
that made this form of reduction ism so attractive. The fOundation for 
the unity of science would have to be sought elsewhere. 

All these observations are very simpleminded. However, it IS 

necessary to remember that biology could not have developed a 
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respectable organicism until rigid determinism broke down in physics 
and minds were freed to feel the strains and contradictions of naive 
mechanism. For anyone in the eighteenth century to have felt  that 
biology might be more fundamental (not just blessed with archaei, 
which is cheating) than physics would have been absurd. But that is 
exactly what J .  S .  Haldanc thought in the late nineteenth and early 
twentieth centuries. He was accused of being a vitalis t ;  he was only a 
bit unclear. But Whitehead too insisted that the unity of science was 
based on organic "events" rather than simple atoms ; he was some 
what clearer. C. F. A. Panti-n's recent treatment of restricted (physics 
and chemistry) and unrestricted ( biology and geology) sciences is a 
full flowering of the directions made possible by 1 925.22 As Kuhn 
noted, a crisis in  a paradigm could not lead to abandonment of the 
paradigm until an alternative was available. Biology could not 
seriously explore an organicism in response to its own crises until its 
relation to physics was changed. 23 

22- t g68, p.24 
"In fact, the relations of the S<"iences is that of a multidi mcnsional network with nos� relations, a' 

illustrated by geology and biophysics. One can sec a general decrease in complexity a� one 
passes from geology or biology to physics, though the complexity is not of the same kind in all the 
complex sciences. The simplicity of the physical sciences, combined with the attention given to 
them because of their immediate powerful technical conseq ucnC"cs, i-; the cau'iC of their rapid 
success. Intellectually magnificent though dw attack on them ha� bu·n. the probkms they present 
arc easier than those of the geological and biological science�. 

"There is one real, and graded, distinction between sciences like tlw bwlogic, and the physical 
sciences. The former are unrestricted sciences and their investigator lnU\t be prepared to follow their 
problems into any other science whatsoever. The physical science�, rts they are undcntood, arc 
restricted in the field of phenomena to which they arc dcYoted_ They do no1 require the in\'c�tigawr 
to traverse all other sciences. But while this r-rstriction is the 1-Msi� of th(·ir -;uccc,,, bccausc oft he 
introduction of this restricted simplicity of their field v>'c cannot n'�ce;sari!y take thl'm or thcir 
methods as typical of all the sciences_" 

23- Developments in psychology have closdy paralleled those in phv�i<"s The ay,ociationi'>l, 
empirical tradition from Locke and Hume gave an analysis of perception appropriatc to a duah�­
tic, mechanistic physical science. The development of Gestalt thinking and ftdd analogic\ b\ 

\'Volfgang KOhlcr in psychology in this century is imponam 10 org;;ni'anic thinking in biolog\ 
Also, the revolt against the tcnel5 of refkx theorieo by men S11ch as Kun Gold<;trin <1nd then h\ 
Mcrleau-Ponty, who owC"s a large debt to Go!dstein, is illustrative of the rdauomhip" among type. 
of thinking simultaneously emerging in physics, biology, and f-l-') chology in the fii"t quarter of the 
century. Perception it�clfcomes to be seen as an organized cvem or whok. and traditional subyn 
object sphL� come to be seen as inappropriate approaches to psycholo;.?)<:a! phenomena. Perhap' 
l\1ichad Polanyi, in his Personal Knowledge and Tacit Dimenswn, comes < io�l''it <Hnong rontemporan 
thinkns to an adequate theory ofktwwledge for an organismic biology. Of exceptional importance 
for undcrstanclin_e; the structure of thought in apparently di._·erse b\Jt contemporary !ldd:> j., 
Michel Foucault's 7Jie Orderof Thwp,s ( 1 970,1 
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Let us look more closely at the characteristics of the machine para­
digm as i t  was adopted in biology. The Austrian systems biologist 
Ludwig von Bertalanffy wrote a book called Kritische Theorie der 
Formbildung that appeared in  English ( translated by J .  H .  Woodger) 
in 1 933  with the title Modern Theories of Dwelopment. From the perspec­
tive of his own organicism, Bertalanffy sketched the essence of the 
mechanistic-vitalistic position in developmental biology in the early 
twentieth century. At least two meanings of mechanism have to be 
distinguished. The first meaning is that biological laws must ultimately 
be expressed in physical--chemical terms ; this position is reductionism 
in the sense that physics is the foundation of science. Nothing is directly 
said about the nature of physicial--chemical theory to which biological 
explanation must be reduced. I t  is obviously futile to argue against 
the prediction that a future body of theory will or will not comprehend 
a given set of phenomena. As Whitehead observed early, physics itself 
now has vastly different conceptions of organization, causality, and 
determinism and thus of fundamental explanation. When the very 
categories of explanation being contested are abandoned, reductionism 
becomes simply a false issue. 24 

The second meaning of mechanism might be less crucial than the 
controversy over reductionism to logical problems in the philosophy of 
science, but i t  is probably more relevant historically for early twentieth­
century embryology. This form of mechanism states that the organism 
is a machine and its opera

.
tion can be explained by the principles of 

mechanics. The issue of machine design is not considered directly any 
more than the issue of mind is handled satisfactorily by a materialistic 
monism that is ultimately rooted in Cartesian distinctions.25 But just 

24.  Of modern philosophers or science Erne:;t Nagd has dealt most extensively with reduc­
tionism and claims of biology to autonomy. He remark.� that it is illegitimate to deny in principle the 
red union of biology to physics and chemi�try simply becau�e present physical-chemical theory is 
inadequate fOr the reduction. However, 1\agel doc:s not give sufficient auention to the nature of the 
organismic paradigm_ If physics and chemistry must deal with concepts of structure, regulation, 
field, organization, hierarchy, and history, it is originally biological concepts that become most 
basic. But in fact. nothing is being- reduced, and Pantin's distinction of restricted-unrestricted 
science is much more fruitful (see Nagd t g) I )  

25. Michael Polanyi treats the problems ofmachinc design i n  a particularly creative way. Th�: 
essen<ial notion is that of boundary conditions. a concept critical to any structuralism_ Machine5 
and organisms both ·work on higher principles than those of physics and chemistry; both arc 

hierarchical systems of dual control. A higher level impo<;B boundaries on a system with degrees of 
freedom left by operations oft he lawer leveL ' "Hr;ncc the existence of dual control in machines and 
livin.>!; mechanisms represents a discontinuity between machines and living things on the one hand 
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as materialisms are counterbalanced by elaborate idealisms, reliance 
on the machine analogy itself elicits various vitalisms. The suggestive­
ness of a particular metaphor is the central aspect of the old machine 
theory in biology. 26 

The character oft he analogy is based on cutain fundamental points. 
The most critical assumption can he labeled the "additive point of 
view." Bertalanffy describes the perspective as follows : 

Chemistry analyses bodies into simple constituents, modecules, 
atoms, electrons ; the physicist regards the storm which uproots 
the tree as the sum of the movements of all particles of air. . . .  In 
the same way the physical-chemical investigation of organisms has 
consisted in the attempt to analyse them into elementary parts and 
processes . . . .  The additive standpoint is expressed most clearly 
in the theory of the 'cell-state,' the attempt to resolve the living 
body into an aggregate of independent constituents, its total 
activity into cell-functions. I t  found its classical expressions in the 
machine theory of Weissman, in which it  was assumed that the 
egg contains a collection of developmental machines for the various 
organs which unfold themselves independently of one another and 
in this way form the mature organism. I n  the �ast resort, me­
chanism must try to resolve the action of the organism as a whole 
into single [emphasis added] physical-chemical processes. [ 1933, 
PP· 3 2 -33] 

Ern est Nagel is correct in pointing out the potential ambiguity of lhe 
word sum in such passages ( '95 [ ) .  But the principal meaning can be 
described adequately. The parts of the machine are simple, unor­
ganized, and not intrinsically altered if installed in  a different place in 
the mechanism. The machine probably would not work if parts were 
in terchanged, but  even if  it did one still should not talk about position 
effects and true regulation. Perhaps the parts were similar enough 

and inanimate nature on the other, so that both machines and living mechanisms arc irreducible 
to the laws of phv�ic� and chemistry." The relationship corresponds to Pantin's restricted-unre­
strictnl d istinction in the sciences. "Each level relics for its operation on a!! the levels below it 
EMh r<�ducc."i the scope of the one irnmcdiatcly below it  by imposing on it a boundary that har­
nesst�� it to the :;er\'ice of tlw next h igher -level, and this control is transmitted stage by stage, down 
to th<" basic inanimat�.: level" (sec Polanyi 1968). 

26. One is not (onc.emed here with machine in the sense of computers and self-rcgulaung 
nwduni�ms. VVhethcr such machines are part of a mechanistic or organismic biology is a separate 

and <on1p!icncd question 
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already to act in one another's roles. If regulation is an impermissible 
concept, one expects to find preformed parts and mosaic patterns in 
developmental machines (eggs and embryos). Organization then 
means only the configuration of preformed parts and rigid processes of 
the machine. The concept itself cannot be analyzed further without 
running into contradictions to the basic mechanistic perspective. Thus, 
sum means aggregate without additional principles or regularities speci­
fied or necessary to explain the animal-machine's operation. All 
"organizing relations" are external inJ H .  Woodger's sense. An inter­
nal relation implies that the "parts" themselves are different depending 
on whether they are in or out of a particular context. 27 

Vitalism of a quasi-metaphysical kind is in opposition to mechanistic 
materialism as a philosophy, but i t  is not in opposition to the machine 
theory. I t  merely notes processes of regulation that appear in animal 
machines and postulates machine designers and mechanics. The 
rrachine analogy is not challenged by a wider meaning of organization 
or by a refusal to operate from the additive perspective. 28 

With a fuller appreciation of the nature of the machine analogy 
embedded in  the mechanistic paradigm, it  is time to look more closely 
at developments in embryology. The controversy that demonstrated 
most clearly the inadequacy of the simple machine analogy for biology 
centered around problems of determination and regulation in the 
embryo. 

In the r 87os Wilhelm His attempted to turn German embryology 
away from its excessive formal concern with type and phylogeny. Such 
concerns were largely the result of the immense influence of Haeckel 
and his revival of .Naturphilosophie coupled with his advocacy of Darwin­
ism. The earlier work of Pander and von Baer had been unexploited 
despite its great potential for an analytical embryology. His espoused 
mechanical explanation for such events as the folding of the medullary 
plate. He met strong opposition to his approach and did not support it 
with a firm experimental commitment. He made so-called model ex­
periments but did not make the decisive experiments on the living 

·27. Woodgcr 1 93oa (Q Re1:. Bwl . . ) : I -·22) .  
:28.  BcrtalanAY 1933, P·H· The mosr sympathetic and ample treatment of vitalism mav be 

Johannes M uc!ler's in his Element of Physiolo.gy ( r83g, p. 20). 'Life, therefore, is not simply the result 
of the harmony and n:ciprocal action of these parts; but is iirst manifested m a principle or impon­
dcrabk matter which is in action in the substance of the germ, enters into the composition of the 

matter of this germ. and imparts to organic combinations properties which cease at death." 
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organism itself. August Weisrnann prepared the ground for the fully 
experimental school of Roux with the publication in I 874 of his treatise 
on the germ plasm, Das Keimplasm. I n  it he developed a theory of deter­
mination based on pre-formed particles parceled out during develop­
ment. V\leismann's theory was a pure modern prcformationism. I t  had a 
major impact on young Wilhelm Roux, who began his research into the 
physiology of embryological development from a central question 
about the extent and nature of self-differentiation. He early refuted 
( I  885) the W. PAuger hypothesis that gravity affected the plane of 
cleavage of the frog egg and concluded that the causes of bilateral sym­
metry must lie within the egg itself. 29 Hans Spemann notes in his 
Silliman Lectures of I 938 the background for Roux's famous pricking 
experiments on the two-cell-stage frog embryo ( I  938) . The next 
question was whether those facts that had been established for the whole 
egg with regard to its surroundings would also hold true for all its parts 
with regard to one another, whether�and to what degree-their 
development also is self-differentiation. To answer this question, Roux 
excluded one part of the egg from development and tested the remain­
ing portion for its capacity for development. Roux's famous pricking 
experiment exercised an enormously stimulatirig influence on future 
research (Spemann I 938, p. t 8) .  In I 888 Roux placed a hot needle into 
one blastomere of the two-celled frog egg, thereby killing it (Roux 
I 8go). He assumed that killing the cell prevented it from influencing 
the remaining cell. 30 The remaining cell developed into a half-embryo 
deficient in those parts that would normally have been contributed by 
the dead blastomere. This experiment led directly to Roux's mosaic 
theory of development. "According to this theory, all single primordia 
stand side by side, separate from each other, like stones of a mosaic work 
and develop independently, although in perfect harmony with each 
other, into the finished organism" (Spernann I 938, p. 20) . It is impos­
sible to miss the pointed imagery derived from the machine paradigm. 
The ultimate simple unit did not get involved in entangling "internal 
organizing relations. "  

29. The entire discussion on His, Weismann, Roux, and Driesch draws \wavily on Oppenhci· 
mer 1 gG7. See Churchill ( r g68) fOr further discussion of \Veismann. 

30.  Note here the power of the mechanistic paradigm in conditioning: expectations. Roux did 
not really expect pans to influence one another substantially. A method for complerc!y separating 
amphibian blastomcres was not successful until 1 895, when End res did it for the newt egg. He got 
two complete small embryos. In 1 9 1 0  the two bla�tomcrf".<; of Roux's frog egg were finally succrs'­
fully separated 
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Roux had set embryology on its experimental, analytical course as 
early as r 8 8 r  in his Der Kampf der Thei/e im Organismus.31  The title fore­
shadowed his deep interest i n  dependent versus independent differen­
tiation. Despite Roux's mistrust of Darwinism because of Haeckel's 
exploitation of it in Germany, his analogy of struggle among parts was a 
Darwinian i mage. The image relies on a mechanistic paradigm wider 
than its use by any one worker. Roux i n  his autobiography of 1 923 

acknowledges his  heavy debt to Descartes. H e  wanted to show that a 
causa/nexus operated in embryology and that the proper method to 
establish causal connections was the analytical--empirical one. His 
paradigm was constructed within the larger framework of mechanism 
in physics and provided a program for research that was hardly to be 
soon exhausted. 3 2  The prolific school of Entwicklungsmechanik in­
spired men such as Spemann, Harrison, and Holtfreter1 an impressive 
list of embryologists. But the paradigm was soon to show the strains that 
would undermine i ts basic assumptions. Even all three of the above men 
contributed significantly to the articulation of an organicism having 
nothing to do with traditional v italism and transcending Roux's 
machine perspective. 

Expecting only to confirm the previous results of Roux on the frog 
egg, in r 8g I Hans Driesch performed his famous experiments of separa­
ting the first two blastomeres of the sea urchin egg. He dramatically 
describes his expectations in his Gifford Lectures of r go8 ( r gzg) . He 
shook the sea urchin egg until the connections between the two cells 
were severed. Each cell, instead of developing into a good half-embryo, 
formed a perfect but small complete embryo. Driesch's words are worth 

3 1 .  The complete title in English is The struggle of parts in the organism_ A contribution towards the 
completion if a mechaniwl theor_.Y if teleology 

32. Roux did not feel that all biological explanation had to be in exclusively physical-chemical 
terms i mmediately. Realization of that hope lay in the future. I nvestigation by analytical methods 
of phenomena on the biological level was appropriate and neccssa'Y in the interim. Qualitative 
investigation often had to precede quantitative. It is also important to note that Roux, especially in 
his early days, was not totally defined by his ncopreformationism, mosaicism, and sdf�ditfcrentia­
tion theories. He had a full rich set of <JUestions for the embryo, though all those questions still 
acquired meaning through their relation to the mac hint: paradigm. For example, Janc Oppcnhei­

mer notes Roux's work on environmental influences on the egg ( I  R84 · I  Rg I )  and on the relation of 
developing parts to one another ( I  8�H) (sec Oppcnheimer I967, pp. 66 -72 )_ These later experi­
ments were on cytotropisms that influenced Holtfreter's later work ( 1 939) on aggregation and 
disaggregation of cells. Roux was a friend of.Jacques Loeb, advocate of animal tropi>ms within a 
mechanistic deterministic framework. Locb, needless to add, heartily approved ofRoux's program 
for embryology. 

' . . 
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quoting because they show the strength of the mechanistic paradigm 
expectations that later throw light on his turn to the mechanic, the 
entclechy. 

The development of our Echinus proceeds rather rapidly, the clea­
vage being cornplcte in about I S  hours. I q uickly noticed on tht 
evening of the first day of the experiment, when the half-embryo 
was composed of about two hundred cells, that the margin of the 
hemispherical embryo bent together a little, as if it were to form a 
whole sphere of smaller size, and indeed the next morning there 
was a whole diminutive blastula swimming about. I was so con­
vinced that [ should get the Roux effect in all its features that, even 
in spite of the whole blastula, I now expected that the next morning 
would reveal to me the half-organization of the subject once more. 

But things turned out as they were bound to do, and not as [ 
had expected ; there was a typically whole gastrula in  my dish the 
next morning. :l3 

The sea urchin eggs ofDriesch had done what a good machine should 
not : they had regulated themselves to form whales from parts. Driesclt 
was led to develop a concept of equipotential systems in which function 
is dependent on position within the whole, not on any mechanical 
preformation of parts. Embryos for Driesch were radically indeter­
minate. That both Roux and Driesch were "wrong" about determina­
tion from the perspective oflater work is oflittle importance. The battle 
lines were drawn. The machine paradigm had failed Driesch, but rather 
than abandon it, he resurrected the mechanic. His logic was impecca­
ble, and until I 930 the embryological world occupied i tself with trying 
to exorcise Driesch's demon. However, no spell was entirely effective 
until the concepts of regulation and of whole could be dealt with outside 
the machine paradigm. And perhaps this power is the major contribu­
tion of the ncvv organicism to embryology. 

Before turning to the work ofRoss G·. Harrison in an attempt to show 

33· Nn:dha.m quotes the same passage in Order a.nd Life ( 1 936. pp. 51 · .)"2) in a di fferern ron tc.', (, 

that ofdisrus�ing the root'i (>fa wpographi�":a! conception of the "deployment of biological order ' 
Drie<.ch introduc,·d dw cnnrcpt� or pr<,spcnive p•Jtcncy and prospective 'ignificance as a result uf 

his c..:xperimems. Potency i-; grc<Jter th;m normal �igm!icancc As she did hr Roux,Jane Op pcn!wi­
IllCt descri bes for Drinch hov ... · broad h1� in terests and work in em bryoloKy were. They extended f"ar 
beyond the cxpenrncnts filr which the two men arc remembered. Oppenhei mer di�cu�scs Drie�ch \ 
s t rong nMtni:di'>tJC an aly'ii\ in several <HCJ.•; of his 1 894 Ana/vlnchr Theorir dr•J orr;nni<,chm f,-11/lmd· 
!unl'. ·:�ct: Oppcn!:cilll("r tq6i', pp. 72 · 78} 
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how he laid the foundation for a nonvitalist organicism, it is necessary 
to understand clearly how we shall use four sets of concepts. They are 
form ; symmetry, polarity, and pattern; fields and particles ; and organi­
cism as a structuralism rather than a vitalism. After some essential 
remarks on the history of the word organicism, the next section will deve­
lop the last of the raw materials for the ensuing investigation. 
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The Elements of Organicism 

Moreover, when any one of the parts or structures, be it which it  may, 
is under discussion, it must not be supposed that i t  is its material 
composition to which attention is being directed or which is the object 
of discussion, but the relation of such part to the total form. Similarly, 
the true object of architecture is not bricks, mortar, or timber, but the 
house, and so the principal object of natural philosophy is not the 
material elements, but their composition, and the totality of the form, 
independently of which they have no existence. 

Aristotle 

Ich Krystall. 

Paul Kke 

Is the organismic point of view a single, coherent perspective, or is 1 he 
term merely a convenient cover fOr diverse biological doctrines? Vv'hat 
really is the organismic paradigm? How and vvhen did it appear in 
biology' Before studying the abstract elements of organicism --form ; 
symmetry, polarity, and pattern ; fields and particles--it is enlightening 
to review the chronological development of the term and its associated 
notions. All varieties of organicists trace themselves to Aristotle, espe­
cially to his intense appreciation of teleological explanation as a 
complement to material explanation, but  recent organicists see their 
immediate lineage in diverse sources. Morton Bcckncr maintains that 
only in  the twentieth century has it been possible to distinguish organi­
cism as a doctrine from the varieties of vital ism ( 1 969, pp. _'l4-9 5 1 ) .  
Vitalism and organicism share basic q u estions and positions. From a 
negative point of view, both maintain that the study of the parts does 
not suffice to explain the bchavior of the whole. The methods and 
conclusions of other sciences, in particular physics and chemistry, are 
held to be applicable to organisms but radically insufficient .  Second, 
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the form of the whole is important in embryological development, 
animal behavior, reproduction, and physiology. By whatever means, 
the properties of the whole are as essential in determining the nature 
and behavior of the parts at each stage in the life cycle as vice versa. 
Last, both organicists and vitalists stress the teleological behavior of 
organisms : there is at least the appearance of goal-directedness and 
design in biological phenomena. These properties ensure that biology 
is an autonomous science, not a postscript to physics. The idea of 
autonomy will be explored i n  chapter 6. Nevertheless, organicists and 
vitalists differ fundamentally on where they locate the root of wholeness 
and consequent regulative behavior of organisms. Vitalists of all hues 
assert some nonphysical entity-either a nonquantifiable vital force 
like Driesch's entelechy or some basic difference between "vital sub� 
stance" and ordinary matter. Organicists insist that wholeness, di­
rectedness, and regulation can be explained fully without such notions. 

Several lineages have been proposed for organicism in recent biology. 
The American zoologist working at the Scripps Institute in California, 
W. E. Ritter, concentrates on French and American contributions to 
the perspective ( 19 1 9 ) .  Beckner cites Ritter as Lhe first modern or­
ganicist, noting his introduction of the term organismalism to represent 
the idea that "the organism in its totality is as essential to an explanation 
of its elements as its elements are to an explanation of the organism." 
Ritter called nature a "system" (p .  x) and thought it was important 
for a hiologist to try to develop a general theory of natural knowledge 
in order to show the integrated character of the whole world-animate, 
and mental. Using the polar opposition of Aristotelian organismalism 
and Lucretian elementalism, Ritter examined the history of biology 
from the late eighteenth century. In  turning to the great schools of 
comparative anatomy in France, he found that Georges Cuvier's con­
cept of type necessitated studying organs as parts of the whole. His 
doctrine of correlations aimed at enabling the investigator to recon­
struct the whole from intimate understanding of the smallest fragment. 
Geoffroy Saint-Hilairc continued the tradition in his theory of analo­
gies, which tried to illuminate the whole through the relations of anato­
mical parts of diverse organisms. That Geoffroy and Cuvier considered 
their own ideas and methods to be deeply opposed did not concern 
Ritter. 

Ritter next mentioned a group of biologists working in the first two­
thirds or the nineteenth century that included C. E. von Bacr, C!aude 
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Bernard, M, Bichat, W, His, and £, PAuger. I n  his treatise L' Hiriditi 
(Paris, 1 903) ,  the French author G,  Delage called these workers 
''organicists. ' '  

Ritter attached little importance either to  Delage's label or  to  the 
organicists' ideas as ancestral to his own. In fact he viewed the work of 
Bich<it on tissues as supportive of the elementalist conception, especially 
as that doctrine was strengthened by the cell theory of Schwann, I n  
Ritter's opinion, Theodor Schwann's stress o n  the cell as the funda­
mental unit of the organism underlay the regression of organismal 
perspectives from 1 840 to 1 890, I n  the r 89os there was a revival of the 
organismal point of view, but  it seemed to have little to do with the 
work of the French anatomists of the earlier period, Rather it arose 
de novo from the consequences of the inadequacy of the elementalist 
approach in applying the cell theory to individual development, Ritter 
recognized that Roux and Driesch were testing the powers of the 
elemental parts. The American zoologist interpreted their results as 
the failure to explain ontogeny by cellular phenomena alone, 

Leaving the great school of developmental mechanics at that point, 
Ritter turned to a group of American embryologists to make the case 
for the next step in  the advancing organismal biology : C ,  0 ,  Whitman, 
E. B ,  Wilson, and F, R, Lillie, Around the turn of the century these 
men critically examined the cell theory in relation to development, 
although none went far enough for R itter's taste, Nevertheless, these 
embryologists represented the stirrings of a physiological period ; that 
is, a study of development and correlation from the functional side, 
paralleling the structural organismalism of the comparative anato­
mists, A little later, C, M, Child's doctrine of physiological equili­
�rium represented significant work from the organismal point of view. 
I n  other areas of biology Starling's study of hormones and C. S. 
Sherrington's ideas of the nervous system extended the approach Ritter 
so favored. 

Ritter cited but gave little attention to a book written in 1 9 1 7 that 
sketched similar ideas but recognized different intellectual debts. The 
American L .  J. Henderson, later important to the development of 
Joseph Needham's organicism through his Fitness of the Environment 
( 1 9 1  3 ) ,  discussed the history of vitalism and mechanism in an intriguing 
philosophical context in Order of Nature ( 1 9 1  7 ) .  Henderson maintained 
that the concept of organization first appeared explicitly as a problem 
and postulate in scientific research in the nineteenth century. The idea 
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of organization evolved from the old notion of function in physiology. 
With Cuvier, organization become an explicit, conscious concept. I n  
physiology, a t  least from the time ofjohannes Mueller, organicism was 
differentiating itself from vita!ism. I n  embryology Aristotle's old con­
cept of internal teleology of the organism Jay at the heart of von Baer's 
biological philosophy. Henderson, like Ritter, cited Delage's use of the 
term organicist to cover VOf.l Baer, Bichat, and later Claude Bernard. 
Unlike Ritter, Henderson considered Roux's school of developmental 
mechanics as a keystone in the experimental study of organization and 
integration. Ross Harrison's evolution tO\Vard organicism seems rooted 
both in this view of Entwicklungsmechanik and in his connection with 
the concerns of American embryologists such as E. B. Wilson. That 
Harrison, \tVilson, Conklin, and other American experimental em­
bryologists were all students of W. K. Brooks at Johns Hopkins was 
surely important to their shared concerns. Harrison's later, more 
explicit organicism was connected to Needham and Weiss through 
developments to be sketched in detail later. Finally, Henderson out­
lined the progress of the organismic approach along several indepen­
dent lines : experimental morphology, physiology, and the study of 
metabolism. He cited such men as Roux, Sherrington, Pavlov, and 
Cannon. Henderson concluded with the opinion that contemporary 
studies of organization only translated the Aristotelian idea of internal 
teleology i nto a concrete experimental focus on self-regulation. 

A second book published in 1 9 1 7  but ignored by Ritter was the 
Englishman J. S. Haldane's Organism and Environment, based on a 
course ofSilliman lectures at Yale ( I  9 1 7) .  Haldane insisted that neither 
vitalism nar mechanism was appropriate to the explanation of the 
nature of coordination of physiological activities. He is  perhaps the 
first to choose deliberately to call h imself an organicist : "It has been 
suggested to me that if a convenieni label is needed for the doctrine 
upheld in these lectures the word 'organicism' might be employed. 
The word was formerly used in connection with the somewhat similar 
teaching of such men as Bich&t, von Baer, and Claude Bernard. CfG. 
Delage, L'Heredite, Paris, r go3, p. 435" (p .  3 ) .  Haldane made no 
effort to trace a specific lineage for his views, but spent his time arguing 
that understanding wholeness necessitated paying attention not only 
to parts of the organism in relation to the total but also to the organism 
in relation to the environment. As pointed out in chapter I ,  Joseph 
Needham was profoundly unimpressed by Haldane's organicism, 
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calling i t  a form of neovitalism because i t  left words such as organization 
so vague. 

A second Englishman is also important as an early modern organicist, 
E. S. Russell, another ofNeedham 's neovitalists. 1 Without citing Rittcr, 
Russell sketches his biological position and his opinions on intellectual 
ancestry in a chapter entitled "The Organismal Point of View." Like 
all the other organicists, he differentiated his views from both mechan­
ism and vitalism, insisting that in particular Driesch's entelechy was 
useless in explaining biological organization. For R ussell the notion 
of the organism as a unified whole could be traced in a line from 
Aristotle through Kant, then to the Driesch of 1 9 1 2 , and finally to 
J S. Haldane from 1 9 1 3  on. Russell saw the essence of the organismal 
view in its starting poin t :  the fundamental unit of biology is the whole 
individual organism. Like all other organicists, Russell prefers philo­
sophical realism. The basic objects of the natural world to which 
knovdedge refers are given, at least as much as created for specific 
human intellectual or practical purposes. He traced his own ideas 
from what he called his methodological vitalism of 1 9 1 1 through a kind 
of psychobiology to the positions of his 1 930 book. The problem of 
mind and direction of animal behavior and development most occupied 
Russell. He believed that the views of S. Alexander, General Smuts, 
and C. Lloyd Morgan converged with his own. He succinctly stated 
the purpose of the organismal conception : 

I t  gives us a unitary biology, in which the abstractness and ex­
cessive analysis of the materialistic method are avoided ; it allows 
us to look on the living thing as a functional unity, d isregarding 
the separation of matter and mind, and to realize how all its 
activities--activities of the whole, and activities of the parts, right 
down to the i ntra�cellular unitics-subservc in cooperation with 
one another the primary end of development, maintenance) and 
reproduction. [ < 930, p. 189] 

So far we have seen Americans and Englishmen claim priority in 

; Ru<:scll 19y1. Thl: C(Hlfu�ion over whether hl label a pcr'>on a vitali�l or organici'>l will be 
cx_amrncd in the concluding chapter. Some philosophers and hiswrians of scicnt:c· claim there i:, 
l ittle disti ncuon But frorn a Kuhnian pcrspccti�-e, it make� a great deal of di fference whet het 

organicisrn i-; seen a'i a continuation of vitalism, making the con<emporary organioq rcduc<ioniq 
dd)alts equivalent to the older vitali�t - rnechanist opposition, or whether both current labcb in the 

deb:Jie H'fHCscnt !'undarncntal change-; in perspective {see Hein r g ] 2 ) .  
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developing modern organicism ;  each writer created his intellectual 
history to il luminate the significant aspects of his own thought-a 
typical paradigm-building practice. But still another individual was 
to press his paternity rights. Ludwig von Bertalanffy, who will be met 
yet again because of his importance for the particular organicism of 
Joseph Woodger and Needham, wrote that he was the first to have 
developed consistently the organismic perspective. Beginning in I g26, 
he proposed organicism, using the term explicitly in I g28 in Kritische 
Theorie der Formbildung, as an alternative to mechanism and vitalism 
( 1 952 ) .  2 For Bertalanffy organicism was necessary to accomplish three 
specific jobs in biology : appreciation of wholeness (regulation ) ,  or­
ganization (hierarchy and the laws proper to each level) ,  and dynamics 
(process; later, behavior of open systems) .  After asserting his own 
originality, Bertalanffy listed others he fel t  were working along or­
ganismic l ines ; the large number i n  diverse fields was evidence of the 
importance of the intellectual transformation. He cited Ritter and 
Russell but gave references from I 928 for Ritter, not I 9 1 9. 

At least three and perhaps four broad groups of organicists must 
then be distinguished. The German-speaking lineage included von 
Ehrenfels and Kohler (Gestalt ) ,  van Bertalanffy, and Paul Weiss. The 
English form two sub groups : Haldane, Russell, Morgan, and Smuts 
on the one hand and Woodger, Needham, and Waddington on the 
other. The Americans included Ritter, Henderson, and in a less philo­
sophical, more experimental way, E.  B. Wilson and R. G. Harrison. 
lVIention should be given to a separate development among Marxists 
that came through Hegel, Engels, and Marx and flowered in Soviet 
biology of the 1 920s and early 1 930s. These workers will be mentioned 
again in connection with Needham's intellectual affini ties. Perhaps 
these rough divisions constitute separate paradigm groups in the 
Kuhnian sense. But across the national and individual differences, 
these men hold common views and address themselves to common 
problems that they fel t  the older perspectives dealt with poorly. All saw 
vitalism as part of the mechanistic paradigm rather than opposed to 
it because both were l imited by the same images and metaphors. The 

2. Paul VVeiss claimed he was responsible for Bertalanffy's initial appreciation of the systems 
nature of development and behavior. Conversations took place between the two in 1927, at the 
same time \'\lei� was preparing has Morplwdynamik_ The constant concern over priof1ty in develop­

ment of modern organicism highlights the generally perceiYed 11nporrancc ol' the intdknual 
tr.m�formations taking place in many area<; of science <H the �ame time 
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�-

� organicists saw themselves as a new phenomenon working at ideas and 

t experiment' made possible only very recently by internal developments 

! in biology and by salient intellectual transformations in other sciences, 
r. including physics and political theory. But  this is not the place to reach 

final conclusions on the nature of paradigm groups or the adequacy of 
Kuhn's model in dissecting these interesting developments in biology. 
Rather it is time to adopt another approach, to explore the basic 
insights that made organicism a viable alternative approach to the 
organism. In the final chapter we will retuin to an examination of the 
organismic paradigm, or perhaps paradigms, in relation to mechanism 
and vitalism and to the perplexing dichotomy between organicism and 
a sophisticated neomechanism. But the remainder of this chapter will 
explore the elements of organicism most important to following the 
work of Harrison, Needham, and Weiss and to placing them in a 
broader intellectual context. 

From an organismic perspective, the central and unavoidable focus 
of biology is form. Every other consideration of the biological sciences 
leads up to the task of at last stating the laws of organic form. Form is 
more than shape, more than static position of components in a whole. 
For biology the problem of form implies a study of genesis. How have 
the forms of the organic world developed > How are shapes maintained 
in the continual flux of metabolism ? How are the boundaries of the 
organized events we call organisms established and maintained ? Two 
areas of biology illustrate in an especially acute way the problem ofthc 
genesis of forms : evolution and embryology. Biological forms are 
grown, not assembled piecemeal. That simple fact hides the immense 
difficulties of accounting for the genesis of a species or of an individual. 
This book has focused on em bryologv during a period of paradigm 
change because here the importance of history for the content of the 
science itself cannot be avoided. Both stability and the emergence of 
novelty must be probed. The ancient debates about the nature of 
causality for biology and about the autonomy of biology from the 
physical sciences hinge on an understanding of the genesis of organic 
form. 

In the early nineteenth century t he poet Coleridgc differentiated 
organic forms from mechanical ones according to five criteria. First, 
the origin of the whole precedes the differentiation of the parts. The 
whole is primary ; the parts are derived. Second, the form manifCsts the 
process of growth by \vhich it arose. Form and process are essentially 
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linked, logically and historically, in organisms. Third, the organism 
assimilates various components into its own substance ; the elements 
are subordinated to the whole. And fourth, the outward aspect of 
organisms is determined from within, by in ternal processes (Ri tterbush 
r g68, pp. 20· 2 1  ) . 

Form, according to the Romantic conception, embodies all the 
relations of the organism and expresses the whole and its internal 
organizing principles. R itterbush argues that the Romantic conception 
is essentially the starting point for modern biology, not in the sense that 
the poets provided acceptable biological explanations or laws (which 
they surely did not ) ,  but in the sense that the artist and biologist face 
a common problem : creation of novelty and fundamental appreciation 
of the nature of organic form. Ritterbush points out that Goethe was 
among the first to use the term morphology, a word that has come to 
mean the study of shape and structure as intimately related to the 
processes governing form and function. Goethe remained supremely 
uninterested in the material substratum and processes that are ob� 
viously the soul of the matter for a biologist, but  he laid out intel­
lectually and aesthetically important parameters relevant to the science 
that followed him.  3 

At different critical points in the history of biology, the allegiance to 
concepts of organic fOrm, borrowed heavily from poets and artists, 
guided the scientist's resolution of theoretical and empirical matters. 
I will attempt to demonstrate one such period in the first quarter of the 
twentieth century. Other examples alluded to have included the devel­
opment of cell theory, satisfactory elucidation of the phylogenetic 
relations and structure of coelcntcrates (T. H. Huxley), and the 
dynamic and geometric analysis of shapes of organisms and their parts 
( D'Arcy Thompson) .  The essential relationship between biology and 
art should not surprise anyone. At the very beginning of biology as a 
systematic study, Aristotle drew heavily on the analogy of artist, 
artisan, and organism. The "totality of form," the composition of the 
elements in to a functioning whole---- these features gave meaning to a 
study of the animal. For Aristotle organic form was not limited to what 
we call the animate world ; a11 of nature exhibited the characteristics 
of wholeness and organization. I n  contemporary biology, once again 

3· Rittcrbush tg68, p. 7- Dr. E_ J Bocll, who hold> the Ross G_ 1-larrison ChJ.ir of Zoology at 
Yale, point-� out that Harrison was a devoted reader ofGocthe <J.nd quoted him often. 
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the pit separating animate and inanimate dug in the late Renaissance 
with the reaction against Aristotelian science is being bridged. The 
construction of a virus particle is being analyzed according to architec­
tural principles Aristotle would recognize. Formal cause, material 
cause, and even final cause combine to produce an understanding of 
the structures, particles, and intimately related functions of these 
elegant biological crystals. 

As j .  C. Kendrew points out, modern molecular biology, especially 
in its study of viruses, has thrown light on the intrinsic relationships of 
information to conformation ; genetics and genesis of form are at last 
converging. Ken drew calls genetics the storage of information in one 
dimension (the sequence of bases of DNA) that is transformed into the 
three-dimensional structures of the organism in development. The 
reference to dimension, structure, and transformation shows strongly 
the relation of molecular studies to the essential organicism of con­
temporary biology (Kcndrew r g68) .  

The connection of art and biology is forged by more than the Aris­
totelian analogies. Aspects of symmetry and asymmetry and construc­
tion out of fibers, spheres, and helices are also integral to the bond. 
Toulmin and Goodfield note that Nchemiah Grew's analysis of the 
structure and form of plants rested on an analogy between the organism 
and the fine fabric or tissue of woven fibers. Tissue metaphors have 
been critical to an understanding of muscle fibres and more recently 
of microtubules and mierofilaments. Albreeht von Hailer forthrightly 
states that "the fiber is for the physiologist what the line is for the 
geometer" (Toulmin and Goodfield r gb2, p. 39 1 ) .  The globular image 
important for the cell theory was an alternate early analogy for the 
fundamental structure of matter. These strongly visualizable forms 
arc more than props for the imagination ; they have been intrinsic to 
explanations of basic properties oflife. 

Goethe fel t  that vision was the primary sense, the door to under­
standing organic form. Poetry and painting alike depended upon 
visual imagery and pleasing repetition of fundamental units. Goethe's 
interest in painting, optics, charting, and microscopic study vvere all 
aspects of his strong visual sense. Many of the visual aspects of modern 
scicllce-----charts, graphs, diagrams, spheres, and helices in molecular 
models, trees of life, fibers-owe much to Goethe's perception that 
"organisms could be reduced to schematic representations not j ust on 
the basis of comparisons one with another, but through the relations 
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of their bodies of part to whole" (Ritterbush 1 968, p. 6) .  Perception of 
part-whole unities was founded on a visual capacity. 

Agnes Arber and C. F. A. Pantin are two contemporary writers who 
have again emphasized the strong relationship of art to biology rooted 
in the problem of form and the primacy of vision. In this context both 
thinkers refer to the illativc sense ofJohn Henry Newman as the corner­
stone of the metaphoric consciousness in biology. The illative sense in 
science is related to taste in art, that is, to a sense of the appropriate. 
I t  is knowledge fused with emotion and interwoven with sense images. 
Both problems and resolutions, in biology as in art, arise initially in 
some way "from the system of images b y  which we represent the world 
in our minds" ( Pantin 1968, p. 1 27 ) .  Arber observes that the intuition 
arising from the aesthetic and emotional predispositions of the scientist 
can be spurious and can disintegrate under the pressure of experiment, 
the auto-da-fi of all fine theories. But no true questions would exist 
without the intimate interplay of image, science, and art (Arber 1 95+) . 
The illative sense is indispensable to biology's approach to the riddles 
of form because "it initiates a powerful emotional drive towards the 
solution of the problem, perhaps through the unconscious perception 
that some part or all of that system of images by which we represent the 
natural world to our mi-nds, and which is the basis of our common 
sense, is about to undergo metamorphosis" ( Pantin 1 968, p. 1 2) . Pre­
cisely such a metamorphosis of image was occurring in the work of 
Harrison, Needham, and VVeiss. Their attention to aesthetic standards 
and the problem of form was no accident. 

Ross Harrison did not write directly about aesthetic issues, but his 
entire life's effort, in its content and its form, betrayed his adherence 
to dictates similar to the artist's. Victor Twitty, a student of Harrison 
at Yale, wrote of his mentor in his book Of Scientists and Salamanders : 
" I f  I had to identify a single factor that made Harrison's work grea[, 
I would do it in terms of esthetic considerations. He was constitutionally 
incapable of leaving a project until ail its pieces had been fitted into 
a unitary whole whose composition met his artistic requirements" 
( 1 g6G, pp. g �- 1 o ) .  Harrison was dealing with questions abou1 under­
lying asymmetry in organisms, about the foundation of basic polarities, 
and about the course of development of organ fields. 

Since the present focus is the nature of biological fOrm, it would be 
instructive to see in detail how Harrison, in a 1 9 1 3  paper, defined the 
task of anatomy. In significant respects, his world is not far from 
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Goethe's ( Harrison 1 9 1 3 ) .  Harrison begins his pa'per with the observa­
tion that anatomy occupies a central position among the sciences of 
biology. He is concerned in his address to the American Association of 
Anatomists to revive a field that had become too formal and too ex­
clusively morphological in its methods and conception of its proper 
province. I n  the past, anatomy had been the source of biology's finest 
generalizations. 

It gave us the concept of homology or morphological equivalence 
and thereby brought order out of chaos in the matter . . .  of 
classifying organisms. In  the cell theory, as modified by Virchow 
and Max Schultze, anatomy has made a generalization of the first 
magnitude . . . .  By its accomplishment in the field of development 
it has related these achievements to one another, enabling us to 
formulate with precision the great problems awaiting solution. 
[pp. 403 -04] 

But he emphasizes that no science can live off jts past. The science of 
form par excellence is at a decisive turning point. The proper present 
concerns of anatomy include the "field ofindiYidual development, . . .  
the problems of regeneration and form regulation, the problems of 
genetics or transmission of characters, and lastly, the correlation 
of structural mechanisms and changes therein with functional activity" 
(p. 405) .  Biology seeks to understand the intcrdependencies of pheno­
mena. 

Far from seeing anatomy as a static science, Harrison stated the 
nature of this morphological science as follows : 

Anatomy must, in short, busy i1self wi1h all phases of the problem 
of organic form. It will be found that they are as fundamental as, 
and perhaps even more recondite than, are the problems of func­
tion. Recent opinion on the origin of life serves but to show how 
supposedly fundamental distinctions, as to function, between 
living and non-living matter fade when subjected to close scrutiny, 
and it  may well turn out that the morphological quality of specific 
form V\'ith heterogeneity of material, arising gradually from a 
relatively specific germ, is after all the most peculiar property of 
living matter . Organic form is the product of protoplasmic 
activit"' drld must, therefore, f1nd its explanation in the dynamics 
or l ! \  in.g matter, but it lS the �ystn�y a11d beau�y oj organic form that sets 
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the problem for us. Structure is a product of function, and yet at the 
same time, is the basis of function. The activities of an organism 
may be nothing more than continuance of those changes that 
produce development. [pp. 405�06, italics added] 

Harrison defines form as the totality of relationships of a developing 
organism. An approach to nature aided by a combination of the illative 
sense and analytic rationality is evident in Harrison's statement. He 
insists that organic form cannot be static, fixed. "A statical organism 

l-ean only be a dead organism . . .  , and dead organisms mean dead . 
science" (p. 406). 

1•. Nor can the science that investigates form rely on ideal, comparative 
schemes. Harrison spends the last part of his paper trying to obli terate 
the gulf in methodology between physiology and anatomy. The essence 
of his organicism is a new appreciation of in terconnectedness of struc-
ture and function in developing animals. He pleads for an experimental 
approach to the problem of form, for a concretization of its principles. 
I n  his emphasis on experiment and analysis Harrison is in a different 
world from Goethe. The embryologist is essentially interested in the 
precise materials and processes of development, not simply in the 
aesthetic perceptions that give his efforts meaning and motive. "Or­
ganic form must find its explanation in the dynamics of matter, and 
the distinction between living and non-living must fade.' '  Aristotle 
would approve of Harrison ; both know that the most peculiar quality 
oflife is that "morphological quality of specific form with heterogeneity I 
of material. "  The structure"�function and part-whole relations, under- � 
stood in a constant dialectic interplay, constitute the cornerstone of the 1;·· .. developmental edifice. 

Joseph Needham contributed a paper to Lancelot Law Whyte's 
Aspects of Form that sums up his long-held beliefs about the nature of If.·.· •.. •·• organic form and the methods adopted by biology to explore it (Need-
ham I 95 I ,  pp. 7 7-9 1 ) . He begins with a tribute to D' Arcy Thompson 
and a discussion of the role of mathematics in the science of form, a i 
constant thread in Necdham's writing. I f  Aristotle is most congenial I lo Harrison, Plato dominates the soul of Needham . 4  The double debt t 

4 \:ecdham i� a complex fabric of/>ristotdian and Platonic fiiKI"\ He note' that hiorhcmistr� 

ha� nwre affinitic� wi1h l\riqotle berau<,� of an i n tem<' ronsciousncs� uf matter ,  whiC"h alwa�� hc1d 
at lea�t <l minimum of/Orm in its comtituti0n from the fo ur �kments. /\nd fur the modern chcmi-..t ,  

form permeate-> t h e  whok o f t  he «ciencc. 
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e f.· is significant for the nature of the organic mechanism or nonvitalist 
n l' organicism that both men were building, Yet Needham felt there was 

something missing from D'Arcy Thompson's exclusively mathematical 
treatment, something that left the mansion of biology, sw!"pt clean by 
mathematics, open stil l to possession by demons of vi talism. 

While no one could possibly underestimate the magnitude of the 
task performed by D'Arcy Thompson, it was nevertheless, in spite 
of all its mathematical profundity, less difficult in a way than the 
problem of finding some relation between the gross morphological 
forms mani fested by living things and the specific molecular con­
stitu tions which they possess. 

The effort to bridge "this terrifying intellectual gap" was the soul of 
his own approach to form (Need ham 1 95 1 ,  p, 78) , 

Whitehead is an important phi losopher for Needham's conception 
of his task. His organic materialism emphasized the primacy of or­
ganism over atom. Therefore, "the old controversies about the reduci­
bili ty or irrcducibili 1 y of biological facts to physical-chemical facts are 
now seen to be unnecessary· if we realize that we have to deal with 
di fferent levels of organization. The task of science is to elucidate the 
regularities which occur at each of these levels . . .  " (p. 78) .  Connection 
between levels and development from one level of complexity to the 
next are the key foci of organicist biology. Again ,  form is conceived as 
the totality of structured relationships unfolded in development. Cen­
t ral to this conception are the dual categories of organization and 
energy', which arc Necdham's modern equivalents of Aristotelian form 
and matter. 

I t  remained impossible to connect biochemistry with morphology as 
long a:-; concepts of structure were poorly developed in chemistry i tself. 
Nai"ve reductionism remained a possibility if there were still some 
simple, unorganized entity in terms of which "higher structure" could 
be explained, Need ham remarks that it was possible until World War I 
to be skeptical about the reality of structure on the chemical level. He 
c i t l·s the pioneering importance of Langmuir's and Harkin's experi­
ments on monomolecular films. Spatial relations of realistically con­
ceived molecules became critical to an understanding of the properties 
of biological membranes. Analysis of biological molecules by X-ray 
crystallography added immeasurably to the appreciation of structure 
at the finest dimensions of the organism. This work dates from the I9�0s 
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study of polysaccharides by Sponsler in California. Soon after, Astbury 
and his school at Leeds began research on animal textile fibers, work 
that led rather directly to modern structural analysis of many im­
portant proteins. 

In an article entitled "Fifty years of progress in structural chemistry 
and molecular biology," Linus Pauling, a central figure in several basic 
advances in the understanding of molecular structure in this century, 
illuminates the extent and nature of the difficulties to be resolved 
before the idea of form at the most "fundamental" level was clear 
( I  9 70) _ Without the progress in understanding molecular organization 
outlined by Pauling, the new biological conception of structure­
function relationships would have remained radically incomplete. 
Pauling calls the IOO years from q8o to I 88o the period of develop­
ment for the classical theory of chemical structure. I n  the decades 
after I 88o those ideas were clarified and the principles of thermody­
namics and statistical mechanics were applied to chemical problems. 
But in 1 920 the nature of the chemical bond was largely a mystery. 
In I g26,  a year after the first appearance of the theory of quantum 
mechanics_, Pauling began to apply the powerful new theory to the 
study of the structure of molecules. Near the end of the I g2os covalent 
and ionic bonds were understood in the sense that the properties of 
molecules vvere explicable in terms of structure. Furthermore, struc­
ture itself came to be seen as a problem of systems, and so of function, 
on all levels. 

Pauling dates his direct interest in biological molecules from I 935· 
The structure of proteins was solved in the following years in  favor of 
the polypeptide chain theory -' A few years later Pauling proposed the 
fruitful  model of the alpha helix in proteins, thus clarifying the idea of 
rcp(�ating subunits as the basis of complex structure. Pauling nearly 
�}roposed the correct structure for DNA and was certainly responsible 
for laying out the principles applied so well by Watson and Crick 
(Pauling and Delbruck r g-4o) .  These concepts were crucial for non­
reductionist molecular biology, in which the paradox of field and 
particle could be approached. 

V·Vhile biophysics continued to penetrate molecular structure, many 

.'i- Don't hy \A/ rinc h, an 1mponant member oft he Tilcoretical Biology Club, had <;upportcd the 
ring tl-H:ory of protein �uucture. Her role in I\'cedham 's a ppr�ciation of molecular structure will b� 

discu's<·d more thoroughly in a la t<�r chapter 
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of its fruits were applied from the beginning. Need ham considered the 
study of muscle fibers fundamental to forging the link between form 
and metabolism. An architectural component of the muscle fiber i tself, 
myosin, was found to change shape during contraction. Myosin was 
seen at the same time as a contractile protein and as the enzyme that 
l iberated the energy necessary for contraction from ATP. Needham 
concluded that "it would seem that this state of affairs in muscle has 
extremely important implications for morphology in general and mor­
phogenesis in particular" (  I 94 I ,  p. 82) .  Physical structure was altered 
by function and vice versa. However, Joseph Need ham worked not on 
muscle, but on another aspect of the synthesis of chemistry and mor­
phogenesis. 6 He focused his attention in the I 930s on "morphogenetic 
hormones," which he hoped would reveal the nature of induction 
phenomena discovered in Bans Spemann's laboratory in Germany. 
Induction is surely much more complicated than Needham felt in 
those years, but his theoretical point rests unperturbed : "The foun­
dations of morphological form are to be sought in the proteins respon­
sible for cell-structure, and . . .  these are inescapably connected with 
the normal metabolic processes of the living cell as a going concern" 
( 1 95 I ,  p. 86) .  

Harrison's appreciation of the primacy of form was exemplified by 
his attitude to anatomy as a science, and Needham clarified his own 
position in a paper directed to biochemical aspects of form and growth. 
Paul Weiss took a more direct approach and explicitly discussed the 
relation of form in biology and art in the article "Beauty and the 
beast" ( ' 955) .  The rule of order over randomness was the foundation 
of the sense of beauty. The rule was expressed by features such as 
symmetry, repetition, and alteration of elements. Patterns were of both 
space and time, of both structure and process. VVeiss compared the 
patterns perceived as beautiful in human arufacts and in organisms 
and concluded that the perceptions were based on a common view­
point :  " I n  the last analysis, whatever organic form \'V"C view has had 
a history and has come to be what it is through scq uences of develop­
mental processes" (p .  287) . I n  concert with Gocthe and Coleridge, 
W ciss ascribed the properties of organic form to both the pn;ducts of 
human creation and the works of nature. They further agreed that 

6. His wife, Dorothy Nccdham, was an active rescan:her in m:..�sck biochcmis(ry at Cam!:Jridg<' 
Her book ( 1972) on the his tO!)' of the biochemistry of muscle contraction is indi�pcnsable. 
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the central issue was the primacy of ordered internal growth over 
piecemeal assembly of machine forms. Weiss noted that what we 
perceive as static and final is a product "of measured orderliness of the 
developmental actions and interactions by which it has come about. 
Goethe called architecture 'frozen music . '  In t!te same sense, organic 
form is frozen development;  and fOrmal beauty reflects developmental 
order" (p.  288) . He went on to discuss growth of tree rings, shells, and 
skeletal components. Various geometrical forms repeat themselves in 
the organic world. The same forms appear on Japanese scrolls, Gothic 
ironwork, and many works of architecture. Systems of lines or points, 
arranged in geometrically regular arrays, betray their rules of genesis. 
I t  is hardly surprising that Weiss found his life's work in unraveling 
rules of order in developmental biology. 

Weiss believed that physical models illuminated the patterns 
presented by organisms. He would have been at home with Bi.itschli's 
foam models of protoplasm, and he cited with approval the work of 
Runge on chemical reactions resulting in patterns on fi lter paper. 
Again we are reminded of the basic aesthetic units of fibers, spheres, 
helices, and the tissues woven from them. Orderly dynamics yields 
aesthetic design. Near the conclusion of his paper, VVeiss stressed the 
notion of emergent order, but its mystery is dissipated in favor of a 
concrete formulation. 

These same principles, however, reappear in larger dimensions 
as the self-ordering of systems of particles in cells, or cells in tissues, 
or parts in organisms, or even organisms in a group. Wherever we 
study such emergent order, we recognize it to be of tripartite 
origin, involving ( i )  elements with inner order, (ii) their orderly 
in teractions, and (iii) an environment fit to sustain their ordered 
group behavior. [p.  288] 

The world ofColeridge has come to fruition in a biological organicism. 
Problems of form grade naturally into a consideration of symmdry, 

polarity, and pattern. An understanding of these three elements is 
critical to an appreciation of nonmechanist paradigms throughoUt 
the history of biology. The significance of each component was trans­
fOrmed radically in  the articulation of modern organicism. Harrison, 
Needham, and Weiss each believed that symmetry relations 0f or­

ganisms rested on a fundamental asymmetry at the mokcular core. 
Asymmetry in organisms has h istorically been a cornerstone fOr theories 
of vitalism. Inorganic nature was widely felt to he the province of 
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regular symmetry relations ; the organic vvorld was conceived as the 
realm of extraordinary spatial forms, such as the logarithmic spiral of 
Nautilus shells and the fivefold radial symmetry of starfish. Neither 
shape can be reduced to the simple geometry of crystalline space 
lattices. Crystals manifesting simple geometrical shapes surely were 
products of the laws of chemistry and physics, but the peculiar sym­
metries and asymmetries of organisms seemed to call for unique or­
ganizing principles. 

Not only the molecules found in organisms but their spatial relation­
ships and the connection of both substance and form to function and 
growth, were at issue in decisions about paradigms. 7 In 1 826 Wbhler, 
along with Liebig, observed that cyanic and fulminic acid have the 
same percentage composition. This work laid the foundation for devel­
opment of the principle of isomerism, an indispensable step in the 
process of applying concepts of form to the chemical level. Studying 
isomerism is tantamount to studying transformations of form. But 
instead of undermining vitalistic doctrines, investigation of isomerism 
led for a time to a complex support for theories of unique, nonmaterial 
directive agencies in living nature. This support came ironically from 
the work of Louis Pasteur, remembered for his successful attack on 
doctrines of spontaneous generation. Pasteur himself did not come to 
ful ly vitalistic positions in relation to his studies on stereo-isomerism, 
but  he delineated the key terms of the controversy. 

During the years r 844--49 Pasteur worked on the optical isomers of 
tartaric acid. Chemists knew that certain quartz crystals could be 
divided into two groups whose members are related to each other as 
object is to image. Herschel had suggested in  r 820 that the difference in  
optical activity of the quartz crystals might be  related to  their opposite 
symmetries. 8 Pasteur noted that crystals of the tartarates possessed 

7. A similar mistake is made in modern biochemistry and genetics when it is assumed that know­
ledge of the genetic code automatically generates u nderstanding of pattern and form if one were 
only clever enough. The full organicisr perspective of molecular biology, including molecular 
genetics, is necessary to approach the form and genesis dimensions. A good example of an organ is­
mic study on thi.'> level is the work of Racker on genetics, assembly, and function of subcellular 
organdies (see Bruni and Rocker 1968). The Journal for Bwlogical Chemistr_y for 1969, volume 2'J4, 
r:ominucs a scric�� of articles by Rack er and his associates on reconstitution of the mitochondrial 
electron transport system and resolution of functional structures of chloroplasts. 

8_ Optical activity refe-rs to the property of certain substances, for example, a crystal of ice! and 
spar, of polarizing a beam of light passed through the substance_ Biot had observed in 1 8 1 5  that 
solutions as well as crystals were capable of rotating the plane of polarization oflight. The search 
f(n the structural basi<; of op1ical activity was the context in which Pasteur undertook his work 
on tartaric acid (s�e McPh<:Jrson 1 9 1 7 )  
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opposite planes of symmetry, similar to those of quartz. Solutions of 
tartarate made up from one type of crystal rotated the plane of light to 
the right (dextrorotatory) ,  while solutions made up from crystals of 
opposite symmetry rotated light to the left (levorotatory) .  Relating 
the effects of dextro- and levotartaric acid9 to the asymmetrical char­
acter of their molecules was a fundamental step in understanding the 
role of asymmetries in nature. 

An asymmetric compound prepared in the laboratory is obtained 
in the inactive form, that is1 as a mixture of the two optically active 
forms. But in organic nature an asymmetric compound almost always 
exists in the active form. Pasteur remarked in a speech before the 
Chemical Society of Paris in I 86o that this difference is the most critical 
distinction betvveen "living" and "dead" nature (McPhearson 1 9 1 7, 
p. 7 7 ) .  Organisms have the power to take inactive materials such as 
carbon dioxide and water and to produce preferentially one optically 
active substance to the exclusion of all other possible forms. The prob­
lem of why mixtures are not found in nature is analogous to Driesch's. 
Driesch was puzzled by the capacity of his "harmonious equipotential 
system, "  the seemingly homogeneous egg or isolated early blastomere, 
to grow into the complex patterns of the adult. The essential issue for 
Driesch became the observed power of regulation in organisms. On 
the chemical level the problem was how to account for specific asym­
metry from an indifferent starting point. 

F. R. japp, in an address to the British Association in I 8g8 on 
"Stereochemistry and vitalism," drew vividly the vitalistic conclusion : 
only a directive, nonmaterial, in telligent force would be capable of 
selecting the particular molecular dissymmetries found in organic 
nature ( I  8g8) . J app's lecture started a controversy in which the issues 
were gradually clarified. Regulation of form, on the chemical as well 
as on the whole embryo level, was again the stumbling block. By I 9 I 2  
several partially asymmetric syntheses had been achieved i n  the 
laboratory. However1 the importance of such refutations of the vitalist 
assertions was weakened by the fact that in each case some molecule 
originally derived from an organism, either an enzyme or another 
optically active compound, was used in the synthesis. Since it became 
clear that living systems could maintain their peculiar specific processes 

'::!· Here the prC"fixcs dex.tro- and leuo- refer to the spatial forms of the crystals, not to the direction 

of rotation of the plane of polarized light. It i> not necessarily true that crystals of left-hand 
�ymmetry rotatc light to the left 
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given the proper starting conditions, the problem reduced to how the 
first asymmetrical natural synthesis occurred. That is, in organic nature 
since the origin of life, "the 'asymmetric forces' of Pasteur need not be 
looked for outside the organism, for they are determined by the chemical 
system in its cells" ( ]  aeger I g I 7, p. 288) . Even the question of the origin 
of specific asymmetries lost its baffling quality in principle because 
several possible schemes for the generation of optically active com­
pounds in prcliving nature were advanced, ranging from the operation 
of an asymmetrical physical force such as gravity to the chance con­
centration of several molecules of the same symmetry determining the 
further reactions possible in a semiclosed system. In 1 894, even before 
Japp's lecture, E. Fischer had pointed out that syntheses outside living 
cells were not totally random in relation to symmetry properties. He 
felt Pasteur's original distinction between "living" and "dead" was 
too extreme. Laboratory syntheses do not yield all possible stereo­
isomers but only a few ;  thus these reactions show some preferential 
quality (McPhearson 1 9 1 7 ) .  

The final appreciation of asymmetric synthesis awaits ful l  under­
standing on a molecular level of the origin of life. The purpose of the 
above discussion \vas not to settle the ultimate issues of organic form 
but to point out the intricate nature of the problem. The discussion of 
symmetry could have focused on several questions instead of on the 
controversy over stereochemistry and vitalism. But the debate \vas 
typical and fundamental to the understanding of form in Harrison's 
approach to the postulated molecular asymmetry in the limb field, to 
Ncedham's hypothesis of anisomorphic micelles relevant to gastrula­
tion, and to \Veiss's understanding of tissue fabrics. The link among the 
three men was their use of the idea of liquid crystals, which was con­
ditioned by the approach taken to molecular asymmetry. I t  was evident 
by the early twentieth century that outside directive forces need not 
be invoked. Rather than rehashing the old arguments for mechanism 
or vitalism, the issue of symmetry on a molecular level was better 
approached from an organicist perspective. Just as the problem of 
form (development of complex asymmetry from simpler starting 
situations) was analogous f(x the embryologist and the biochemist, so 
too frui tfUl ansvv-crs transcended the former categories of organic and 
1norganic. Harrison, Necdham, and \Vciss each worked out for himself 
a vi eVI: of symmetry on a fmc structure level that was critical to his 
rhcorcticai a:nd experimental perspectives. 
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I t  is a short step from a consideration of symmetry to that of polarity. 
Here, however, the focus will 

.
be on the level of calls and embryos. 

Lewis Wolpert, a contemporary British biologist, has recently re­
emphasized studies of polarity in a way which clarifies the organismic 
paradigm ( 1 970, pp. 1 98-230) .  

Wolpert defines polarity as an ordering relationship that involves 
a system of coordinates with directional information. Polarity specifies 
direction of measurement. He reexamines the older work on hydroids 
and sea urchin embryos in order to show the rich possibilities for analy­
sis of "positional information" and "polarity potential" (p. 225) .  
Relating these properties to older ideas of fields, Wolpert attempts to 
concretize the concepts in intriguing ways. For example, he speculates 
that fields10 probably are never larger than fifty cells long and that 
time courses for specifying positional information can be closely deter­
mined with modern biochemical techniques and could be related to 
gene functioning. Wolpert highlights the importance of the old theme 
of polarity by showing how it can be approached conceptually and 
experimentally today. As he points out, little work has been done since 
the 1 920s and 1 930s that has changed biology's grasp of the issues. By 
that time, postulated mechanisms of pattern formation had been 
related, or the attempt had been made to relate them, to ideas of 
polarity, gradient, and field. The precise nature of these concepts will 
be sketched in the discussions on the approach Harrison, Needham, 
and Weiss made to pattern problems. Here it is useful to outline the 
history of the idea of polarity in developmental biology from about 
1900 to 1 940. 

Theodor Boveri's ( 1 862- 1 9 1  5) fundamental goal was to determine 
the physiological relationships between all structure and cell processes. 
Appropriately, he was among the first biologists to call attention to the 
importance of gradients and polarity in animal development . 1 1  In 

t o .  Wolpcrt defines a field a s  a system with a l l  its position a ]  information specified with resp�:c-t 
to the same point or points of reference. Wolpcrt's paper translates the language of the older 
work on pattern and polarity into systems terminology. The translation is not a trivial restate� 
ment; instead it shows that the basic premises of a biological structuralism can be found in the 
work of a generation ago. \Volpert draws heavily from Child, HOrstaduis, and Dalcq. He con· 
centrates on the fundamental nature of gradients and polarity in  biology at a time when many 
workers have lost track of tlv: form problem in the flush of triumph in molecular genetics inter­
preted from a neomechanist perspective 

1 1 .  Gradient and polarity are not synonomous, but  the ideas are usually closely rtlated. 

Polarity here rdCrs to the dncctional properties of a gradient. whether the gradient be of sub­

stances or processes 
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his I go I studies on sea urchin eggs, Boveri noted that the isolated 
upper portion was not capable of gastrulating, but the lower or vegetal 
portion could gastrulate (Oppenheimer I 967 ,  pp. 78-86 ) .  He devel­
oped the idea of a privileged region of dominance as a causal factor in 
development. Hans Spemann acknowledged a debt to Boveri's work on 
stratification in  eggs for his own ideas about gradients and polarity 
(Spemann I 938, pp. I 42 ,  34 I ) . Boveri introduced the term Gefiille, 
or gradient,  into modern biology. Spemann calls Boveri's conception 
the "general gradient theoryn to differentiate it from the narrower 
theory of Child . The essence of Boveri's theory was that "the body of 
many, if not all animals, at least in the embryonic state, possesses one 
or several axes with unequal poles along which there exists a gradient 
of some sort. The course of development depends on these gradients to 
a high degree." 1 2  

Gradients came into ful l  prominence wi th  the work of  C. M .  Child. 
His concept of activity gradients based on metabolic rate and under­
lying other phenomena of morphogenesis was popularized, particularly 
in England, by Huxley and DeBeer in their widely read text of I 934 · "  
They generalized Child's gradients into the idea o f  "gradient fields." 
Child believed there was, as a quite general phenomenon in develop­
ment, a primary cent er of activity determining a quantitative metabolic 
gradient .  New centers of activity could arise as a result of physiological 
isolation. The focal idea was that morphological structures derived 
from physiological processes (Spemann I 938, p. 325 ; Child I 94 I ,  esp. 
chap. 8 ) .  With his emphasis on activity and process, Child opposed the 
idea that intimate protoplasmic structure was the primary determinate 
of pattern. Rather, such things as crystalline structures derived from 

1 2 . Spcmann 1938, p. 3 1 8  (see also Boveri 190r) .  I t  is especially appropriate to cite Boveri 
in connection with polarity aspects of biology's form problem_ Many of 1ovcri's beautiful and 
fruitful interpretations of the role of chromosomes in heredity were based on ar1 appreciation of 
fOrm and organized structure. Boveri felt that the picture or image was essential to biology, and 
not simply a means of representation. He himself was a master draftsman and painted with con­
siderable proficiency. His emphasis on the picture was a counterinAucnce to a simplistic me­
chanistic assumption that chemistry would solve all biology's puzzles. Bovcri appreciated that 
form was no more alien 10 chemistry than to biology and that nonvitalist expianations had to 
deal with organized structures wherever they appeared. Bovcri i.'i a good example of the work1ng 
of the visual and illativc senses in science. For a discussion of his life, art, and biology, see Baltzer 
t967 

1 3 .  Child originally based his theoretical interpretations on work on hydroids and pbnaria. 
Huxley and DeBeer generalized it to apply to Spernann's system and to the amphibian egg as a 
whole-. Child seems to have accepted the wider applications of his i nterpreters. 
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metabolism. He felt that "there is, at present, no evidence for, and 
much against, the concept of organismic pattern as primarily a pattern 
of molecular structure and orientation" ( 1 94 1 ,  p. 6gg) .  Instead, the 
asymmetries of organisms were related to more general earlier patterns. 
Child criticized the analogy of crystal and organism for "putting the 
cart before the horse." He summed up his own position as follows: 
"The effective factor in development appears beyond question to be 
metabolism ; concentration gradients, molecular arrangements, and 
morphological pattern are apparently results of earlier metabolic 
patterns, though all of them: when present, may become factors in 
modifying these patterns" (p.  705 ) .  

Child's critique of the crystal a nalogy i n  biology was significant. 
H e  thought that the gradient system alone was sufficient to provide the 
organizing principles of a developing system. Believing the "whole 
is more than the sum of its parts," Child was not a traditional mech­
anist. The wholeness consisted of the gradient pattern and the relations 
of dominance and subordination arising from i t  (p. 703 ) .  Child did not 
integrate his hypothesis of process underlying spatial and temporal 
pattern with an appreciation of the intimate structure of the cell and 
organism. A key to his failure is rejection of the crystal analogy in its 
nonmechanist sense of intermediate level of organization in which 
structure and function come together without argument over priorities. 
The following treatment of Harrison should make plain how his 
conception differed from Child's. Harrison took a profitable approach 
to biological gradients and polarity that still underlies good contem­
porary work. The common criticism of gradient concepts that pervades 
discussion in current developmental biology is relevant to Child's 
framework, but not to Harrison's. 

Considerations of symmetry, polarity, and gradient are part of a 
general treatment of pactern. The single most important organizing 
principle developed in this century to treat pattern was that of .field. I t  
is impossible to delay any longer a preliminary consideration of how 
field ideas have functioned i n  biology. Alexander Gurwitsch in 1922  
was the first writer to  use the term in biology ( r g22) 14 A few years later 

q. Victor Hamburger suggested w ja1w Oppenheimer in conversation that Ross Harrison 

was probably the first to introduce explicitly the ' onccpt of fields into embryology. But Harrison 
was aiway� careful of tcrrninolog:�·- anxious to make sure a new word carried definite meaning, 
and he surely did not elaborate the major axes of fidd theory. His study of the newt limb is a 
classic instance of analysis of the structure of a field, probably still the most careful and provoc­
ative work on the subjcrL But the most dramatic field biology bdOre Gurwitsch was developed 
in the last chapter of D'Arcy Thompson's l � jj  7 On Grou-lh rmrl Porm. 

I 
I 

I 
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Paul Weiss used field concepts to  explain the results of his and others' 
work on l imb regeneration in amphibians ( 1 926) .  Weiss, having been 
trained as an engineer, brought into biology the early thinking on 
systems. Well grounded in the physical sciences, he brought to biology 
intellectual frameworks derived from the late nineteenth and early 
twentieth century study of electromagnetic fields and light-wave 
propagation. I n  addition to physics, another major source of field 
ideas for developmental biology was psychology, especially the work of 
von Ehrenfels and Wolfgang Kohler. Gestalt psychology, developed 
in opposition to the classic associationist theories of perception, stressed 
whales and regulation, the two perennial stumbling blocks for em­
bryological investigation. A third source of field concepts is biology 
itself, i n  particular the work of Harrison on symmetry and laterality 
in the developing l imb and the speculation on gradients outlined above. 

I t  is important to glance at the physical context in which field 
thinking took root. Whitehead notes that field and particle are classic 
antithetical notions in Western science and philosophy. They are not 
logically contradictory) but normally explanation in terms of atoms has 
excluded explanation in terms of "action at a distance" or continua. 
However, by the end of the nineteenth century both sorts of ideas were 
indispensable. Ordinary matter was thought of as atomic ; elec­
tromagnetic phenomena were conceived as arising from a continuous 
field (Whitehead 1 925, p. 94)- Two sorts of fields were indispensable 
to physics by the date of Gurwitsch's paper in 1 922 : gravitational and 
electromagnetic. Later atomic physics would require field concepts 
for weak and strong interactions between subatomic particles. As 
Einstein and I nfeld make clear in their popular exposition, The 
Evolution of Physics, fields had a clear operational meaning based on the 
behavior of objects placed within otherwise "empty space" ( 1 938) _ The 
radical sense of true action at a distance across empty space was never 
intended by the biological fields of Harrison, Needham, or Weiss. 
Undoubtedly biological field thought was rooted in physical theories, 
but  the purely physical notion, requiring empty space, if pushed to its 
logical consequences would lead to an essentially vitalist position. For 
Harrison, Need ham, and VVeiss, the position effects requiring concepts 
of wholeness and regulation were always linked to biochemistry. The 
same was definitely rtot true for Oriesch, but  he did not develop his 
theory in a field context. Gurwitsch is less clear about the material 
status of his fields. 

Historically the crystal analogy abides in atomic conceptions. 
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Opposition to the analogy in  an explanatory role came from organicist 
thinking. Field notions as developed in biology were meant to bridge 
the gap between the polar opposites. To do so necessitated rethinking 
several historical dichotomies such as structure and function, crystal 
and organism, part and whole. The organicist biology developed by 
Harrison, Needham, and Weiss found a way beyond the antithesis ; 
organism and organization required a union of field and particle. 

Wolfgang Ktihler, the founder of Gestalt psychology, was inspired 
by the field phenomena of physics and saw in them a way beyond- the 
additive framework of classic psychology prevailing from Locke into 
the contemporary period ( 1 947) .  A crucial concept for Gestalt 
psychology is that of configuration. V on Ehrenfels had defined con­
figurations as psychical states whose properties cannot be obtained by 
placing together the characteristics of the parts. He developed criteria 
according to which configurations could be transposed. The analogy 
implied is to a musical theme that can be put into different keys without 
losing its essential features. Ktihler noted that typical configurations 
occurred in  physical systems, in  particular the distribution of a charge 
on an electric conductor. H e  hoped to show that psychical states were 
special cases of physical configurations (Bertalanffy 1 933, p. 5 1 ) . In  
the late 1 g2os Kohler applied Gestalt theory to  embryological pro­
blems. He emphasized that the whole whose primacy over its parts 
changed their character, could not be understood by an additive 
process. Ktihler did not consider biology an autonomous science. In  
fact h i s  goal was the opposite, that is, to show that psychology was a 
special case of physics.l5 

Ktihler saw Gestalt theory as a third way beyond the limitations 
of mosaic mechanist theories and the supraorganismic principles of 
vitalism. Driesch's contention that position effects are observable only 
in living organisms was wrong ; that properties and functions of pads 

1 5 .  Paul Weiss corresponded witfi KOhler in the 1920s on the basis of their common interest 
in field phenomena. In a conversation on August 1 ,  1970, Dr. Weiss said he met KOhkr at th<: 
1927 Imernationa! Congress of Genetics_ Weiss's publication of Morphodynamik had preceded 
the congress by a year. He noted that many biologists were thinking in field-like terms inde· 
pendcntly of direct analogy with physics or psychology_ Any phenomenon not comprehended 
by mosaic explanations is a good candidate for field concepts. Wciss said he and Kohler inde­
pendently came to the notion of fields from physics, but they later diverged 1n their use of the 
concepts. KOhler pushed further his analogies with such systems as conductors whereas \Neiss 
thought more and more in biological terms, finding the suggestiveness of electric phenomena 
limited in embryology, partly because of the paradoxically vitalist i m plications. 

! 
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depend o n  positiOn within the whole is a fundamental property of 
many structures. The key concept for Kohler was equilibrium. Every 
system to which the second law of thermodynamics applies sooner 
or later reaches equilibrium. An organism can be considered a physical 
configuration with properties of wholeness that depend upon the inner 
dynamical properties of the system, that is, upon the fact  that the 
momentary state of every part determines that of the other parts. 
Self-regulation of organisms follows from principles of Gestalt because 
in a system with several degrees of freedom, the occurrences in every 
partial region are under the control of the whole (Bertalanffy '933, 

pp. r 02-oS). Kohler sought in inorganic systems the principles that 
would explain regulation in organisms. Regulation concerns direction 
and goals, that is, the solution to regulation involves a solution to 
teleology. Only if the initial conditions of a system are altered too 
severely will the system fail to achieve its "goal." Different initial 
conditions would yield different processes) regulations, and final states. 
But in any case, control of the system parts by the state of the whole is 
inevitable. 

Objections to Gestalt theory in embryology centered around the 
absence of fixed structural conditions in developing biological forms. 
An electrical conductor was an inappropriate analogy because its 
shape was fixed and the system as a whole did not have a history. A 
biological organicism would have to deal head on with novelty as 
well as wholeness. Thus, introduction of concepts of hierarchy, levels, 
and constrained pathways of development basically separated men 
such as Weiss and Needham from Kohler. 

About 1 94 1 Gurwitsch began to explore an organic formative factor 
that he called Morphe. By the early r g2os he abandoned this concept for 
that of fields and focused on form regulation in the flower head of the 
camomille and the mushroom. The field concept was useful because 
there was no evident differentiation of the structural units of the 
fungus, yet resultant shapes were highly regular and specific. 
Gurwitsch's fields stressed geometrical properties and constituted 
stimulus fields rather than fields of force. The source and extent of the 
field were not confined to the material of the organism in question. 
Its center could well be some geometric point outside the plant. In his 
effort to go beyond pure chemical theories and theories based on 
cellular determination, Gurwitsch successfully avoided a vitalistic 
explanation of the difficult forms of the mushroom in which an original-
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ly irregular growing material takes on a simple geometrical form. He 
was interested in showing that there were physical realities corres­
ponding to the terms in his analytical formulas, but chemical theories 
were logically and practically excluded. A field was a way of connecting 
vectors that controlled spatial transformations. Gurwitsch was initially 
occupied only with surfaces of organisms, that is, with external shapes 
and contours. The purpose was to explain form without relying on 
mutual interaction of parts. I n  that way a great variety of forms 
constructed from essentially similar parts (e.g., different bones) or very 
similar forms from various parts could be understood (Bertalanffy 
I 933, pp. I I 2- I 8) .  

The strong geometrical orientation dematerialized Gurwitsch's 
fields much more than Harrison, Needham, or Weiss would permit. 
Gurwitsch's fields lacked grounding in biochemistry less from an 
analogy to radical physical concepts than from his Platonic trust 
in geometry .. His solution to the form problem was mathematical, not 
physical or biological." 

Paul Weiss objected to the ideal fields of Gurwitsch, which were 
based not on the immense structural complexity of the organism but 
on ideal geometric constructions. Weiss's field concept will  be examined 
in detail later. Here it is important to note that his organicism required 
paying strict attention to intimate structure and chemistry (and thus 
particle explanations) as well as to continua, lines of force, and position 
effects (and thus field explanations) .  Weiss conceived of a field as a 
system of organizing factors that proceed from already organized parts 
to other regions and that result in formation of typical patterns. Fields 
break up during development, producing a number of subfields that 
direct development of organs within the organism. He attempted to 
draw u p  field laws describing such processes. I n  sum, a field was the 
complex of "factors which cause the originally indefinite course of the 
£ndividual parts of a germ to become definite and specific, and, furthermore, 
cause this to occur in compliance with a £ppical pattern" (Weiss I 939, 

p. 290 [italics in orig. ] )  The status of his field laws was in constant 
question. Weiss attempted to eliminate confusion by emphasizing that 
the field concept was "an abstraction trying to give expression to a 
group of phenomena observed in living systems." I t  was descriptive, 
not analytical and causal. I ts roots were empirical, and the task facing 

16. For a later discussion of his fields, see Gurwi tsdl 1 ')"27 
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the embryologist was to concretize the concept, to link the symbolic 
terms with the physical germ. The field concept was meant to stimulate 
further research, not to provide a verbal explanation where ful l  
understanding was lacking.17 

C. H. Waddington has made an effort to clarify the field concept 
further and to show its current usefulness. During the 1 930s Wadding­
ton introduced the idea of the individuation field to describe a field 
associated with the formation of a definite organ with characteristic 
individual shape. H e  cautioned against using the term to refer to a 
region or district without meaning to designate the "co-ordinated 
and integrated character of the whole complex of processes" ( 1 956,  
p. 25) .  Definite spatial relation of processes was the key notion. Wad­
dington drew the analogy between his individuation field and the 
behavior of magnetic or other physical fields. 

For instance, if  a field is cut in tv.iO each half may reconstitute a 
complete field, so that two whole organs are developed. These 
are often mirror images of one another. On the other hand, if two 
fields are brought together and allowed to fuse, they may re­
arrange themselves into a single field. Again, if a part of a field, 
either central or peripheral, is removed, the remainder may 
compensate for the defect and become complete again, while the 
isolated part can often become modified into a small but complete 
field 18 

However, Waddington was not content with physical analogies and 

1 7 .  VVeis� 19:39, P- 2�1"- il is worthwhile stressing Weiss's warning that field concepts were 
largely dl'scriptive; their value remained to be proved in a causal sense. The value of his organi­
cism, in contrast to the alternative mechanism-vitalism paradigm, was precisely i n  th(' effort to 
conrrnizc, to avoid \'Crbal excuse, and to unify previously disparate concepts and experiments. 
The fidd work of the � �nos is much maligned for having inhibited progress m embryology. The 
question is confused, but viewing the work from the perspective of building an organismic biology 
to bridge old dichotomies removes much of the legitimacy of the criticism 

1 8. 1956, PP- ·1 7 - e>H (see also W addington 1934).  Vv'addington worked with Needham through� 
[! out thr� 1 930s, and their thought on field problem� v..'as closely correlated. It is interesting to 
� notice that \Vaddington as well as Wci.ss came to biology from other areas : VVaddington from 

geology, \'\'eiss from tngincering. That Waddington has progressively come tO see the idea of 
field as an essentia!J;, .. topographical notion and that \Vei,, went from fields to fully mature 
system� thinking are cornpr('hensible developments. Needham also came to the embryological 
worki from ano1hcr d1scipline, that is, from biochemistry. His contribution to the growing new 
organicist paradigm lay in an al l t:mptcd unific;o,_tion of clwmistry and form_ Most valuabk 
statements of field concepts came from such amphibious thinkers. The nature of the problems 
of embryology made convergence of disciplines inevitable. 
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has continued to argue that field theory has a specific meaning tn 
biology. There is only one type of gravitational field and one sort of 
electromagnetic field, but there are almost as many potential biological 
fields as there are organs and specles. What is necessary if the concept 
of field is to be useful at all, even in a descriptive sense, is an under­
standing of how fields are transposed and modified to produce the 
observed heterogeneity. This task is a variation of that undertaken by 
D'Arcy Thompson. Waddington's effort to make the concept of field 
precise has led him into the realm of topology, where he has been guided 
by Rene Thorn ( I 970) . 19 

Waddington states that the idea of field requires reference to a 
multidimensional space, "which would have axes on which one could 
plot not only position in time and the three dimensions of space but 
also concentrations of essential chemical compounds" ( I  g66, p. I og) .  
His basic concept is that of a chreod, a directed path, or a trajectory of 
normal development. The concept is introduced to deal with the 
causal complexity of fields and to stress their regulative character. 
Displaced points are brought back into place by the "attractor surface" 
of the chreod. I f  a point escapes the attractor surface, a new situation 
exists in which regulation is disturbed and a different final state is to be 
expected. The strength of the canalization of a developmental chreod 
can be tested by experimental means: breeding and genetics, trans­
plantation, fusion of parts, and defect experiments. Canalization 
refers to degree of regulation. The idea of a chreod is tremendously 
suggestive but hardly a simplification of the problem. Realization of 
the number of relevant vector fields or dimensions that have to be 
considered in characterizing an embryo dispels hope for immediate 
solution of specific problems. Waddington stresses the importance, 
but also the limitations, of his excursion into theoretical biology. An 
e1nbryological field is more complex than electromagnetic or gravita­
tional fields in two ways : time can never be left out of the picture and 
the material substratum is immensely more complicated. Use of the 
chreod concept is only appropriate when regulation is an issue. 

19 .  The Theoretical Biology Club of the 193os, which included Need ham and Waddington, 
emphasized that che form problem of biology would have to use the insights of topology and 
looked to the thought of D' Arcy Thompson as a first step in that direction. The early hopes have 
been largely unfulfilled, partly because of the difficulty of the task, partly from lack of theoretical 
vision. Thorn stresses that his models say nothing of a causal nature but only indicate the pos­
sibility of a description of developing organic forms with topological methods. 
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Any such regulative properties can b e  expressed by specifying 
some "normal" developmental pathway within a multidimen­
sional space and describing the manner in which it acts as an 
attractor for neighboring pathways. A region of phase space 
characterized by an attractor time trajectory has been called a 
chreod. A developmental field is essentially a chreod, w hereas 
electromagnetic and stationary gravitational fields are not. [p. 
I 23] 

Thus the notion of field has been developed from Ki:ihler's first 
simple analogy to Waddington's highly sophisticated one. Proper use 
of fields in  biology requires understanding of organization, increasing 
complexity, hierarchy, and transformations over time. It is precisely 
these characteristics that lead to the suggestion that organicist biology, 
growing out  of work by Harrison, Needham, Waddington, Weiss, 
and others, is a type of structuralism related to similar frameworks in 
many areas. Organicist structuralism is a third way to deal with form, 
organization, and regulation ; it is different from both the additive 
point of view (mechanism) and from philosophies of emergence 
(vitalism) .  The paradigm switch in embryology taking shape in the 
first half of this century consisted of the adoption of a structuralist 
perspective. The best way to support this contention is to focus on form 
and field problems. 

Jean Piaget, the Swiss psychologist, has defined structuralism and 
attempted to indicate the similarities among structuralist approaches 
in different disciplines ( I 97 I ; see also I 967a) . A structure "is a system 
of transformations. Inasmuch as it is a system and not a mere collection 
of elements and their properties, these transformations involve laws : 
the structure is preserved or enriched by the interplay of its trans­
formation laws . . . .  I n  short, the notion of structure is comprised of 
three key ideas : the idea of wholeness, the idea of transformation, and the 
idea of self-regulation" ( I  97 I ,  p. 5 [italic added) ) . 

The question of form is central to structuralism. Shape is approached 
not from a sense of static anatomy but  from an appreciation of system­
atic and dynamic transformation and conservation of the totality. A 
whole is present if the elements of a structure are subordinated to the 
laws characterizing the system as such. Such laws cannot be reducible 
to cumulative associations but  "confer on the whole as such over-all 
properties distinct from the properties of its elements" (p. 7 ) .  Piaget 



CRYSTALS, FABRICS, AND FIELDS 

withholds the designation of structure (whole) from the Gestalt con­
figuration because the latter gave insufficient rigorous attention to the 
origin of laws of composition and to transformations, that is, Gestalt 
theory neglected history. Weiss diverged from Kohler precisely on the 
matter of history. Gestalt fields were static forms because they relied 
too heavily on physical analogies. Biological fields required serious 
attention to genesis. For Piaget's structuralism, the important issue is 
neither the element nor some whole imposed upon the parts, but the 
relations among elements. The processes of composition demand exact 
attention ; the whole is nothing more than the resultant of these relations 
or compositions, whose laws are those of the system. Whitehead's event 
is a structuralist conception, and the biological organism is a structure 
par excellence. 

There is a bipolarity at the heart of the notion of structure. If the 
defining aspect of structured whales lies in laws of composi tion, 

these laws must of their very nature be structuring ; it is the constant 
duality, or bipolarity, of always being simultaneously structuring 
and structured that accounts for the success of the notion of law or 
rule . . . .  Like Cournot's "order" (a special case of the structures 
treated in modern algebra), a structure's laws of composition arc 
defined "implicitly," i.e., as governing the transformations of the 
systems which they structure. (p. 1 o J 

Organicism, as a structuralism, attempts to comprehend and transcend 
former dichotomies not by abolishing one of the poles but by linking 
them. The obvious examples in embryology are field.-particle, struc­
ture-function, regulation-mosaicism, part-whole, and epigenesis-·· 
preformation. The link between the poles must be concrete to be 
valuable. I t  is insufficient merely to decree the old dualisms of biology 
to be resolved. Organization, laws of compositiOn, and hierarchies 
constitute the subject of an organicist biology ; the words are not 
explanations. I t  i;, commitment to this principle that rlifferentiates 
"organic materialists" such as Needham from those still struggling on 
the fringes of the mechanism�vitalism paradigm such as j. S. Haldane 
or Lloyd Morgan. 

The third defining characteristic of a structure is the power of 
self-regulation, which in turn implies conservation and a certain 
closure of the structure to the exterior. The "transform;ltions inherent 
in a structure never lead beyond the system but always engender 
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elements that belong to it and preserve its laws" (p. 1 4) .  The idea of 
closure or boundary means that in the process of development of an 
embryo from a state of lesser to greater complexity, the old limits are 
not abolished. The laws of substructures are conserved in the more 
complex whole. The elements of a structure arc organized in their own 
right. Thus, the search for the unorganized starting point is meaning­
less. The process of integrating substructures demands the concept of 
hierarchy as part of the idea of regulation of form. Regulation, com­
plexification: and boundry are closely interwoven. 

In a chapter entitled "Physical and biological structures," Piaget 
discusses the function of his concept in two key natural sciences. For 
him the organism is the prototype of all structures, but a true organicism 
has only begun to develop after centuries of effort at reductionism in 
biology. Vitalisms have emphasized the notion of whole, but they do 
not qualify as structuralist perspectives, because their explanation of 
totality remained purely verbal. Piaget felt  that Ludwig von Ber­
talanffy, inspired by the work of Gestalt configurations, was the first 
biologist seriously to explore the requirements of a structuralist 
organicisrn, which led to his "general systems theory. "20 The best 
example for Piaget of current structuralist perspectives is the work of 
Waddington, especially his idea of chreods. Waddington came to 
chreods from earlier thought on fields and problems of form. 

So we have come full  circle. This discussion on the elements of 
organicism began vvith form-·�the obsession of artists, poets, and 
biologists-�and ends with form enriched by considerations drawn from 
chemistry, investigations into polarity of invertebrates, early field 
theory, and aspects of contemporary structuralism. But let us now 
look more closely at the foundations of the organismic paradigm in 
embryology. It is time to explore how Harrison transcended the limits 
of mechanism and how, avoiding any hint of vitalism, he set the 
problem of biological form in fresh perspective. 

20. Paul Weis'J in ronvf'rsation said BcrtalanA)' owes his organicism to Wciss. They met in 
Vienna in 1922 and talked often about the notion of system and its pmsible applications. To see 
\Vciss as a s-;;.urce of Bert alanffy's thought onl y  reinforces this volume's contention that embryo­
logical work under];n· the organicist paradigm for biology as a whole. 
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It  has, therefore, been found advantageous to go to the lower ver­
tebrates, particularly to the frogs and salamanders, for a material that 
may be obtained in abundance and which from the first is amenable 
to observation and experiment. That the amphibian mother casts her 
progeny loose at the time o f ferti!ization, while not praiseworthy from 
the humane standpoint, is a boon to the embryologist. 

Ross G. Harrison 

A Pioneer in the Construction of an Organ£smic Paradigm 

Ross Harrison's greatest contribution to experimental embryology 
might well be his insistence that the whole cannot be allowed to 
remain a mystery, penetrable only with the aid of mystical incantations. 
His contribution is so meaningful because he would not take the 
opposite course and deify analysis. Analytic methods had a purpose 
beyond themselves : to facilitate refocusing on the organism in all its 
richness. But  in contrast to Needham and Weiss, Harrison, who 
virtually founded the science of experimental embryology in the 
United States, refused to be caught ofteli philosophizing. In a sense it  
is  strange to choose him as an ancestor of modern organicism. Nearly 
all his discourses on method lay initial stress on the need for analysis, 
on the responsibility to avoid teleological explanations. At first sight it 
would seem more sensible to look to Spemann as a cornerstone of 
organicism in his generation of embryologists. His concept of the 
organizer bordered on a deliberate use of psychological explanation in 
animal development. Spemann was hardly a vitalist in the sense of 
Driesch, but neither did the great German exercise the total discipline 
over his concepts of causality that Harrison did. However, it is precisely 
because Harrison so rigorously avoided vitalism or any related 
mysticism of the whole that his thought and experimental work are so 
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�mportant for the organismic paradigm. From his first work on the 
development of the fins of teleosts in 1 894 to his last experimental paper 
on the suspected paracrystalline basis of symmetry in the amphibian 
limb rudiment in I 940, Harrison focused on the complex interactions 
of components in the animal system. 

A useful way of exploring the philosophic and experimental under­
pinnings of Harrison's work is first to look at the chronological 
progression of his interests, emphasizing their coherence and the 
embryological principles involved. Then a careful analysis of his 
methodological statements-especially on the part-whole problem, 
the legitimacy of the experimental method, and on the relation of 
structure and function in  development-should prepare for a con­
sideration of Harrison's treatment of field, gradient, and other or­
ganismic concepts. His examination of organization on the biological 
level drew him into molecular biology. I t  is well understood that 
bacteriological studies on the one hand and X-ray crystallography on 
the other led to the synthetic field of contemporary molecular biology. 
I t  is less well appreciated that Harrison's classic work on the founda­
tions of symmetry and his conception of the structure of protoplasm 
constitute a third root, one nourished in the soil of a different paradigm. 
Finally, a close study of the Silliman Lectures, delivered in 1 949 when 
Harrison was seventy-nine years old, should summarize his immense 
contribution to an organismic paradigm in embryology. 

Harrison began his graduate work at Johns Hopkins under the 
tutelage of W. K. Brooks. Before receiving his Ph.D. in r894, he spent 
more than a year working under Moritz Nussbaum in Bonn . 1  During 
this early period ( 1 893- r 895) Harrison's main interest was the 
development of the fins of teleosts. Within the context of that study he 
published on the mesodermal or ectodermal origin of bones. This 
work was relevant to his later study of the site and tissue of origin of the 
Amblystoma l imb. 

However, the major body of his work began in  t 8g8 with the 
publication of his first experimental paper, whose topic was the growth 
and regeneration of the tail bud in frog larvae ( r 898) .  This paper marked 
the introduction of Born's method of transplantation into American 

1 .  For biographical information on Harrison sec especially Abercrornbic 1 96 1  and Nichola� 
1 9 6 1  Brooks was a major factor in the development of modern American biology. His students 
include E_ B. \Vilson, T. H. Morgan, E. G. Conklin. The nature of Brooks's ini1uence on these 
cxtnwrdinarilv creative men deserves serious attention. 
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embryology. In  1 894 Professor Born of Breslau had observed in the 
context of his work on regeneration that pieces of frog embryos would 
rapidly heal together. I t  was possible literally to reassemble the parts 
of the embryo according to any pattern desired. It WO)lld be hard to 
imagine a better method to test the strength of the mechanistic 
paradigm. Throughout the first half of the twentieth century, trans­
plantation techniques were essential to the testing and refinement of 
notions of regulation. Harrison quickly recognized the implications of 
the method, and in his desire to test the i nfluence of the soma on the 
germ cells during development, he grafted the anterior half of one 
embryo onto the posterior half of another. He used two species with 
different pigmentation, so it was possible to follow in composite 
embryos the wandering and shifting of parts. It proved impossible to 
follow the original plan of testing the influence of somatic cells on 
reproductive cells. Instead, Harrison used his heteroplastic (derived 
from two species) combinations to study polarity of the amputated 
taiL He asked if the oral end of the tail rudiment were capable of 
regeneration and if so, to what extent. Polarity, when used by a mor­
phologist, meant "not only symmetry, but also an internal cause for 
that symmetry, by virtue of which every particle of the organism has 
the same polar relations as the whole." I t  was well known that the 
posterior end of a cut tail could regenerate a functional organ. I f  true 
polarity reversal took place when the axis of the tail was reversed, it 
would imply that the inherent symmetry of the organism was extremely 
labile. Harrison found that the oral end could regenerate to some 
extent, but the character of the resulting organ was that of a trunk. If 
positioned favorably, the "trunk" could junction as a tail, but there was 
no functional regulation such that the basic structural properties of the 
organism were rearranged. "Neither the present nor other experiments 
indicate that the influence of the organism as a whole upon the 
regenerating part is able to bring forth a heteromorphic structure, 
functionally adapted, out of material which would normally produce 
something else" (pp. 469, 48 1 ) -

This first experimental paper shows Harrison's fundamental 
concern with symmetry and i ts relation to regulation. Use of the- word 
polarity in organic systems implied the applicability of the analogy 
to the magnet. Harrison had limited use for the i mage because of its 
implication of forces of attraction and repulsion at the protoplasmic 
level. From his earliest work Harrison favored a structural basis fOr 
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symmetry and was groping for the appropriate analogy. A simple 
machine analogy would not do, because it was incompatible with the 
regenerative and regulative phenomena of the organism. He recognized 
the relevance of functional regulation but  rejected any conclusion that, 
in his experiments, "unusual relations imposed upon a regenerating 
part can call forth out of material which would normally be used 
otherwise, an entirely new heteromorphic structure, as a functional 
adaptation to new surroundings, or as the result of a striving to com­
plete the mutilated organism" (p .  468 ) .  !n sum, Harrison's first 
experimental work established the concerns and directions of his 
response which were to occupy him fOr the following forty years. 

The next papers of Harrison that were critical to construction of an 
organismic paradigm concerned the development of the nervous 
system. I n  t go3 he published a study of the development of the lateral 
line system of amphibians. From this beautiful and complete inves­
tigation came the observation that the end of a nerve fiber connects 
early with its final site of attachment and then the nerve is drawn 
through the length of the body as the sensory epithelium extends. The 
observation was significant in his support of the neuron theory of nerve 
fiber growth. Then in 1 904 he published a study of the relation of the 
nervous system to the developing musculature of the frog. The paper 
examined two important questions : ( r )  VVas a stimulus from the 
nervous system necessary in order to start differentiation of striated 
muscle fibers1 and ( 2) VV ere the normal processes of ontogeny regulated 
by functional stimuli? He placed young embryos with no differen­
tiated muscle fibers into a chloroform·�acetone (chloretone) mixture, 
which entirely inhibited action of nerve centers. Embryos raised in 
this medium immediately showed all the complex locomotory move­
ments when they were allowed to recover. Harrison also removed the 
medullary tube (future spinal cord) from embryos and observed that 
good muscle fiber differentiation occurred in these animals without 
nerve fibers. 

In this work Harrison gained insight into the relation of structure 
and function in the developing organism. Despite the fact that muscle 
fiber differentiation took place, some muscle atrophy was also observed 
in embryos without a nervous system. Both constructive and destructive 
influences were present. I t  was emphasized that the embryo was not 
just "a developing organism, in which the parts are important poten­
tially, but also an organism which in each stage of development has 
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functions to perform that are important for that particular stage" 
( r go4a, p.  2 1 7) . Roux had earlier suggested that development could 
be divided into two periods, one of elaboration of structure and one of 
functional development. The proposition was compatible with a strict 
mechanism. Harrison stressed that his work showed considerable 
overlap of the two periods even though the general distinction was 
correct. He was, again, centrally interested in interactions of processes 
and parts, even in the developing embryo. Nothing existed only for a 
future use ; the system had its present coherer1ce. Otherwise it was too 
easy to introduce either a teleological striving or a machine-like 
placing of parts. 

From 1 904 to r go; Harrison concentrated on the development of 
nerve fib er. Operating from the perspective of the cell theory, and in 
particular of the neuron as the source of fibers, he applied the ex­
perimental method to an area that had been the province of descriptive 
labors. As Abercrombie noted in his biography of Harrison, there was 
never any doubt in the embryologist's mind about the relevance of the 
cell theory to the genesis of nerve fibers. Far from weakening his powers 
of rational criticism and the search for a correct explanation, strong 
allegiance to the theory gave Harrison a focus that is present in all 
fundamental experimental endeavor. 

The first answer given to the question of the origin of the nerve 
fiber, which came from Schwann in r 893 and was supported by 
Harrison's contemporary 0. Schultze in  1 905, stated that the tiber "is 
a product of a chain of cells, which reaches all the way from the cent er 
to the peripheral termination, these cells secreting the fibrillae within 
their protoplasm much as an embryonic muscle cell secretes the con­
tractile fibrillae" ( r go8b, p. 390). The opposing answer was that of 
His ( r 886) and then Ram6n y Cajal ( r 8go) , who held the nerve fiber 
to be an extension of a singie ganglion cell formed by growing out from 
cell to periphery. I t  was i mpossible to decide definitively between the 
two hypotheses, because the developing fiber in the normal embryo 
was always found associated with spindle-shaped cells (Schwann cells 
that form the sheath around a nerve) .  So in I 904 Harrison removed 
the neural crest (area of the embryo alongside the medullary plate that 
gives rise to the Schwann cells) from embryos of Rana esculenta and 
observed that peripheral motor nerves developed anyway ( 1 904b ) .  The 
fibers, traceable to the ventral area of the spinal cord and distally to the 
norrnal muscle attachment sites, were naked, having been deprived 
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of the sheath cells. The next step in Harrison's argument involved 
removing the source of motor nerve fibers while leaving the neural 
crest in place. When the ventral half of the medullary plate, source 
of the ganglion cells of the motor nerves, was surgically cut out1 no 
peripheral motor nerves developed. Therefore it appeared settled that 
the ganglion cell, not the Schwann cells, was the source of the nerve 
process. 

The second pivotal question concerned the manner in which the 
connection between center and periphery was established, "whether 
there is a continuity ab initio (protoplasmic bridges) or whether the 
connection is secondarily brought about by outgrowth from the center 
towards the periphery." Harrison directed himself against the first 
view (Hensen's hypothesis, I 864) ,  according to which protoplasmic 
connections remained between cells after division and "those that are 
used, i.e., that function as conducting paths, persist and differentiate 
into nerves, the remainder disappearing" ( I  go6, p. I 28) . The ganglion 
cell theory of origin did not deny the importance of the periphery, 
allowing it  a possible role in guiding the growing process, but  did 
exclude peripheral bridges giving rise to nerve fibers. Harrison's first 
experiments consisted in removing the center, that is, cutting out the 
medullary tube shortly after its closure. The result was total absence 
of peripheral nerves. The second tack involved altering the peripheral 
path. If the spinal cord were removed from a young embryo, a space 
was left above the notochord that filled with loose mesenchyme cells. 
After about a week, fibers arising from the brain were found growing 
posteriorly, extending as far into these abnormal surroundings as eight 
segments from the cut end of the neural tube. The third set of ex­
periments involved transplanting pieces of the spinal cord to unusual 
surroundings, for example, under the skin of the abdominal wall. 
Small nerve trunks were found to develop from the transplants and to 
run for considerable lengths. One fiber stretched across the peritoneal 
cavity, having apparently made connection with its end organ before 
the separation of the splanchnopleure and somatopleure. This fiber 
ruled out entirely the action of any protoplasmic bridges. Harrison 
justly concluded from the three sets of experiments that the nerve center 
(ganglion cell) was the one necessary factor in the formation of the 
peripheral nerve. 

With the above results firmly in hand, Harrison gave a complete 
response to the experiments of H. Braus, a supporter of the Hensen 
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hypothesis. I n  contrast to earlier workers, Braus also believed that 
only experiment could solve the question of the origin of the nerve fib er. 
He performed a fundamental test that Harrison interpreted according 
to the neuron theory. Braus transplanted a nerveless limb from an 
embryo that had undergone the greater part of its development after 
having its spinal cord removed. Any protoplasmic bridges supposed to 
be originally present in such a limb must have degenerated because 
tbey were forced to remain functionless for a long period. If Hensen 
were correct, the source of fibers would have been removed. Bra us 
placed the limb on the trunk region of a recipient animal and found that 
the extremity acquired a normal nerve complement distributed in the 
usual limb pattern. Braus had interpreted his experiments to be in 
accord with Hensen because he had not given proper consideration to 
the degeneration of any postulated pre-nervous, protoplasmic bridges. 
The real significance of Bra us's work became apparent only in light of 
Harrison's results ; that is, the structures contained within the limb 
�ust have had a critical i mportance in guiding the incoming nerve 
fibers) especially since even a nerve supply from an abnormal region 
was properly distributed. Branching could not possibly be determined 
by the ingrowing fibers alone. Further) lack of functional activity, 
either resulting from development in chloretone or placement of the 
transplant in an unusual position, did not interfere with normal 
nervous development. 

The study of the entire q uestion of nerve-fiber origin demonstrates 
several of Harrison 's outstanding characteristics. From the start he was 
interested in the relation of structure and function and was not satisfied 
to accept as adequate a framework whose premises rested on paradigms 
from physiology (e.g., Hensen thesis) .  He approached each problem 
from as many perspectives as possible. His consuming focus was on 
demonstrable interrelations of parts of an embryo that had meaningful 
functions of its own but that was engaged in constructing a mature 
organism. Choice of the developing nervous system as the object of 
study enhanced intellectual concentration on problems of complex 
relationships ; i t  was a system of integration par excellence. Mainten­
ance of constant pattern in the face of unusual circumstances concerned 
him in its wider context of regulative phenomena based on the opera­
tion of relevant sectors of the system. Another significant Harrison trait 
is evident in the next bit of work he undertook : He sought an absolutely 
critical test of the neuron theory and in the process created the tcch-

I 
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nique of tissue culture, inaugurating study of parts of the organism 
outside the body of the animaL 

The crucial experiment involved two closely related tests. First, small 
pieces of clotted blood were introduced into the body of the embryo in 
the path of developing nerves. Not surprisingly, fibers were found in the 
clots. Then in the spring of 1 907 Harrison's efforts to grow tissue com­
pletely outside the organism succeeded. ( 1 907b) . Pieces of tissue were 
taken from frog embryos at the stage i mmediately after closure of the 
medullary folds, that is before the differentiation of any nervous ele­
ments. The tissue was transferred to a drop of fresh frog lymph. The 
lymph clotted quickly, holding the tissue in place ; in adaptation of a 
method from bacteriology, the preparation was sealed upside down 
over a depression slide. Normal development of form did not occur in 
the cultures, but individual tissue elements did differentiate into 
characteristic celi types. From medullary tube tissue, numerous fibers 
grew out, extending into the surrounding lymph clot. The highly 
branched ends of the fibers were observed to be quite actively engaged 
in a type of amoeboid movement. The result oft  he activity was that the 
protoplasm of the nerve cell was drawn out into a long hyaline thread 
closely resembling naked nerve fibers in the organism. 

The first tissue culture experiment raised in acute form the problem 
of wholeness. Objections were made to Harrison that, at best, cells could 
only keep themselves alive in such an abnormal medium. The processes 
he observed had to be pathological and could not give important in­
formation about normal development. However, Harrison saw his 
work as a logical outgrowth from that of Dricsch and Roux; he was 
testing povv·ers of self-differentiation of parts. Driesch and Roux had 
been l imited to otudying germ cells and isolated blastomeres of the 
segmenting egg ; Harrison extended the analysis to other cell types. The 
control, w·hich assured him that he was looking at more than pathologi­
cal reaction to disruption of the vvhole, was found in the differentiation 
in culture of muscle fibers from cells that would have given rise to such 
fibers in the animal. He also obtained in culture pigment cells and 
ectodermal structures such as the cuticular border and cilia ( I  9 I 2 ) .  
Harrison was interested i n  any method, in this case tissue culture, that 
gave biologically important information. Exploitation of method for its 
own sake was not one of his sins_ I n  addition to showing the extent of 
self-differentiation, culture systems allowed study of chemical and 
environmental factors upon differentiation of tissues. 
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But Harrison was primarily concerned with the application of tissue 
culture to morphogenetic problems. He recognized that because cell 
movement was a critical factor in the development of form it was 
essential to understand what factors controlled it. Nerve fibers never 
showed extension unless there was a solid substratum present. In the 
early cultures it was observed that cases where the lymph did not clot 
also did not result in fiber growth. H arrison carefully described the 
protoplasmic activity of the ends of fibers ; movement always occurred 
along the ftbrin threads ( I  g I Ob ) . The shape of the nerve cells seemed to 
be influenced by mechanical tension in the clot, but tension did not 
account for the existence of cell movement. Extension of the fiber re­
quired endogenous cell activity. Direction appeared random as long as 
i t  followed a solid surface. In later work Harrison placed pieces of tissue 
in culture on a spider web frame and reported that extensions always 
followed either the web fibers or grew along the cover-glass surface 
( I  g I 4b) .  Fibers did not seem to exert either positive or negative chemo· 
taxis on one another. 

The foregoing observations led to the conclusion "that solid objects 
are an important and even necessary factor in the movement of embryo­
nic cells." Harrison concluded that the reaction to solid surfaces consti tut­
ed a true stereotropism and judged that there was no reason to suppose 
chemical stimuli were active in his experiments. I f  the parts of the nerve 
cells were differentially sensitive to surface contact, exposure to a solid 
surface would induce movement in a definite direction. In other words 
the cells were polarized and capable of responding to the tactile stimu­
lus offered in the experiments. Barring previous regional differentiation 
in the cell, "the kind of reaction called forth by contact with a solid 
object could only be a clinging to that object or a recoil from it" ( Ig I 4b, 
pp. 540, 542) .  

Harrison fel t  these results were significant for the understanding of 
normal processes. 

Since it has been shown that most embryonic cells arc stereotropic, 
and that such arrangements as they assume in the embryo may 
often be induced under cultural condi tions by reaction to solids, 
there is a presumption in fivor of the view that this type of reaction 
is a potent factor in normal development also. Inferences as to what 
goes on i n  the embryo which are not based on exact information 
regarding the physiological properties of the tissue elements are 

I 
[ 
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likely to prove erroneous. On the other hand, i f  we know the actual 
properties of individual cells in detail, it will be possible to form, on 
the basis of observation of normal development, an accurate con­
ception of the influences actually at work in shaping the embryonic 
body. [ r g r 4b, p. 544] 

�1any incidences of cell movement occur in the embryo near the s tage 
of dcvelopmen t from which Harrison took his tissue. Cells of the gang­
lion crest migrate to many points. The lateral line rudiment shifts, in the 
course of several days, all the way from the head to the tail. Schwann 
cells move out along the nerve fib er. Cell movement is clearly involved 
in wound healing and nerve attachment to end organs, and paths of cell 
movement are a major factor in pattern determination. Showing nerve 
cells to be positively stereotropic in culture gave a clue to mechanisms 
of fiber distribution in the embryo. The hypothesis that fibers follow 
solid surfaces in the organism did not explain the specificity of final 
attachment to the end organ, but i t  did explain a good deal of nerve 
pattcrning without assuming special chemical differentiations or 
chemotaxis. Harrison speculated that final attachment might be analo­
gous to attraction of egg and sperm and might resemble immunological 
processes. In sum, his work emphasized that it was possible to under� 
stand pattern formation even when it was as complex as the laying down 
of the nervous system. 

In r �) 1 5  Harrison began a series of experiments that were to lead him 
him to fundamental conclusions on the nature of symmetry. From I 9 I 5 
to 1 9 25 he published a number of papers on the establishment of the 
principal axes around which the limb of Amblystoma punctatum deve� 
loped. The experiments on limb laterality were originally suggested by 
work of Hans Spcmann in r g r o  and G. L. Streeter in 1 907 on the am­
phibian car vesicle. Spemann declared that an ear vesicle inverted I 3o 
degrees developed in inverted position. Streeter found some normal 
development of inverted vesicles, but the regulation seemed to be duC to 
rotation of the entire otic capsule. Both men worked on relatively late 
embryos, that is at a stage \'V hen the otic capsule had just closed. Harri­
son decided to examine the determinants oflaterality in the limb system 
by using much younger specimens, that is at the stage of closure of the 
medullary folds. The general framework within which the work fell was 
that of determining the mode of representation of adult form characters 
in the germ. J\iiost work on the question of preformation-epigenesis in 
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the modern period had been done on the egg. Born's method of trans­
plantation allowed Harrison to study the problem on an organ system 
after gastrulation. 

Before he could undertake the main experimental analysis, it was 
necessary to determine precisely the area of the embryo destined to give 
rise to the limb. (Some early work in r g r  1 and 1 9 1 2  had failed because 
regeneration from the host occurred. The investigator had failed to 
remove all prospective host limb tissue before placing his transplant.) 
Si m pie experiments located site of origin : extirpation of the body wall of 
the forelimb region, varying the size of the wound ; extirpation of a 
specific portion of the limb regio n ;  removal of the limb rudiment and 
covering of the wound with ectoderm taken from another region of the 
embryo; removal of mesoderm alone, replacing the overlying ecto­
derm; removal of ectoderrn alone, leaving the mesoderm intact ; and 
fianally, transplantation of small masses of mesoderm from the limb 
region to beneath the skin on the embryo's side ( r g i 0 ) .  The results 
showed that the anterior limb bud was determined at the time of the 
experiments. The mesoderm of the region gave rise to a limb when 
transplanted to an abnormal site. M esoderm, not ectoderm, was the 
critical germ layer in limb fOrmation. And finally, the mesodermal cells 
of the region formed a clearly determined system as a whole, but all the 
cells were totipotent within the system, at least in forming muscle or 
skeleton. The exact area of the limb rudiment was not defined. Instead 
i t  was shown that the limb rudiment "many not be regarded as a def­
initely circumscribed area, like a stone i n  a mosaic, but as a center of 
differentiation in which the intensity of the process gradually dimin­
ishes as the distance from the center increases until i t  passes into an 
indi fferent region" ( r gr8,  p. 456 ) .  There were several such centers of 
differentiation in the embryo, and their boundaries appeared to over­
lap one another. 

In the course of demonstrating the field-like character of the limb 
bud, preliminary experiments showed the rudiment to be a harmonic 
equipotential system, a phrase introduced to embryology by Driesch to 
refer to a situation in which the potencies of all parts of the system were 
the same, the constituent cells being totipotent. Driesch fel t  that the 
existence of such systems vvas good evidence fOr an immaterial cause, the 
entelcchy. Harrison explained such regulation in nonvitalistic, organ is-

·,� Harnwn believed that tht exisrenu: of a true equipotcntia! system necessitated some sort 
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mic terms. 2 The experiments that demonstrated the character of the 
system were straightforward : extirpating half-buds and superimposing 
two buds. A whole developed from a part, and a single normal whole 
developed from two separate rudiments when fused together. With the 
limb system explored to a considerable degree of satisfaction, the main 
body of work on determinants of laterality could begin. 

The experiments were designed to test whether the axes of symmetry 
were determined at the early stage under observation. The limb itself is 
asymmetrical, but the right and left members are mirror images of each 
other. At what time was laterality determined and what was the under­
lying cause? Three different circumstances relating to position in the 
embryo were taken into account :  location, side, and orientation. A 
limb placed in  its natural position i n  another embryo was said to be 
orthotopic. !f i t  was placed in some other region (e.g., on the flank), the 
term used was heterotopic. Some limbs were grafted onto the same side or 
the body as that from which they came (homopleural), and some were 
placed on the opposite side (heteropleura l ) .  Finally, limb rudiments 
were placed either in upright position, with the dorsal border of the 
transplanted disk corresponding to the dorsal border of the wound 
(dorsodorsal) ,  or inverted with the ventral border of the graft matched 
with the dorsal edge of the wound (dorsoventral ) .  So there were eight 
possible combinations tested ( 1 9 1 7 ) .  Each combination was observed 
several times and preliminary rules were drawn up to describe the 
results. The first rule stated that "a bud that is not inverted (dorsa­
dorsal) retains its original laterality whether i mplanted on the same or 
on the opposite side of the body." The second rule was that "an inverted 
bud (dorsoventral) has its laterality reversed whether implanted on the 
same or opposite side." Third, "when double or twin limbs arise, the 
original one (the one first to begin its development) has its laterality 
fixed in accordance with the above rules, while the other is the mirror 
image of the first" ( 1 9 1  7, p. 247) . The last statement calls attention to 
the significant fact  that the transplanted organs frequently reduplicated 

of molecular hypothesis for the representation of adult form in the gnnL Since the arrangement� 
of the bud elements did not determine the final pattern, the final symnwtry mu�t depend upon 
properties of an intimate protoplasmic structure. It was here that the crystal analogy became 
central and here that Harrison was C"ntcring molecular biology. The crystal analogy was also 

suggestive of the design and logic of tlw limb laterality and symmetry experiments_ Optically 
aCi ive asymmetrical molecular forms, such as D- or L-glucose, are mirror imaw:� of each other 
But this simple basis was nor the focu� of H,urison's mature- approach to the analog-y_ Howf"v('r, 
discussion of this topic will be more appropriate below (pp. 92 fL) .  
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themselves, forming double or even triple limbs with definite symmetry 
relations to each other. Often the redundant limbs were later resorbed 
and difficult to identify, but  in early developmental stages they were 
quite definite. Possibilities for use of the crystal analogy are obvious. 

Two of the four possible orthotopic combinations produced limbs 
that developed in normal orientation with respect to the cardinal points 
of "the embryo : homopleural-dorsodorsal and heteropleural-dorso­
ventral. These combinations were termed harmonic; the remaining 
combinations that showed reversed laterality were disharrnonic. Har­
mony was a function not of a single variable but of both orientation and 
laterality. Harmonic combinations in orthotopic position yielded 
single, functional limbs (g6 percent) ; disharmonic combinations most 
often resulted in  reduplications (g6 percent ) .  In  fact  the original limb 
might be resorbed, leaving a functional mirror image of itself as the 
final product. I t  was important that the three rules of laterality led as 
often to disharmonic as to harmonic results. However, secondary fac­
tors, such as those that determined whether a twin limb would arise and 
those that produced resorption of the initial limb, resulted in adapted, 
correct appendages. Needless to add, Harrison was in terested in under­
standing the mechanisms underlying the final adaptive result and felt 
no need to turn to vitalist categories such as striving. 3 

I n  the heterotopic group of experiments, where function was ex­
cluded, harmonic combinations yielded a large percentage of redupli­
cations (54 percent ) .  The disharmonic cases gave rise to single limbs 87 
percent of the time. I t  seemed that with orthotopic grafts the dominant 
factor relating to twinning was harmony or disharmony of the combina­
tion. There was probably a tendency to reduplicate in all cases due 
first to the disturbance of the operation, Harrison explained the results 
by noting that the primary limb in a harmonic situation had the advan­
tage of correct connections with the environment and so su ppressed 
secondary buds. Reduplicating buds in disharmonic cases had the 
advantage of proper orientation and connection. The lack of special 
anatomical relations in the het�rotopic class meant that reduplicated 
appendages in  harmonic situations could not be suppressed. Left 
unexplained was the lack of twinning in disharmonic heterotopies. 

3· Harrison's concern with regulation of both form and function is appan:n1. He concluded 
that both occurred, often hand in hand, but not necessarily. Fur��:tional regulation wa� lar�ely 
dependent upon innervation. Form regulation was primary for harmonic combinations. hut 

secondary (by rotation or reduplication) for disharmonic cases (sec Harrison J g.., r a, P- ! 1 4;' 
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But b y  itself i t  gave weak grounds for a classical teleological theory of 
development. 

Of far more promise was the important analysis of form determina­
tion over time that Harrison was constructing. The general conclusion 
from the above experiments was that the anterioposterior axis was 
already determined at the time of transplantation. However, the 
dorsoventral axis was still either not set or reversibly determined. 4 
Postulating that the intimate protoplasmic structure was the relevant 
level of the organism in the establishment of symmetry since any coarser 
grain was unable to harmonize with the demonstrated equ�potential 
system, H arrison decided that the elements making up the cells of the 
limb bud could still be rearranged along one axis but not the other. 
Final orientation of the elements was not a function either of the limb by 
itself or of the surroundings, but of both together. This postulated in­
teraction was a clear example of Harrison's use of organismic explana­
tion. He was dissatisfied with both the machine analogy, which would 
have required that initial positioning of the cell parts decide the path of 
development, and with Driesch's radical conclusion that the fate of any 
part was alterable according to imposed new relations. The actual 
s ituation was more complex and required careful study of actual inter­
actions and imaginative speculation about the required "grain of the 
mosaic. "5 

After completing the major part of the l imb analysis, Harrison 
turned to another basic proble m :  growth regulation and coordinated 
growth of complex organs. For these experiments he returned to the 
method of heteroplastic grafting he had used in r 8g8. "Heteroplastic 

4· In a later paper the effect of reversing the mediolateral axis was examined. I t  was discovered 
that the anterioposterior axis was determined first, then the dorsoventral, and finally the medio­
latcraL These experiments led to the final statement of the rules of laterali ty : ( I )  When the 
antcrioposterior axis is reversed, the resulting limb is disharmonic. (2) \Vhen the anteriopostaior 
axis is not r<?versed, the resulting limb is harmonic. (3) When double limbs arise, the original 
member has its asymmetry fixed in accordance to rules l or 2, while the secondary appendage 
is a m irror image of the primary one (see Harnson 1925b). 

;1 . Harrison repeated his experiments on axes of symmetry of paired organs on two additional 
systems: the ear and the gill. The conclusions were essentially similar, but the gill, with its three­
germ-layer structure, proved too complex to deal with adequately. In the ear the earliest opera­
tions (neurula stage) were performed before any of the !hree axes was established (complete 
isotropy ) .  Then the antcriopo�rcrior, followed by dorsoventral and thirdly mediolateral, dimen­
�ions were df"tcrmined. About the times of determination the organ rudiment was most likely 
to show developmental abnormali ties, such as swelling distortions, as a result of experimental 
manipulation. See Harrison 1936a, refer also to Harrison l9'2 ! h  
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grafting may be defined as the union of parts of organisms of different 
species into a single individual, or the combination of individuals of 
different species in double or multiple organisms living parabioti­
cally."' Two organs were chosen for study :  the limb and the eye. The 
study was initially suggested by the difference in the time of the fore­
limb's appearance in two species of salamander, Amblystoma punctatum 
Linn. and A.  tigrinum Green. At the beginning of the larval period the 
limbs of A. punctatum were more developed anatomically and were fully 
functional, whereas the tigrinum forelimb of the same stage was still a 
nodule of mesenchyme without visible differentiation. But during the 
larval period, tigrinum limbs grew much faster, surpassing punctatum in 
size. By metamorphosis the latter limb was about half the size of the 
former. "The question arose, what would occur if the limb buds were 
interchanged before beginning their development. Would they adjust 
themselves to the new environment and develop at the tempo of the 
host, or would they maintain their own rate of growth and reach the 
ultimate size of their own species ?"7 

Owing to the mode of feeding, initial results were somewhat decep­
tive and led to postulation of an hormonal factor that would regulate 
growth in addition to internal constitutional factors of the limb tissue 
( I  924). Punctatum grafts on tigrinum hosts were retarded in relation to the 
donor controls. These grafts not only grew more slowly than the nor­
mally fast-growing larval tigrinum l imbs but also lagged behind the 
sister limbs still attached to their original bearers. The reciprocal 
experiments yielded comparable results : tigrinum grafts on punctatum 
were accelerated in growth relative to the remaining member of the 
donor pair. Nevertheless, graduate students of Harrison, Victor Twitty 
andjoseph Schwind., discovered that the rctardations and accelerations 
were eliminated if the experimental animals were fed all they would 
eat---maximal feeding. Thus the circulating factor was reduced to 
"nutrient level," a slightly mysterious, but nonspecific parameter. 8 

Once the feeding problem was resolved, the general conclusion 

6. Harrison 1935, pp. ! 16--57· Harrison worked on growth regulation from J�Y'4 to about 
1930. giving a major summary of the subject in  his Second Harvey Lecture of H)33· 

7- Second Harvey Lecture, reprinted in Harrison. 1 969, p. 2 1 8. 
8. Twitty's popular book Of Scientnl:, and Salo.nw.ndcrs gives a good account of the Yak "c-hief'>" 

method of training his students and of the atmosphere of the Osborn Laborator� during hi� 
tenure. Harrison had many successful graduate students and definitely exercised a benign in­
flueJl{·c on their development. Their ranks include Samuel Detwilcr,John Nichola�, Lcon Stone, 
and Frank Swet t 
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from both limb and eye studies was unmistakable. The grafted organs 
grew at a rate determined by species-specific factors, unaffected by the 
host environment. But the si tuation was significantly different when 
components of the eye were combined-retina (optic cup) from one 
species and lens (overlying ectoderm) from the other. Here reciprocal 
size regulation occurred, producing an organ with the parts adapted in 
size to one another. Thus the tigrinum component grev .. , relatively more 
slowly than usual and punctatum's contribution speeded up its processes. 
The results held for both types of combination ( 1 929) . A further inter­
action studied in these experiments was that between brain and eye. An 
eye larger than the normal host organ resulted in corresponding 
hyperplasia of the optic centers in the midbrain. The reciprocal again 
held. Optic nerves also were regulated, and frequently the experiments 
resulted in perfectly good, functional eyes. 

The growth experiments marked a greater care on Harrison's part 
for quantitative sophistication in treatment of data. Using J S. 
Huxlcy's lOrmula for describing heterogonic growth systems, Harrison 
was able to obtain growth rate constants for the reciprocal experiments 
that were arithmetic reciprocals.9 The purpose of making such calcula­
tions was to attain a more exact expression of species-specific factors, 
vvhich might in turn yield clues about underlying mechanisms and 
frui tful physical models. It is also obvious that the experiments repre­
sent a sophisticated investigation on the organismic leveL The sugges­
tive model was the system with parts that influenced one another and 
were molded by the whole organism, not the machine with set parts and 
rhythms. 

Another concrete example of investigation on the "biological level" 
lies in the work on the balancer and associated connective tissue 
fOrmation, once again in the faithful newt ( 1 925a) .  Balancers are rod­
like appendages on the side of the head that hold the head off the 
stream bottom until forelegs develop. Amblystoma punctatum normally 
possesses a balancer whereas A. tigrinum does not. Transplanting the 
prospective balancer ectoderm onto a frog embryo (or onto a young 
tigrinum), Harrison found that the ectoderm was "capable of reacting 
with the mesenchymal ground substance of the latter, and transforming 
its outer layer into a balancer membrane, as it does normally w·ith 

(). The forn1ula isJ = b:l, where)' is the magnitude of one part at  a given point i n  tim(�, x th<tt 

of the other part, and k the consta!ll ratio between the growth rates of the two, found by deter­
mining the slope oft he line gi·ven by plotting x againsty on a douh!e log graph 
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tissues of its own species" (p. 409) .  The experiment showed that appro­
priately localized tissues even from different groups of animals could 
interact to produce a functional organ. 

The balancer region is a system similar to the prospective limb or ear 
areas ; that is at some point during gastrulation organ-forming potencies 
seem to be localized. 

During this period the areas that are to give rise to gills, balancer, 
nose, ear, other placodes, hypophysis , and the lens are segregated 
according to a pattern, not, however, with any very definite bound­
aries of its several components, but rather in a manner that the 
organs just enumerated appear as centers of differentiation, with 
their respective potencies most intensely active at certain points 
from which the intensity gradually diminishes peripherally. 
[p. 4 ! 0] 

Area boundaries overlap, and tissue of an intermediate region is 
organized into one organ or another as a function of the center whose 
influence predominates. Such systems came to be called fields, but it is 
not a word used by Harrison in that context until the late 1 930s. As 
Waddington cautioned later, the term field should convey more than a 
geographical meaning; he suggested a term such as area or diJtrict when 
one does not intend to refer to the complex of processes involved in  
organ formation ( 1956, p.  23) .  H arrison's d iscussion of structures and 
processes involved in axis determination of the limb and ear is an 
analysis of the nature of a field and constitutes one of the first and most 
basic of such studies. Harrison did not use the word field very often and 
especially not as a deliberate theoretical concept as Weiss would have 
done ; but nonetheless, it was his fundamental work that first gave 
concrete content to the organicist notion.10 

Study of the balancer led to important observations from three 
additional perspectives, one of which linked H arrison to the later con-

10. In his Second Silliman Lecture, "The egg and early stages of development," Harrison 
discussed the definition and properties of fields. Using the typical analogy of a magnetic field of 
force, he summarized Weiss's concept as a "center of activity or of differentiation from which 
a characteristic quality diminishes gradua!ly toward the periph<:ry of the area." If the field center 
were removed, neighboring parts assumed its character and function. Fields of similar character 
could be fused or halved and regulation would ensue. Fields have individual natures (limb, ear, 

and so on) and gradually become divided into specialized subfields. The basis of these entities 
was probably a repeat pattern of a structured protoplasm, �o•.+:i(�h is the form the crystal analogy 
finally took for Harrison. 
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cerns of VVeiss (connective tissue development) .  First, not only was 
there differentiation in space but also in time. The specific ectoderm 
was competent to di fferentiate into a balancer only within certain 
temporal limits. Second, Harrison described the spatial and temporal 
connections of balancer development with nerve, circulatory, and 
skeletal components. That analysis is an apt example of his appreciation 
of complex interconnection of structures and processes. Finally he made 
a cogent analysis of connective tissue elaboration, in particular, of the 
laying down of the balancer's basement membrane. The membrane 
was formed from condensation of the in tercellular "ground substance" 
in the mesenchymal region underlying the cvaginating balancer epi the­
lium. The cellular elements of the mesenchyme did not participate 
directly in formation of the connective tissue structure. The original 
diffuse matrix material was changed into a closely patterned mat of 
reticulum fibers. Factors in the condensation could not have been 
strictly mechanical, since no basement membrane formed underneath 
adjoining structures undergoing similar evagination movementS. "We 
must look to some other kind of activity in the epithelial cells, and one 
naturally thinks of an enzyme action which condenses or coagulates the 
underlying diffuse intercellular ground substance transforming it into 
a fibrillar tissue which gives almost the same chemical reactions as reti­
culum" ( I  925a, p. 4 1  2 ) .  The suggestion of enzyme involvement in form 
development was a fertile one fOr the organicist resolution of the 
structure-function polari ty .  

The last major experimental paper of  Harrison was written a year 
after his retirement from Yale in collaboration with a pioneer of protein 
crystallography, W. T. Astbury of the Textile Physics Laboratory at 
Leeds ( Harrison, Astbury, and Rudall 1 940) .  The paper is a gold mine 
of forward-looking speculation and attempts at experimental demon­
stration. The work involved taking X-ray di ffraction photographs of 
several living embryonic tissues from chick and newt: neural plate, 
neural tube, ear cctoderm, notochord, and yolk. I t  was hoped the 
photographs would support the molecular orientation theory of tissue 
polarization. 

For some time past, evidence has been accumulating, mainly from 
transplantation experiments, that certain embryonic systems are 
at first isotropic with respect to their future differentiation and only 
gradually become oriented and polarized. This secondary condi-
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tion has no immediate outward expression, and since the systems 
in question are known to be equipotential, the changes observed 
must be based upon some finer structure of protoplasm, which is 
probably of a molecular order of magnitude. [p. 339] 

In the case of tissue that was still isotropic, any molecular elements 
responsible for polarization would not yet be oriented. Molecular re­
arrangement at the time of polarization might be detectable by X-ray 
crystallography, but technical difficulties prevented a clear answer. 
The photos did not show any definite orientation but gave only a ring 
pattern characteristic of a disoriented protein. The results were not 
taken as refutation of the hypothesis, because of the difficulty of detect­
ing a postulated, oriented, noncrystalline array of globular molecules in 
living tissue. I t  was extremely difficult to study protein structure even 
with true crystals. Detection of a ' 'paracrystalline'' state, that is, a con­
dition in which the elements had freedom of movement along one or 
more axes, was exceedingly unlikely. It was a significant victory simply 
to get X-ray pictures from living material. The basic conception under­
lying the trial remains potentially valid, and perhaps a contemporary 
repeat of the work would be successfuL 

A second important method was applied to embryological problems 
in the I 940 paper : optical examination with a polarizing microscope. 
Orientation in biological tissue had been studied before with polarized 
light (Schmidt 1 924) . Birefringent material was seen in Harrison's 
material, especially at cdl membranes. Harrison noted that their work 
was preliminary and should be followed up systematically. "Especially 
should the cell boundaries be examined thoroughly, for it is there, 
perhaps more than anywhere else in the cel l ,  that we may expect to 
find the seal of directi\T forces" ( Harrison, Astbury, and Rudall 1 940, 
p. 355 ) .  A glance at current journals in cell and developmental biology 
reveals the appropriateness of the admonition to study cell membrane 
systems in relation to tOrm problems. 

\Nith an overviev-,/ of Harrison's life work in mind, it is possible to 
evaluate his philosophy of method as he developed it early in his 
career. One':-> approach to method implies a good deal about one's 
particular view of the part --whole relationship. Harrison never de­
viated from his assertions that the experimental approach was appro­
priate and necessary in theswdy of animal development. This commit-
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ment was central to the founding of the journal of Experimental ,(oolog)l in 
1 903. 

It was a group [ the founders and contributors to the journal in its 
early years] with varied interests but with the common conviction 
that the application of radical cxpcri men tal methods \v'as feasible 
in zoology and other descriptive sciences, and that only through 
this course could the biological sciences expect to approach the 
exactness and systematic consistency of the physical sciences. 
[ 1 945, p. xiii] 

In  the context of defending tissue culture as an avenue of understanding 
normal processes of development, Harrison set forth his general posi­
tion. All vital processes were associated with "the complex things we 
call organisms." Any disturbance of the whole, no matter how slight, 
constitu ted an introduction of abnormal conditions and might be 
eliciting unsuspected regulatory phenomena. Arguments against ex­
perimental manipulation in embryology must be applied to the simpbt 
operation in physiology too, and even to experiments of physics and 
chemistry. Regulatory phenomena in organisms were only an especially' 
complex instance of the interaction of large numbers of causes in all 
natural systems. No natural system is simple in the classical mechani�t 
sense. The proper conclusion would be that experimental analysis i� 
difficult and full of p itfalls for the unwary, not that true understanding 
cannot be gleaned from the operations. Processes of analysis were the 
means to resolve normal phenomena into more elemental factor�, 
"from which, for purposes of verification, phenomena like the original 
may be recomposed or be represented more or less perfeclly by some 
kind of model, according to the completeness of the knowledge gained 
by the analysis" ( 1 9 1 2, p. 1 84) . 

'rhe whole, then, must never become a fetish ; analysis should be 
pushed to its limit. The abnormal and altered were pregnant 'A'ith clues 
to normal processes ; to ignore such sources of information "vould be to 
refuse to concretize concepts of form in embryology. Organization and 
wholeness for Harrison were not answers to biological questions ; the� 
wt:rr: the biological q ucstions par excellence. The crux of his analy tical 
approach lay in his insistence that analysis was perfi)rmcd in order to 
allow rcfocusing on the whole organism, on its problems of integration. 
His own use of a given method \vas always to ask a question o!"  thr 
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organism, never to exploit a tool of analysis for its own sake. He initiated 
a method----tissue culture-so central to the functioning of modern 
biology that it is nearly impossible to list its applications. But Harrison, 
not interested in pursuing culture technjques, returned to the organism 
and continued to probe it for replies to very well put queries. 

Biological explanation for Harrison was a roundabout process. There 
were no criteria that assured certainty or unqualified application of 
experimental results to natural processes of development. The best 
check of applicability lay in " careful comparison of what occurs in 
experiments with what can be observed in the normal developing 
organism" (p. r85) .  In  general, comparison was a process appropriate 
to analogical reasoning. Careful comparison allowed one "with a vary­
ing degree of probability to draw conclusions regarding the causal 
nexus of tbe factors within the normal body" (p. I 87 ) .  Harrison cited 
Ernst Mach in support of the importance of a comparative approach.11 
Comparative and analogical procedures were suitable for more than 
traditional classification and morphological study. They were basic to 
explanation and complementary to experimental analysis. Causal 
relations were revealed by analysis; appropriate questions and final re­
focusing were arrived at by analogy. 

Harrison drew on ]. S. Mill  for his notions of "causal nexus" and 
"plurality of causes." He followed Mill in believing that full explana­
tion of development would come only with synthesis of organisms from 
simple known constituents. However, synthesis could be made at 
"different stages of the analysis with components of greater or lesser 
complexity" ( I 9  I 2, p. I 85 ) .  I t  was not necessary to resolve the whole into 
ultimate atomic units. Units themselves, Harrison implied, were of 
greater or lesser complexity. He never talked in terms of total reduction­
ism. The most direct statement of Harrison's position came in the r g r  7 
address to the American Association of AnatomisL. 

We must resolve the organism into elemental structures and pro­
cesses, and make new combinations, to find out how the factors 
bear upon one another. . . .  When pushed further, the experi­
mental methods of study will enable us to state the facts of morpho­
genesis in simple terms of cellular activity, and we may hope to 

I t  Harrison 1 9 1 7, p. -109. Mach delivered an address in r8g4 1'ntided "On rhc prinnpk oi 
comparison in physics," in which he showed how the concept of potenrial had led to !inking 
previously dissimilar concepts such as pressure, temperature. and ckctromagneuc klnT 



r 
I 

ROSS G .  HARRISON 

connect these with the results of microchemistry in localizing 
intracellular activities, and ult imately identify problems of struc­
tures and functions with those of the protein molecule in its mani­
fold physico-chemical relations. [ I  9 I ], pp. 407-408) 

Even at the last stage the crucial problem was organization and inter­
action of the protein molecules. 

But although Harrison was not a doctrinaire reductionist in his 
philosophical opinions, he tended more in that direction than either 
Needham or Weiss, who talked much more explicitly in terms of the 
fundamental relevance of levels and hierarchy. The difference is more 
apparent than real in that Harrison had an indisputable appreciation of 
investigation on the biological level in its own right. Nevertheless, it is 
largely because of his lack of explicit development of the idea ofhier­
archy that H arrison is seen in this book as a pioneer in the formulation 
of an organismic paradigm rather than as a ful l  adherent. He mani­
fested the ambivalent traits that Kuhn saw as peculiar to such pioneers : 
retaining parts of a philosophy of explanation more appropriate to a 
strict mechanism while laying the groundwork for an approach (a 
good theory of hierarchy) that transcended the machine framework. 
Experiment was all too new in embryology in the first decades of this 
century for Harrison to be interested in modifying the dictates of 
thorough analysis. Experimental method and the machine paradigm 
are by no means inseparable, and H arrison was not operating out of 
exclusively mechanis-tic- presuppositions. 

Regulatory phenomena and form problems comprised the core of 
H arrison 's experimental and theoretical concerns. He has been des­
cribed as a father of nonvitalist organicism in this volume because of his 
relentless attention to organismic questions and because of a rejection of 
facile oversimplification while s tressing experiment. I n  particular it is 
important to recognize his work on growth regulation, patterning in the 
nervous system, interactions in the formation of intercellular connective 
tissue, and analysis of asymmetry and field organization. I n  keeping 
with Kuhn's description of the process of paradigm change, Harrison 
realized fully the strains in the machine analogy and pushed his own 
experimental work beyond the boundaries of its explanatory power. 
Harrison was also linked to the nascent organismic paradigm commu­
nity. The link was less in the sense of c lose-working groups, such as that 
around the technical and theoretical advances of crystallographical 
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analysis of biological molecules in England, than in the sense of sharing 
emerging new metaphors and expectations. 

The clearest statement of his adherence to an organicist perspective 
was made i n  a speech delivered in 1932 on the inadequacy of the 
concept of determination in development ( 1 933) .  He began with a 
reference to the weakening of concepts of causality in contemporary 
physics. But j ust as physicists were exploring new frameworks of ex­
planation, biologists were dogmatically pushing ideas of strict causal 
determinism. "It  is as if a sort of Presbyterian biology were coming upon 
the scene just a physics is about to go over to the Baptists" (p. 306). 
The concept of determination in embryology was related to the epi­
genesis-preformation controversy. Harrison's position on determina­
tion was i l lustrative of the organicist transcendence of that controversy. 

Both the preformationist and epigeneticist arguments implied that 
adul t characters were in some sense implied in the egg, but preforma­
tionism took the further step of postulating that all the parts of the 
organism were actually contained in the germ. Embryology had no note 
of substantive history or novelty, but Harrison emphasized that the 
term determination ( Bestimmung) as Roux used it in the r 88os was not 
meant in a strict preformationist sense. The term was meant to apply to 
localization of parts in the germ with reference to their future disposi­
tion. In 1 932 Harrison cited approvingly the 1 902 definition of deter­
mination given by E. Korschelt and K. Heider: 

We count under this rubric the whole cycle of questions that deal 
with the disposition of constituent parts of the embryo with re­
ference to their future fate. Accordingly, it has to do with the 
origin, nature, and localization of organ-forming factors-a field 
that embraces the fundamental questions of embryology and 
although already taken up from various sides, one that still remains 
very much in the dark, [p .  307] 

The inadequacies of the basic concept and an exposition of an alterna­
tive formulation of the problem made up the remainder of the speech. 

In describing events of differentiation that occur after a certain 
amount of initial segregation of substances has taken place the egg, the 
term determination had a certain legitimacy. I t  referred to Roux's ques­
tions about dependent versus self-differentiation. But biologists were 
not satisfied with this general use of the concept, and they attempted to 
find the exact cause and time of determination of a primordium to 
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form one and only one end orga·n. As Harrison observed, 

It might all be well enough if we confined our use of" determinatwn" to the 
processes themselves, and described the changes that take place as 
differentiation proceeds, but trouble begins when, as is more frequent­
ly done, we use the word to denote a state and ask the question whether 
an organ rudiment is "determined" or not, meaning thereby 
whether i t  is so fixed as to its capacities that i t  can do but the one 
thing that i t  does do. [p. 308 (italics added)] 

He went on to explain that experiments revealed no single criterion of 
fixation. Quite the contrary, "one could not fai l  to conclude that the 
isolated part tends to form a greater variety of structures than when left 
in place in the embryo" (p. 3 '  1 ) .  Parts of the organism showed embar­
rassing plasticity. 

Even the strict segregation pattern in the mosaic eggs of ascidians, 
which seemed so intimately related to strict determination of a region's 
fate, was of only temporary significance. Adult ascidians showed powers 
of regeneration and developmental plasticity that defied inclusion in 
any concept of determination. Attempts to include such phenomena 
under the strict mechanist category led to an endless search for "nee­
blast" or reserve cells, which were never "determined" but lay hiding 
among d ifferentiated cells, jealously guarding their totipotency. 

Experiments on the optic-Cuf>�lens system delivered the fi nal blow to 
the idea of determination for Harrison. In particular, W. Le Cron had 
demonstrated that if the optic vesicle were removed from A. punctatum 
embryos immediately after closure of the neural folds, the overlying 
cctoderm did not develop into a lens, as i t  would have done with the 
optic cup in place. However, the same ectoderm transplanted to the ear 
or heart region did develop into a good lens. Which structure deter­
mined which? Harrison's conclusion was that "the emphasis upon 
'determiner' and 'determined' leads to a very lopsided and often 
erroneous view of the process, for it zs questionable whether one factor wn 
mfiuence another without itself being changed" (p .  3 1 5  [italics added] ) .  
Emphasis on such i nterrelations was fundamental to the organicist per­
spective on the part --whole prOblem. 

In the same speech the Yale embryologist related Spemann 's organi­
zer to the problem of determination and expressed his dissatisfaction 
with certain implications ofthe notion of an organizer. Harrison 's views 
here are critical to the assertion that .le struck roots of a true organicism 
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whereas Spemann, accepting the limiting assumptions of the mechanis­
tic paradigm, hinted at vitalistic categories of explanation ( Hamburger 
t g6g) . The most exciting single event of developmental biology in the 
twentieth century before Watson and Crick revealed the structure of 
DNA was Spemann 's discovery of the organization center and organi­
zer in the amphibian egg. Traceable to the gray crescent of the egg, the 
cent er turned under at gastrulation to form the roof of the primitive gut. 
Its powers included the ability to mould the whole embryonic axis and 
to fix the various regions of the future nervous system. Any preconceived 
notions of preformation and fixity of germ layers degenerated in the 
scramble to uncover the nature of this remarkable embryonic region. 
But Harrison was among those who cautioned early that the material 
upon which the organizer exerted its influence was already highly 
organized. "The organizer, itself a complex system with different re­
gional capacities, merely activates or releases certain possible qualities 
which the material acted upon already possesses. The orderly arrange­
ment which results depends not only upon the topography of the organi­
zer but also upon that of the system with which i t  reacts" ( 1 933, p. 3 1 7) .  
For Harrison interaction of parts meant the processes that bound com­
plex systems to one another through time, each system affecting the 
other within the whole organism. 

In another context Harrison revealed what he meant by calling the 
organizer a "complex system." The organizer showed "marked re­
gional differences. A region ally differentiated organizer acts upon a less 
differentiated material. Both have something to say as to what will be 
formed." Furthermore, the observed regional specificity could not be 
ascribed to a simple activity gradient but had to rest upon structural 
characteristics. Harrison suspected that the organization center, like 
the limb region, owed its asymmetry to field factors. "I cannot agree 
with Dr. Wright on the origin of gradients. [ t seems to me that we must 
postulate a primary polarization of structural units, and that this in­
volves cytoplasm as well as n ucleus. . . The matter of asymmetry is 
part of the same problem as polarity."12 And the organizer was an 
instance of asymmetrical organization. 

Harrison summed up his position on the organizer and the deter­
mination concept by stressing that successful explanation in embryo-

1 2 _  Remarks ar·e taken from Harrison's discussion notes of Scwall VVright's 1 �J3+ lecture on 
genet1cs of growth anomalies of the guinea pig. The notes may be IOund in box 1 2. H):r)--:-;(i, 
folder 2, of the Harrison files in Sterling Library Archives at Yale 
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logy had to be measured by "simplicity, precision, and completeness of 
our descriptions rather than by a specious facility in ascribing causes to 
particular events" ( I 933, p. 3 I 9 ) - H e  presents his own synthetic theory 
of development in a I 936 lecture ( I  937) . 13 This theory constituted the 
essential link between Needham and Harrison in the sense of a para­
digm community, just as the frame for viewing the patterning of the 
nervous system tied him to VVeiss. The fundamental notion was "to refer 
the changes i n  the developing organism to the conditions imposed by 
the configuration of the protein molecule and its accompanying chem­
ical and physical activities" ( 1 937,  p. 372) .  The colloid theory of the 
nature of protoplasm was replaced with an appreciation ofintermediate 
crystalline structure. Protoplasm was seen as more than a gell of sub­
stances ; pattern was essential . 1 4  

Harrison speculated that primary polarization of egg arose from 
alignment of the protein molecules oriented as a function of their dipole 
character. The opposite chemical properties of the two poles would 
result in different chemical reactions and electrophoretic transport of 
charged molecules to different sectors of the egg. Field properties would 
be set up by forces arising from the chemical structure of the cell, and 
material gradients could be one expression of the situation. 1 5  Sub­
stances produced under direction of the genes would be localized in the 
structured cytoplasmic milieu, resulting in different chemical reactions 

1 3 .  The remarks in this article ar<:' a U.Jmkmation of the Harvard Tercentenary L('Cturc, 

which will be discussed fully below. 
14.  A colleague of Harrison at Yale, Gcorge Raitsdl, delivered a paper in 1938 at the A;\AS 

meetings on "A modern concept of the cell as a structural unit," in which he clearly described 
the concept of structured cytoplasm. Applying modified notions of crystallinity to cytoplasm 
helped bridge the gap between ideas of organic and inorganic nature and led to concrete pictures 
of linked scales of complexity. Baitscll's paper rdkctcd the benign influence of Harrison in these 
areas of thought. The paper was an ad, a nee announcem<:nt of molecular biology, that is, a "clear 
view of tlw elemental p0ttcrns ofprotopla>m" (sec Baitsell 1 �)40, p. 6}_ Baitsell may have been 

the first to use the term molecular biology in a public paper. Jane Oppcnheimcr notes that Astbury 
called himself a molecular bioligist in 1939. but I am aware of no earlier use of the expression 

(sec Astbury 1 939, p. 125 ;  also see Oppenhcimer 19GG, p. 1 2 ) .  The r�xent and indispensable 
history of molecular biology is Olby 197<1 

1 5 .  Harrison wrote that Conklin, Morg.-1n, and Spnnann advocated a molecular basis JOr the 
fundamental principle of vital organizatioll. Driesch coo r<"fern:d relations of symmetry of the 
organism to symmetrical relations of the intim<J.te protoplasmic structurC'. Child, on the other 
hand, thought of functional (metabolic) propertirs as the b<J.sls of axial differentiation and gra­
dients. Harrison criticized Child, noting that "such gradients may well be an expression o(the 
polarity rather than it� cau�e" { 1921a,  p.  92). ln any cv<:.nt Harrison w;1s opposed to the kind of 
structure function dichotomy that Child embrdu:d 



go CRYSTALS, FABRICS, AND FIELDS 

taking place in various regions. New local centers of activity with a 
potential to differentiate into subfields were thus established. Side 
chains of the oriented protein molecules were envisioned as the locus of 
specific chemical activity (an intimation of proteins functioning simul­
taneously as enzymes and structural units ) ,  and realtive reaction velo­
cities would account for greater and greater local diversity of action. As 
the egg continued to divide, the above processes accounted for accom­
panying local diversification of cells. But each cell of an organism would 
retain a characteristic cytoplasmic asymmetry within which gene­
directed metabolic processes occurred. The idea that each cell con­
tained the ful l  genetic endowment was broadened to include the pos­
session also of a basic cytoplasmic structure. Within this framework, 
differentiation, dedifferentiation, and determination took place. There 
was no need to postulate neobla')ts, any more than there was a need to 
search for the irreversibly determined, differentiated celL No elements 
of the cell-genetic, metabolic, or cytoplasmic----were conceived as 
either i nactive or unstructured. 

Significant cell movements such as gastrulation and neurulation were 
explained by cell-shape changes due to the action of crystallization 
forces resulting from changes in molecular configurations during 
chemical reactions.16 "Differentiations are in a sense, then, the by­
products of cytoplasmic activity and are accompanied by movements 
involving change of form" ( 1 93 7, p. 373 ) .  At no point in the scheme 
doeS a s ingle cause determine a single effect ; systems of oriented 
processes d ifferentiate into subsystems coordinated by their mutual 
functioning. Many lines ofHarrison's bold theory remain unconfirmed, 
but his approach still constitutes perhaps the richest contribution to a 
coherent theory of development. The concept of fields resulting from 
structured activity is a typical organicist resolution of the field-particle 
polarity. The resolutivn rests, essentially, on going beyond structure­
function dichotomies. 

The fundamental organizing insight in Harrison's approach to 
development was his conception of the role of protein molecules. Pro­
teins were important because they gave him a hold on a source of asym­
metry of the desired ''grain . ' '  ''The existence of the equipotential system 
necessitates, in fact, the assumption of some sort of molecular hypothesis 

1 6. The recent demonsnation that microtubu le-:> and microfilaments involved in cel l-shape 
changes are necessary for the folding or the nnnal plate to occur in _;..:enopus embryos i:; ample 
confirmation of Harrison 's speculations {sec Karfunkcl 1 9 7 7  ) . 
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for the representation of adult form i n  the germ . . . .  I n  other words, i t  is  
the intimate protoplasmic structure that underlies symmetry" ( 1 92 I a, 
pp. 87-88). For his conception of the role of proteins, he was indebted 
particularly to W. T. Astbury, Dorothy Wrinch, andjoseph Needham. 

The latter two were associated through the Theoretical Biology Club. 
The forms ofintellectual interaction among these biologists were typical 
of a paradigm community. As Eugene Hess observed recently, "An 
indispensable condition for development of molecular biology was the 
recogni tion that biological structures are organized on a molecular 
basis" ( Ig6g, p. 668). All  four individuals were essential to the fulfill­
ment of that condition. 

Astbury was responsible for valuable early X-ray analyses of crystal­
line protein structure. The first major solution of the structure of a 
biological molecule came only i n  1 925, when 0. L. Sponsler deciphered 
the cellulose fiber. His method was applied to silk protein (fibroin) by 
H. Mark about 1 929. Astbury h imself worked on textile fibers, and i t  
was to him that Harrison turned for collaboration in the search for 
oriented crystal structures in living tissue. 

Dorothy Wrinch was i nterested in applying a gemetrical approach to 
the problem of protein structure. Seeing the need to exploit such 
methods as chemistry, geometry, topology, crystallography, and physi­
cal chemistry, she proposed a type of closed fabric structure for proteins 
based on a cyclol ring form ( r g38 ) .  She was eventually shown to be 
wrong about the linkages in proteins-they are essentially long chains, 
with the amino acids joined by peptide bonds, folded into characteristic 
shapes. But her theoretical work functioned as a positive stimulation to 
men such as Harrison and Needham. From the beginning Harrison 
fel t  her work was related to his own search. 1 7  

Jose ph Needham discussed his conception of role of liquid crystals in  
protoplasm in his  Yale Terry Lectures of March 1 5, 1 8, and 1 9, '935·  

The correspondance between Harrison and Needham before those 
lectures, and then afterward about the book Order and Life based on the 
lectures, reveals the intellectual relationship between the two men. In a 
letter dated .January I I , 1 937,  H arrison indicated to Needham how 
much he had drawn on his conception of a paracrystalline organization 
of protoplasm. 

t 7 - In a letter dated December 30, 1937, Harrison indicated to Or Wrinch his desire for her 
hdp in his own speculation. Se(� Sterling Library Archives on Harrison, box 24. 
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For my Harvard address [the Harvard Tercentenary of I936], I 
drew very heavily on the literature you refer to in the third lecture 
["The hierarchical continuity of biological order"] .  I am 
afraid some of my friends think I have gone 'nuts,' as we say here, 
on the subject of protein molecules and the paracrystalline state. I 
tried a few X-ray diffraction pictures of the developing embryo 
last spring, but so far with negative results. One will need the colla­
boration of a first-rate physicist, familiar with the field, to accom­
plish anything and I hope to interest someone of this description in 
the work 1 8  

Needham, in  his turn, wrote in 1 935 that he considered Harrison to be 
his mentor and guide at Yale, so much so that he had considered mov­
ing from Cambridge to New Haven to pursue his work on chemical 
embryology. Harrison fel t  that Needham's efforts to unify concepts of 
biochemistry and morphogenesis were extremely important.19 

Although a generation older, Harrison himself was not the least active 
of the four  workers listed above in laying the foundations for an organi­
cist molecular biology. He began thinking in molecular terms very 
early (at least by I 92 I )  and built molecular models in his Os born 
laboratory constantly. He was influenced by H.  Prizbram, who referred 
symmetry and polarity relations of organisms to the arrangement of 
particles in a space lattice. However, Prizbram had little appreciation 
of an organicist approach, and Harrison's originality resided in his use 
of the crystal analogy within such a perspective, with a ful l  "realization 
how vastly more complicated these relations are in organisms than in 
crystals. " 2 0  

It  is instructive to look with care at the precise way Harrison de­
veloped the crystal analogy in his own work. Axial differentiation in the 
embryo could be compared to spatial relations of atom groups in certain 
carbon compounds. A t  the center of a tetrahedron, by analogy, one 
could assume a carbon atom linked to the four groups occupying the 
angles of the figure. 

By hypothesis the groups at the angles are supposed to be at first all 

18. Sterling Archives, box 32 
rg. Sec Harrison's letter to Lancelot Hogbcn about Needham in support of :\"eedham's 

candidacy for the Royal Society, box 3 J ,  folder 3, dated January 6, ! 939· 
20. H arrison 1 925a, p. 499 (see also Prizbram rgo6). Harrison also drew from such workers 

as R. S. Lillie, who as early as r g r g  wrote a theoretical analysis of the crystal analogy in which 
he treated organisms as bounded, structured processes (see Lillie and johnston 1919)  
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alike. If  one of them should be changed by some reaction, the struc­
ture of the molecule would become polarized, and if all the mole­
cules should assume approximately the same orientation, the 
system which they constitute would show a similar polarity. If two 
of the groups become differently modified, then the structure 
becomes bilaterally symmetrical. And, finally, if three become 
modified, so that all four are different, then the arrangement 
becomes asymmetrical as in the case of optically active substances 
with an asymmetric carbon atom. In the last phase there are two 
kinds of individuals, which are exactly alike i n  every respect, 
except that they are mirror images of one another. [ 1 92 1 a, pp. 
88-Sg] 

The experiments on the limb and ear lent themselves to this analogy 
readily. Some kind ofparacrystalline organization, specific for a type of 
cytoplasm, would underlie form relations and form changes-morpho­
logy and morphogenesis. Progressive orientation of protoplasmic ele­
ments (restriction of degrees of freedom) could account for polarity and 
symmetry, without any need to postulate the cell as a homogeneous 
system. Crystal organization i n  organisms was i tself an example of an 
i ntermediate level of organization, joining processes of organic and 
inorganic nature. And perhaps most significantly, Harrison's use of 
crystal analogies allowed him to bypass assumptions of the mosaic--­
mechanistic theories of development about part-whole relations and 
to account for the existence of equipotential systems without turning 
to either entclechies or classical machines. 

Harrison's l ife work was beautifully summarized in a series of 
lectures he delivered at seventy-nine. The six Silliman Lectures of 1 949 
were entitled "Organization and development of the embryo." There 
is no better way to tie together this consideration of Harrison as a 
pioneer of organicism i n  contemporary developmental biology than to 
follow him through those lectures and the papers he relied on i n  their 
preparation. The concerns, the theoretical expositions, and the 
experiments speak for themsclves.21 

2 1 .  The complete Sil!iman Lecture notes are unpublt�htd. I arn indebted 10 Sally \Vilem, 
long-time re-search <tssociate of Han·ison, and to the archive �cctJon of Sterling Memorial Libr<Jry 
!Or xnox copies oft be kcturcs. All quotations from the lectures come from this source. Tlw book 
edited by \1\-'ikns, Orgam;:_ation and Deuelopmenl of the Embryo, cited earlier, contains the papers 
Hanison most relied on in composing his talks. The bulk of the supporting material in this book 
ha� not been taken from these papers, but frorn less rc:Jdily available material in order to com� 
plemen1 what \Vikf1� has made so easily acn:,�ibk (Huenftn Silhmm Lecturf note� an� cited 
in text as SL. ·) 
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The Silliman Lectures 

Though we think of it as a thing, the organism is really, as has been 
aptly said, an event in space-time_ 

In his introductory lecture of the Silliman series, Harrison observed 
that development from egg to adult is an intimate personal experience 
for each of us. The importance, fascination: and mystery of embryology 
spring from this source, just as our physical involvement in organic 
evolution gives this other historical branch of biology its unique place in 
the history of ideas. The first lecture sets forth Harrison's position on the 
nature of organization and the problem of levels in biology. Starting 
from a bare dictionary definition, he emphasized two aspects of organi­
zatio n :  configuration and relationship. He noted that all science deals 
with organization and that in biology the concept is relevant on several 
levels, each composed of units from a lower rung. The simplest units 
exhibiting the biological level of organization are cells, which are, of 
course, heterogeneous themselves. "The continuity between genera­
tions being through the germ cells-cellular organization must be taken 
as the starting point of any account of the developing creature. Then 
the organism, even the most complicated, is the cell, in the configura­
tion and function of which the whole mature organism is implied" 
(SL 1 ,  p. 10 ) .  At the other end of the biological scale are societies of 
organisms. Whatever the position on the scale, i t  is essential to study 
both constituent parts and their relations to the whole, but all philoso­
phical approaches to biology, from the most mechanistic to radical 
vitalism, have admitted these commonplaces. The crux of the issue is 
the nature of the units: Is the search for the ultimate uncomposed unit 
justified? 

H arrison's clear response in no. Cells are thoroughly heterogeneous ; 
' 'but it is not merely the presence of all these things (nucleus, cytoplasm, 
molecular aggregates, micelles, etc.) that enables the cell to live and to 
function. They must be there in proper spatial relations ; hence the 
emphasis on configuration. "  Even the atom itself, he emphasizes, "is 
resolved into a constellation of particles having a characteristic con­
figuration for each element" (p. 3 ) .  With the vanquished conception of 
an ultimate simple atom, the view of arrangement of parts dictated by 
the machine analogy also breaks down. Hmv then are the levels of the 
organism related to one another? 

H arrison rejects the two vitalistic resolutions of the problem of 
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hierarchy : the theory of emergence of Lloyd Morgan and the holism of 
General S muts. Concentration on emergence had "interposed un­
necessary obstacles in the way of our investigation." I t  was never 
evident how various degrees of organization emerged, and special acts 
of creation were, he alleged, strongly implicated. 

It is asserted that the entities occupying each level have properties 
peculiar to that level, which are not deducible or predictable from 
the properties of the units of the lower leveL But i t  is an 
advance in our knowledge of w;Her to know that it is a compound 
of oxygen and hydrogen and it may be said of hydrogen thar along 
with its molecular weight, another of its properties is that under 
certain conditions it combines with oxygen to form water. 

Hollsm was guilty of obscuring the idea of the whole instead of seeing 
unity as the fundamental question open to experimental analysis. "ltJ is 
impossible to develop science wholly from the top down or from the 
bottom up. The investigator enters where he can gain a foothold by 
whatever means may be available" (p. 4) . 

The correct approach, then, to configuration is to concentrate upon 
the organization proper to each level. This course implies an apprecia­
tion of indeterminacy in biology. No two biological units are ever 
exactly alike. Not only must the biologist use the tools of statistics, he 
must also realize he faces difficulties analogous to those of contemporary 
quantum physics. Experimental procedures alter the very unit being 
observed. And finally, the biologist must allow for different time scales 
appropriate to each level of organization. The rhythms of physiology, 
development, and evolution cannot be reduced to a homogeneous 
measure of time. The biologist must avoid the fallacy of misplaced con­
creteness, or else he is blind to the "problems of organized complexity" 
with which he must deaL Harrison here has implied that biology, as 
well as physcis1 must surrender the mechanistic dream. Both have to 
confront the i mplications of indeterminacy, q uantum phenomena, and 
relativity. The proper view of relations among levels of organization is 
indicated by the term integratwe level. The aim of science must be "to 
scale them," not to homogenize them (pp. 4� 7 ) .  

I n  the rernainder of his first lecture and i n  the second talk, "The egg 
and early stages of development," Harrison described the early work 
in embryology and d iscussed concepts of normal development, egg 
polarity, t he Rou x ·· Driesch controversy, fields, and organizers. His 



g6 CRYSTALS, FABRICS, AND FIELDS 

positions were drawn from the papers analyzed in earlier sections of 
this essay. In the third lecture he returned to a subject whose study he 
had made possible, "The autonomy and dependence of cells and tissues 
in development." This lecture was a contemporary meditation on the 
cell theory that had been so fundamental to Harrison's study of isolated 
cells outside the body. Harrison described the history of the study of cell 
autonomy and placed the work in the context "of the antithesis which 

originally led to much controversy which is not by any means 
settled : whether the organism consists of a large number of individual 
units or cells or whether it is consolidated into a whole, which has more 
than the combined capability of its constituents" (SL 3, p. r ) .  

After acknowledging the early work on blood cells and the always 
central contribution of Roux, who introduced the concept of self­
arrangement (Selbstordnung) ,  Harrison related the factors in his inven­
tion of tissue culture. His observations on the differentiation of various 
cell types in culture, as a test of Roux's formulation of self versus depen­
dent di fferentiation, led to his critique of the determination concept. 
Describing the morphology and dynamics of cells in culture, Harrison 
stressed the basic point that cultures themselves were "organized" in 
the strict sense of the term. The old dichotomies of autonomous parts 
versus strict dependence on the whole were inappropriate. To further 
develop this point, Harrison reviewed both the work of Holtfreter on 
ectoderm and endoderm combinations and tissue affinity and other 
studies on axial or spherical organization of tissue masses in culture. 
"Here we have the borderline between the primitive organization of 
a tissue culture and the higher organization of an individual" (p. 7 ) .  

Harrison concluded the first half of the lecture b y  summarizing the 
considerable achievements of tissue culture up to 1 949 --··which in­
cluded demonstration of unlimited capacity of growth and reproduc­
tion in many cell strains, marked powers of differentiation of many 
tissues in nongrowth media, proof of the neuron concept, study of cell 
movement and aggregation ----and by stressing the need for continued 
study along the !Crtile lines opened up. The latter half of the lecture was 
taken up by discussion of H .  V. \Vilson's sponge disaggregation work, 
mosaic cleavage and regeneration in ascidians, degeneration and re­
generation in hydroids, slime mold morphogenesis, and pigment-cell 
development. All these systems provide rewarding tests of relative cell 
autonomy and clues to understanding the organism's "organized 
complexity." An example of Harrison's intellectual position is his con-
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elusion to the section on slime molds : "These mycetozoa bring out 
in a more striking way the contrast between the cell as a unit or indivi­
dual and the cell as part of a unit of higher order. These two roles 
alternate. The cells when free constitute an 'equipotential system' 
according to Driesch's definition and the part that each plays in consli­
tuting the whole is a function of i ts position" (p. r 8) .  Such phenomena 
were crucial for an organicist, but  nonvitalist, theory of development. 

In the fourth lecture Harrison turned to the nervous system, a topic 
he stayed close to throughout his career and one that represents the 
most significant link between him and Paul Weiss. 2 2 The Siltiman 
speaker described the embryogenesis of the nervous system in detail, 
emphasizing its complexity and the plethora of unsolved problems. He 
warned of the l imits of such analogies as the telephone system, declaring 
that specificity and irritability of the nervous system were too funda­
mental for the image to provide much insight. He described with care 
his work from 1 904 to r g i O  on the origin of nerve fibers. Within that 
context he went on to evaluate various theories of nerve connection and 
growth such as neurotropism, chemotropism, and stereotropism. He 
cited Weiss's experiments with directed frameworks and rectangular 
and triangular frames, which had confirmed that nerves follow a 
directed course during development. 

Another Weis� contribution mentioned in this lecture was the 
experiment of constricting a regenerating nerve fiber and observing the 
damming of material coming down the central axon stump. The work 
emphasized the metabolically active nature of the nerve cell as a whole 
and the close connection of cell body and extension. The morphological 
conclusion of Harrison in I 907 was thus extended to physiology : The 
nerve cell body was beyond doubt the source of the axon. 

In the last sections of the lecture the :::;peaker treated the problems of 
selectivity in nervous connection, the correlation or structure and 

22. Ross Harrison first invited \Vciss to comc to Yak to work in 1 :12H. \Veiss reported 111 an 

interview on July 22, 1970, that his wife\ parents were opposed to the couple's move at that 
time. But in 1 93 1  a Sterling fe-llowship was arrangtd for Wt:is� and he arrived that year ill the 
O�born Laboratories, where he immediately set up .a ti�sue culiurc laboratory. Harrison had 

abandoned the technique years earlier . \Veis� conducted his important studies (twtJ-centcr ex· 
pcrimt:nt) on stereotropism as an influence in pattern formation in nerve and fibrobla�t cultures 
while at Yale. Weiss and Harrison wen.- never close working panne�, but they were very �}m­

pathet ic to each other and their rdationship continued after \·Veis-; went to Chicago in 1 <:):1:') 
The paradigm community re-lationship hctwccn the: two hiologisto will be considered more rull) 

in th< chapter on Weiss. 
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function during embryogenesis, form and function regulation in the 
spinal cord and brain, and regeneration. He displayed an obvious 
familiarity with an extensive literature on the nervous system. His 
contribution consisted in the integration of this material into a provoca­
tive portrayal of the questions answered so far and those remaining to 
perplex the modem worker. What he did not know then was that the 
recent work on optic tectum-retina connections was to be a fundamen­
tal i nvestigation of axes and polarity (field relations), as well as of the 
nature of neural specificity between fiber and end organ. Both areas 
were of i mmense concern to Harrison. 

The fifth lecture, "The symmetry of organisms," was based on the 
r g36 Harvard Tercentenary Lecture. The essential problem, however, 
was not true symmetrical organization but residual asymmetry of 
organisms ; i t  was this study that occupied so much of Harrison's 
attention. In the speech Harrison explained that symmetry comes from 
commensurability and implies order, regularity, and arrangement. 
Geometrically symmetry is defined by operations of rotation, inver­
sion, and translation. In nature, crystals and organisms embody the 
rules of symmetry ; this simple fact underlies the historical analogy 
between crystal and organism. Harrison 's work may be seen as a search 
for the appropriate degree and nature of the analogy in modern em­
bryology. I n  our period, attention has been focused on internal laws of 
order for both sorts of entities ; external form is a function of principles of 
arrangement, of inner patterning. 

I n  the lecture Harrison reflected on the discovery of optical isomers 
by Pasteur i n  1 848. The discovery of molecular asymmetry had been a 
principal turning point in the relation of chernistry to biology. Optical 
isomerism provided Harrison with the analogy fOr his own version of the 
organism-crystal relationship. But it was clear from work on coiling in 
snails that molecules with the sar.Je asymmetry could produce organ­
isms with opposite, mirror-image symmetry. Therefore it was too 
simple to postulate a one-to-one relationship between molecular pat­
tern and protoplasmic structure. The clue to the dilemma lay in the 
suspected presence of a special type of crystal organization in organisms : 
liquid crystals. Such labile structures may change their orientation. 
"They are, in other words, para-crystalline and are often fixed in one or 
two dimensions instead of all three." I n  this context Harrison interpret­
ed his work on the axes of symmetry in li rnh, ear, and gill systems of the 
newt. Molecular models showing successive substitution of four groups 
bound to a central carbon atom, ini tially very suggestive, were inade-
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quate to the complexity of the organism. Rather, "the model showing 
progressive orientation of asymmetric molecules will explain the facts 
better." I t  further gave a means of understanding twinning across re­
flecting planes, a perplexing phenomenon encountered continually in 
the course of l imb and ear experiments. "Twin crystals are very com­
mon and in cases of asymmetric forms, they frequently are the mirror 
image of each other. . . .  This phenomena [sic J then speaks very strongly 
for the crystalline or paracrystalline nature of the living tissue making 
up the ear vesicle" (SL 5, pp. 3, 8, 7 ) .  

Harrison concluded his important observations with a simple but 
far-reaching statement. 

The significance of all this detail, which I fear may have bored 
you, is that it gives crucial evidence that these two quite different 
systems, the ear and the forelimb, arc made up of units arranged in a 
repeat pattern which becomes definitely more and more oriented. 
In this respect they are similar to the egg . . . .  I n  fact, that kind of 
organization seems to pervade all living matter and will have to

'
be 

reckoned with in any theory of the organism. [pp. I o- I I J 

I n  the last lecture, "Development and growth in  complex systems," the 
limitations of the classical crystal analogy, rather than the power of the 
organicist version, were explored. Crystals grow by accretion, and 
addition to each axis is proportional to axial relations of the lattice. 
"Growth of organisms is more complex) since they grow internally and 
are made up of many different components with different rates of in­
crease" (SL 6, p. I ) .  D'Arcy Thompson was the first to analyze differen­
tial body proportions by referring them to a Cartesian coordinate 
system and applying rules of transformation. Different shapes were 
derived from a common form. Similar relationships among forms had 
long been appreciated by artists, and Harrison cited Albrecht Durer's 
Treatise on Proportion as an example. The union of organic and artistic 
form underlies the perspective of the lecture. 

The content of the paper was drawn from studies on chimeras, 
organisms constructed of parts from different species. Such work traces 
back to the first embryonic transplantations ofGustav Born about 1 8go. 
Harrison sketched his experiments on heteroplastic transplantations. 
He included his own and others' studies of l imb, eye, gills, and heart, 
trying to sort out problems of form and function regulation and species­
specific rates of growth. 

The general conclusion to the Silliman Lectures is reprinted in full in 
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Wilens's text. The substance is that there are two basic levels of organi­
zation in biology, the cell and the individuaL which meet in the organi­
zation of the egg. In that sense, embryology is the most fundamental 
discipline of the life sciences. Since "each and every living being can be 
encompassed i n  the organization of a single cell of its species" the prob­
lem of the embryologist would be simple if classical preformationist 
tenets were valid. But in the early 1 8gos Driesch exploded one version 
of the mechanist's dream and underlined the cardinal problem of 
development : form regulation. Harrison would not accept Driesch's 
solution. Focusing instead on regional d i fferen tia tion in the egg, he 
elaborated an organicist theory of development :  The organism contains 
a microstructure with an oriented and polarized repeat pattern. "In 
other words, the egg and early embryo consist of ftelds-gradients or 
differentiation centers in which the specific properties drop off in inten­
sity as the distance from the field cent er increases, but in which any part 
within limits may represent any other." Dependent differentiation or 
induction involves two fields, "each with its intensity gradients, thresh­
olds of activity and sensitivity, and each with time limits on its func­
tion" ( t g6g, pp. 258, 260, 26 1 ) _ The organization of the elements of a 
field explains regulation within boundaries. These simple building 
blocks are precisely the ones common to Harrison, Needham, and 
Weiss. 
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J oseph Needham 

Organization palpably appears at al l  size levels. Form is  no longer the 
perquisite of the morphologist, and molecular exactitude no longer 
the preserve of the chemist. If I thought like this in 1935, I am even 
more convinced of it in 1967 ; the bridge is almost built. 

Joseph Needham, 1968 

Biology is largely the exploration of fibre properties. 

Joseph Needham, 1935 

A Great Amphibian 

From his earliest years joseph Needham (b .  r goo) felt himself drawn 
to appreciate and comprehend antithetical modes of human experience 
in philosophy, science, religion, and culture. I t  is not surprising to find 
such a person examining the polarities of field and particle in the 
embryology of the 1 930s. The organismic paradigm was woven from 
many threads ; it required the convergence of disparate disciplines, 
nationalities, and philosophies of science. If Ross Harrison manifests 
the contribution to an organismic paradigm made by the American 
school ofexperiemental embryology, with a huge debt to the Germans, 
Necdham embodies the currents of British developmental biology, 
again with significant links to Germany. Needham, who saw as his 
task the construction of a bridge between biochemistry and morpho­
genesis, was well suited for his role in a decisive period in the history of 
biology. 

Trained in biochemistry at Cambridge in the I 920s, Necdham was 
strongly indebted to Fredrick Gowland Hopkins, the founder of bio­
chemistry at Cambridge. Hopkins, who is best remembered fOr his 
work on the structure of tryptophan and for the d iscovery of glu tathion, 
continually stressed the need to appreciate the chemical geograph] of 
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the cell 1 He did not directly focus on forrr. problems in ontogenesis, 
but  he encouraged such an intellectual disposition in his students. 
Needham recalled that his mentor was by 1 8g6 keenly aware of the 
need for work on development of the chemistry of the egg. About 1 9 2 1  
N eedham himself was attracted to what h e  later called chemical em­
bryology when he chanced upon a 1 9 1 4  dissertation by Klein that 
demonstrated a change i n  inisotol concentration in the hen's egg 
during development. After his dissertation work on inisotol, finished 
in 1 923, Needham applied himself to a variety of problems in the bio­
chemistry of development until the early 1 930s, when he began to 
focus on the chemical nature of the amphibian organizer. The years 
leading u p  to that work show an extremely in teresting in tellectual and 
experimental development culminating in  a nonvitalist organicism. 
Attention to Needham's intellectual history is particularly rewarding 
because he so openly acknowledged and struggled with the strains of 
the mechanist-·vitalist paradigm. A critical turning point in  his own 
thinking occured in  the early 1930s, a time that also saw the founding 
of the Theoretical Biological Club, a group extremely important to the 
articulation of the new paradigm. 

It would be useful to examine Needham's experiments in two 
phases, from 1 92 3  to 1 934 and from 1 934 to 1 944. Highlighting the 
transition between the two periods are the studies of Hans Spemann 
and his collaborators i n  Freiburg and the truly impressive investiga­
tion of development by Holtfreter in  Berlin-Dahlem. With an adequate 
appreciation of Needham's experimental concerns, one must then 
turn to their philosophical context. 

From the mid-1 g2os until about 1 93 1  and the publication of The 
Great Amphibian, Need ham was occupied with an analysis of the history 
of vitalism and mechanism and a justification of his own neomechan­
ism. Beginning with his acquaintance with Joseph Woodger and the 
ensuing discussions at the Woodgery on theoretical biology, Needham 
developed his mature position on organicism. Of foremost importance 

1 .  Hopkins coined an aphorism that pointedly conveys the heart of his vision· "Life is a 
dynamic �qui!ibrium in a polyphasic system:' His work derived from that of W. B. H<�rdy, 

who 5tudicd structure in colloidal systems. Ncedham considered Hardv ;� pioneer in building a 
bridge "between the largest orgamc molecules and the smallest intracellular structures'· (sec 
Need ham 1936, pp. i 30- -32;  see also Hardy 18gg). For a good view ofNccdham'sdcbt to Hopkim, 
see his 1962 paper entitled " Frederick Gowland Hopkins" (Persf!ul. Bwl. /1-ferl. 6 :  2 ·+7) - Set' 
also Price ( 1973) for a provocative summary relating Need ham's history and training to hi.'> later 
interests in the hi.o.tor;: of Chinese scienct'. 
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i n  his reevaluation of scientific and philosophic matters was an in­
troduction to Marxism and his subsequent political development. I t  
would b e  profitable to gauge the influence o f  his political world view 
on the construction of the organismic paradigm. Finally, a considera­
tion i n  depth of Order and Life, the Terry Lectures of 1 935 published 
in 1 936, should summarize and focus Needham's positions on form, 
organization, fields, particles ( fibres and crystals), and hierarchical 
levels-the critical elements of organicism. Biochemistry and Morpho­
genesis will  also be profitably explored in this section on Needham's 
speculative contributions to biology. A brief cod a exploring Needham's 
post-World War ! I  perspectives and opinions on developmental 
biology will complete the examination of his role in the new paradigm's 
formation. 

Needham's introduction to the chemistry of ontogenesis resulted in 
his early publications of 1923  and 1 924 on inisotol, which offered 
methods of quantitating its concentration in  the avian egg, problems 
of synthesis in the animal body, and metabolic behavior in the devel­
oping egg ( 1 923,  1 924) .  This research was quickly followed by a variety 
of investigations of chemical processes in marine and avian eggs. Using 
microinjection techniques, he studied hydrogen ion concentration and 
oxidation-reduction potential of marine material ( 1 gz6b) .  Attention 
was turned early to energy sources in ontogenesis, resulting in studies 
of nitrogen and carbohydrate metabolism in embryos ( 1 927 ) .  The goal 
of providing a ful l  chemical description of development unified all 
these investigations. Serious effort was made to relate the work to 
evolutionary history of the organisms, to questions of embryonic func­
tion at various points in development, and finally to an overall ground 
plan of animal growth. I n  the years before 1 934 Need ham did not yet 
have a single experimental focus for the unification of form and bio­
chemistry, but  he was groping i n  that direction through the more purely 
chemical study. The strand of developmental mechanics, or experi­
mental morphology, which was to be such a critical component of his 
final synthesis, was not present in Needham's own work until 1 933-·34. 
Nevertheless, three major papers before that t ime are worth considering 
in detail in order to discern the workings of the mechanistic framework, 
its gradual disintegration, and its transfOrmation into an organismic 
perspective. These papers are also important in allowing insight into 
Needham's constant early efforts to treat the embryo as a complex 
whole. I t  is precisely this commitment that later !ed him to an or-
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ganismic paradigm. The early work prepared the ground ; the later 
involvements introduced the twin notions of hierarchy and field that 
took Need ham beyond concern for neomechanism and neovitalism. 

First, studies on nitrogen metabolism directed him to a consideration 
of "The biochemical aspect of the recapitulation theory" ( 1 930a) . 
Ernst Haeckel's principle of recapitulation, summed up in the aphorism 
"ontogeny recapitulates phylogeny," represented an effort to explain 
embryological form solely by reference to adult morphology. Embryos 
were thinly disguised replicas of successive evolutionary stages. This 
type of explanation was formally idealistic, and Needham was seeking 
a mechanistic description of embryogenesis. H e  saw himself in the 
tradition of Wilhelm His, who had attempted to introduce physical 
explanations into embryology in the late nineteenth century and to 
work out the mechanics of development. Needham wished to probe 
the power of chemical explanation in an area given to formal analysis 
of heredity. Many phenomena in the embryo, such as thejoie transitoire 
discovered by Claude Bernard, could be understood as significant 
transitory stages with definite functional relevance to the developing 
organism. However, there remained phenomena for which no clear, 
independent function could be assigned and which seemed to support 
the recapitulation principle. 

Needham described in detail one such example, the nitrogen 
metabolism sequence of the chick, and demonstrated that only a strict 
causal explanation permitted a coherent understanding of the events. 
I n  the initial portion of its development the chick excretes about go 
percent of its nitrogen as ammonia, then as urea, and finally as uric 
acid. Marine invertebrates excrete their nitrogen as ammonia, fish and 
amphibians as urea, and the saurian branch of the reptiles and birds 
as uric acid. One possible alternative to the recapitulation principle in 
such cases was to postulate that an earlier state acted as a formative 
stimulus for the subsequent mechanism, but the ammonia-urea-uric 
acid series did not easily lend itself to that explanation. Needham felt 
it was more convincing to i nterpret the sequence as relating to a gradual 
increase in the organism's complexity. Thus, a kind of recapitulation 
theory was retained in the form of development from simple to complex, 
and from that point of view it would be legitimate to compare ancestral 
and embryological forms. The analogy would stress transitions and 
lead the investigator to search out the mechanisms involved ; i t  would 
not be an explanation in itself as Haeckel's analogy was. So "embryos 
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only recapitulate what they must, and in a word, recapitulation is 
itself explained by the physico-chemical requirements of the developing 
organism" (p. 1 56 ) .  In the revised principle the formative action of an 
earlier state in relation to the later condition would be a subset of the 
general category of increasing complexity. In sum, 

the fertilized egg cell . . .  would not profitably be regarded as a 
recapitulation of the protozoan ancestor . . .  , but nevertheless 
there is an analogy, and in the same way it may be held that the 
ammonia--urea-uric acid sequence occurs in ontogenY simply 
fi:H the same reason it occurred in phylogeny, i.e. , because it is a 

transition from the more simple to the more complex. The reason 
why the chick does not excrete uric acid from the very beginning 
would, therefore, be that it was not until a certain point developed 
in the machinery for doing so, not that a urea stage was essential 
phylogenetically. [p. 1 5 t ]  

Needham went on to discuss other events i n  development, such as 
appearance of hormones, from this point of view. He attached signi­
ficance to two additional examples: acquisition of the ability to main� 
tain the constancy of the internal environment and the increase of 
energetic efficiency during development. Needham made modest 
experimental contributions in both areas. (Sec, e.g., 1 926a,  1 933c, 
1 933a. ) The critical point is his integration of experimental concerns 
into his broad synthetic goal : a chemical understanding of embryo­
genesis under the organizing principle of increasing complexity and 
integration. I t  was to this point that the organismic paradigm would 
speak. But Needham employed the machine analogy first : "The 
tendency would now be to regard the developing embryo as an ex­
ceedingly complicated machine, in which there are no idling wheels 
and layshafts, although no doubt all the mechanisms are not in gear 
at the same time" ( 1 930a, p. 1 49 ) .  He was never to abandon use of the 
machine metaphor, but its use was significantly different i n  his later 
concerns. 

Need ham elaborated his image of idling wheels and layshafts in a 
paper entitled "On the dissociability of the fundamental processes in 
ontogenesis" ( r 933h) . Like Harrison, the Cambridge biochcmisr 
refused to let appreciation of the wholeness of the organism become 
<l!1 excuse for avoiding rigorous causal analysis. I n  this. paper he was 
concerned to show the extent to which processes normally i ntegrated 
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m the embryo could function autonomously, that is, processes could 
be thrown out of gear with one another. The most appropriate meta­
phor here was without doubt the machine, with all its implications 
for the part-whole issue in biology. 

I t  is already clear that embryonic growth can be stopped without 
abolishing embryonic respiration, and conversely, i t  is probable 
that growth or differentiation, under certain conditions, may 
proceed in the absence of the normal respiratory processes. There 
are many instances where growth and differentiation are separ­
able. I t  is as if either of these processes can be thrown out of gear 
at will, so that, although the mechanisms are still intact, one or 
the other of them is acting as "layshaft" or, in engineering terms, 
is idling. [p. I 8 I J 

He followed this use of an engineering analogy with the caution that 
attention devoted to a breakdown of i ntegration is justified by the goal 
of understanding the "means whereby in the normal embryo the 
fundamental processes are integrated." The paper surveys a broad 
selection of the biological literature and touches on the employment 
of a great variety of techniques. The work unites them all by an explicit 
insistence that the unity of the embryo is not a mystical absolute but 
can be understood by attention to the organization of distinct processes. 
The synthetic approach taken by Needham in this paper is typical. 
Most of the work discussed in it was done by others, but he performed 
the service of focusing the i mplications with the assistance of a powerful 
metaphor. 

Needharn used metaphor in a manner that conforms to the require­
ments outlined on pp. g-··I '2 above. Explanation implies a picture, and 
analogy is a vehicle for connecting the internal subjective perception 
of the structure of a phenomenon with the public function of theory 
building. 

Previous experiences spring to mind when an analogy is put 
forward, and the art of choosing an analogy consists in making 
sure that these psychological overtones will as far as possible 
correspond with the relevant elements of the analogue. And, above 
all, in certain circumstances an analogy may provide a framework 
or net of co-ordinates, in which a previously inchoate mass of 
i nformation may advantageously be assembled. [p 2 I o J 
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There are at  least three interesting examples of the image of "dis­
engagement" that prompted Needham to ask further questions about 
the picture he was drawing. First, closely associated with the idea of 
gears is the notion of reversibility. He d iscussed this implication in the 
context of work on differentiation and regression in planaria and i n  
sponges. U nder conditions o f  starvation, plan aria can reduce markedly 
in size without changing morphologically. But i n  ascidian regression, 
considerable dedifferentiation accompanies loss of mass. Experiments 
on sponge disassociation and reassociation focus on a similar problem, 
but it remains unclear to what extent reversals in growth and differen­
tiation are involved. The point at issue here is that the metaphor 
Needham chose caused h im to assemble a great deal of material that 
might otherwise have appeared unrelated. 

The second example is Needham's search for a· "primary shaft" i n  
development. H e  had distinguished two types o f  dependence o n  a 
whole : existential dependence, i n  which a part would cease to exist i f  
separated fro m  the whole, and dependence with regard to properties, 
in which certain aspects of isolated parts are modified. The latter was 
indicated by analysis of the relevant literature ; there were definite 
boundaries to the independence of parts, definite selectivity in the 
engagement and disengagement of gears. ' ' I t  is as if each fundamental 
process represented a layshaft which may or may not be in gear with 
the primary shaft, and the animal economy is  obviously so constituted 
that more than one secondary gear can be engaged with the primary 
shaft at one time." Within a context of substantial autonomy of pro­
cesses and systems, the metaphor required one to search for a principal 
axis. Needham fel t  that the primary shaft could not be identified with 
any single chemical reaction, but had to consist of a complex of re­
actions that could provide the organism with a minimum amount of 
energy to maintain its i ntegrity or organization in the physical world. 
He settled on basal metabolism as the "primary shaft, or rather, the 
automotive unit to which the primary gears haft is attached" (p. 2 r r ) .  

However, identification of a principal axis only leads one to ask 
with more intensity about the manner of engagement or integration. 
This question illustrates the third example of following out the im­
plications of the machine analogy. This query about the nature of 
organization drew Need ham beyond the limits of the very metaphor 
that necessitated the inquiry. 
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The difficulties of imagination are here acute, but it is perhaps 
easier to form some idea of how the synthetic processes of growth 
engage with the maintenance metabolism, than i t  is to picture the 
engagement of differentiation, , , , But in speaking of differentia­
tion we enter a world remote from chemical conceptions, a world 
of form, a world of "organising relations above the molecular 
level," the nature of which we do not understand, and the ter­
m inology for which has not been invented, [p, 2 1  2] 

The key problem lay in understanding the principles of organization 
in even the simplest biological systems, Until some hint of these laws of 
integration was uncovered, i t  was impossible to speak of increases or 
decreases i n  organization. Like H arrison and Weiss, Needham looked 
to the idea of structure, a primary organismic notion, for a solution. 
Structure was not a static scaffolding but rather a condition maintained 
by active metabolism, Work by VIes and Gex in the late 1 920s had 
shown that the absorption spectrum for cytoplasm was not character­
istic for proteins until after cytolysis. This result was taken as evidence 
for a special dynamic structural state of living protoplasm, Again in 
concert with Harrison and Weiss, Needham scanned the work on 
protein structure for further guidance, He fel t  the work of Astbury 
would be of the greatest importance to embryology since it revealed 
the fiber patterns of the protoplasmic fabric 

Via the proteins N eedham was led to assess complex cytoplasmic 
interactions between very large molecules, In the last year of the 
nineteenth century Needham's teacher, Hopkins, had battled the 
concept of the biogen molecule, a postulated giant entity supposed to 
account for all the mysteries of life. Hopkins had fel t  that the idea 
obscured quite answerable questions by substituting a vague dream. 
Needham's criticism of the senior Haldane's treatment of organizat;on 
was similar, but Needham insisted strongly that the proteins merited 
a different status than the biogen molecules. 

But  if we are driven to take into account the forces which operate 
between molecular aggregates, it will only be because the facts 
imperatively demand it, demonstrating as they do the existence 
of organising relations i n  the living cell above the highest limit of 
complication expressible i n  terms of organic chemistry, And the 
recognition of the cell as a unit of enormous internal organization 
would not be, like the biogen-molecule theory, a portmanteau 

, , , , 
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explanation discouraging research, but a form of description with 
physico-chemical meaning, not supra-chemical in the Drieschian 
sense, because of the presence of an immaterial organising agent, 
but supra-chemical in the sense of J. H. Woodger and L. J .  
Henderson, because o f  the presence o f  inter-molecular forces and 
relations never seen at any lower level of organization. [p. 2 I 3] 

The third paper of Ncedham's early experimental period relevant 
to his role in building an organismic paradigm is entitled "Chemical 
heterogony and the ground-plan of animal growth" ( 1 934b) 2 If the 
publication on autonomy of processes propelled Needham beyond the 
limits of the machine paradigm via the idea of levels of organization, 
this work placed him firmly in an organismic framework via the notion 
of field. D'Arcy Thompson had done the first significant work on 
biological fields through his use of transforming relations displayed on 
Cartesian coordinate systems. A simple extension of his insight had 
been accomplished in the analysis of heterogonic growth, that is, dif­
ferential growth of parts of an organism. 3 

N eedham wished to extend the idea of a common ground plan of 
growth, with basic mathematical relations describing seemingly widely 
divergent forms of growth, to the chemical realm. "And just as we 
think of organs or structures as parts of a morphological totality, so we 
may think of substances or groups of substances as part of a chemical 
totality." By abstracting from time, morphological form, and absolute 
concentrations of chemical substances, Needham was left with a series 
of ratios corresponding to the relative values of chemicals during 
comparable stages of development in different groups of animals such 
as crustaceans and mammals. He considered seventeen items such as 
water, glycogen, nonprotein ni trogen, and sulfatides and concluded 
that "organisms of extremely different morphological form give idcnti� 
ea! differential ratios for a given chemical substance" ( 1 934b,  pp. 8 1 ,  

2 .  This paper represents Needham's most mature treatment of a topic he first considered 
some years earlier. I n  each case in this book I have chosen as the principal reference the latest 
expression of a theme for a particular period of development of Needham's thought because he 
often published s<:\'cra! times on similar issues. In a letter to Woodger dated September 26, 1932, 
Necdharn said Julian Huxley·'s recent book had "fired me with the idea of charting a!! the sets 
of dJta we pusses� on change in chemical constiwtion of embryonic body with agr on double 
log pap(�f, and I find that the ideas of his on heterogony arc quite app!icabk to 'growth' of in­
dividual chemical constituents such a� glycogen or fat." 

3- The formulJ. developed in J �)24 by julian Huxley, )' = bxk, has already been discussed in 

the chapter on Harrison. 
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1 04 ) .  So there existed some sort of "unitary ground-plan of animal 
growth" deformable in space-time analogous to the shapes of D' Arcy 
Thompson. Needham did not follow up on this very general work, but 
the fact that he was drawn to it indicates his tendency to seek organis­
mic, nonvitalist explanations of biological phenomena. He was more 
prone to seek answers in complex systems of processes related by field 
laws than to postulate single key chemical reactions as simple, unitary 
causes of subsequent events. 

Before describing the events surrounding the discovery of the 
amphibian organizer that were to be so important for Needham's 
experimental and philosophical development, it would be enlightening 
to glance at a monumental work he accomplished by his thirty-first 
birthday, the three-volume Chemical Embryology ( 1 93 r )  4 The body of 
the text is a compilation of virtually everything known at the time 
about the chemistry of ontogenesis. The overall purpose was to lay the 
foundation for a chemical understanding of form ; that is, to unite bio­
chemistry and Entwicklungsmechanik, eventually seen as a task 
within an organismic paradigm. Its contents- were elaborations 
of positions Needham had reached before he focused on the chem­
istry of the organizer ; the above three papers adequately cover the 
essence of those concerns. The text included ample sections on the 
unfertilized egg as a physicochemical system ; growth ; increase i n  
complexity and organization ; respiration and energetics ; carbo­
hydrate, lipid, and protein metabolism ; enzymes, hormones, and 
vitamins ; and immunology, as well as treatments of the biochemistry 
of egg, fetal membranes, and placenta. But Chemical Embryology con­
tained in addition prolegomena and a theory of chemical embryology 
written about r g28 and epilegomena, written in  1 93 1 ,  that highlight 
the subtle switches of concerns as Needham began to operate from a 
strict organismic perspective. 5 

4· Part 2 of volume 1 contained a 16o-page history of embryology from a chemical standpoint. 
This section was later published as a separate book (see 1934a). A second revised edition was 
printed in 1959. The text illustrates Needham's propensity to reinterpret the history of science 
from the perspective ofpostmechanistic Western frameworks. His efforts beginning in the 1940s, 
which have resulted in the publication of four of seven planned volumes entitled Science and 

Civilization in China, express the same goals. The analogies between organismic philosophies of 
the East and West are probed for their relation to science and technology. 

S· In a letter tojoseph Woodger dated February 1 ,  1930, Needham discussed the change in  
his own perspective from the writing of the first and last parts of Chemical Embryology. Woodger 
had found the introduction philosophically unsatisfacto>y. Needham wrote in response, "It is 
not really satisfactory to me either_ It was written at the outset of writing the book, i.e., nearly 
two years ago, and thaefore at a time when I was much r:1orc impressed by the arguments of 
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The introductory sections of his book stressed a visiOn of science 
committed to the program of Galileo : "To measure all things that can 
be measured, and to make measurable what cannot yet be measured." 
Need ham agreed with T. H .  Huxley's words that the goal of biology 
was to deduce the facts of morphology from " the laws of the molecular 
forces of matter" ( 1 93 1 ,  p. g ) .  This was the mechanistic idea of the 
primacy of function. 

I t  seems always to have two meanings, firstly, the Epicurean­
Lucrctian one which Huxley adopts here and Roux so brilliantly 
developed, in which shape is regarded as the outward and visible 
sign of propcrtjes of matter i tself, and secondly, the Aristotelian 
one . .  in which psychical factors are introduced as the essential 
elements i n  the ultimate analysis of shape. 6 

Needham followed his statement of allegiance to an essentially cor­
puscularian philosophy with a description of his neomechanism, which 

the old-fashioned vitalists than I am now. I fdt then that my particular line of work needed a 

defcnse but I fee! now, as you do, that criticism rather than defensc is what it needs. . It may 
be instructive fOr readers to notice the subtle change in point of view which will appear when 
the epilogomena arc compared with the introduction." Woodger's critique went very deep, for 
he believed that the metaphysical claims not just the methodological one-s of mechanism had to 
be taken seriou�ly and transcended. The letter from Woodger to Needham dated January 25, 
1930, contains Woodgcr's remarks on the subject. They curiously reject Kant and Whitehead 
at the same time_ In particular he felt Whitehead was most helpful in his pre�Scienceand the Modern 

World days, when his work was "of more restricted scope." Perhaps the mos.t relevant remarks 
in the long January letter concerned Woodger's criticism of the mechanistic search for simple 
causes. VVoodge-r had begun to appreciate the power of explanation in terms of pattern and 
organization. He belieYed "current concepts of physics and chemistry are very abstract from 
the standpoint of organized entities. Even biology {to its shame) has not found adequate 
concepts f(x dealing with what is characteristic of biological organization. Hence I do not 
think it is sufficient to say that the difference between living and non�living organisms is 'a quan­
titative nne, expre�sible in degrees of organization [Ncedham's tg3o belief].' The important 
point is to study the d i fferent possible lyf!e5 of organization. Crystals and organisms both 
exhibit the type of order I call 'hierarchical' but they exhibit it  in \"try different ways which can 
hardly bc- accurately called difference of degree." And finally, "Knowledge requiTes to have a 
structure which reflects the structure of fact and to be adequate, its structure has to be of the 
same degree of manifoldness as that of the fact." 

l am indebted to DT. Need ham for copies of and permission to use these letters. 
6. Ibid. There is some irony in citing T. H. Huxley in support of the classical rcductionist 

program for biology. In spitt of his constant criti<:"ism of ideal morphology, he was heavily in­
fluenc('d by aesthetic factors in hi� own theories. Ritterbush t g68, pp. 6o-62, describes how 
Huxlcy's br.liefs about the structun· of protoplasm led him to postulate that slime dredged from 
the ocean was "a living su bstratc of naked jelly seemingly capable of generating simple marine 
organism<:" --- an Unddnm. The classification derived from the influence of the idea of organic 
form. Tht: incidc-nt is still another suppon for the assertion that aesthetics and scienc-e are more 
than <"asually linked. 
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will be explored later. The essence of his position was an acceptance of 
strict mechanism in science but  a rigid exclusion of a metaphysical 
materialism. His compromise was to oppose method to metaphysics 
and insist upon the relevance of mechanism to science and teleology 
to philosophy. The unsatisfactory nature of the resolution is obvious. 
As has been noted in the analysis of his early papers, he was already 
scientifically unhappy with all the implications of the machine analogy 
when i t  dealt with hierarchical levels and field phenomena. However, 
he had not yet articulated the full organismic paradigm that could 
carry him beyond the contradictions. 

The next paragraphs of the introduction concentrated on a descrip­
tion of the neo vitalists and organicists whom he rejected. The principal 
sin attributed to such men as Russell, Haldane, and Driesch was the 
use of psychic categories of explanation�toying with Aristotelian 
finalism -' Need ham then praised Lawrence J. Henderson, author of 
The Fitness of the Environment ( 1 9 1 7 ) ,  for having emphasized the 
reciprocal fitness of organism and environment, thereby abolishing 
any need for a special teleology of the organism. From one aspect both 
organism and environment exhibit a "universal teleology," but 
finalism is useless on the level of scientific explanation. N eedham drew 
Whitehead into support for this position. Everything is an organism, 
but the concept is methodologically useless for science by virtue of its 
universal applicability i n  philosophy. Organisms are everywhere, so 
"the difference between the living and the non-living becomes a 
quantitative one, expressible i n  degrees of organization" ( 1 93 1 ,  p. 29) . 
Need ham was to express the relevance of Whitehead quite differently 
when he was expounding the legitimacy of his own scientific organicism. 
To remove any lingering doubt about the attitude toward science that 
he was advocating, Needham concluded the section with the assertions 
that biology is complicated physics and that abstraction as the method 
and mechanism as the form of explanation are necessary partners. He 
even felt  that mature science would abandon model and analogy, as 
Eddington said physics did with the principle of indeterminacy. That 
his own neomechanism rested heavily on a metaphor was irrelevant to 
Needham's scientific faith of 1 928. 

Without ever abandoning a strict insistence on mathematical rigor, 
Needham was hardly a mechanist by the end of the third volume. Most 

7- Sec chapter 1 above, pp. 18-20 and pp. 22--23 for a detailed exposition of Nccdham's 

pmition b1•rc. 
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of the epilegomena treated topics peripherally relevant to construction 
of an organismic paradigm. But under the subheading "Biochemistry 
and morphogenesis," discussion turned to Spemann and the organizer. 
Needham considered work on the nature of the organizer centrally 
important to biology. " If  it turns out to be, as seems very likely, 
something partaking of the nature of a hormone, an extremely signi­
ficant bridge will have been thrown across the ancient gulf between 
physico-chemical processes and their morphological manifestations" 
( I 93 1 ,  p. I 626).  He speculated that the organizer was connected with 
Child's physiological gradients. From that point it was a short step to 
field theories. I t  is necessary to remember that Harrison thought 
Child's gradient explanations unhelpful  because they were ambiguous 
about structure and form. 8 Need ham, on the other hand, was much 
more tolerant of Child's theories, which lay behind much· of his own 
later work on metabolic characteristics of the organizer region. 1 n this 
sense Harrison was more purely organismic, or structuralist, than 
Needham. However, Need ham interpreted Child's ideas of dominance 
of a region in organismic terms, insisting that physiological activity 
was not separable from structure. The concentration on a search for 
hormone-like molecules and on metabolic characteristics of the 
organizer region ensured that Need ham's field was a material one 
befitting a biochemist. Hardly surprisingly, he never entertained an 
idea of true action at a distance, focusing instead on position effects and 
complex interactions of molecular systems. 

Toward the end of the epilegomena Ncedham presented a list of 
thirty-two provisional generalizations for chemical embryology. Two 
will be touched on here in order to illustrate the extent to which by 1 9 3 1  
he  was thinking beyond his earlier neomechanism. "Determination 
or chemodifferentiation takes place with reference to the whole 
organism ;  what any given part will develop into depends upon its 
position with reference to the whole" ( 1 93 1 ,  p .  1 65 1 ) .  Driesch's 
generalization was referred by Needham not to any entelechy but to 
the notion of internal relationship, an idea borrowed from Joseph 
Woodger. Properties of parts were determined by the sorts of relation­
ships maintained with neighboring parts within the whole. This 

8. Professor G. Evdyn Hutchinson of Yak recalls discussing Child with Harrison in the 1930s. 
Harrison's chief objection seemed to be the lack of good dzrecl cvidcno: for metabolic gradients. 
He nonethdess had a student of Child, J. W. Buchanan, .ippointcd so Osborn would have an 
axial gradient man (personal correspondence, July 4, 1 97 1 ) .  
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Reneral rule translated into principles such as : "The cells of a develop­
ing embryo are internally related to each other in the sense that the 
rate and plane of division of a given cell depend on its relations to the 
neighboring cells and hence on its position in the whole" (p. r65I  
[quoted from Woodger] ) .  Other generalizations in the list emphasized 
increase i n  complexity during development, establishment of gradient 
systems and symmetrical plans, and regulation of form within boundary 
conditions. 

The section called "The organization of development and the 
development of organization" contained two points of importance. 
The first concerned the relation of biology to physics. Traditional 
physics was incapable of explaining the development of form or 
organized growth. Need ham stressed that a new physics and chemistry 
would be requir�d. "But their present condition is not a stationary one 
and much may be expected when the new concepts of physics, having 
penetrated the realm of chemistry [see Langmuir] come at last to that 
of embryology" ( I 93 I ,  p. I 659 ) .  The reference to Langmuir high­
lighted the nature of the expected change in physics and chemistry : 
they would become sciences of structure and form, that is, they 
themselves would operate from organismic perspectives. The second 
critical point concerned the usefulness of the crystal analogy in biology. 
Needham used crystals to emphasize intermediate organization and 
levels. Form, or organization, appropriate to a level was immanen t :  
lhere was n o  controlling principle operating from without. Needham 
used the term Gestaltprinzzp, adopted from Ludwig von Bertalanffy, an 
early Austrian advocate of organicism (later general systems theory) .  
The Gestaltprinzip preserved the grain of truth from theories of emer­
gence that had been prominent in theoretical biology. The high degree 
of organization in living systems had to be a consequence of funda­
mental properties of matter, but it had to be understood in terms of 
organizing relations above the molecular level. Again Needham was 
drawing from his friend Woodgcr. The legitimate autonomy of 
biology lay in the expression oflaws ofintegration proper to a particular 
level. The unity of science derived from explicating connections 
between levels not from abolition of the specific qualities of organized 
systemc;_ 

I n  the developing embryo, then, we have a process more or less 
analogous to the crystallizing solution, but one which reaches 



JOSEPH NEEDHAM 

much further up into the realm of organization. To say this is to 
state a problem, not to solve one, and just as physics and chemistry 
have in the past dealt with crystal-form and incorporated it into 
their world picture, so biology must do for animal form. 9 

Before following Needham into his first experiments on the chemical 
nature of the organizer, it is necessary to review the well-known history 
of the discovery of the extraordinary material in Hans Spemann 's 
laboratory. Spemann had been working since the early years of this 
century on the problem of dependent versus self-differentiation, a 
direct outgrowth of seeds sown by Roux, founder of the science of 
developmental mechanics. I n  1 924 Hilde Mangold, working with 
Spemann on such a series of experiments, transplanted a piece of the 
dorsal lip of the blastopore of the newt Triton cristatus so that it was in 
contact with indifferent (undetermined) ectoderm of an early gastrula 
of Triton taeniatus. The operation resulted in the formation of a complete 
secondary axis; two embryos formed instead of one. The induced 
structures from the host were "organized" by the implanted material 
into a coherent whole. Spemann called the peculiar dorsal lip area of 
the e mbryo the organization-center. 

Needham judged that "the nature of the organizer influence was 
from the first recognized to set a problem the solution of which would 
profoundly affect our picture of the process of development. It meant 
nothing less than the discovery of the relational factor in develop­
ment." 10 One of the first speculations, put forth by J ulian Huxley and 
then by C. M. Child, on the true nature of the organizer ascribed it to 
a Childian gradient of high metabolic activity. Needham fel t  that 
there was a lack of evidence for such an assertion and that in addition 
a much more pleasing hypothesis was that the organizer was a single 
chemical substance operating much like a hormone on target tissue. 
This hypothesis had the agreeable side benefit of furthering the union 
of Cambridge biochemistry and German Entwicklungsmechanik. 
The likelihood of a simple chemical solution for the organizer was 
enhanced by Spemann's 1 9 3 1  discovery that material from the center 
w·ould still induce after its cells were killed by crushing. That is, the 

g. 1 93 1 ,  p. 1662. It would not be ,;1rictly accurate to maintain that Need ham introduced the 

study of chemical embryology. One must reach at least to Herbst and his work on the dlccts of 
lithium ions on sea urchin development 

10. 1936, p 84. All quotes from this work will be taken from the 1 968 MIT Press paperback 
rcpnnl. 
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organization center itself did not have to be organized to exhibit its 
remarkable effects. In 1 932,  four workers, including Holtfreter in 
Berlin-Dahlem, showed that the organizer influence was not abolished 
by boiling, thereby eliminating the action of an enzyme. 

Holtfreter completely blew the top off the situation by demon­
strating, also in 1 93 2 ,  that pare of the body not usually possessing 
inductor activity could acquire it from boiling or treatment with 
protein-denaturing agents such as alcohol or acetone. Later to cause 
considerable experimental and theoretical trouble was the fact that 
the very material on which organization capacity was tested; the 
ventral ectoderm of amphibians, was itself shown after boiling to be 
capable of inducing formation of a secondary embryonic axis. Even­
tually i t  was shown that the "organizer-hormone" was present in most 
adult tissues of the newt, and indeed, throughout the animal kingdom. 
Holtfreter obtained neural inductions in the newt using material from 
chick primitive streak while another worker achieved similar results 
with human cancer cells. 1 1  Holtfreter had developed an ingenious 
test system in addition to the Einsteckung method (implantation of test 
material into the blastocoele cavity), which 0. Mangold discovered 
shortly after the original finding of the organizer. The Dahlem biologist 
cultivated parts of the embryo separately in dilute Ringer's solution 
with a bicarbonate buffer. H e  surrounded a piece of test material with 
two flaps of presumptive epidermis. By these methods he was able to 
obtain good induction of neural structures. But for Need ham the most 
relevant results of Holtfreter and others up to 1 933 were those that 
favored the hypothesis of a simple chemical organizer. 

Both Needham and Waddington had been in Germany in 1 933. That 
year sparked a fruitful collaboration lasting until Waddington left 

1 r .  Holtfreter, brilliant and persistent in his efforts, seems to have been something of , thorn 
in the side of the Freiberg body of hopes for the organization center. Spemann was likely to favor 
slightly vitalistic explanations for the nature of his discovery; a simple chemical, least of all one 
of confusing spccificity, was not an attractive c:o.ndidatc. He seems to have been less than cordial 
toward Ho!tfreter, with whom Waddington, a major collaborator with Needham and an im­

portant link with German biology, worked for a time in 1 933. Waddington visited �he laboratory 
of 0_ Mango!d in Berlin in 1932 in order to learn techniques of amphibian operations_ Th<: 
British ernbryologist reported in a conversation on March 3, r g 7 r ,  that Spemann was not in­
terested in  cooperating with his research goals at the time. Waddington had published a short 
paper on the chick organizer i n  1930, after he had gone to the Strangcways Laboratory around 
rg28 in order to work on such problems. He had switched his concentration from fOssils to embryos 

in order to satisfy more readily his interest in genetics. He then focused on the organizer simply 
because it was the most t·xciting problem in the embryology of the period 
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Cambridge in I 939 for Edinburgh and more concentration on genetics. 
Before starting experiments on the organizer, both men were firmly 
grounded in organismic perspectives, and this fact was to affect their 
interpretations of laboratory results. Needham 's work in this second 
experimental phase will be examined i n  four parts : a look at three 
papers from I 934 to I 936 on the physicochemical nature of the 
organizer, a series of investigations with E . .J. Boell on metabolic 
characteristics relating to the liberation of the organizer, a 1 937  paper 
on the chemical aspects of fields, and finally study with collaborators 
on the action mechanism of the organizer hormone, especially in 
relation to effects on fibrous proteins. 

Needham's first paper on the organizer came when he was already 
hot on the trail of the anticipated chemical solution (Nedham, Wad­
dington, and Needham I 934) - I t  was known, for instance, that the 
suspected substance was resistant to boiling and to freezing and was 
not extracted from tissue by alcohol. Furthermore, if a piece of non­
inducing ectoderm (presumptive epidermis) were implanted into the 
dorsal lip of the blastopore and allowed to pass inward into the roof of 
the archenteron, it acquired inductor power equivalent to that of the 
normal organization center. Such a fact was difficult to explain by a 
metabolic gradient theory but  lent itself readily to some kind of 
diffusion process. Also, Holtfreter showed that pieces of tissue from 
blastulas or young gastrulas taken from regions distant from the 
organization center would undergo considerable differentiation when 
they were implanted into the peritoneal cavity of older larvae. On the 
other hand, similar pieces of tissue cultured in vitro underwent no 
neural differentiation. Something from in vivo conditions was acting 
on the donor tissue. It was likely the normal inducing agent acting by 
way of the peritoneal fluid. Other examples of inductions taking place 
through a liquid medium (Wolffian lens regeneration) were known 
and argued strongly for a hormone-like action. 

The Needhams' and Waddington's publication reported early 
experiments with true cell-free extracts of the organizer region. Neural 
inductions were obtained with the extract after cell debris was spun 
out by centrifugation. 

The embryos were then ground up with anhydrous sodium 
sulphate, to absorb all water, and thoroughly extracted with 
solvents such as ether and petrol-ether. Again activity was found 
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in the extract, strongly indicating that the organizer-hormone, 
for such i t  could now legitimately be called, was of a fatty, lipoidal, 
or sterolic character, and so soluble in organic solvents . 12 

After describing the experiments, a distinction at the crux of the 
organicist view of the organizer was made. To attribute all the effects 
of the organization center to a single chemical substance would have 
been a classi"cal reductionist explanation. But  the postulate of a 
morphogenetic hormone was integrated with field thinking, so that 
the resulting form of explanation was a model of Needham's goal of 
bridging chemistry and morphogenesis. 

Induction was considered to be the result of the interaction of three 
systems : the graft, the overlying host ectoderm, and the host organiza­
tion center. The host ectoderm had to be competent to respond to the 
morphogenetic stimulus. At least two processes, or aspects of the same 
complex process, were seen to be involved i n  the determination of the 
host ectoderm to participate in the formation of a secondary embryonic 
axis. The first process was the "determination of the character of that 
axis." A number of experiments had revealed that the grafted tissue 
often influenced the regional character of the result. The basis of this 
specificity seemed to involve a set of complex interactions of a field 
nature. Determination of the presence of an axis was called evocation, 
whereas determination of its regional nature was called individuation. 
"In the ordinary induction, one of these determinations, evocation, is 
always performed by the graft, while the other, individuation, is 
performed by the graft and the host working together, either in a 
cooperative or  an antagonistic manner" (Needham, Waddington, and 
Needham 1 934, pp. 408, 409 ) .  

The authors reasoned that evocation was the result o f  a simple 
chemical stimulus, and they called their postulated morphogenetic 
hormone the evocator. The more i nteresting problem was i ndividua­
tion, a process that Needham fel t  could not be elicited by dead organi­
zers or organizer extracts. Nevertheless, the 1 934 paper dealt with 
efforts to identify the evocator not to unravel the knot of individuation 
phenomena. I n  fact, Needham, in contrast to Waddington's later 
concern for chreods, was never to probe the process experimentally, 
although he was to participate in further theoretical elaboration around 
the concept. 

1 2. 1936, p. 86. The Einsteckung technique was used in these experiments. 
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Focusing on the evocator, Needham judged that the experiments 
strongly hinted at a l ipoidal, likely steroid, nature. Although only weak 
neural inductions had been produced with the ether extracts, a 
relatively sophisticated statistical treatment of data justified the 
opinion that the reactions obtained were significant and that the 
difficulty to be resolved in the future was technical-better purification 
of the active substance. A large series of control experiments resulted 
in no neural inductions at all. Since it had been amply demonstrated 
that the evocator could be l iberated from normally inactive tissue, 
the suggestion that the substance existed in a bound form was obvious. 
Only in cells ordinarily involved in inductions would active material 
be free. Such a hypothesis was pregnant with experimental expecta­
tions, and study of the processes involved in release of the evocator 
occupied much of Needham's time. I n  this light the results of Fischer 
and Wehmeier that glycogen derived from adult newt liver was active 
could be assimilated into the Cambridge workers' perspective. I t  was 
later ( 1 935) demonstrated that the glycogen was indeed contaminated 
by an ether-soluble substance; pure glycogen was inactive. The 
possible involvement of glycogen in the normal masking of the evocator 
in the dorsal blastopore lip stimulated Needham to study the metabo­
lism of that region in  later work . 1 3  

The opinion that the evocator was sterol-like in  nature was based on 
three main pieces of biochemical evidence: the active material was 
ether soluble, was present in  the unsaponifiablc fraction of the ether­
soluble extract, and was precipitable with digitonin. These suggestive 
results were followed up by several additional experiments that tended 
to confirm the hypothesis. I n  1 936 Needham published two papers 
with a number of collaborators ; the first examined activation of the 
evocator and the second expanded the evidence pointing to its steroid 

13 .  It �hould be made clear that the biochemistry of rhe 1930s was technically unable to 
unravel the issues Need ham, Waddington, and others were facing. The 1966 paper on the isolation 
of the lac re pressor in bacteria by Gilbert and Miller-Hill highlights the immense difference in  
the technical capacity of biochemistry applied to superficially similar problems in 1966 compared 

to 19:H· But mon: than tO?chnical problem� derailed the train heading for a chemical solution of 
Spcm<mn's organizer phenomena (see Goodfield 1g6g). The Cambridge scientists had high 
hopes for the purification of a simple evocator partly because they conceptually separated evoca­

tion as a process from the more complex individuation. When, by the mid- to late 1930s it had 
become clear that inductions could be obtained with virtually anything, including methylene blue 

and a wide variety of artificial substances, the legitimacy of such a theoretical distinction was 
les" obvious but still defensible. However, these remarks take us ahead of the story as i t  unfolded 
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character. I n  the later paper (Waddington et al. r g36) the authors 
confirmed the presence of an evocator substance in the digitonin 
precipitate of the unsaponifiable material of ether extracts of crude 
glycogen. In addition they began the fractionation of sterol portions of 
the unsaponifiable material derived from adult pig liver. They hoped 
that fractionation would narrow the field of choice for the natural 
active evocator. Finally this paper weighed against an alternative 
suggestion that the nonsteroid lipid kephalin was an active evocator 
b y  demonstrating that acetone extracts of brain, which should not 
contain kephalin, were active and that kephalin preparations were 
still active after destruction of the lipid by saponification. Thus, they 
reasoned, kephalin fractions had been active due to contamination 
with a steroid. Linking the evocator with the sterols was made almost 
irresistible by the attraction of contemporary work on steroid hormones 
and carcinogenic compounds. There was little doubt that this class of 
chemicals had immense biological significance ; a steroid morpho­
genetic hormone would be a pleasing result. 

I n  the first rg36 paper (Waddington, Needham, and Brachet 
I 936) the collaborators attempted to integrate their opinions about 
the chemical nature of the evocator with a probe of the mechanism 
of its activation. Needham was trying to unify his perspective with 
Child's and Huxley's. Huxley had compared the organizer ex­
periments to isolation of portions of the axial gradient system of 
lower organisms (e.g.1 coelenterates) ; an isolated part of such systems 
was said to reconstitute a dominant region. Establishment of a 
secondary organization center in amphibians was compared with 
the dominant region of an axial gradient. Although an axial gradient 
could not be directly active in performing inductions, it could 
act through the liberation of active substances in privileged regions 
of the gradient system. Child had always favored a gradient of 
metabolic rate, particularly respiratory rate. Accordingly, Needham 
et al. attempted to raise the metabolic rate of isolated fragments of 
ectoderm and then test treated implants for neural induction capacity. 
The results with methylene blue, a vital dye that acts as a respiratory 
catalyst, were positive. Obviously, methylene blue bears no resem­
blance to any natural evocator. Either the trail seeming to lead to the 
purification of a natural sterol-like inductor was a false one, or else the 
dye acted by l iberating the natural substance. 

These speculations developed into a tentalive theory of the evocator. 
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Several substances that were active inductors are the following: ether 
extracts of crude liver glycogen ; the unsaponifiable digitonin-pre­
cipitable fraction of adult liver; certain synthetic estrogenic hydro­
carbons ; thymonucleic acid, muscle adenylic acid, oleic, linolenic, 
and other higher fatty acids ; crude kephalin ; and finally methylene 
btu e. I n  addition several processes applied to gastrula ectoderm caused 
that tissue to beome capable of inducing neural structures from a 
second piece of ectoderrn. The processes included_ normal invagination 
through the blastopore, treatment with organic solvents, freezing, 
boiling, crushing, drying, and finally treatment with methylene blue. 
The interpretation of all these data rested on a continuing assumption 
that evocation must be specific, that is, performed in eggs of the same 
species by the same substance. Decision between sterols and acids was 
made on the basis of dosage required. Sterols would induce neural 
differentiation in very low concentrations similar to those of natural 
active hormones. Acids induced only if present in large amounts. 
Other treatments were postulated to act by liberating the natural 
evocator. Perhaps also, the evocator was contained as an impurit·y­
(c .g. ,  as with kephalin). The overwhelming difficulty of this line of 
reasoning was the impossibility of deciding whether the implant acting 
as a successful stimulus for induction contained the natural inductor 
or only unmasked it in the test system (indirect induction) .  This 
situation posed both a theoretical and a practical road block that was 
not effectively removed by work on induction and the evocator in the 
I 930s. But remaining to tempt the biochemist in Needham's soul was 
the range ofspecific1 repeatable inductions subsumed under the theory 
of the organizer. 

The association of a sterol-like evocator with glycogen was next 
explored. It was known that as invagination proceeded through the 
blastopore lips, glycogen disappeared from the cells. The obvious 
course was to study how glycogen loss during invagination linked up 
with overall glycogen metabolism during development. Brachet and 
Needham attempted to probe this problem in 1 935 by estimating total 
glycogen in the egg and also glycogen bound with protein .  The data 
\·vere inconclusive, but the suspicion that the evocator existed in a 

bound glycogen ··-protcin complex was strengthened. Any trcatme:nt 
denaturing the protein, such as boiling or exposure to organic solven t ,  
would liberate the evocator. 

A more detailed effort to study the evocator and glycogen metabolism 
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was made in a series of papers published with E. J. Boell in 1939.14 
Boell, in Cambridge on a Rockefeller fellowship, was an excellent 
technical manipulator, and the experiments were conducted on 
microgram quantities of embryonic material. The measurements were 
the finest made up to that time. The Cartesian diver, a device first 
described in r 648 by a student of Galileo, Raffaele Magiotti, was 
essentially an ultramicromanometer 1 ,500 times more sensitive than 
the standard Warburg manometer. The first paper established that the 
dorsal blastopore l ip ( i .e . ,  the organization center of the amphibian 
gastrula) "has a higher anaerobic glycolysis and a higher ammonia 
production than the ventral ectodcrm. The difference, established by 
statistical test, is of the order of three times" (Boell, Need ham, and 
Rogers 1 939, P· 354) . 

The next step was the effort to abolish the difference in anaerobic 
metabolism_ The ultimate aim was to show that the alteration in this 
particular component of metabolism was related to releasing the 
masked evocator from ventral ectoderm. Dinitro-o-cresol, a dye 
believed to act upon mechanisms of carbohydrate utilization, raised 
the metabolic level of the ventral ectoderm more than it raised the rate 
of the dorsal l ip region ; that is, the lower metabolic rate was pre­
ferentially stimulated. A similar phenomenon had been observed by 
Boell i n  grasshopper embryos in diapause, although the observed 
increase in  respiratory activity in  the orthopterans was probably due 
to protein, not carbohydrate, breakdown. Analogies to sea urchin eggs 
also existed, and the authors thought there was reason to believe that 
the observed effect of the nitrophenol was relevant to normal res­
piration. � ' In general we may say that wide variations in metabolic 
activity exist in correlation with various physiological and mor­
phogenetic states. The regions of high activity may or may not be in a 
condition of maximum possible activity, but the regions or states of 
low activity are certainly damped down" (Boell and Needham 1939a, 
p. 36 1 ) .  The authors fel t  it was significant that the evocator was 
normally liberated in a region of high metabolic activity. However, 
the crucial second step, demonstrating thal dinitro-o-cresol brought 
about a liberation of the evocator in pieces of ventra] ectoderm, was not 
successful .  The observed effect on glycolysis remained ambiguous. 

'4· E.J .  Boell,Joseph Needham, and Veronica Rogers 1939; E.J.  Bocll andJoseph Necdham 
1939a, 193gb; E. J.  Boell, Henri Koch, andjoseph Needham 1939. 
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Attention was then turned to oxygen consumption of regions of the 
young Amblystoma embryos. The Cartesian diver apparatus was 
modified for these measurements to allow a level of precision com­
parable to the above tests. The level of 02 use of the dorsa! lip region 
and the ventral ectoderm did not differ significantly. When the res­
piratory quotient was examined (ratio of oxygen consumption to 
carbon dioxide evolution) ,  it was found that the "dorsal lip region 
shows a greater trend towards unity than does the ventral ectoderm." 
But the respiratory quotient was not constant during the period 
examined. "We have to do, therefore, with a progressive alteration of 
the quality of metabolism during gastrulation, and not with its 
quantity" (Boell, Koch, and Needham 1 939, p. 386 ) .  These interesting 
results made possible by ingenious use oft he diver remained ambiguous 
in relation to the postulated evocator complex. 

Needham did not solve the problem of the evocator before events 
led him into China and the history of science, and after the war 
other workers on the organizer approached inductors fro m  much 
modified viewpoints. Nonetheless, i t  is relevant to follow the Cambridge 
biochemist in his opinions on the relationship of the postualated 
evocator to field problems and to go with him through his last set of 
experimental manipulations. For it is  here, where his organicist 
framework is most clear, that he converged with Harrison and Weiss. 

Tbe hypothesis of a sterol-like morphogenetic hormone appealed 
to Need ham for reasons beyond the implication of that class of mole­
cules for important responses in many biological systems. Molecules 
related to cholesterol formed liquid crystals with intriguing properties. 
The structure of steroids was only coming to be u nderstood around 
1 930. Need ham speculated that the paracrystalline structures oriented 
protein molecules in the neighborhood. The orienting effect could be 
transmitted throughout a region, triggering a transformation in the 
field parameters of the system. The concept of a hormone was enlarged 
by including the notion of a molecule that propagated its effects by 
contact without traveling to all target points. "We are left, then, with 
the conception of a sterol-like substance being l iberated at a given 
point in the developing system and 'radiating' its organising power 
fro m  that spot" ( 1 936, p. 95 ) .  Part of the specificity of the reaction 
would depend on the proteins in the reacting system ; for example, the 
morphogenetic hormone would trigger the proteins in the flat neural 
plate to reoricnt themselves in such a way as to resul t  in the formation 
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of a tube. The focus on structure and orientation in the reacting 
system was i nvoked by Harrison i n  his consideration of amphibian 
l imb formation. 

In a paper published in I 937  Needham considered the chemical 
aspects of morphogenetic fields (pp. 66-8 I ) . The heart of the paper was 
"its suggestion that, although the chemical aspects of morphogenetic 
fields are exceedingly difficult to grasp, nevertheless the new under­
standing of proteins as crystalline fibers capable of being oriented in 
certain definite patterns by active substances or hormones may go 
some way to helping our imagination" (p.  78) . The contemporary 
work on proteins encouraged N eedham to think in terms of a "subtle 
intra- and i nter-cellular lattice, carrying the properties of polarity 
and symmetry, and capable of far-reaching temporary d isarrangement, 
without loss of integration."  The evocator, and i ndeed the whole 
hierarchy of inductors, would stimulate irreversible distortions and 
re-orientations of molecular systems. Finally, "the new and ever more 
stable cquilibria into which the whole molecular assemblage falls 
under the influence of these substances are not isolated, but are related 
to each other according to laws which present the appearance of field 
laws" (p .  79 ) .  All the essential components of an organismic field 
theory are clearly present in these ideas. The similarity to Harrison's 
general theory of development is striking. 

Needham believed that fields were distinguished from simple 
geographic regions of the embryo by three criteri a :  any given point 
within the field force had to possess a given quality, a given direction, 
and a given intensity. Fields were j udged in terms of instability and 
successive equilibrium positions. Waddington reasoned that "a field 
is a system of order such that the position taken up by unstable entities 
in one portion of the system bears a definite relation to the position 
taken up by unstable entities i n  other portions." Behavior of cells was, 
within certain boundaries, a function of position within the whole. 
Many of the organizational forces of fields were "to some extent on a 
suprachemical level" (p. 7 I ) .  N eedham saw the work of D' Arcy 
Thompson as a significant but chemically unspecified root oflegitimatc 
field thinking. Need ham hoped that his work on the evocator, coupled 
wrth a sophisticated understanding of proteins and paracrystalline 
structures, would give a firm biochemical content to morphogenetic 
fields. One goal was to account for the multiplicity of biological fields 
in contrast to the relatively few kinds of physical fields. 

'1 
I 
i 
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Need ham fully realized that field theory occupied a peculiar position 
within biology and that the concept often carried an immense weight 
of "thought experiments." Nonetheless, he held that field thinking 
was a "powerful aid to the codification of Gestaltungsgesetze, the rules 
of morphogenetic order."" Needham rejected the geometrical fields 
ofGurwitsch and drew from the speculation ofWeiss and Waddington. 
The basic notion was, in VVaddington's words, that of "wholes organiz­
ing themselves" ( Needham 1 936, p. r o z ) . Fields invited the introduc­
tion of topographical models and reasoning. For example, Need ham 
described, a kind of quali tative mathematical model of an amphibian 
neurula. ' 

If the whole of one side of an amphibian neurula is mapped in 
hemispherical projection, the probabilities of organ-formation 
can be represented by a landscape of hills, the contour-lines 
being the "isobars," as it were, of probability . . i t  would be 
tempting to make a parallel between these concentric zones of 
organ probability and the concentric zones of increasing ran .. 
domness (probability of molecular orientation) which later on we 
shall consider as surrounding a central polarising molecule or 
paracrystalline molecular aggregate. [pp. r o6-o7] 

ln  sum, Needham saw field law as a dynamic description of the 
establishment of order and form during development. He was con­
vinced that fields were an advance over static anatomical description 
in embryology. Fields provided a rich source of i mages for the experi­
mental task of concretization. 

In this context Needham in his last experiments switched emphasis 
from the characterization of the evocator to the second term of the 
organizer problem, the individuation field. The work was analogous 
to the investigations that Harrison undertook with Astbury in I 939·­
-1.01 that is, a search for oriented protein molecules in a field system. 
The underlying conviction was that protein shape changes could throw 
light upon gross morphological transformations. Accordingly, Necd­
hamjoined with A. S. C. Lawrence and Shih-Chang Shen in "Studies 
on the anomalous viscosity and ftow-birefringence of protein solutions" 
( Lawrence, Needham, and Shen 1 944) .  Neurulation was the focus of 

1 ", .  1 �)16, p. 99· The German word derived from Ludwig von Bertalan!l\·, the organi<:ist 

i ntroduced to Need ham by Woodger. 
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attention. Could observed changes in cell shape (elongation) be related 
to increase in  size, number, or axial ratio of anisometric protein 
particles? The technique employed was a special viscometer. Elongated 
(anisometric) molecules reacted differently to shear than spherical 
ones ; the difference was referred to as anomalous viscosity. Protein 
solutions prepared from pieces of neural tube and from regions on the 
embryo unlikely to possess special fiber properties were compared in 
their reactions to shear forces and in their optical properties under the 
experimental conditions (flow birefringence) . The basic result showed 
that "in the amphibian embryo there is a protein or group of proteins 
in the total euglobulin class which spreads instantaneously into a surface 
film having the property of anomalous flow. Its molecules must there­
fore pass readily into the fibrillar state."16 

In  the companion paper to the first, the authors joined with Margaret 
Miall in studying flow birefringence and anomalous viscosity of three 
groups of proteins and i n  speculating on the biological significance of 
the results. 

_
The group A molecules, myosin and tobacco mosaic virus 

nucleoprotein, were clearly elongated before denaturation treatments. 
They showed flow anomaly and b irefringence in bulk phase, and their 
role i n  fiber formation was obvious. Group B, which included the 
proteins from amphibian neurulas, showed anomalous viscosity and 
birefringence only i n  surface films, not in bulk. The i nterpretation was 
that such molecules will for m  fibrillar structures after surface denatura­
tion, an effect with possible in vivo significance. A third group, C, 
showed flow anomaly neither in bulk nor in surface film. These 
molecules, including insulin and amphibian egg jelly, were thought to 
be spherical. 

Throughout this work the importance of fibers to Needham's con­
cept of biological organization is evident. I n  the experiments the 
authors were concerned with four  aspects of postulated biological 
significance : 

16. Lawrence, Needham, and Shen 1944, p. 231 .  The species were Rana lemporaria and Bufo 

vuLgaris. In 1 942 Needham most dearly related the notion of anomalous flow to structured 
protoplasm. "Protoplasm undoubtedly shows anomalous viscosity. Pfeiffer and others have found 
that the velocity of its forced shearing flow, as in a capillary cube, increases with increasing force 
at first slowly, later more quickly. For Newtonian liquids the relation, however, is linear. Also 
protoplasm has a 'yield value,' i.e., requires a specially large initial force to start the flow (cf. 
thixotrophy). The viscosity of true liquids is unaffected by pressure, but that of protoplasm 
greatly decreases as the pressure increases. The anomalous flow of protoplasm is paral!eled by 
many non-living colloids . . .  if they consist of an isometric panicles which mechanically interfere 
with each other's motion" ( 1942, p. 66! ) .  
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I .  the location of protein fractions showing elongated particle 
s.hape, and the participation of these in the architecture of 
living cells 

2 .  the mutual interactions of substrates and enzymes, when the 
latter are themselves elongated particles, involving changes, 
reversible or irreversible, in the configuration of the enzyme 
micclls; 

3 ·  the formation of elongated molecules and micelles by living 
cells-the processes by which they are "spun" ; 

4· the formation of microscopically visible fibers, as e.g., m 
connective tissue. [ 1 944, p. 203] 

The use of the fiber and tissue metaphor amply expresses Needham's 
mature conception of the resolution of the field ---particle dichotomy in 
biological field theory. It remains now to trace the biochemist's 
philosophical development as it paralleled and enriched his experi­
mental perspective. 

Unti l  the founding of the Theoretical Biology Club, Needham was 
intrigued by the mechanism-vitalism controversy and formulated his 
own preference within the confines of its underlying paradigm. An 
essay composed in 1 92� highlights his preoccupations ( 1 925) ,  while the 
first article in a collection of essays that appeared in 1 930 extends the 
position reached in those early years ( 1 930b, pp. 1 5-43) .  The fun­
damental tenet of his neomechanism was the belief that physico­
chemical explanation must be extended to cover all natural phenomena. 
The mechanistic program alone had resulted in progress in scientific 
knowledge ; vitalism had always been obscurantist. Nonetheless, there 
was an important t ruth in vitalism : concern for the element of con­
sciousness, the inner lining of the world. Thus Needham found himself 
forced to accept a radical dualism. Mechanism was necessary to 
science but could never deal with consciousness. I ts success might be 
due only to the peculiar construction of our minds and have nothing to 
say about the structure of the natural world. H e  r�jected any split 
between organic and inorganic but preserved the division between 
mind and body. He did not envision mind and body as ultimate 
categories but as aspects of reality that must not be confused. 

Needham reserved the name scientific naturalism for the philosophy, 
best expressed by Jacqucs Loeb, that scientific method was the sole 
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legitimate approach to experience. The appeal of Loeb's position to a 
biologist was immense, but it had to be rejected nevertheless. Vitalism 's 
alternative, however, ruled out the possibility of science. From the 
beginning Need ham maintained that "the concept of organization is 
definitely not an affair of the reflective judgment, but a very legitimate 
field for scientific experiment and calculation" ( r g28b, p. So). In later 
writings Ncedham preserved his insistence on rigorous analysis. But 
"The sceptical biologist" contained a revealing treatment of the 
legitimacy of analogy and metaphor, a treatment appropriate to 
Ncedham the neomechanist but discarded by the mature organicist. 
Ideal science fOrmed "a closed circle of" conceptions, each depending 
on the others for its meaning. No gap can be fOund anywhere in 
the cycle and this mechanistic scheme of the inorganic is a very 
great part of the achievement of science" ( 1 930b, p. 22 ) .  Still borrowing 
from Eddington, Needham insisted that the path to such a self­
sufficient system consisted of measurement and the ruthless weeding out 
of anthropomorphic images. Such images were cracks for final causes 
to seep through. Ideally, mature science would do entirely without 
analogy and concrete models. 

Because Need ham withheld metaphysical validity from the mechan­
ical world view, he asserted "its universality but [denied] its finality" 
(p. 29 ) .  That formulation led him to see science as pure tactic, "only 
methodologically representing truth." The attitude of science was 
essential, but only for subjective reasons. Neither the mechanical nor 
the finalistic views had any real counterparts in nature. Science simply 
proceeded as if its description of nature were true. So in summary, 
Need ham regarded "the mechanistic view of the world as a legi timate 
methodological distortion, capable of application to any phenomenon 
whatever, and possessing no value at all as a metaphysical doctrine. 
Such a standpoint let us call Neo-mechanism" (p. 33 ) .  Needham had 
some expectations of a unifled perspective on the world and hoped for 
a welding of the metaphysical and mechanistic visions by the operation 
of "intuition." The typical antirationalism of positivist science is 
evident here. This position was radically su�jectivist and was emphati­
cally discarded under the impact of two influences : Marxism and the 
organicism of J. H. Woodger. 

The article entitled "Biology as a field of contest between Aristotle 
and Plato" shows thf' first influence of VVoodger and represents a 
transition position fOr Need ham ( 1 9�)2, pp. gg·�- I 25) .  The paper began 
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with a description of the debt of science to the Plato of the Timams, to 
whom we owe our appreciation of mathematics and general laws. 
But throughout its history biology was founded on the classificatorv 
insights of Aristotle, a morphologist and a systematist. To the first 
great biologist we owe especially the distinction between form and 
matter. But to him the tendency toward vitalism has also been ascribed. 
The unification of Plato and Aristotle in a ful l  science was one of 
Needham's hopes. 

Needham associated Plato with the development of theoretical 
biology, which until 1 930 had been concerned only with the mechanics 
of evolution and speculation about the nature and origin of life. I t  had 
been none too rigorous or logical in its methods and often issued in 
uncritical vitalism, but Needham believed the need for it was great. 
"Yet it is extremely important to realize that we need theoretical 
biology at least as much as the more practical studies of experimental 
workers, and until we get it the structure of biology will remain a 
medley of unorganized ad hoc hypotheses."" Furthermore, the Cam­
bridge biochemist now explicitly rejected contemporary physics 
and chemistry as the key to biology : "It  may be very well that such 
questions as the mechanism of differentiation and determination i n  
the  developing egg are completely insoluble as  long as we try to  reduce 
the phenomena to terms capable of fusion with the classical physics 
and the classical chemistry" ( 1932, p. 1 0 7 ) . New developments in 
logical theory were particularly promising for the progress of biology. 
There were rigorous methods of analysis, such as topography, that 
were pregnant for the embryologist prepared to go beyond the confines 
of static anatomy or of simplistic dynamic explanations such as Loch's 
tropisms. 

The central problem of the new theoretical biology was organization. 
Aristotle's form term was transformed into organization, and his matter 
was conceived as energy in the new framework. Needham presented 
an extended discussion of the analogy of crystal and organism, a 
discussion relying on an organicist understanding of analogy and the 
significance of hierarchy. He drew from Bertalanffy's Kritische Theorie 
der Formbildung ( I  933) .  The historical development of organisms had 
constituted "a real flowering of organizing relations, about which there 

17. 1932, p. 107 - The belief expressed here was formuia1ed in light of VVoodger's article in 
i\4ind { I (J3oh) 
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was nothing miraculous, for what we used to call matter was only 
waiting to produce them when given the opportunity." 1 8  The or­
ganizing principle of Bertalanffy was called Gestaltprinzip or Ganzheit­
factor. I t  differed essentially from Driesch's Aristotelian entelechy 
because i t  was totally immanent in matter and could be studied by 
analytical science, albeit a science widened in its self-conception. 
"Organic coordination appears where it was absent before, but not as 
something fundamentally mysterious and anomic, something which 
must be taken as a postulate and not further explained."  19 

Organization was the principal problem at all levels of integration. 

When we consider the fact that the protoplasm of the living cell is 
undoubtedly polyphasic, containing as it were, globules within 
globules, each separate kind with its own organization and 
potentialities which it cannot overpass, we are able to visualize 
the immense complexity which the simplest unit of life must have 
within it. [ 1 932,  pp. I 14- 1 5] 

Facing the facts of organization was equivalent to moving toward the 
union of morphology and biophysics. Perhaps here was the beginning 
of biology, not its completion. Organization was measurable but only 
for an expanded mathematics. In any case it was certain that the 
concept of chaotic, homogeneous matter had to be replaced by 
measurable, structured systems of energy, and static form gave way to 
internal organizing relations. "The hierarchy of relationships, from 
the molecular structure of carbon compounds at one end to the 
equilibrium between species in ecological whales at the other, will 
probably be the guiding concept in biology henceforth" (p. 1 1 7 ) .  The 

18. Need ham 1932, p. 1 12. Included in the notion of organi;:ing relations was determination 
of developmental fate by position within the whole_ The "pre-relalivity" understanding o! 
position had given way to Woodger's and Whitehead's notion that spatial relatic.Js are internal 
organizing relations. The result was "a new range of theoretical possibilities capable of being 
expressed in accurate mathematical terms, and capable of fusion with the physics of space-time" 
(pp. 1 2 1  ,.zz) . 

19. Ibid., PP- 1 1 2-13.  Needham distinguished two kinds of theoretical biology that a>sociated 

with ]. S. Haldane and E. $_ Russell and that ofBertalanffy and Woodger. Needham felt that 
t h e  former passively acquiesced to organized wholes. The latter knew there was much to learn 
from the crystallographer and the mathematical physicist. Needham came to appreciate Ber­
talanffy through the urgings of Woodger. In a letter to Woodger dated November 1 2 ,  1929, 
Needham said he believed that his difficulties with the Austrian were purely verbal and would 
be overcome quickly. He said that he could never fed similarly about E_ S. RussdL Needham 
and Bertalanfi}, carried on an extensive correspondence from 1929 to 1946, interrupted by 
t h e  war. 
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organicist, or structuralist, building blocks of boundaries or limits and 
a scale of iniegration are definitely operative for Need ham. 

The organismic paradigm was strengthened and explicated in the 
context of a most interesting paradigm community, the Theoretical 
Biology Club. The founding of the club was preceded by a fruitful  
exchange between Needham and Woodger. Needham met J.  H .  
Woodger in  November I 929, when the author of Biological Principles 
spoke at  Cambridge 20 Woodger had written Needham a long letter 
in May 1928  but never mailed it. The letter contained a detailed 
criticism of Needham's subjectivism. Woodger argued that it was 
impossible to refute the metaphysical pretensions of Driesch's vitalism 
when one's view of science was restricted to methodological claims. 
Woodger thought that Needham needed to enlarge his outlook on 
science, particularly by including in it "more of an organic perspective." 
Discussion about the content of such an organic view was extensive. 
I n  a letter dated February 26, 1 929,  Needham commented on the 
significance of molecular structure and formulated a definition of 
enzyme that was full of organismic biases. 

Is not the modern view of enzyme action very important for your 
position> The fact tha< nobody has ever isolated an enzyme as a 
chemical entity in a pure state has led biochemists to abandon the 
hope that anyone ever will ,  and by all the best people enzymes 

20. Needham remarked in conversation in May 1970 that the publication of Biological Principles 
marked the end of the particular debate between neoviralists and mechanists precipitated by 
Driesch in the late nineteenth century. It is debatable whether many biologists read Woodger's 
tome, or were influenced by it if they did, but it did make a difference to Need ham and Wadding­
ton. It appears that a critical passage in the book was the one in chapter 7 that stated that the 
"term 'vitalism' should be restricted to theories which postulate some entity in the living or­
ganism in addition to the chemical elements C, H, N, 0, P, etc., plus organizing relations" ( 1 936, 

p 71 ·  
The other publications o f  Woodg(';f that had some impact for British organicists appeared in 

three parts in 1930 and 1 9 3 1  as ''The 'concept of organism' and the relation between embryology 
and genetics" ( 1930a, 1 9 3 1  ). Woodger soon turned to a study of the axiomatic principles of the 
science of biology. Always impressed by symbolic logic and Russell's and Whitehead's monu­
mental joint venture, Woodger gave himself entirely to the axiomatic method. This emphasis 
marked the end of his importance for Needham and Waddington and for organismic biology. 
Woodger's ultimate positions were radically nominali�t. His rnorc inclusive early organicism of 
Biological Principles was not buttressed by the socialist political and philosophical perspectives 
of Needham, Bcrnal, and Waddington�a fact that might shed some light on his later develop­
ment. But Woodger's later extreme preoccupation with logical issues was rooted in a lifelong 
attention to maximum clarity of scientific and philosophical concepts. He became progressively 
more isolated in his work and tragically resulted in talking to no one. 
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are now regarded as sets of conditions (fields of force, residual 
valencies, etc.) associated with particular kinds of colloidal 
aggregates. 

This astonishing attitude toward enzymes for a man about to enter 
upon a search for the simple chemical evocator is enlightening. 21 

Woodger wrote back on November 29, 1 929,  after his Cambridge 
lecture on science and religion, that he found Necdham's remarks on 
molecular structure and pattern important. He added that he saw any 
biological " thing" as an organized entity (Whitehead ) .  Properties of 
biological parts that change in isolation are then relational properties. 
Moreover, Woodger viewed metabolism as "the seat of perpetual 
rhythmical changes, with a varying rhythm to boot." He concluded 
by stressing that what was needed, and what Need ham should address 
himself to, was a "logical epistemology of chemical theory."  

I n  the spring of  1 932 Needham, Waddington, and Woodger were 
together at Oxford and the conversation turned to the possibility of 
a "biotheoretical gathering" in the coming summer. Woodger wrote 
Need ham on April 30, 1 932,  to suggest topics. The list included: 

r .  The bearing of modern work in logic on Theorienbildung rn 
natural science. 

2. The relation between chemical concepts and biological ones. 

3· The relation between "descriptive" and "experimental" 
branches of biology. 

4 · The mutual relations of taxonomy, genetics, embryology, and 
phylogeny. 

5· The analysis of current notions in embryology, "determina­
tion," "potency," "segregation," etc. 

Needham wrote back (August .'J, 1 932 )  that he approved Woodger's 
ideas for the meeting at Tanhurst and that he preferred the second 
topic for discussion. He suggested three additional participants : 

2 1 _  It was not known in those days that enzymes were proteins, and the exciting realm of 
molecular form determining function remained to be explored. Haldane, in a 1924 lecture 
defined an enzyme as "an organic catalyst of unknown composition,'· presumably unintentionally 
implying that when such a catalyst was fully characterized, i t  ceased to be an enzyme! {personal 
correspondence with G. £_ Hutchinson,July 4, 1 97 1 )  
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L. L. Whyte, a mathematical physicist interested in biology ; A. D. 
Ritchie, a Manchester physiologist ;  and J D. Bernal, a Communist 
crystallographer who had worked on the structure of sterols. 

The first meeting took place in mid-August. In commenting on the 
conference, Needham told Woodger that Waddington and Dorothy 
W rinch had decided to work together in using topological models to 
measure differentiation rate and intensity.22 Necdham, "in harmony 
with my collectivist politics," favored a wider team than Wrinch and 
Waddington. He suggested, especially because Woodger had started 
them all thinking about topology in 1 93 r ,  that everyone except Bernal 
and Dorothy Needham should join in the project. A second meeting 
took place in I 932,  this time including also B. P. Weisner, a Viennese 

Jew living in Scotland and working on sex hormones. He had expressed 
to Needham an interest in the relevance of analysis situs (topology) to 
biology. 

I t  would be instructive to look more carefully at the topics treated 
in the first meeting of the paradigm group to which Need ham was to 
dedicate his Order and Life. 2 3  Using solid geometrical figures to illustrate 
his points, Waddington gave a paper on allelomorphic genes in Droso­
phila and another on the organizer, self�differention, and unstable 
equilibria in development. Need ham and Waddington together talked 
about the idea of fields. Dorothy Wrinch discussed ways of assessing the 
complexity of morphological forms and then enlarged on "geometrical 
botany." J D. Bernal developed his ideas on the junction of phvsics 
and chemistry and treated hierarchy and emergent evolution. He 
outlined a scale of form reaching from quantum mechanical systems 
to the metazoa. Bernal, calling for a "nee-cytology of proteins, ' �  noted 
the relevance of such work to field theory. However, Bernal's greatest 
ccntrihution to the meetings of that year was probably his explanation 
of liquid crystals. I t  is obvious fro m  studying Needham's notes from 
the meeting that many of his published remarks on paracrystals were 
drawn from Bernal's informal conversations.24 Weisner tried to sketch 
his notion of a unit of order with nonatomistic constituents. Black 

:u . Participan!S also induded Max Black, who later wrote the provocative books on ana!ng) 

and mt:>taphor in scin1cc that were cited in �he chapter 1 above 
27,. The Theoretical Biolog-y Club continued to meet at least until  ICJ36 and exchange: con­

tln iH·rl until \V{)rld \Var I I .  
:.'4. The drscription of the THC meetings comes from pcncilcd notes kept in Nccdham's fiks. 

I Jll"l indcbto:.:d 10 him for xcrox copic� of discussions held in 1932 and 1936 
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talked on language error and regions of vagueness in concepts, illus­
trating his points with the idea of organism. Finally Woodger, the 
host, outlined his notions on collections and ordered systems and on 
maps and cones in analyzing genetic relations. This superficial list of 
the concerns of the TBC members should make it clear that the elements 
of nonvitalistic organicism, or structuralism in contemporary termino­
logy, were precisely the bonds comenting the workers. The organismic 
paradigm involved the convergence of thought from mathematics, 
experimental embryology, biochemistry, biophysics, protein chemistry, 
logic, and language theory. By 1 932 the paradigm was fully operative 
in Needham's thought ;  the fOrmer mechanistic paradigm no longer 
fostered the interesting questions. 

Needham tried to construct an institute around the new paradigm 
commitments but was unable to obtain needed financing. Beginning 
in 1 934 he corresponded with Dr. Tisdale of the Rockefeller Founda­
tion, which was then interested in fostering study on the borderlines of 
traditional disciplines. In July Needham submitted a long memoran­
dum outlining a plan for an Institute for Physico-chemical Morphology 
that would incorporate experimental embryology, descriptive mor­
phology (later dropped from projections), tissue culture, chemical 
embryology, and theoretical embryology. Scientists at Cambridge 
would work closely with those at the Strangeways Laboratories who 
had long engaged in valuable embryological researches in Britain. 
Personnel suggested for the institute were, logically, Bernal for crystal­
lography and chemistry, Wrinch for geometrical morphology, Honor 
Fell of Strangeways for tissue culture, Waddington for experimental 
embryology, and N eedham for chemical embryology. Cambridge 
was experiencing a financial squeeze in the years before the war and 
was unable to grant its share of money for required building and salaries. 
Therefore, the Rockefeller Foundation withdrew after supporting a 
histologist for several years. By 1 938 the idea was dead, but by that year 
work on the organizer itself had entered a crisis from which i t  did not 
recover. The reasons are controversial and complex, but the success of 
Needham's institute certainly would have altered the course of 
biological investigation in England after the I 930s. I nstead, factors 
combined to break up the collaboration of members of the paradigm 
community, and World War I !  finally sealed the issue. 25 

25. Discussion of the institute is contained in notes and letters in Needham's files from 1934 
to 193fL The first memorandum develops an interesting histo:"y of embryology and biochemistry 
in England from Needham's standpoint 

, 

I 
I 
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The second rr1ajor influence that directed Needham to organismic 
thinking in his work was socialism.26  I n  r g 4 I  i n  an essay entitled 
" Metamorphoses of scepticism" he surveyed his personal intellectual 
history and evaluated the impact of Marxism ( 1 943, pp. 7-28) .  He had 
divided up experience into mutually exclusive, equally indispensable 
realms and looked askance on facile syntheses. "But much the most 
significant thing about my point of view at the time [ The Sceptical 
Biologist and The Great Amphibian J . . was that I was always uncom­
fortable about the position of ethics. . . The explanation of this 
difficulty was at hand, however." He found his explanation in politics, 
which he saw as "nothing but  the attempt to objectify the most 
advanced ethics in the structure of society, to enmesh the ideal ethical 
relations in the real world" (p.  1 0 ) .  I n  developing such a political 
position he followed "the lead of the philosophy which most consistently 
allows for the social background of our thought and being, and explains 
what is happening, and has for centuries been happening, to human 
society as the continuation of all biological evolution" (p .  1 1  ) . 

His socialization began with the General Strike of r g26 and matured 
in the face of Hitler's fascism. Typically, a t  the start of the strike, 
Needham found himself on "the wrong side," but the power of the 
events caused him to begin reading i n  socialist thought. He ended by 
concluding that the labour movement was the most progressive focus 
of social advance. He and Dorothy Needham dated their long history 
in left politics from this time. 27 

In  an article written i n  1 935  Needham d iscussed the relationship 
among "Science, religion, and socialism" ( 1 943, pp. 42-73) . The 
article stresses the eternal validity of five faces of human experience : 

26. Gary Werskey of the Science Studic� Unit of the University of Edinburgh is writing a 
dissertation on "Socialist scientists in Britain, t g t S-- 1 94 1  · The \hsible College.'' Although his 
i nterest is the social origin and mature social-political positions of a very importam group of 
British sciemists, he makes several observations relevant to the development of the organisrnic 
paradigm. Werskey also draws from T. H. Kuhn in his approach. He treats .Julian Huxky, 
J. B. S. Haldane, Lancelot Hogben, Lord Bladlctt, Joseph Ncedham, J- D. Bcrnal, W. A. 
Wooster, C. H. \Vaddington, Hyman Levy, and N. W. Pirie. I ,._.·ould argue that political phi­
losophy is not irrelevant to the nature of a person's scientifK theory, but there is no simple causal 
connection. 

2] .  The Need hams were nH.>mbers of Tha:xtrd Church under VKar Conrad NoeL This con­
gregation nurtured Christian socialism and was extremely active in the 1 930s. It had parallels 
in movements in France and Germany. One such group in France, ctntered around tlw journal 
E.rjml, numbered among its contributors .Jacquc� Maritc.in_ ironically, Maritain had studied 
biology for a time with Driesch 
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philosophy, history, science, art, and religion. Marxists were right in 
criticizing the opiate of religion insofar as it was blind to oppression. 
But science too could become an opiate insofar as i t  was blind to the 
tragic side of life and to the irreducible numinous and worshipfUl 
dimensions of the world and of man. Needham stressed the legitimacy 
of the orthodox negative way to knowledge of God. The numinous--·­
sense of the holy-could acquire new forms of expression, and perhaps 
the liturgical and doctrinal letter of Christianity would disappear. 
However, the spirit of traditional religion---the relation of love 
between men-would be incorporated in a future' classkss l\.1arxist 
society. I n  the meantime, although difficult, it was appropriate to 
participate both in a traditional religious life and in progressive 
political action. Need ham elaborated the analogy of the Kingdom oC 
God. Poor early Christians, with the "crass simplicity" of their 
millennia! hope for the establishment of a just and loving future 
society on earth, were the models for Needham's brand of communism. 
Pointing out that Marx and En gels would have been more acceptable 
to the early martyrs and Fathers than to nineteenth-century bourgeois 
Christians, Needham insisted that socialism provided the moral 
theology appropriate to our time. The most crucial task for science 
was to show how t-h e  ethics of collectivism emerges from the natural 
world and its evolutionary processes. The basic premise of both 
Needham's socialism and his Christianity was that exploitation of man 
by man is immoral ; therefore a classless society and social ownership of 
the means of production are essential fruits of evolution advancing 
from physical particles to the future world commonwealth. 

Needham came to consider nature as a series of dialectical syntheses. 

From ultimate physical particle to atom, from atom to molecule, 
from molecule to colloidal aggregate, from aggregate to living 
cell, from cell to organ, from organ to body, from animal body to 
social association, the series of organizational levels is complete. 
Nothing but energy ( as we now call matter and motion) and the 
levels of organization (or the stabilized dialectical syntheses) at 
different levels have been required for the building of our world. " 

VVithout denying the validity of subjective and rdigious experience, 

28. Need ham 19.1-3, P- 1 S- Remarking that Marx wanted to deJicatc part of Cap1tal to Darwin, 
Needham found in the dialectic a way out of mechanism and vitalism , a way to approach history· 
i n  embryology. 
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h e  also transcended the individualist bias of seeing science as a quirk 
of the mind. Instead it helped to reveal the construction of the oro­
gressive structure of the natural and social worlds.29 The "as if' dodge 
of mechanistic materialism was unnecessary. The difference between 
Needham's organicism and his ncomechanism was simple but critical. 

This deadlock [between mechanism and vitalism] was 
overcome when it  was realized that every level of organization has 
its own regularities· and principles1 not reducible to those appro­
priate to lower levels of organization, nor applicable to higher 
levels, but at the same time in no way inscrutable or immune from 
scientific analysis and comprehension. 3 0  

Before returning to Needham's biological writings, Order and Life 
and Biochemistry and Morphogenesis, it would be instructive to look at a 
last influence on his organicism, Alfred North Whitehead ( 1 943, pp. 
1 78-206). Nccdham conceived biology under the new paradigm as a 
" manifestation of a great movement of modern thought which sought 
to base a philosophical world-view on ideas originating from biology 
rather than from classical physics. I t  fused once again what Descartes 
had put asunder." Not only could organic and inorganic be considered 
within the same coherent framework, but mind and body no longer 
contradicted each other. For science, organicism implied succession 
in  time and envelopes in space. The ideas of boundaries and levels 
were central. Function depended on position within the whole. 
"Statistical regularity of fortuitous random motions is not the whole 

29. The po�sib!e contradictions between dialectical and structuralist perspectives was not to 
come into focus until Marxist thinkers such as LCvl-Strauss wrestled with them. For the time, 
Marx, Engels, and Lenin offered ways beyond deadlocks in the philosophy of science for Need­
ham. He drew from Engels's Anti-Diihring and Dialutics of Nature and Lenin's Materialism and 
Empaiw-Critui:;m_ l'\eedham felt a bond between his work and that of organicists in lhc Soviet 
Union. From Science at tlu Crossroads (papers p1csented at the International Congress of the 
History of Science and Technology in London in 193 1  by delegates from tl-:e USSR, London : 
Kniga) he learned of the thought of B_ Zavadovsky. A second Russian, I\'. Koltzov, was known 
to hirn through a French publication ( 1 935). Their rejection ofthe mcchanism-vitalism paradigm 
paralleled his own. Ko!tzov also thought in terms of fibrils in biological organization in a way 
compatibk w1th Necdham's vit�w of the material basis of fields. Unfortunately, Needham did 
not read Russian and was not able w follow this aspect of Russian biology, but he was sympathetic 
to tht'ir work and tri�d to direct others to it, citing it ffequently in his publications 

:)o. 1943, p 18 .  Interesting essays that depict the application of Marxism to biology and 
sociology arc Need ham's 1937 Herben Spencer Lecture at Oxford called "Integrative levels : 

Revaluation of tlw idea of progress" in 1943,  PP- 233· 73, and a 1941  paper entitled "Matter, 
form ; evolution and us." 
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story ; there is a plan of organising relations too." Needham asserted 
that Whitehead had always seen the structure of the world in terms of 
envelopes and succession. He considered the basic unit to be organism 
and noted that science was neither purely physical nor purely biological 
but was becoming the study of organisms. Needham was impressed 
with Science and the Modern World, but it is interesting to remember that 
he did not interpret it from an organismic perspective in the Sceptical 
Biologist. But once he was firmly operating from an organismic para­
digm, Need ham saw a strong ally in Whitehead. Whitehead represented 
to Needham a kind of convergence of elements from Marx and Lloyd 
Morgan. "Little though the philosophers of organic evolutionary 
naturalism may have borrowed from one another, they march in the 
same ranks" (pp. r84, r 86, 1 94) .  

The primary contribution Whitehead made to Needham's or­
ganicism was his critique of the notion of simple location. Field 
concepts seemed essential to adequate biological theories, and ex­
planation in field terms abided in a willingness to deal with whales and 
position effects. Whitehead's formulations supported orgamsmic 
approaches in biology from the notion of gestalten to the use of 
topographical analysis. 

' 

According to Whitehead, all things in the world are to be con-
ceived as modifications of conditions within time-space, extending 
throughout its whole range, but having a central focal region . . . .  
In  topographic analogy the influence of the thing grades off 
past successive contours . . .  in every direction. The connection of 
this idea with the sort of fact we are always meeting in biology, 
namely phenomena of field character, is obvious, and today the 
concept of field is equally widespread and necessary in biology as 
in physics. [p. r 97] 

Just as Ross Harrison's Silliman Lectures summarized and focused 
his relation to the organismic paradigm in biology, Needham's Terry 
Lectures and his last great scientific books, Order and Life and Bio­
chemistry and Morphogenesis, express his mature perspectives. It is to 
these works that one must turn before leavingjoseph Needham. 

Mature Perspectives 

I still think that organization patterns and relations in living things, 
integrative hierarchies never exhibited in non-living material collec-

I 
I 
I 
l 
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tions, arc the proper subject-matter of biological enquiry, and that the 
recognition of their existence is i n  no sense a disguised form of vitalism. 

I still think that biological order and organization are not just axi­
omatic either, but constitute a fundamental challenge to scientific 
explanation, and that meaning can only be brought into the natural 
world when we understand how successive "envelopes" or "integrative 
levels" are connected togf"ther, not "reducing" the coarser to the finer, 
the higher to the lower, nor resorting to unscientific quasi philosophical 
concepts. 

Joscph Needham, rg68 

1 39 

The plans of Order and Life and Biochemislly and Mmphogenesis were 
quite similar, and in fact the later work, though more extensive in its 
coverage, repeated large sections of the Terry Lectures' argument. 
Need ham summarized his thesis in the following paragraph : 

A logical analysis for the concept of organism leads us to look for 
organising relations at all levels, higher and lower, coarse and 
fine, of the living structure. Biochemistry and morphology should, 
then, blend into each other instead of existing, as they tend to do, 
on each side of an enigmatic barrier. The chemical structure of 
molecules, the colloidal conditions in the cell, and the morpholo­
gical patterns so arising, are inextricably connected. I t  is easy to 
find instances of the way in which organization may appear 
already at the chemical level. VVe are driven to the view that 
the living cell possesses as complex a set of interfaces, oriented 
catalysts, molecular chains, reaction vessels, etc., as the organs, 
tissues and other anatomical structures of the whole organism.31 

The lecture series presented support for this argument in three parts : 
the nature of biological order, Needham's way of referring to the 

3 1 .  1942, p. 6_s6. This work published in 1942 under wartime conditions had been partly 
written while Necdham was visiting at Yale. I t  comained three major sections: the substrata, 
stimuli, and mechanisms of morphogenesis. The first part treated maturation of the egg, em­
bryonic nutrition, and so on. Pan 2 considered general concepts of causal morphology such as 
fields, mosaic eggs and their biochemistry, amphibian development and the basic principles of 
morphogenesis, and organizers and genes. Pan 3 discussed dissociability of developmental 
proce�s<'S, integration of fundamental processes, differential growth, respiration and metabolism, 
and finally polarity and cytoplasmic organization. A friend and former collaborator, Dr. E . .J .  
BodL had promised to ensure publication if anything happened to Dr. Nccdham traveling in  
wartime conditions. Later the microfilm of proofs that  had been sent  t o  Yaie at  each stage of 
correction was put  on display in Sterling Library in an exhibition entitled "Making of a book 
in war-time ' '  
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mechanism -vitalism debate ; the development of biological order, his 
phrase for morphogenesis ; and the hierarchial continuity of biological 
order, a study of the problem of organic form from atom to bodily 
whole. 

I n  part r Needham emphasized that the central problem for biology 
was form ; form i n  turn meant a "time slice of a spatia-temporal entity," 
a phrase the biochemist borrowed from Whitehead via Woodger. The 
first lecture outlined his debt to Woodger and to Roux, the one con­
tributing a philosophical and logical analysis, the other setting the 
frame for embryological research for two generations. Out ofEntwick­
lungsmechanik grew a dynamic analysis of fOrm. For Ncedham the 
task remaining was a mathematization of the form problem. Science 
had to remain quantitative but i n  an enlarged sense. "There are other 
systems of structure besides arithmetic, and the complex components 
may be very faithfully and logically dealt with on their own level."32 

Need ham devoted a large part of the First Terry Lecture to a defense 
of analysis in biology. He rejected the argument of physicist Niels 
Bohr that the indeterminancy principle had anything to do with a 
"thanatological limitation of biological theory."33 Meaningful sub­
systems could very well be dissected out of the organism and studied 
under experimental conditions. The problem was selecting the ap­
propriate subsystem, not arguing that i t  was possible or impossible to 
reach an ultimate biological atom. Needham cited D'Arcy Thompson's 
theory of transformations as a stimulating example of exact analysis on 
the biological level. The issue of reductionism was simply irrelevant, 
but the Marxist notion of a d ialectical level was helpful .  Embryology, 
and thus the science of form, has to deal with the origin of the qualita­
tively new. Dialectical analysis was a rational method of approach to 
such transformation. 

Part 2 of the Terry Lectures described in detail the experiments of 
Roux and Driesch and the context within which the term harmonious 
equipotential system was i ntroduced into embryology. After a brief 

32.  1936, p. 23. Needham drew a distinction between mechnaical and mathemaocal in 
scientific explanation, a distinction he would have rejected before 1929. As he �tressed in rhe 
introduction to Biorhemistr__y o.n.d .Morphogenesi5, the old controversies of mechanical versus animimc 
explanation were no longer meaningful. The new program of biology was moro..: interested in 
the laws of level� and the explicit connectiom between levels ( I  i.J42, p .  xv).  It transcended chemical 
embryology in the same way that organicism wcnr beyond ncomcchanism. 

J:). 1936, p. 33 Compare with Harrison's use of the indeterminacy analogy in  biology (p. iJ:-J 
<1bove) .  
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description of developmental mechanics i n  the first third of this century, 
Needham formulated his definition of development :  "Development, 
then, consists of a progressive restriction of potencies by determination 
of the parts to pursue fixed fates. I t  is the opinion of many that this state 
of affairs can best be pictured in the manner of a series of equilibrium 
states ."34  He used the analogy of a series of cones with a ball on the 
apex of the top cone in a very unstable balance. I t  could be stimulated 
to roll down the side and reach a second precarious balance, or meta­
stable state. The hierarchy of cones, and of stimuli causing the system 
to reach nnv equilibrium positions, was considered analogous to the 
various grades of organizers in  the normal course of development. For 
example, an organizer of the second or third grade (Spemann's ter­
minology) "has no effect upon a ball (plastic region) at a higher level 
of instability than that at which it normally works" ( r g36, p. 59) .  Use 
of the notion of successiv_e equilibria encouraged a greater mathema­
tization of development, in particular the introduction of topological 
models. 

The phenomenon in development that had precipitated the crisis 
of the early twentieth century was pluripotency. Driesch had re­
introduced intensive manifOldness, or entelechy, to account for 
observed regulation. Obviously, for Necdham, the principle of regula­
tion had to be entirely immanent. The theory of gradients was ad­
vanced to account for ' 'in tensive rnanifoldness above the atomic level . ' '  
Gradients were, in turn, a particular expression of the more genera! 
category of field theories. Fields were a way beyond the dead-end 
arguments of epigenesis and preformation. To make this characteristic 
of field theory clear, it is useful to look at a phenomenon, definitely 
critical to both Harrison and Need ham, of spatial repetition of pattern 
in biological systems. Needham believed that the biochemical basis of 
pattern was paracryst'alhne protein pattern�, the postulated material 
basis of biological fields. The properties of such a system could account 
for maintenance of pattern when mass is reduced, perpetuation of 
pattern when mass is increased, fusion of patterns when orientation is 
favorable, the heteropolar and heteroaxial nature of patterned systems, 
and finally observed wholeness rather than mosaicism. These items 
were precisely the characteristics of fields that Paul \Veiss developed in 

34· Ibid., p. 58. Biochrmistry and Morphogenesis, w!"nch contains a much more adequate treatment 

of the history of Entwicklungsrnech<Jnik, goes into helpful detail on the origin and range of 
!erminology emanating- from work 1n that great !radi1ion 
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Morphodynamik and Principles of Development. Divisibility and stability 
of pattern were the key requirements. Need ham spent the last thirty 
pages of the chapter "Deployment of biological order," as well as a 
major section of Biochemistry and Aiorphogenesis, discussing field theory 
and relating it to structured molecular aggregates i n  organisms. The 
result was an organicist resolution of the field-particle dichotomy. The 
section included both the justification for the evocation-individuation 
distinction and the theory of morphogenetic hormones, issues treated 
in part 1 of this chapter. 

The third lecture opened with a consideration of three classes of 
relations in a spatial hierarchy. Woodger had pointed out that a 
member of such a hierarchy could be treated with respect to its mem­
bership in a particular level. It also entered into relationship with a 
member of the next highest level. Finally, it could be studied in its 
relation to members of the next lowest level-the focus of traditional 
experiment and analysis. However, contemporary biology must learn 
to resynthesize. "As time goes on, biology employs more and more of 
the methods of actual or conceptual synthesis, and this must be so, for 
it is a recognition that . . .  the relations of members to the levels 
above them in the hierarchy are j ust as important as their relations to 
components below" (p. I 1 2 ) .  Hierarchial order was analogous to 
group theory with its mathematical envelopes. The use of set theory 
i n  organismic biology parallels its importance in dealing with com­
plexity i n  other modern structuralisms. 

The remainder of the last lecture focused on the effort to unravel 
organizing relations on the protoplasmic level, the level of molecular 
structure. For Needham this section was representative of proper 
explanations i n  modern biology. He first outlined advances in under­
standing of enzyme organization, a field in which his wife had worked 
for years. He then sketched F .  G. Hopkins 's beliefs about cell geography 
and the history of biochemistry at Cambridge. One advantage of 
contemporary biological chemistry, he felt, was access to sophisticated 
techniques that allowed the investigator to see into cells and molecules. 
X-ray crystallography was the most provocative example because i t  
revealed molecular pattern where i t  had not been recognized. 

The discussion of crystallography gave way naturally to a considera­
tion of the crystal structure of animal fibers and the ubiquitous presence 
of fibers on various levels of biological organization. His own work on 
anomalous viscosity of protein solutions prepared from neurulas related 
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to his sense of the significance of fibers in field systems. "The protein 
chains of the cell's web or lattice must therefore be pictured rather as 
connected at many points by residual valencies and relatively loose 
attachments, so that thr:_y can, as it were, snap back after disarrangement. 

We may call this 'dynamic structure"' ( 1 942, p. 658 ) .  Such plastic, 
yet definite, molecular arrangement led to the assertion that, in some 
sense, living systems were liquid crystals. The statement parallels 
Harrison's almost word for word. The "paracrystalline state seems the 
most suited to biological functions, as it combines the fluidity and 
diffusibility of liquid while preserving the possibilities of internal 
structure characteristic of crystalline solids."35  Both Harrison and 
N eedham were intent on accounting for the field properties of twinning, 
dimensionality, and regulation. Both were optimistic in the 1 930s and 
r 940s that biologists were close to an acceptable answer to the problem 
of form. In fact, for Needham, the vision of collaboration among 
molecules was a "prefiguration of mutual collaboration of social units 
in maintaining patterns at far higher levels of organization" ( 1 942 , 
p. 677 )  

I t  remains only to  sketch the degree of fulfillment of these hopes, at 
least those for biology, asjoseph Needhamjudged it from a perspective 
of forty years. A superficial glance shows that many contemporary 
biologists, avoiding field terminology, have substantially refocused 
discussion of the organizer. The flowering of genetics has occupied 
attention at the expense of study of form and pattern. But at a deeper 
level it is possible to argue that a convergence has been prepared. Such 
younger workers as Wolpert and now Crick have returned to the older 
questions with a fresh perspective. Even the hope that topology will 

35- 1936, pp. 160- G J .  I t  is worth outlining precisely what a liquid crystal is. In  a true isotropic 
liquid the molecules show neither orientation nor periodicity. There arc several intermediate 
stares from isotropy ro solid crystal, namely the mesoforms of the paracrystalline state. In the 
ncmatic condition thoc i� orientation but not periodicity. In the smcctic state the molecules have 
orientation and arc in equispac"ed planes in relation to one another. True crystals show complete 
orientation and three-dimensional periodicity. Needham cited a quote by J. D. Bernal in sumc 
marizing the biological importance of this range of molecular properties: "In thc first place, a 

liquid crystal in a cell through its own structure becomes a proio-organ for mechanical or electrical 
acnvity. . Secondly the oriented molecules in liquid crystals furnish an ideal medium for 
catal·ytic aniDn, particularly of the complex type needed to account for growth and reproduction. 

La�t!y, a liquid crystal has the possibility of its own structure just the property required 
fOr a degree o!" organization between that of the continuous substance . .  and even the simplest 
living cell" (ibid., pp. 1 6 1  -62). In other words study of the paracrystalline state was study of 
the connection betwc<:n levels of organization. 
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furnish an important key has been revived in very recent thought 
(Thorn r g7o). Since the excitement of the Theoretical Biology Club 
days, little advance in this direction had been made. Needham has said 
little about current opinions on fields, in contrast to his collaborator, 
Waddington, who has enriched the older work immeasurably. 
Instead, the biochemist-turned-historian has focused on "Organizer 
phenomena after four decades: A retrospect and prospect. ' ' 3 6  

The relevance of the organizer concept always depended on the 
specificity of the reactions involved. The chemical data on the or­
ganizer, or evocator, were confusing. In  1942 Need ham believed that 
workers were all too ready to abandon the search for logical consistency 
and write off induction phenomena as nonspecific. But he felt it was at 
least certain that there existed a hierarchy of inductors, chemically 
identifiable, operating in normal development. Careful study over 
time could not fail to vindicate his claim, he asserted, and by 1 g68 his 
conviction had not substantially changed. The experimental founda­
tion of the conviction was first of all the demonstrated difference be­
tween head and tail organizers. Spemann had investigated regional 
specificity in the organization center and had found that material that 
invaginated first ordinarily acted as head organizer, whereas material 
invagination last stimulated formation of posterior organs. It was 
possible to remove material from the dorsal lip at different times, if its 
normal organization function was known, and to test it under abnormal 
conditions. I f  head organizer were implanted at the head level, he 
obtained an induced secondary head with eyes and ear vesicles. If the 
same material were implanted at the host's tail level, an induced 
complete secondary embryo resulted, its tissues having been organized 
from presumptive trunk and tail ectodcrm. If tail organizer were 
positioned at head level in the host, a complete secondary embryo was 
obtained. If tail material were placed at tail level, one saw only trunk 
and tail. No matter what the confusion about the chemical nature of 
the evocator, some regional difference in the organization center was 
inescapable. Analysis of primary induction phenomena on the verte­
brate neural axis remained of central theoretical relevance. 

N eedham had labeled inductions by abnormal substances such as 
methylene blue indirect induction, or liberation of the normal evocator. 

36. Joscph Ncedham 1968 {also appears as introduction to the 1g66 reprint of Biodumisl�f' 
and Morpho,t:ent!sis) .  
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Great experimental difficulties did not excuse discontinuing the hunt 
for normal inductor molecules with specific effects. Support for 
Need ham's position came in the late rgq.os from Finnish and Japanese 
workers who showed that inductions carried out in the newt by adult 
tissues such as liver and kidney gave qual itatively varied responses. 
Some test tissues gave primarily fore brain development, some yielded 
hind brain structures, and so on. Needham regarded this work as the 
third significant phase of study of the organizer. The first was the 1 932 
discovery that the neural inductor effect was stable to physicochemical 
denaturing procedures, leading Need ham to think in endocrinological 
terms. The second had been Holtfreter's ( 1 933-34) demonstrations of 
the release of the masked organizer from unusual tissues, including the 
ventral ectoderm. 

Toivonen in Finland was also responsible for the fourth phase of 
work on organizer specificity, In 1 953 he found that alcohol-denatured 
bone marrow induced only mesodermal structures in the newt embryo 
hosts. They included blood, pronephros, myotomes, and notochord ; 
there was not so much as a single neural cell, much less structure. 
Somewhat earlier the Japanese school ofFuj ii and Okada had obtained 
weak, exclusive mesodermal inductions with amphibian skin. For both 
groups if the mesohormic extracts were heat denatured, they became 
neural inductors. I t  would be hard to reconcile these results with the 
hypothesis of an unspecific stimulus and leave specificity entirely to 
the reacting system. The hope inspired by the discovery of such effects 
was the eventual synthesis or reconstruction of an embryo by combining 
the action of particular inductors on competent tissue. The Finns and 
the Japanese both produced such syncretistic whales. 

However, the chemical characterization of the inductors remains 
confusing. Yamada Tuneo had fractionated active proteins obtained 
from heterogeneous tissues that gave regionally specific inductions, but 
the work of Hayashi Yujiro and Takata Kenzo seemed to indicate the 
active fraction to be the ribonucleoproteins. A modern German school 
led by H .  Tiedemann has employed methods of high resolving power, 
such as chromatography, that were unavailable to the previous gen­
eration and has tested many fractions for germ-layer specific activity. 
Suffice i t  to say that the final answer to the organizer problem is not 
known, but  the problem is hardly a false one. I t  would be most difficult 
to interpret modern practical and theoretical work apart from that of 
the generation of the z g3os. 
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Needham sees a split in contemporary developmental biology that 
must be bridged, much as that between chemical and morphological 
embryology i n  his  own active biochemical period had to be spanned. 
The contending schools could be referred to as reaction mechanists 
versus champions of multiple specific "hormones." In significant re­
spects the two aspects parallel field-particle problems in the 1 930s. 
It is not illogical to think their resolution too will be founded on an 
organicist understanding of the developing embryo. 



5 

Paul Weiss 

Omni.1 or,ganisatio ex organisaiione 
Paul Weiss, 1 940 

This, then, concludes my argument. If nature were atomized and 
inherently chaotic, only creative mind could see and carve into it and 
from it those patterns of higher order to which we concede consistency 
and beauty. But nature is not atomized. Its patterning is inherent 
and primary, and the order underlying beauty is demonstrably there ; 
what is more, human mind can perceive it only because it is itself part 
and parcel of that order_ 

Paul Weiss, 1g6o 

From Fields to Molecular Ecology 

Born in Vienna in 1 8g8, Paul VVeiss has made immense practical and 
theoretical contributions to the study of genesis ; his work has influenced 
studies in embryology, regeneration, nervous system organization, 
general cell biology, and ultrastructural patterning. I t  has been com­
mon practice to examine the nature of the organismic paradigm 
reflected in the work of men such as E. S. Russell, V\'. E. Ritter, J .  C. 
Smuts, and J S. Haldanc and then to dismiss the importance of 
the paradigm to contemporary work and theory i n  development, i f  
not i n  evolution. Molecular biology, especially molecular genetics de­
fined within a reductionist perspective, is seen as the solid foundation 
of current thought. Yet Weiss himself early helped spin out another 
strand of molecular biology, the strand that united his work to that of 
Ross Harrison and Joseph Needham. It is a strand that has woven 
together threads of particle and field explanations into a fabric of 
modern developmental theory defined within an organismic perspec­
tive . I  

J For a b1 1d .wwhiographical sta!ement and summary of Paul \'\'eiss's work �c-e his anick 
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I n  contrast to Needham, Weiss was committed to organicism from 
his earliest work. In the r g2os Weiss, trained in engineering as well as 
biology, was thinking in terms of systems rather than stereotyped 
mechanisms. His dissertation, based on experiments performed in 1 92 I ,  

was an attack on the theory of tropisms developed by .Jacques Loeb 
(Weiss 1 9 25b) .  Weiss was forging himself an alternative to the me­
chanistic paradigm and its metaphors. The theory of tropisms was 
closely related to the belief that biology could be understood entirely 
through reduction to physics and chemistry, that is, a microdeter­
ministic physics and chemistry. Weiss fel t  that as a result many ex­
planations of biological phenomena were "nothing but translations of 
descriptions of facts into inorganic terminology; the wish has become the 
father to the thought" ( r g25b, p. r ) . A return to a more biological 
way of thinking and expression was crucial to true explanation. Far 
from departing from the ideal of scientific exactness, he emphasized, 
such a program could only make explicit the coherent laws of or­
ganization of the organism and its behavior. This was also the belief 
of Need ham and Harrison. 

The basic assumption of Loeb's doctrine was that a like result must 
imply a like causal chain : there exists a rigid material mechanism, 
which when completely revealed, would make possible strict prediction 
of every aspect of animal behavior. Furthermore, the relevant level of 
the animal was the chemical level. I n  his thesis work Weiss tested these 
assumptions by studying the resting behavior of fatigued butterflies. 
His first experimental effort concentrated on the same class of pheno­
mena that had provided ammunition to mechanists such as Loeb. The 
first long theoretical section of the dissertation justified introducing 
systems to replace tropisms. He countered Loeb's doctrine by insisting 

in Galbiani 1967, PP- 237-47. For a strong statement of the reductionist frame f.Jr viewing 
molecular biology, see Crick rg66. In the 1930s and 1 940s it was more commonly believed that 
organicism, expressed for example, by reference to biological fields, was an important perspective. 
Then i n  the 1 950s serious chal!enges were presented. Accordingly Weiss's own writings regained 
some of the polemical tone they showed when he felt the goad of Jacques Loeb's mechanism in 
1920. It  would be helpful to study the nature and roots of this later challenge because rcduc­
tionism had outgrown naive mechanism. But the thesis of this essay, that a nonvitalist organicism 
successfully challenged the mechanistic paradigm and its associated metaphors, remains valid. 
It is neces�ary subsequently to ask if this organicism has yielded to a reformed reductionistic 
approach to the organism. I do not think that it has, but a satisfactory answer would entail careful 
examination of work in development since 1955· A partial reply, however, wi!! emerge from an 
analysis of the later work of Weiss himself. 
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on the relevance of scale to the organism. Organization was based on 
a hierarchy of envelopes. To say that the operation of a higher level is  
based on the proper functioning of the components of a lower is not to 
say the operation of the higher can be reduced to the lower. Rather, 
the higher complex is given as a unit that requires its own laws. The 
distinction is the same as that made years later by Polanyi : boundary 
conditions left open by processes of a more elementary level are de­
termined by the organizational plan of the next order. Thus there 
may be more variability in each component of a whole than exists i n  
the behavior o f  the system itself; i n  this sense the whole i s  more than 
the sum of its parts. Moreover, similar reactions or animal functions 
do not imply identical mechanisms, but rather "mechanism . . . IS 

subordinated to the law which rules the complex as a unit. . . .  An 
explanation is only complete if it covers mechanism and meaning. " 2  

A system was defined as a unitary complex that tends to preserve 
its state in the face of external disturbance. Variation in parts is not 
inconsistent with maintenance o� the whole ; regulation and adaptation 
are expected. Weiss described several examples of physical systems, 
such as the heating of a thermocouple, which produces an electric 
current tending to cool the system. The systems concept bridged the 
gap between organic and inorganic, a goal of Loeb, by a different 
route. Weiss's examples of equilibrium systems were constructed in  
such a way as  "to  lessen the intellectual discomfort which some biolo­
gists experience when they are confronted with lawful behavior not 
operating through the familiar 'ultimate elements."'' 

2.  1 925b, pp. 2···3· Both Weiss and Po!anyi believe that the idea of a machine itself makes 

nonsense of the reductiooist philosophy of science. Weiss's example is that a drilling machine is 
not such a thing because of its particular structure but becaus<: its structure permits its function, 
drilling. Many mechanisms would serve. Po!anyi and Weiss currently participate in a sort of 
paradigm community known as the Frensham group, sponsored by the van Leer Foundation. 
The group believes in the applicability of systems theory to social and human probl1�ms. Polanyi's 
arguments have been directed to the gencrations of red unionist-s after Loch, those trained as 
biophysicists and molecular biologists, but the basic logical form of the argument is similar. 
Weiss's later polemics against reductionist molecular biology arc aimed at the same targets as 
Po\anyi's. 

3· Ibid., p. 7· Today the systems concept is banally familiar. That was not the case in biology 
in t g n ,  when the dissertation was written. Without doubt Wei�s was one of the originators of 

systems thinking in biology. That its applications in retrospect seem obvious does not change 
the fact that at the time Weiss was challenging orthodox opinion. \Veiss drew on his training 
in engineering in his formulation of systems theory. Although hr. cited KOhler's work and re­
cognized the affinity of Gestalt and field concepts, he did not get his organicism from Ktihler. 

Weiss felt that several workers in the Gestalt school were primarily influenced not by physics 
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Weiss did not deny that simple reflex reactions and associated rigid 
structures occurred i n  organisms. He merely denied that they were 
the dominant form of organization. More interesting were the plastic 
reactions he found in his butterflies, whose variations in parts did not 
preclude a general integrated character of the whole. A characteristic 
series of reactions led to the fatigued animals' adopting a sleeping 
posture, defined i n  relation to light and gravity. The reaction was 
divided into three parts ; each rigidly followed the previous component, 
but each phase was plastic within itself. The entire performance repre­
sented an instinct assembled from nonuni tary parts. The researcher's 
task was to probe the dynamics of similar situations to understand 
physiological conditions of the animal, not to look for stereotyped 
mechanisms alike i n  all cases. So by the conclusion of his dissertation, 
Weiss had stated i ntellectual commitments that echoed throughout his 
later work. Details and the targets of his polemics changed, and the 
concepts acquired rich concrete meaning. But as Weiss turned from 
animal behavior to developmental biology, the components of his 
organicism were clearly elaborated. 

I t  would be appropriate to explore Paul Weiss's experimental work 
in  five sections: problems relating to the nervous system, tissue culture 
systems, regeneration phenomena, general cell biology, and aspects of 
fiber properties i n  biological organization. There is considerable over­
lap among the sections, but there is at least a rough chronological 
progression. The qualities of his organicism should emerge from a 
careful consideration of his actual experiments and the metaphors he 
employed to interpret them. Subsequently, it should be useful to look 
more directly at his theoretical speculations, particularly those relating 
to fields, growth control, molecular specificity, and emergent organiza­
tion and self-assembly in biological systems. Finally, a consideration 
of a recent paper should summarize his mature perspectives on his own 
work. The types of paradigm links to Need ham and especially Harrison 
will be explored, culminating in a glance at a current paradigm com­
munity i n  many ways like the Theoretical Biology Club. 

but by biology, especially by regulatory phenomena. The friends later diverged in their work when 
Weiss decided that the psychologist relied too heavily on physics, especially electrical analogies, 
whereas more "biological" thinking was needed. They had met in 1927,  when Weiss worked at 
the Kaiser Wilhelm Institute in Berlin, but they had corresponded before that time. Another 
early systems thinker, Ludwig von Bertalanffy, was early influenced by Weiss. He visited Weiss 
in 1922 in Vienna, where the two men talked intensely about the new frameworks for biology 
(interview in New York with Professor Weiss, August 1 970) 
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Drawing from experiments begun in I 9 2  r and continuing for years, 
Weiss concluded that the relationship between the central nervous 
system and sense organs and muscles could not be based on typical 
structural connections of an innate pattern, but that a high degree of 
specifi\ity ln the relationships was nonetheless indisputable. 4 The first 
experiments involved transplanting mature whole limbs of larvae of 
Salamandra maculosa. Later, Amb(ystoma individuals were used. The 
transplants were grafted into the vicinity of a normal l imb to ensure 
innervation from the limb plexus, but at a sufficient distance- to allow 
complete mechanical independence. Various orientations of the grafted 
limbs were tested for functional properties. I nnervation for the grafts 
did not come from new sprouts from the central system but from 
branching nerve fibers of the plexus. After some weeks the grafts 
regained complete mobility. The movement showed the traits of what 
V\' eiss called homologous response ; that is, each muscle of the transplant 
contracted at exactly the same time and with the same intensity as the 
muscle of the same name in the normal limb, whether or not the 
response was functionally adaptive. The phenomenon was observed 
in hundreds of cases i n  many combinations. I f  the original and trans­
planted limb were on the same side and similarly oriented, homologous 
response resulted in synchronous movement, like oars on a racing craft. 
If the limbs were of opposite laterality and placed dorsodorsally 
( Harrison's terminology) ,  homologous response meant that elbow 
fiexion in one l imb was invariably accompanied by the same muscle 
contraction in the other extremity. Obviously, such mirror-image 
movements were detrimental to the organisms, but no learning took 
place. As many as three limbs, thus two supernumerary limbs, would 
show homologous response. A hind l imb transplanted in the forelimb 
region showed contraction of the appropriate homologous muscle too, 
thus confirming by direct biological test the legitimacy of anatomical 
and evolutionary naming practices. Fragments of limbs were tested 
with similar results. Even single transplanted muscles gave correlated 
response movements. Weiss transplanted limbs between different 
species of salamanders (heteroplastic grafting) with corresponding 

'1· \-Veiss 19)6. Earlier reviews appeared m 1928, 192g, and 1 93 1  and Wciss published dozens 

of papers on homologous response, modulation, and re�onancc. l will, however, draw from only 
a fcVl..- pApers to summarize the general direction of this work and its relation to the organismic 

paradigm. All the elementary work on thi� topic, begun in Austria and continued in Germany 
and the lJnitcd Stalt's, was completed by the early 1 940s. 
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results. Detwiler, a former student of Harrison with whom Weiss had 
had some heated disputes earlier, obtained essentially the same response 
when he transplanted embryonic l imb buds that developed into the 
supernumerary appendages. Homologous response occurred in all 
these tests only if the limbs were innervated from the same spinal region, 
but it was irrelevant which nerves within the region innervated the 
transplants. The situation was reminiscent of other harmonious equi­
potential systems. 

Homologous response was also observed i n  the sensory field ; centers 
identified afferent messages coming from muscles in abnormal loca­
tions. This conclusion was reached by observing myotactic reflexes in  
supernumerary limbs. When stretched, some muscles receive a reflex 
impulse to contract from the central system. If  muscle A of a super­
numerary l imb were passively stretched, muscle A' of the original limb 
contracted. The myotactic, or proprioceptive, reflex remained the 
only sensory system from 1 930 to 1 942 for which homologous response 
had been confirmed. Then, with the cooperation of Triturus torosus, 
Weiss chose the lid-closure reflex, elicited when the cornea was stimu­
lated, to demonstrate that the principle held for the exteroceptive field 
as well. The logic of the experiments was related to the question posed 
by DuBois-Reymond in the nineteenth century : If acoustic and optic 
nerves were cross connected, would an organism hear lightning and 
see thunder? Weiss transplanted eyes into the auditory or nasal region 
of the host so that the transplant was innervated from an abnormal 
sensory source. The reply to DuBois-Reymond was a sharp no. "The 
results can be summarized very simpl y :  Touch to an eye transplanted 
to the ear or nose region is just as effective in producing a winking 
response of the normal eye of the same side as is touch to the latter's own 
cornea" ( 1 942, p. 1 3  7 ) .  Extensive threshold determinations with 
graded tactile stimuli showed that grafted and original corneas were 
equally responsive. 

The fundamental conclusion from all this work was simple : There 
existed "a constitutional specificity determining the relationship . . .  
[of center and periphery] ,  constant and selective for each individual 
muscle, identical for synonomous and homologous muscles, but dif­
fering critically for different and non-homologous muscles" ( 1 936, 
p. 506) . Several alternative explanations could not account for the 
results. Sensory control was eliminated by the demonstration that 
animals deprived of sensory innervation gave the appropriate response. 
I f  a supernumerary limb were transplanted into the region of a deaf-

i I 
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ferented but motile limb, homologous response was observed even 
though both limbs were totally anaesthetic. Morphological specificity 
was ruled out by a variety of experiments that showed nerves readily 
grew into strange organs by unusual paths. The requisite degree of 
specific direction control just did not exist. This topic will be treated 
more adequately when attention is turned to Weiss's work on nerve 
growth in tissue culture and his successful attempts to discount chemical 
neurotropisms as a factor in nerve specificity. Basically, he demon­
strated that mechanical1 not chemical1 forces were sufficient to accoun t  
for most observed nerve paths. Having ruled out rigid structural stereo­
typic relations1 \'Veiss i ntroduced two principles to explain his experi­
mental results : resonance and modulation. 

The resonance principle, based on the metaphor of tuning, account­
ed f<)r the selective responsiveness of end and centcr. VVeiss criticized the 
telephone exchange image of the nervous system for suggesting the 
wrong experiments and interpretations. The term resonance did not 
imply a specific mechanism any more than the term .field implied that 
its basis was understood. Rather, the principle, first described in 1 923,  
suggested the nature of the relationship so as to stimulate research 
founded on fruitful analogies. The term modulatzon was introduced in 
1 934 to designate peripheral selectivity. " I t  was assumed that each 
muscle, by virtue of its own specificity, appropriately specifies the nerve 
endings, converting them from indifferent into selective receivers 
specifically adapted to its own use" (pp. 5 1 2- 1 3) .  Modulation 
appeared to embrace the entire motor unit, including the motor 
neuron. \Veiss was convinced it resulted from molecular differentiation. 
Each muscle was subtly di ffercnt biochemically ; stereochemical match­
ing replaced stereotypic linkages. Fundamentally, the form problem 
was placed on a molecular rather than mechanical level. The step was 
significant in linking field and particle because, like Harrison, Weiss 
believed that asymmetrical molecular arrangements were the probable 
ma1erial basis of field phenomena. 

Modulated peripheral neurons were in contact with a central system 
of matching specificity. The central system contained innate dynamic 
patterns for motor coordination. The spinal dislrict, for example, 
appeared to contain the pattern for limb activity. VVeiss reasoned that 
"comparable to the situation in embryology, the functional districts arc 
represented by local fields of activity, whose boundaries are maintained 
in a dynamic way by the mutual i nterference of neigh boring areas" 
( pp. 5 r 2 1 3 ) .  Neither the central system itself, nor its connections with 
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end organs, was organized like a telephone exchange. Weiss, guided by 
the resonance metaphor, looked not for discrete localized centers in a 
segment of the central action field but for dynamic conditions con­
trolling the specific modes of activity. 

Weiss saw his· work as an extension of traditional embryological 
techniques to nervous system physiology. Using similar categories of 
explanation, he often emphasized the rich source of knowledge of 
organization promised by study of the genesis of nervous integration. If  
Harrison initiated neural embryology, Weiss picked up the banner 
enthusiastically. In a lecture delivered in 1 950 he enlarged on the basic 
principles of explanation shared by embryology and neural physiology 
and clearly related his work on resonance and modulation to the 
organismic paradigm ( r gsoa) .  The work described above consisted 
basically of simple recombination experiments. The method, particu­
larly adapted to probing the part�whole issue in biology, tested the 
limits of coordination. Weiss defined coordination as "the orderly 
relation between parts engaged in a given act." Muscles operate not 
randomly, but in orderly groupings. " I t  is a basic fact of nervous func­
tion tbat these groupings follow a hierarchical principle" (p. 94)- The 
hierarchical concept was the same as the one outlined in the 1 925 paper 
on butterfly behavior. A corollary was that coordination involved 
different mechanisms as a function of the level of the organism being 
considered. One set of organized activities would set in motion activities 
on another level ;· activities on higher levels in the organism were' 
strictly limited by number and kind of effector mechanisms on lower 
levels. The studies leading to the concepts of resonance and modulation 
were focused on one of the lowest levels of integration of locomotion, 
that is, on the orderly play of muscles in a limb movement, intramember 
coordination. The central action system had a limited inventory of 
movement patterns. Weiss's work indicated that specific patterns of 
neuron firing were innate. The patterns were not activated through 
rigid structures but through resonance tuning. The suggested manner 
of tuning was biochemical modulation, comparable to antigen- anti­
body interactions. The actual origin of the central scores remained 
obscure, but i t  was obvious that "all levels higher than intramember 
coordination operated through activation of partial mechanisms of 
lower order in definite and set patterns. "5 In sum, both the conceptual 

5· 1950a, p. 100 [n 1941  Weiss renamed homologous response myotypic response. 
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and experimental approaches to nervous system integration followed 
the same pattern as his thesis work. Hierarchy, bounded equipotential 
fields, variable mechanism and structure, coordination as a system­
these were the keys to Weiss 's organicism. 6 

W ciss's study of the nervous system was facilitated by an imaginative 
exploitation of tissue �ulture techniques. Both Ross Harrison's method­
ological innovation and his formulation of central problems held 
Weiss's attention. Even before his arrival in the United States the 
Austrian had studied cell movement in culture. While in Berlin at the 
Kaiser Wilhem I nstitute in Albert Fischer's laboratory, he observed 
that fibroblasts fol!ovv·ed submicroscopic fibrils in their orientation. He 
subjected the blood plasma medium offibroblasts to  various mechani­
cal stresses, enabling him to orient cell movements and tissue growth at 
wilL This was Weiss's initial foray into work leading to the principle of 
contact guidance ( r g2g). 7 The early experiments were continued in the 
Osborn Laboratory, where Weiss, supported by a Sterling fellowship, 
worked at the invitation ofH arrison. In this work ex planted nerve cells, 
rather than fibroblasts, were studied. Not surprisingly, the axonal tips 
followed submicroscopic fibrils. At this time Weiss assumed that the 
guiding effect was related to the fact that the orienting fibrils and tbe 
nerve ends were of the same order of magnitude. Later he would show 
that this relationship was not critical ( r 934b) 8 

6. For a full, late statement ofVVeiss's opinions on the nervous system see his article on neuro­
genesis in the J9_'"t_·l book edited by B. Willier, p_ Wciss, and V. Hamburger (pp. 346-40 1 ) .  Al­
though \Neiss srcmcd fully convinced that chemical neurotropisms played no part i n  nerve 

pattcrning, othi·1· careful workers, including Harrison, were more cautious. Since modulation 
based on biochemical d iffen:ntiab was nut demonstrable by chemical means then, or now, 

Wciss insisted that the concept was not in itself an explanation of peripheral--central matching, 
but only a suggestion that made much more sense than any founded on specific structural frames 

for va_!{ue !onp;-di�tancc attractiom. The \Villier, Weiss, and Hamburger book is curiou� for the 
small place givcn to genetics. \Vciss did not adequately i ntegrate genetics or evolutionary theory, 
particularly biochemical theories of the origin of life, into his organicism. In that sense Wadding� 

ton's organicism is more complete. But Weiss's primary role in introducing systems thinking 
into embryology accounts for his importance i n  concretizing the paradigm. 

7 - This paper was comcious!y related to Harrison's 1 9 1 4b paper_ 
3_ Weiss and Harrison had met i n  I'vfunich at the Zoological Congress in 1928 (see Harrison 

1 �)34a) .  Upon his arrival at Yak in !<i3 I ,  Weiss's first effons were directed to reestablishing 
tissue culture stt!(lies in Osborn, although he continued his work on regeneration and on homolo­

gous response. One oft he fruits of his tissue culture work was 1 934a. I n  that paper he confirmed 
the earlier assumption that !iqucfiction around brain explants in vitro was dut: to the continued 
activi t:- of ul!s of th<� eptndymal layer. The secretions of the cells were assumed to be proteolytic 
enzymes 
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The analysis of axonal orientation was directed against theories of 
chemical neurotropism, either in embryonic nerve outgrowth or in 
nerve regeneration. Turn-of-the-century work had established that 
regenerating fibers from the proximal end of a severed nerve stump 
traversed the wound gap and grew into the distal stump in numbers 
greater than expected from chance. Cajal, among many others, inter­
preted such growth as the result of chemotropism ;  "chemical agents 
emanating from myelin residues or from Schwann cells of the degener­
ating nerve stump could 'attract' nerve sprouts emerging from the 
proximal stump" (Weiss anrl Taylor r 944, p. 533 ) _ Vigorously opposing 
any action at a distance, \Vei.ss directed his attention to mechanical 
factors, especially orientation of the matrix in which cells move. Using 
t:"Xperiments in tissue culture, Weiss formulated the principle of contact 
guidance, according to which nerve fiber tips are guided in their course 
by contact with surrounding structures ( 1 941 ) 9 The classical experi­
mental phenomena were called the one-center and two-center effects. 
Localized shrinkage occurs in any intensely proliferating cell area as a 
result of the dehydrating effect such cells exert on surrounding colloids. 
If there is one center of proliferating cells, the colloidal network is 
automatically distorted into a radially symmetrical pattern. "Subse­
quent nerve growth, being guided over these radial pathways toward 
the center, naturally will give the i llusion of having been 'attracted' by 
i t .  The one-center effect is a concrete example of one way in 
which localized chemical activity can translate itself into structured 
patterns" ( Willier, Weiss, and Hamburger 1 955,  p. 354) . In the pre­
sence of two proliferating centers, the intermediate fibrous matrix is 
stretched between the foci, thus aligning the fibers in a straight tract. 
Subsequent nerve outgrowth follows the path to form a nerve bundle. 

g. The extension of the observations (guidance of sprouts by fibrous stuctures of their sur­
roundings) in culture to the living organism was reponed first in a 1943 paper by A. C. Taylor, 
a long-term friend and collaborator ofWciss. Serveral of the many joint papers they published 
on nerve regeneration were related to surgical nerve repair, a topic that became crucial during 
World War 11 .  Having gone to the University of Chicago in 1933, Weiss worked throughout 
much of the yvar on topics of practical importance to the wounded, and consequently he has 
strong opinions on the close relationship of basic research and medical application. Using his 
basic knowledge of cell guidance, he and his collaborators developed a technique of splicing 
severed nerves with arterial cuffs_ The method led to the use of freeze-dried nerve stumps, blood 
vessels, and corneas for surgical grafting---the orig-in of the first tissue banks. Discovery of neuro­
plasmic flow also derived from the so-called applied research. This topic of basic biology will 
be discussed be!ow. 
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PAUL WEISS 

Weiss stressed that contact guidance was not a crude mechanical 
phenomenon and that factors in nerve orientation were complex. For 
example, he recognized that d ifferent kinds of nerve fibers in the organ� 
ism tend to follow different pathway systems when faced with a choice, 
revealing a measure of selectivity in contact guidance perhaps based on 
biochemical differentials in contact surfaces of the pathways. However, 
\-Yeiss was certain that no long-range chemotropisms were involved. 

Using the rat, Weiss and Taylor expanded the critique of the theory 
of neurotropisms by devising experiments as close to Cajal's as possible 
in order finally to silence the critics of contact guidance. Nerves in the 
rat were permitted to regenerate into forced arteries that confronted the 
outgrowing fiber with alternate paths. Some of the branches led into 
channels that contained degenerating nerve, tendon, or fatty tissue ; 
some led into blind pouches. Observation confirmed that fibers grew 
into both types of channels in equal density; no preferential growth 
occurred into channels with alleged attractant tissues (degenerating 
nerve) .  Also, nerves approaching the entry to a channel showed no 
rendency to converge upon i t  (Weiss and Taylor 1 944, p. 256) . 

In  an article that fittingly appeared in the centennial issue of 
I-!arrison's Journal of Experimental .(oolog_y, Weiss published a valuable 
treatment of work related to nerve repair that he had begun years ear­
lier. The work illuminated the mechanism of contact guidance by 
modifying the earlier assumptions on the role of extracellular colloids 
and environmental surfaces ( I 945) . 1 0  The basic new observation was 
that a cell exudate assumed to be related to collagen, "filoform protein 
molecules aggregated into fibrillar chains," formed an intermediary 
non cellular film between migrating individuals from explants and solid 
surfaces. The exudate was first seen in silver-impregnated preparations, 
but \Veiss carefully ruled out the role of fixation artifact. The exudate, 
or ground mat, was strictly confined to a certain radius from the ex­
plant. I t  had a reticulated appearance, and the terminal cell filopodia 
always coincided with the fibrils of the mat, which reached a maximum 
diameter of 0.0005 mm. Advancing tips of cells were never seen to 
extend beyond the limits of the ground mat. The colloidal exudate 
seemed to join "the living units enmeshed in i t  into a common fabric 
and also [to] bind them to the substratum. It thus confers upon what 

1 o. Tbc pap<�r summarized study of almost "5,000 tissue cultures, including 3 76 experiments 

specifically designed to analyze the response of cells and axons to differen t  substrata" (p. 353). 
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otherwise would be isolated units, the character of a coherent tissue" 
(p.  337) . 

Exudates were studied in liquid media and clotted cultures, on 
scratched glass grooves, glass fibers, and textile fibers. Orientation of 
exudate fibrils was determined by the direction in which the mat 
spread. Tension, such as capillary action along a groove, resulted in 
oriented paths. Long cylindrical fibers generated similar forces ; tips 
followed the long axis of cylinders whose diameter was far too large to 
exert any direct guiding effect. Advancing filopodia did not circle such 
rods. Rate of cell advance was related to the organization of the sur­
face, a fact with important implications for nerve repair in vivo. For 
example, cells proceeded more than twice as fast and as far along the 
interface between a glass fiber and surrounding plasma clot than they 
did inside the clot. The frequent confusing intersections in the clot 
accounted for the delay. The ground mat phenomena clarified 
"mechanisms of 'thigmotaxis' or 'stereotropism' of tissue formation ; 
and have a wider morphogenetic significance of fibrous exudates in 
development and wound healing" (p. 384) . 

Weiss interpreted his experiments in an intriguing manner. Within 
the fabric metaphor he focused on the forces integrating organized 
elements, cells, into coherent wholes, tissue patterns. The tissue be­
haved as a unit. Such an explanation was antithetical to the concept of 
tropisms acting through "individualistic" cell reactions. Weiss specu­
lated that the ground mat mechanism might well suggest the function 
of colloidal surface coats in general. The work also indicates why cell 
surface studies have been so important to the organismic paradigm ln 
biology: They are an investigation of organizational laws welding units 
into higher order patterns. 

In another paper Weiss stressed that contact guidance was a neces­
sary, but not sufficient, condition of nerve orientation ( I950c) . l l  The 
experiments involved isolating specific parts of the nervous system, and 
other tissues such as heart, in a nutritionally favorable but otherwise 
indifferent site in a larval host. The fragments of the nervous system of 
urodeles were provided with peripheral effector organs similarly isolat­
ed in the dorsal fin's fibrous matrix. Parts of brain and spinal cord were 
analyzed in relation to limbs, eyes, heart, or intestine. The results were 
summarized with rcfcn_:nce to nerve outgrowth, orientation, and ter-

1 1 .  The experiments were begun in 1 939, but publication was delayed by the war. 
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mina! connection. The pioneering fibers followed the fibrous matrix 
of the fin connective tissue. If those fibers were aligned, they followed 
a direct path to the isolated end organ. Also, "nerves form by accretion 
around pioneering fibers which have succeeded in making terminal 
connections. This process has been t�rmed 'fasiculation"' ( p .  4-5 7 ) .  
\Veiss fel t  that formation of connecting nerves involved the two 
processes, orientation by contact guidance and fasiculation, with the 
mechanism of the latter remaining obscure. 

The deplantation experiments were intended also to elucidate 
specificity of peripheral �central connections. It was known that sen­
sory fibers connected orlly with sensory end organs, and motor fibers 
with motor end organs. Such differentials, Weiss reasoned, might be 
explained by his theory of modulation, or biochemical specificity. The 
experiments in the I 950 paper, however, showed that intracentral 
neurons did not possess such discriminatory ability but formed anato­
mical connections with either skin or muscle elements. 

Study of contact guidance and fasiculation comprised only one com­
ponent of Weiss's attention to nerve repair and embryonic outgrowth. 
This component involved development of the tissue-fabric metaphor 
and appreciation of emergent organization and part�whole relation­
ships. The second principal element of his interest in nerve regenera­
tion concentrated on the mechanism of actual axon growth. Knowledge 
of the mechanism of protoplasmic increase in nerve fibers would lead to 
consideration of the structure or protoplasm. Again Weiss used organis­
mic i mages, similar to the paracrystalline structures of Need ham and 
Weiss, in interpreting his experiments. The nerve enlargement work 
grew out of the splicing technique used during the war in surgical re­
pair. Some of the arterial cuffs tightly constricted the enclosed nerve 
portion. Constricted nerves developed chronic proximal swellings and 
distal shrinkages. The effect confirmed that axoplasm was manufac­
tured in the cell body and actively transported peripherally. The sup­
posedly resting nerve cell proved to be a most active center of macro mo­
lecular synthesis. In the course of analyzing the dynamics of neuroplas­
mic flow VVeiss once more was responsible for a major concretization of 
the organismic paradigm. 

A paper published with H. B. Hiscoe in 1 948 ( Weiss and H iscoe) 
summarized the significant work on nerve enlargement carried out 
since 1 943. The experimental observations, mostly on constricted 
nerves of rats, showed that nerve fibers that had regenerated through a 
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dammed zone were permanently narrowed distal to the constriction. A 
permanent surplus of axoplasm remained trapped immediately proxi­
mal to the constriction, resulting in ballooning, telescoping, beading· ·-­
all subsumed under the term damming. The damming graded off proxi­
mally in a linear fashion, presumably due to increased resistance to 
axoplasm movement by the reduced cross section of its channel. Inten­
sity of damming increased with time and was directly related to the 
degree of reduction of cross section. Drawing from a variety of observa­
tions, Weiss concluded that the configurations produced in the living 
fiber by damming were not caused by simple mechanical deformation 
but by the buildup of axoplasm produced proximally. When con­
stricted fibers were released, the surplus axoplasm flowed, thereby 
widening the distal portion of nerve by about r mm per day, which was 
assumed to be the rate of normal axoplasm convection in intact nerves. 
'Neiss found that the rate was of the same order as the required rate of 
protein replacement in the fiber based on calculations from known 
values of ammonia production in the tissue. Thus the axoplasm trans­
ported was composed of protein macromolecules needed to replace 
catabolized materiaL 

The authors concluded that growth and centrifugal transport were 
not confined to the embryonic period but occurred continuously in the 
living nerve. Furthermore, the only source of the material was the 
nucleated cell body. This conclusion was an additional refinement of 
the nerve cell doctrine so crucial to Harrison's analysis of axon extension 
in I 907 and earlier. Distal atrophy and proximal swelling were the con­
clusive pieces of evidence. Damming, especially, ruled out the alternate 
interpretation that only an accessory factor was prevented from travel­
ing distally where actual synthesis of protoplasm might normally take 
place. Weiss was firm that macromolecular synthesis in the neuron 
occurred exclusively in the nucleated cent er. To explain the deformities 
he postulated a dynamic pressure mechanism producing pcristaltic­
like waves that proceeded proximodistally. The problem of neuro­
plasmic flow resulted in an analysis of protoplasmic structure treated in 
terms of a partially plastic, partially rigid colloidal materiaL 

The primary object is evidently the relatively coherent matrix of 
the axon, which has some degree of form stability. This does not 
imply absolute rigidity . . . .  On the contrary, its stability must be 
considered as of statistical nature, with mechanical links being 

··� 
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dissolved and reformed continually. [Weiss and Hiscoe r g48, 

P- 383] 

Further study of neuroplasmic flow involved considerable methodo­
logical sophistication. For example, \Veiss and eo-workers were among 
the ilrst to use isotopes from the Chicago Atomic Pile to determine that 
part of the swelling could be attributed to interference with a fast(i .e . ,  
faster than the 1 -mm-per-day macromolecular transport ) ,  continuous 
stream of interstitial fluid between the actual nerve fibers. Isotope 
experiments confirmed that most of the damming effects were due to 
blocking of the slow flow of axoplasm within the fibers. Eventually, 
electron microscopic studies added weight to the initial conclusion. 

The nerve cell body is engaged in continuous reproduction of irs 
macromolccular mass, foremost protein, which is then passed on to 
a conveyor-like mechanism of the nerve fiber channel for shipment 
to sites of internal consumption and repair, as well as for export of 
some products to extra-nervous tissue. My double training in 
biology and engineering has undoubtedly predisposed me to rec­
ognize and interpret correctly this 'neuroplasmic flow' and its 
role in the adaptive functioning of the nervous system.12 

From the beginning Weiss's interests in developmental biology 
extended beyond nervous integration. Before exploring his contribu­
tions to cell biology and their relevance to his organicism, a brief 
glance at his forays into amphibian limb regeneration will set the stage. 
Weiss regarded regeneration phenomena as intrinsic to developmental 
concerns: "They are fundamentally of the same nature and follow the 
same principles as the ontogenetic processcs." 1 3  He regarded re­
generative capacity as the residue of original powers of growth, 
organization, and differentiation-- a residue offering unique pos­
sibilities for probing basic processes. One of the first problems that 
attracted him was the origin of material in the regeneration blastema 

1 � - Weiss, in Galbiani r g67, p. 24 r. Weiss's fusion of engineering concepts to !hose of develop­
mental biology was definitely a wnstant factor in his organicism. 

r 3- r 939, p. 458. Weiss wrote to Harrison on February i r ,  1939, asking the Yale embryologist 
to write the foreword for his book. Because of a pressing schedule Harrison was unable to help, 
but he enthusiastically encouraged the endcavor. In his lett{"r \Veiss stn:ssed that the purpose 
of his Principles was to stimulate new research, not to review systematically the past. The organismic 
framework of the text had a frank didactic intention (Harrison Archives, Sterling Library, 
box 34) .  
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in urodele limbs. Did the animal keep a reserve supply of totipotent 
cells, or could already differentiated cells reorganize themselves when 
presented with altered conditions> In 1 925 he determined that 
although when only bone is removed from a limb no bone regeneration 
occurs, if the distal portion above the elbow is amputated from a 
boneless limb, the new distal portion is equipped with a typical skeleton. 
The new bone could not possibly have been provided from the distant 
bone source in the pectoral girdle. The new bone came from the blas­
tema. Analogous experiments with other tissues yielded analogous 
results ( 1 925a ; see also 1 930) . The lesson was "that the blastema is not 
an assortment of differentiated cells collected from independent 
contributions of the old tissues but a mass of equivalent cells which later 
differentiate in different directions" (Galbiani, p. 464) . Once again his 
prejudice against independently acting elements surfaced ; he saw the 
organism as a whole made up of overlapping, dynamically maintained 
field systems. The regeneration blastema was only one more equipoten­
tial system : 

The fact that the blastema is simply an organized herd of cells 
raises the question of how this mass acquires the definite organiza­
tion necessary to build a typical organ. On the whole, a regenera­
tion blastema can be compared to an embryonic organ rudiment. 
I n  both cases, the equipotential character of the cells can be 
demonstrated by the same methods. The differentiation of a 
limb regenerate is directed by the limb field of the stump. As in 
ontogeny, the limb field is a property of the field district as a 
whole and should not be associated with any particular discrete 
groups of elements. (pp. 4 70-7 r ]  

Weiss performed a variety of regeneration experiments in the years 
before his visit to Yale, but the above sufficiently represents the 
substance of his thought. 

After World War 1 1  Weiss attended ever more to general cell 
biology, especially to mechanisms of movement, orientation, shape, 
and selective contact of cells-individually, in artificial groupings, 
and within the organism. This work forms the fourth major body of 
experimental concerns to be sketched in this book. 

One of the first systems to draw Weiss's attention was the differen­
tiation of cartilage of specific shape. I n  a 1 940 paper he analyzed the 
role of mechanical stress factors in the formation of the architecture of 
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the chick eye's cartilaginous sclera (Weiss and Amprino 1 940). The 
authors also studied the time of fate determinations. Mesenchyme 
cells of the eye put into culture before the fourth day of incubation 
grow as ordinary fibroblasts, showing no tendency to develop typical 
cartilage. Cells explanted on or after the fourth day produce typical 
scleral cartilage at the same rate as in the intact embryo, construction 
being complete by the seventh day. Clearly, "the changes occurring 
in an embryonic field which lead to this gradual fixation and which are 
commonly referred to as 'determination, '  antedate the appearance of 
manifest differentiation" (p. 254) . Weiss believed that ever more 
sensitive physical and chemical means of revealing subtle molecular 
arrangements, perhaps in surface membranes of the cell, would 
illuminate previsible or implicit differentiation. 

Significantly, the cartilage produced in vitro was not merely cartilage 
in the general histological sense but  had actually elaborated typical 
morphological traits of sclera. The physical conditions of the culture 
medium were evidently capable of supporting development of tissue 
architecture, giving the biologist a most valuable test system. The 
successfu l  mesenchyme cells were grown in a plasma clot. I f  the clot 
were subjected to slightly greater tensions, the scleral plate was thinner; 
the greater the tensions, the thinner the cartilage. Excessively great 
mechanical stress suppressed scleral differentiation. Both the internal 
cell and fiber architecture of bent cartilage revealed molding effects 
of mechanical stress. Support for the conclusions based on in vitro cases 
came from observations of embryonic eyes in situ. Eyes caused to 
collapse by pricking on the fourth day had thicker than normal 
scleras, owing to the absence of tension normally exerted by the 
growing bulb. 

Years later Weiss returned to an analysis of cartilage development. 
He worked with Aron Moscona, who had carried out in Weiss's 
laboratory an important series of experiments on type-specific sorting 
out of dissociated cells ( 1 958) .14 Study of the genesis of the architecture 
of a tissue is a cardinal element of the form problem, and once again 
Weiss searched out the concrete content of the organismic paradigm. 

1 4. In 1952 Moscona had developed the trypsin method of cell dissociation so valuable to 
workers in the field in the late 1950s and early 1 g6os. Weiss includes a number of Moscona's 

publications in his own bibliography since they were so germane to his concerns and since they 
were often the result of coUaboration. Wciss has a bibliography of more than 300 entries, including 
those of collaborators in addition to Moscona. 
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The emergence of definite organ and tissue structure during 
development implies that the component units . . . assume 
patterned space relations. These reveal themselves in geometric 
features of position, proportion, orientation . The ordering 
processes involved are variously referred to as 'organization', . 
'field action', and the like. 

But terms such as field and organization were not explanations in them­
selves. Weiss constantly s tressed that fact and saw his study of chond­
rogenesis as a probe of the biotechnology that underlay field processes. 
The net of development had to be resolved into component processes 
if words such as field were not to be an excuse for analysis. "The 
following report offers a small contribution to such a programme, as 
applied to the problem of 'tissue architecture' ;  specifically, the 
architecture of cartilage as a prototype of a structurally simple tissue" 
(p.  238) .  

In  the experiments precartilaginous blastemas of chick limb buds 
(3-4 days) and chick scleral rudiments (6-7 days) were trypsin dis­
sociated. The cells of each type were allowed to settle and reassociate 
i n  liquid culture. The new cell clumps were then cultured on plasma 
clots. Both kinds of cells developed into true cartilage, but each 
developed into a specific architectural variety according to the in vivo 
pattern. Both internal and external tissue structure was specific. 
Weiss and Moscona concluded that different cell types were endowed 
with ' 'distinctive morphogenetic properties determining the particular 
patterns of cell grouping, proliferation, and deposition of ground 
substance which, in due course, lead to the development of a cartilage 
of a distinctive and typical shape" (p.  242 ) .  Dissociated individual cells 
reassociated with one another clearly possessed the capacity to re­
constitute highly specific fields. 

Whatever this remarkable property be, i t  cannot manifest itself, 
of course, in  single cells and is evidently a group phenomenon. 
A single cell can form neither a plate nor a whorl. The property 
in question, therefore, must be of a sort that would enable the 
individual cells, when they join together with others equally 
endowed, to execute collectively a group operation of a higher 
degree of order. Supracellular self-ordering processes of this kind 
conform to the original definition of "field" effects. 
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Weiss thought his results confirmed, in a purely formal sense without 
regard to mechanism, some of Child's principles of morphogenesis. 
Weiss's experiments did not reveal a particular mechanism, but they 
did permit reconstitution of a very simple field phenomenon in vitro, 
where future study of mechanism might be particularly fruitful. "The 
next step should be to detect more elementary differences in behavior 
of cells which preferentially form plates versus cells which tend to form 
lumps: differences in  aggregation, in  mutual orientation, in  prolifera­
tive pattern, and perhaps in fine structural c haracteristics of their 
secreted ground substances" (p. 243 ) .  

Reference t o  ground substance was followed b y  speculation that 
cartilage formation might be related to the pseudocrystalline organi­
zation of extracellular fabrics, such as the basement lamella of larval 
amphibian skin that Weiss had studied. The authors observed that "it 
is not implausible to conjecture that the ground substance of the 
cartilage may likewise play a unifying and structure-determining role, 
the cells thus generating an ordered matrix, to the ordering i nfluences 
of which they themselves would then reciprocally submit" (p. 244) . 
The constant organismic theme that form problems may be properly 
analogized to crystalline or paracrystalline processes recurs in Weiss. 
The cartilage system appeared to provide a most promising clue to the 
puzzle of emergent organization. 

Earlier in another system Weiss, with Gert And res, had approached 
the problem of reassociation and self-ordering into higher order 
complexes ( 1 952 )  15 They postulated that cell-specific aggregation 
phenomena "constitute an important mechanism to insure the correct 
assemblage of the composite body mosaic despite its great complexity" 
(p .  450 ) .  The problem related to the study of form on a molecular level. 
Weiss speculated that discriminating cell contact might well be based 
on subtle stereochemical surface differences. Formation of stable 
contacts could set in motion a variety of far-reaching processes. 

The present experiments tested the fate of trypsin-dissociated 
embryonic cells after random dissemination through the vascular 
system of another embryo. A serious methodological difficulty lay in 
recognizing the donor cells in the host body. Therefore, only pigment 

15. The first work along this line was reported in 1 949- Holtfrctcr conducted some oft he first 
(except the sponge reaggregation work) serious studies of properties of cell affinity and reorgani­
zation and the relation of such prope-rties to differentiation. 
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cells injected into unpigmented breeds could be followed. In 22 eases 
(out of 408 survivors of the experiments) definite pigment concen· 
trations were found far from the point of initial injection. Each area 
of pigment had been derived from one or a few donor melanoblasts 
that had grown into a coherent colony. In each case the cells wcrf 
lodged only in sites where the microenvironment was favorable, that is, 
in places where pigment cells normally belong in the donor breed. 

The test system demonstrated again that dissociated cells could 
reconstitute a complex system and form ordered whales in favorable 
circumstances. Self-organization on such a high level of order had been 
unsuspected and lent itself to organismic explanation where mechanis­
tic approaches would have been strained. In a r g6o paper Weiss 
extended the work to another system .  The results were 

unexpectedly demonstrative in proving the scope and power of 
. self-organization without instructive outside intervention . .  

They demonstrate the fact that cells which have already con­
stituted a functional organ can, after complete isolation, dispersal, 
and random recombination, reconstitute that same type of organ 
once again, and can do so in an indifferent environment from 
which they could have received no cues as to how to do i t . 1 6  

Weiss believed that he was probing what Needham would have called 
the phenomena of individuation rather than those of evocation : he 
was analyzing field properties. What embryologists had diversely 
called segregation, emancipation, or self-organization, Weiss con­
sidered more basic than . .induction, which had received the lion's share 
of research attention. This type of study yields analogies on a higher 
level to self-assembly phenomena in microtubule and virus synthesis ; 
in  all cases field and particle explanations are joined by a more concrete 
perception of principles of organization and assembly. Following 
Moscona's 1 95 2  demonstration that cells destined to give rise to car­
tilage or kidney would continue their proper histogenesis in tissue 
culture even after having been dissociated into single cells and re­
associated, Taylor and Weiss prepared single-cell suspensions from 
kidney, liver, and skin of 8- r 4-day-old embryos. They were scrambled 

r6. Wei.ss and Tay!or 1 96u, p. 1 1 77. \Veiss and Tay!or had conducted cmemicrographic 
analyses of the manner in which cells establish contact, recog-nize one another, and re;�cr in ac­
cordance with their respective likeness or differences The experiments reponed here were the 
culmination of those studies. 

'1 
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and recompacted by mild centrifugation, then transplanted to the 
chorioa!lantoic membrane of a host embryo. Examination after 9 days 
revealed that the cell clumps had given rise to complete, morpho­
logically well-organized organs with tissue components in normal 
mutual relations and with correct functional activity. 

Weiss had repeatedly emphasized that the next step in the study of 
self-organization (or constitution of a field) was an examination of the 
properties of single cells that made the higher level phenomena possible. 
The study was analogous to probing the components of functional 
behavior. One did not reduce the more complex to the simpler, but 
one had to understand the limits imposed on organization by available 
mechanisms. Accordingly, Weiss studied cell locomotion in vitro and 
developed a theory of cellular and subcellular motility. First, he 
considered why cells are polarized, how they move in one direction 
rather than another. It had been shown that solid surfaces were 
essential to cell movement, but this relationship was insufficient to 
account for movement in one direction rather than another. "To yield 
directional displacement, this random variation [due to statistically 
isotropic environment] must be overlaid by a persistent polar asym­
metry letting one pole advance more actively than the other. VVith 
Child, one would look for the source of this asymmetry in the cellular 
environment" (Weiss and Scott r g6g, p. 330) .  

These experiments successfully utilized a pH gradient to polarize cell 
movement. Locally applied alkalization produced local surface con­
tractions ; acidification resulted in gelation. Both effects paralyzed the 
sector of the cell involved ;  thus movement occurred in the opposite 
sense. But the steepness of the gradient maintained in the study was too 
great to be plausible for in vivo cell locomotion. "However) it is by no 
means beyond the range of plausible differentials in the microenviron­
menr of closely clustered cells . . .  thus setting up a 'field' of dynamic 
sequelae of inhibitions, centrifugal movements, and so forth" (p. 335) .  
The conclusions were consistent with Weiss's belief that positive attrac­
tions played little role in cell development ; rather, release from inhibi­
tions or physical restraints permitted cell advance. 

I n  a recent theoretical paper Weiss developed a dynamic model of 
ccH movement based upon membrane properties in an enclosed system. 
The result was a sort of microperistaltic wave propagated across the cell 
( r g64).  He envisaged the cell as bounded by a typical Danielli-Dav.son 
two-layered membrane and filled with fluid under pressure, thus oflow 
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compressibility but substantial deformability. Consideration of the 
properties of such a structure under the influence of asymmetrical 
stimulation led to expectation of a polarized shift of core substance; 
repetitive waves would have a cumulative effect. Application to the 
problem of axonal flow was obvious. Basically the model proposed a 
way to translate the scalar properties of the molecular arrangements of 
a lipoprotein membrane into vectorial properties of oriented move­
ment.17 

Weiss's work with self-organization, and its l imits, in the formation 
of connective tissue forms an important link with Harrison . 1 8  The 
fabric image was pivotal throughout the analysis ; the macrocrystal­
linity metaphor gained substance here also. The basic electron micro­
scope observations were simple. The mature form of the basement 
lamella of amphibian larvae displayed a remarkable degree of architec­
tural order: i t  resembled plywood about 20 plies thick. Each ply was 
about half matrix or ground substance and half discrete parallel col­
lagen fibers about soo A in diameter and with a soo-sso A periodicity. 
Each ply was about 5 fibers high. Fiber orientation changed by a con­
stant go degrees from one layer to the next. Thus from the surface, the 
membrane was an orthogonal grid. The basement membrane, coexten­
sive with the epidermis, was not derived from epidermal cells but from 
fibroblasts below. This fact did not rule out the epidermis as an organiz-

1 7. It is unnecessary to consider all the work in cell biology that Weiss and his collaborators 
undertook. The major point, that is, operation according to the expectations of the organismic 
paradigm, has been made. But before going on, it is relevant to point out two additional kinds 
of experiments (see Weiss 1 944). Here he discussed the morphological changes of spindle cells 
in culture in terms of transformation rather than true differentiativc switch. "In other words, 
all observed transformation would merely constitute a physiological adaptation, or change of 
state, of a particular spindle cell . . .  without involving a change in basic protoplasmic constitution 
of that cell such as usually accompanies differentiation. Metamorphosis into macrophages would 
represent a case of modulation rather than differentiation i n  the terminology suggested by 
Bloom ('37) and myself ('39)" (p. 205). The terminology, although it  has been effectively cri­
ticized, is relevant to Weiss's basic views on differentiation considered below. A second piece of 

work was based on the modulation-differentiation distinction (sec Weiss and .James 1955). 
Embryonic epidermal cells were trypsin dissociated, treated with a single exposure to excess 
vitamin A, and grown in culture. Metaplasia, induced by the vitamin, occurred even after single 
exposure. Thus, the change was termed a differentiative switch, due probably to surface changes 
induced by the vitamin. The system seemed to provide a method ofanalyzing traditional deter­
mination problems in embryology. 

r8. Weiss and Needham have few direct links in terms of common experimental systems; 
they share forms of explanation and were both among the early biologists to search out field 
phenomena. But Harrison is the focal point for the paradigm connections to both Wciss and 
Nccdham. For the basement membrane work, sec Weiss and Ferris 1954 and 1956. 
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ing influence for the extracellular tissue. The whole system was an 
intriguing mix of factors that provided a "singularly suitable object for 
the study of those organizational factors residing in the body that 
impose a higher degree of order upon tissue components than that 
attainable by self-organization." The authors believed that "the 
stacking up of layers of different orientation is a fundamental ultrami­
croscopic building principle based on combining properties of the 
constituent elements plus some overall equilibrium conditions when 
they appear in groups" (Weiss and Ferris 1954, pp. 5 36, 538). 

The electron microscope revealed only electron-dense structures. Yet 
the role of the unresolved interfiber matrix was also likely critical 
because distances between fibers were too great for intermolecular 
forces to account for observed regularities. Interactions of fiber and 
matrix seemed to constitute an organized field. 

The fibers, by virtue of their interactions with each other and with 
their environment, would determine a field of forces with energeti­
cally distinguished equilibrium points spaced in the indicated 
cubic lattice pattern. The pattern of the emergent system of higher 
order thus would result from the fact that the interacting units 
themselves have a distinctly nonrandom, patterned constitution. 
[ 1 g68, p. 6 1 ]  

This statement focused primarily on the fibers themselves. An alternate 
speculation placed more emphasis on the matrix, resulting in concen­
tration on the crystal image rather than on the fabric analogy as above. 

The resul ting higher order would then be based on a property of 
neither the ground substance alone, nor of collagen alone, but on 
the fact that both systems share a fundamental steric property. 
This . . .  would truly tie this case conceptually to the lower-order 
one of mineralization. . This later hypothesis assumes that the 
supposedly "hyaline" ground substance in reality possesses definite 
structural order analogous to "crystallinity."19 

It mattered little which hypothesis was j ustified by further experiment, 
at least in terms of the organismic requirement of bridging the field­
particle duality. Both approaches suggested explanations in terms of 
laws of organization in a complex whole. 

After observing the intact lamella, Weiss and Fcrris took electron 

1 9 .  1 g6H, p. 6 1 .  The similarity to Harrison is evident 
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microscopic pictures of reconstruction of the membrane after wound­
ing. The sequence of events was easily determined : Epidermal cells first 
migrated over and covered the wound. Fairly uniform fibers of small 
size (less than 200 A) appearerl in the space between the underside of the 
epidermis and the subjacent fibroblasts. These small fibers were orient­
ed at random. Then, proceeding from the epidermal face downward, a 
"wave of organization" spread over the fiber mass, straightening and 
orienting its elements. The fibers became packed in the characteristic 
layered structure and enlarged until they were about 500 A in dia­
meter. 20 

Weiss was profoundly impressed with orthogonal tissue organization 
and its genesis. He frequently drew fi·om the work in lectures and 
general speculative articles, two Of which will be useful here in probing 
the further significance of the study of amphibian connective tissue for 
the organismic paradigm ( 1 957 ;  r gs6) .  Weiss was emphasizing "the 
emergence of a higher-order regularity from preformed macromolecu­
lar complexes, rather than from molecular solution." The statement 
placed a problem of biochemical synthesis squarely within the peri­
meter of biological form. "It is the type of principle for which we have 
as yet no proper explanation in terms of lower-order events" ( 1 957,  
p.  r r ) .  The "weaving of threads into fabrics, such as we find in living 
tissue" seemed to necessitate the judgment that ''some sort of 'macro­
crystallinity' [was] a basic property of living systems" (p .  105).  The 
organismic bias is unmistakable. 

The compounding of higher order complexes from the interaction of 
organized elements necessitated a discussion of the idea of emergence 
and of the predictions that living organisms would soon be synthesized 
artificially in the laboratory. The r g56 article on tissue fabrics was 
printed from a lecture given at a symposium in which many examples of 
stepwise synthesis from molecules to macromolecules to ordered macro-

20. The above summary was taken from the Weiss and Ferris 1956 paper. Another example 
of orthogonal structure was found by Weiss and James ( I955C). A fairly convincing mechanical 
stress argument could account for the orthogonal pattern in this system; a more complex argument 
was advanced for the basement !amd!a system. Namely, the bas('ment membrane "fabric can 
be regarded, in  purely formal terms, as a sort of macrocrystal with homologous macromolecular 
units at nodal points of a space lattice the major axis of which changes periodically and sharply 
at right angles. I t  seems that closer familiari!y with systems of this sort may necessitate a new 
conceptual adjustment in our thinking about organic structure" (W eiss andJames 1 955a, p. 6 1 7} .  
Reference t o  m;Jcrocrysta!!inity was linked explicitly with Harrison, Astbury, and Prizbram 
The difficulty was to enrich the analogy with concrete content. 
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molecular systems had been presented. Weiss's own contribution in­
volved an even more i mpressive situation since the elements in his case 
were subcellular particles or even whole cells ( r gs6, p. S rg ) .  To obtain 
clues to the principles of organization involved, Weiss, acting from 
dictates of the organismic paradigm, had turned "from the finished 
fabric to the manner of its fabrication" (p. 822) . 2 1  The analysis of 
developmental processes had led to the conclusion that indeed higher 
order had resulted from regrouping of organized but  definitely lower­
order components. On this matter Weiss agreed with the other speakers 
at the symposium who had expressed great confidence in the wide, if not 
universal applicability, of the principle of self-organization. However, 
at j ust this point, Weiss made a curious distinction that set him off from 
those who predicted that living cells could be synthesized by extension 
of biology's new sophisticated understanding of emergent order and its 
practical implications. He stressed that the process of emergent organi­
zation, perceived for example i n  fabrication of the basement lamella, 
had only been observed in intimate contact with Jiving cells. That is, 
the system involved a kind of chicken-and-egg problem in which all the 
components had at some point a necessary connection with an already 
organized system. Omnis organisatio ex organisatione ( 1 940) .  

Weiss felt  that an important segment of his organicist perspective 
required rejection of the notion of the truly synthetic cell. I n  a r g63 
paper entitled "The cell as unit" be elaborated the grounds of his belief 
( r g68, pp. r 23-3 r ) .  He believed strongly that once the cell was physi­
cally decomposed, verbal symbols such as organization or information 
were poor tools for true reconstruction. The new reductionism, he 
argued, went beyond the limits allowed by concrete knowledge of 
biological systems but pretended to be well within such bounds. The 
argument was ancient, but Weiss affirmed that the practical progress of 
contemporary biology supported a nonreductionist verdict. H e  rea­
soned that "the true test of a consistent theory of reductionism is 
whether or not an ordered unitary system . _ .  can, after decomposition 

2 1 .  This explicit expression of a key assumption about the nature of explanation that Weiso 
revealed illustrates a basic difference between the organicism of the twentieth century and th;n 
of one of its historical cousins, Artistotle's treatment of form. Aristotle believed that the develop­
mental process was explained by the final for m ;  the contemporary organicist biologist considers 
final form to be explained by developmental process. VVeiss further elaborated: "Static form rs 
but the outcome of formative dynamics, and regularity in space often but the geometric rrcorrl 
of the sequential and rate order of the component formative processes" ( 1 g65, p. 25 7 ) .  
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into a disordered pile of constituent parts, resurrect itself from the 
shambles by virtue solely of the properties inherent in the isolated 
pieces.''22 Weiss did not deny that some real synthesis of higher order 
complexes from stepwise interaction of lower order components had 
taken place in the laboratory, for instance the assembly of collagen 
fibers or of virus particles. However, he said it was illogical to j ump 
from there to the total cell. The cell as a whole required a concept 
of simultaneous synthesis rather than stepwise processes. No component 
of the simultaneous system was immune to scientific understanding, but 
the entire unit had to be present to yield a concrete cell . Cooperative 
existence of all parts, instead of mere conglomeration of parts, was at 
issue. Life was a web, not a puzzle. "Can such interlocking systems be 
taken apart and put together again .rtepwise, like a machine or jigsaw 
puzzle, by adding one piece at a time, or is the very existence of the 
system as a whole predicated on the simultaneous presence and 
operation of all components?" (p.  r 25) For Weiss, the question was 
rhetorical. 

J'wo key factors militated against the reductionist prediction insofar 
as i t  was based on phenomena such as the self-organization of connec­
tive tissue fabric or reconstruction of organ fields. 

The first is the qualification that in order for macromolecules to be 
able to congregate in higher-order patterns, they must themselves 
possess conforming patterns of organization . . . . We have arrived 
at last at a point which comes close to what might be defined as 
"molecular control of cellular activity," only to discover that the 
"controlling" molecules have themselves acquired their specifice 
configurations . . .  by virtue of their membership in the population 
of an organized cell, hence under "cellular controL" 

The second objection concerned the unit of structure and process, an­
other perspective required by organicism. Weiss maintained that self­
assembly in a reductionist sense implies static form ; it focused attention 

22. 1 968, P- 124_ Weiss is claiming that the choice between rcductionism and organicism in 
biology rests on empirical grounds. But reductionism refers to the doctrine that a theory can be 
translated fully into terms of a supposedly more fundamental theory, usually one drawn from 
physics or chemistry. Weiss tends to confuse problems of support for a theory with prior logical 
or metaphysical issues. Although both contemporary rcductionists. and neomechanists and or" 
ganicists develop their views in close connection with experimental and concrete evidence, the 
choice of perspective is metatheoretical. Kuhn's notion of paradigm is helpful in tracing the 
roots and implications of such quasi-philosophical aspects of a biologist's belie(� 
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only on structural features and neglected the "inseparable complemen­
tarity between structure and process in the living system, in which pro­
cessed structure is but an outcorne of structured processes" (pp. 1 26, 
I 27) .  

The coordinated unity of the cell was what Weiss meant by the 
organismic dictum that the whole is geater than the sum of the parts. 
The very system character of the cell, and thus of the organism since the 
triumph of the cell theory, implied an all-or-none situation. Weiss insist­
ed that the reductionist understanding of the cell still depended on an 
inappropriate mechanical metaphor. In particular, the structure-pro­
cess dichotomy of the mechanistic approach was maintained in the new 
reductionism. 

The fact that diverse activities of a definite pattern can coexist . .  
in the space continuum of the cell even in the absence of tight com­
partmentalization, reveals that although only a fraction of the 
cellular estate is strictly structured in a mechanical sense, there is 
still coordination among the diverse biochemical processes, which 
evidently must remain relatively segregated and localized. So here 
we are back again at the question asked before : Coordination by 
what? 

For Weiss the answer was coordination by the whole. As in the many­
body problem in physics, "if a is indispensable for both b and c, b for both 
a and c, and c for both a and b ;  no pair of them could exist without the 
third member of the group, hence any attempt to build up such a system 
by consecutive additions would break down right at the first step" (pp. 
I 2 J ,  1 30) .23 

There is no question that Weiss emphasized these doctrinal issues in 
reaction to the new reduciionism of some molecular b iologists after the 
impact of VVatson and Crick He seldom named his adversaries, as he 
did earlier with Loeb. The new reductionism was deeply rooted in 
genetics, especially molecular genetics, an area Weiss paid little atten­
tion to. The perspective Weiss opposed is amply treated in Crick's Of 
Molecules and A1en and in J .  D. Watson's Molecular Biology of the Gene. 

23. The relationship of the study of the basement lamella to the traditional form problem in 
Uiology has been explicated above_ But the work bore still more fruit i n  the understanding of 
form_ Arrays of ribosomes in the cells in the electron micrographs of the connective ti�sue seemed 
to be in helical patterns The suggestion wa� confirmed in a later paper (se<' \11/ciss and Graver 
!g68) 
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With the exception of Waddington, researchers with a basic interest in 
genetics have tended to ignore pattern problems, Weiss's major con­
cern. To that extent Weiss and the new reductionists were simply talk­
ing past each other because their experimental experience led down 
different paths. Waddington best exemplifies the union of concerns in 
an organismic framework. But on significant issues, such as the mole­
cular basis of cell organization, Weiss and his opponents were arguing 
differently about the same data. Here the differences were logical and 
philosophical. This book has noted one root of organicism in the soil of 
molecular biology : Weiss's study of self-organization. Stressing that the 
synthesis of true organisms was possible in principle from reassembly of 
lower order components, the reductionists were not convinced by the 
argument ofstepwise versus simultaneous synthesis. Weiss argued that 
words such as information and organiz:_ation were excuses for explanation ; 
men such as Crick insisted that fields and levels were in the same boat. 
Weiss exposed his flank in the whole matter by maintaining that the 
synthetic cell would be impossible, instead of insisting that an adequate 
perspective on any such future achievement would have to satisfy 
organismic demands. He was confusing self-assembly processes with 
reductionism as a philosophical position. I n  turn, the reductionists have 
not met the issues raised by adoption of machine metaphors and con­
tinue to argue in philosophical categories appropriate to traditional 
mechanism and vitalism. 

Kenneth Schaffncr, defender of the modern reductionist perspective, 
correctly observes that both the current and past controversies hinge on 
the notion of organization. Ludwig von Bertalanffy defined the organis­
mic perspective in his Modern Theories of Deleopment discussed above, and 
Weiss's views are little different. Schaffner concedes that the organismic 
approach to wholeness might be heuristically valuable at certain stages 
of biological inquiry. Several types of investigation of the organism 
must proceed simultaneously. But based on his survey of molecular 
biology (i .e. ,  molecular genetics) ,  Schaffner denies any evidence exists 
for the inherent autonomy of biology. " Morcoevcr since genetics 
occupies a central position with respect to the problem of growth and 
differentiation of an organism, there is evidence that these processes will 
evenrually admit of a complete explanation" ( I  967 ) .  Schaffner argues 
that the inability of current theories of chemistry and physics to predict 
a unique molecular arrangement for complicated systems such as the 
cell is not reason for postulating autonomous biological levels of organi� 
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zation. The arrangement of molecular parts appears as initial condi­
tions-� field conditions--in the explanatory sentences of a biological 
investigation, but 

the fact that these initial conditions are not easily derived from the 
physico-chemical theory is not an argument against reduction. 
The h istory of the system . . is undoubtedly a record which is 
explicable in terms of physico-cbemical theory when they are 
supplemented by statements describing the actions of wind, water, 
radiation, heat, air pressure, and so on, throughout time. To ex­
plain the system in these terms would be pragmatically i mpossible; 
consequently we take the organization of the chemical elements of 
the biological system as given. [p. 646] 

It is ironic that the modern reductionist, as much as the former vitalist, 
takes organization as axiomatic, rather than as the foremost focus of 
thought and experiment. Ncedham, VVeiss, and other organicists have 
been unimpressed. Scbaffner dismisses the old warnings of Schroed­
inger and Delbnick that life might ultimately have to be explained by 
autonomous principles. I n  so doing, he expresses classic hopes within a 
mechanistic paradigm that proble1ns refractory to immediate solution 
will be solved within current frameworks of physics and chemistry. I t  
would be difficult to find a better expression of the position that Weiss 
has devoted his life to refuting. 

The consideration of the five major constituents of Weiss's experi­
mental concerns after the completion of his thesis work has led back to 
his dissertation's starting point :  the notion of a system. At this juncture i t  
would b e  profitable to explore some ofVVeiss"s purely theoretical ideas. 
We begin with his field theory and general outlook on development 
formulated in the r 939 Principles of Development, glance at a treatment of 
growth control based on molecular specificity and at the concept of 
molecular ecology, and finish with an analysis of the most recent and 
mature formulation of his organicism. This survey should tie together 
the experimental and speculative sides of Weiss and reveal more 
clearl·y the paradigm links between him and other modern structuralist 
scicntic;,ts. 

The Prznciples of Development was organized into four chapters : phen� 
omena, methods, principles, and finally development of the nervous 
system. The first section contained Weiss's definitions of development and 
of orp,ani,zation, the third his treatment of fields. Development, he 
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asserted, refers to slow, progressive changes in an organism with ref­
erence to later form and function. But i t  is insufficient and misleading 
to regard development as preparatory to function. Rather, "we feel that 
if the actual processes are the essential phenomena, it would be quite 
beside the point to rate them according to what we surmise to be their 
purpose. . Our prime efforts must be directed toward defining and 
explaining the phenomena of nature from their ob;ectively demonstrable 
properties" ( 1 939, pp. ?·-8). Traditional teleological explanations had 
relied on subjective ascription of goals. O rganismic explanation would 
look to processes coordinated into whales in order to probe form and 
function as a unit. 

Weiss's treatment of the nature of organization was consistent with 
his definition of development. 

This order according to which every part is put into its proper 
place, and into specific relationships with other parts, and 
according to which the activities of every part are made to comply 
with the plan of the whole system to which it belongs, is called 
organization. (p. 1 0 2  (italics removed) ]  

There are degrees of organization evident i n  nature, so the organism 
must be conceived as a complex system of hierarchies of different 
orders of magnitude with each level manifesting its own specific mode 
of organization. The hierarchies of the organism must involve time as 
well as space. Such a framework makes nonsense of the search for the 
one key problem of development, be it  called the genetic code, gene 
control, or anything else. The task of embryology is to elucidate 
mechanisms and principles in all the diversity appropriate to various 
levels of integration. This view calls attention to the organismic notion 
of the relation of the whole to its parts. The old either/or dichotomies 
must be avoided by real�zing that "an entity of any level is composed 
of units of the next lower order of magnitude which are both co­
ordinated and interrelated among one another and integrated into 
the whole which collectively they constitute" (p. r o9 ) .  

Either for formulations rest on a mechanical understanding of  the 
organism, but, Weiss reiterates, 

organisms are systems in the full meaning of the term . . . .  Briefly 
we can define it  as a natural object that exists and preserves, or at 
least tends to preserve, its state and character by its own intrinsic 
forces. The converse of a system is an aggregate or pile . _ _ _ While 

, 
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one can change or  remove parts of  an aggregate without altering 
the condition of other parts perceptibly, the parts of a system are 
in such permanent interaction that whatever affects one part, 
involves all others, too. The steady state of a system is determined 
by the equilibrium of its forces. 

All these affirrnations, extremely familiar by now; are the basic 
commitments of organicism. Weiss in terpreted the cell theory in terms 
of systems theory, a fact evident from his opinions on artificial cell 
synthesis. "Gradually the emphasis placed on the individual cell as an 
isolated and autonomous element d\vindlcd, and the conception of 
the organism as a system in which the individual cells assume sub� 
ordinated parts gained ground" (pp. I I I ,  I I 3  [italics removed] ) .  

Within this context Weiss presented his controversial field theory. 
He had first openly elaborated it in Morphodynamik of I g26 and its 
essentials remained unchanged in the 1 939 text. Weiss introduced the 
concept in connection with work on regeneration and later generalized 
it to ontogeny as a whole. Spemann had used the term field in 1 924, but 
he had no rigorous meaning for it. Gurwitsch had introduced the 
notion into biology in I 9 2 I  as a substitute fOr his concept of Morphe. 
Nonetheless, i t  remains true that W"eiss was the originator of field 
theory in embryology, both by virtue of his early commitment and by 
virtue of the explicit development of his opinions. Morphodynamik had 
introduced fields to name the phenomena observed in amphibian tail 
bud transplantations to the limb area. If the tail bud were transplanted 
early, it gave rise to a limb, not a tail, in its new location. But if "tail 
determining influences" had been active for a longer time, the tail bud 
produced a tail even in the limb area. Some forces present had to be 
capable of organizing the indifferent cells of the bud into specific forms. 
The analogy was developed to include charged and uncharged 
electrical bodies. Tbe system of organizing actions that proceeded 
from ari. organized material to its own and foreign parts vvas named a 

field. Fields divided into smaller fields during development until the 
embryo was virtually a system of equilibrated spheres of coordinated 
action. 

Manifest field properties could be described, although such formula­
tions did not pretend to explain rather than merely name the phen­
omena.24 First, "field activity is invariably bound to a material 

24-. See the i ntroduction of the field concept and an explanation of the status of flcld� for 

\\'ciss (pp. :)4 .'i:J above) 
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substratum."  Weiss maintained that Gurwitsch's fields did not meet 
this criterion. "A field is primarily an entity and not a mosaic" This 
property covered field pattern and self-conservation of the system. 
"A field district is characterized by the fact that none of its elements 
can be identified with any particular component of the field, although 
the field as a whole is a definite property of the district as a whole." 
The proper analogy was to the magnet. "When the mass of a field 
district is reduced, this does not affect the structure of the field as a 
whole. n Size regulation had been confirmed in many experimental 
systems. The corollary required that a field split in half leave "each 
half in possession of a complete proportionate field equivalent in 
structure to the original field." Finally, fusion of field districts could 
result either in a single coherent larger field, if orientation of field axes 
coincided, or in two fields competing within the mass of the tissue, if 
orientation were improper. 25 All these properties were abundantly 
evident in concrete t)�perimental systems ; much of the book was taken 
up in  extensive documentation. 

The field concept defined development in dynamic instead of 
geographical terms. Every aspect of ontogeny had to be viewed in a 
double light, as the result of "interactions between the material whole 
with its field properties on the one hand, and the material parts on the 
other." Field factors themselves showed definite order : they were 
three-dimensional heterogeneous systems. The idea of a center, around 
which field intensity gradually graded off, led to the concept of field 
gradients. However, Weiss insisted that "field gradients are merely 
convenient symbols to indicate direction and rapidity of the decline 
of the resultant field actio n ;  as physical entities, they are just as 
fictitious and non-existent as is the field centcr" (p. zg r ) .  

The last statement foreshadowed a distinction between field energy 
and pattern. Field energy was related to Child's gradients of activity 
and tied in with the dynamic character of development. That some 
morphological polarities seemed to coincide with quanti tative meta­
bolic gradients, if any existed, did not imply that form was explained 
by Child's approach. Rather, the problem of protoplasmic structure 
would for Weiss, as for Needham and Harrison, prove more promising 
in probing the material basis of field phenomena. For Weiss, physio-

25. 1939, pp. 293-94. It is obvious that Coleridge's idea of organic form explained in chapter 
2 and Weiss's treatment of field are very similar. 
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logical gradients were not likely causes of morphological polarity, but 
gradients might be necessary energetic concomitants of development. 
Activity gradients might indicate field phenomena and express the 
effects of local irritation or stimulation. Nevertheless, 

whatever the primary e ffect of the irritating stimulus may be . . .  it 
has no bearing on the pattern of the developmental processes which 
follow. Although these processes may derive their strength from 
the metabolic effects of the primary stimulus, their character is 
determined by the latent formative tendencies (fields) of the 
irritated region. (p. 383] 

Weiss's opinions on fields provide a clue to understanding his approach 
to the organizer problem and induction i n  general, a critical issue 
for the organ is mic paradigm. I n  one of his most insightful papers he 
presented his views on the organizer ( I935 ) ·  The organizer issue had 
emerged in the context of study of dependent and self-differentiation ; 
i t  is impossible to overestimate the debt of embryology to Roux for the 
formulation of central q uestions. But development did not lend itself 
to explanation through simple dichotomies, and Weiss asserted that 
determination phenomena, including those of the organizer, had 
invited simplistic approaches. He noted that Harrison was a strong 
voice, i n  his I 933 symposium paper on determination, calling for a 
more adequate idea of organization. Needham too, by virtue of his 
insistence on the dissociability of fundamental processes in develop­
ment, spoke for an appreciation of multiple formative factors. There 
existed no primary, privileged process. 

Thus, it was suspect to reduce the organizer issue to the search for a 
single chemical stimulus. The grafted material had more than a simple 
stimulating effect;  it influenced orientation and regional specificity. 
Therefore, the effect of the organizer graft on host tissue must involve 
the in teraction of two systems. Appropriately, \Veiss in troduced his 
field concept at this stage to interpret the organizer and, indeed, 
induction in gcneral.2B At the conclusion of his brief interpretation of 

Ai_ Also at this point, \"hiss defined fields. In most respects the definition wa� identical w the 

1939 version, but he included in the earlier paper a specific comparison to Kcihler·s approach . 
"I t  is quite possible that cventua\lv ·fields' will turn out to be merely 'systems' of specific con­
figuration in space and of specific transformation i n  time [cf. Koh!er 1947]. In any case, they 
certainlv seem to comply with the rules that hold for organismic systems in general" ( 1 93.'), 
p bcJ5). 
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the experimental corpus on the organizer, Weiss cited his basic 
agreement with Needham's and Waddington's evocation-individua­
tion distinction. However, he criticized the British school for over­
emphasis on the evocation or chemical stimulus pole of the problem . 
Weiss's extremely strong field bias caused him to conside-r evocation 
trivial compared to the processes of the responding systems ; he was 
markedly suspicious of any specific single-substance hypothesis. Thus 
he resisted seeing organization as merely a series of inductions. He 
concluded, 

in regard to the problem of organization no essential progress has 
been made by all these fascinating results obtained with dead 
inductors and extracts. The inductive principle seems to be as 
loosely connected with its product as the kindling spark is with 
the pattern of fire-works. (p. 667] 

Needham would adamantly resist such a radical perspective, but i t  is 
obvious that Weiss's position on the issue was a direct result of his 
conception of interacting field systems. 

A paper written in 1 950 summarized VVeiss's mature opinions on 
development in general ( r gsob) . He saw growth and pattern as 
emergent field effects and looked to the steric properties of molecules 
for an understanding of differentiation, growth, contact relations of 
cells, induction, and protoplasmic reproduction. The general concept 
covering his position was molecular ecology. The unification of field 
and particle in the concept is perhaps its most interesting property. 
But before exploring molecular ecology in greater detail, it would be 
fitting to examine more closely Weiss's bridge between growth control 
and molecular specificity. 

Weiss developed a mathematical model for growth control based on 
the notion of template and antitemplate in a system of feedback 
inhibition.27 The model was not in tended to prejudice mechanisms 
beyond the fundamental assumption that molecular form fitting was 
involved. Weiss conceived this speculative paper to be in the tradition 
of D'Arcy Thompson, the thinker so seminal for the organicist con­
ception of form as formative process. The growth model elaborated in 
the paper was simply a formal scheme that might function as a working 
model. First a qualitative description was given, and from it VVeiss and 

1.7. Weiss and Kavanau 1957- Wciss's ideas on the specificity of growth regulations are also 
extensively explained in 1 968, especially chapters 10, 1 1 ,  and 1 2 .  
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Kavanau derived a series of equations that could be shown to generate 
curves corresponding to empirical growth relations. The authors were 
careful to caution that qui te different formal models could generate 
the same end result, but they felt theirs was a plausible approach. It  
clearly exhibited the traits of dynamic molecular structure within 
self-regulating systems that were typical of the organismic schooL 

The basic assumptions of the model were easily stated. Growth was 
defined as net gain of organic mass by a bounded living system. This 
mass consisted of two functionally distinct compartments, the genera­
tive component including the means of protoplasmic reprodiJCtion, 
and the differentiated mass, derived from the generative and made up 
of terminal, nonreproducing products. Each particular cell type 
produced its specific protoplasm in which key compounds called 
templates acted as catalysts. Each cell also manufactured a specific 
antagonist, the antitemplate, that would inhibit reproductive activity 
promoted by the catalysts. The antitemplate, then, functioned as a 
fCedback inhibitor. Thus, final size was a function of an equilibrium 
"between the incremental and decremental growth components and 
of the equilibration of the intracellular and extracellular 'anti template' 
concentrations" (Weiss and Kavanau 1 9 5 7 ,  p. 44) .  Finally, both 
generative and -differentiated mass were subject to metabolic degrada­
tion and replacement. Differential equations were devised and 
in tegrated to express the above in terrelationships. The general 
solution was measured against real chick growth and found to yield 
reasonable values. A major test of the model was its ability to predict 
correctly the course of growth regulation after experimental or 
pathological disturbance in an organ. The model duplicated the 
empirical compensatory growth spurt of injured tissue as well as the 
temporary overshoot of the final steady state leveL The -oscillatory 
process characteristic of many feedback systems was another point of 
convergence of the organism and model. The template-anti template 
hypothesis was analogous to molecular form relations in immunological 
reactions.28 

28. An earlier paper in  the same vein as the growth model work, also conceived in the tradition 
of f)' Arcy Thompson, reported an analysis of shape change f<1r me�enchyme cells in q uantitativr: 
terms (set: Weiss and Garber 1952).  The ultimate goal was to express all form changes in quan­
titatiw terms and in terms of their geno;-sis_ The authors described on a singk q uanta<ive scale 
the various shapes assumed by chick heart fibroblasts in reaction to the fibrous texturo: of the 
medium The fibrin cono::ntration was systematically varied in two series, plasma concentration 
and pH 
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Weiss believed that the role of molecular form in fundamental 
developmental processes extended far beyond growth regulation. Weiss 
began as an engineer, studied animal behavior from a systems perspec­
tive, turned to regeneration and then general embryology, cell biology, 
and development. He never was involved in the great current of 
genetics and its associated molecular biology. I n  fact he was often in 
basic disagreement with the opinions expressed by molecular geneticists 
about the nature of organic organization. Yet he seriously considered 
himself a molecular biologist, at least in certain of his perspectives and 
experiments. But  for Weiss, molecular biology was molecular ecology, 
an expression he coined in 1 947 ( 1 949) . He surveyed the molecular 
level from the standpoint of hierarchically organized systems and 
stressed the need to build a bridge from the organismic to the molecular 
level, a program shared by Needham.29 Molecular ecology implied a 
statistical concept of the cell intended to describe how chemical 
activity transformed itself into physical and morphological structure. 
Weiss stated the simplest outline of the concept in a few sentences : 

Each cell and organized cell part consists of an array of 
molecular species whose densities, distributions, arrangement and 
groupings are determined by their mutual dependencies and 
interactions, as well as b y  the physical conditions of the space they 
occupy. These species range from the elementary inorganic 
compounds to the most complex "key" species characteristic of 
a given cell. Chemical segregation and localization within the cell 
result from molecular interplay, as only groups of elements 
compatible with one another and with their environment can 
form durable unions. [ 1 949, p. 476] 

This framework was obviously operating 1n Weiss's work on cell 
contacts and self-organization, in speculation on molecular orientation 
in induction phenomena and on growth regulat�on, and even in his 
early concepts of modulation i n  the nervous system. A system of steric 

29. Weiss expressed his hierarchical perspective in an administrative reorganization he effected 
in the Division of Biology and Agriculture of the National Research Council in 1 95 1 .  "I restruc­
tured the administrative subcategorization of 'biology,' previously based on forms of life . .  or 
on methods of study . . .  by a hierarchical system of order according to functional principles in 
common to living organisms; to wit, in  ascending order: Molecular, Cellular, Genetic, Develop-
mental, Regulatory and Group and Environment Biology. _ This scheme of classification . 

has since become rather widely applied" ( 1 g6g, pp. 3fi7 -6R; also in Koestler and Smythies 
Jg6g). 

l 
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interlocking implied a great role for opposing surfaces in cells and 
organisms. Thus Weiss's considerable interest in surface properties 
was entirely in keeping with his organismic framework. 

I n  a plea for research to bridge molecular and cell biology, Weiss 
extended the implications of his concept of molecular ecology.'o The 
paper was an argument against reducing cell to molecular biology. 
The difference in the concept of structure for the mechanistic and 
organismic paradigms was 'plain, firmly excluding both the notion 
of rigid structure and of homogeneous solution. "We find ourselves 
right back at our initial proposition, that cellular order is based on the 
orderly channelling, that is, the systematic restriction of degrees of 
freedom, of energy distribution for the attainment of maximum 
efficiency." Not surprisingly, Weiss spoke of semifluid paracrystals 
and topographic inequalities in the cell as keys to dynamic structure. 
All the techniques of molecular and cell biology-the electron­
microscope, the sophisticated biochemical procedures-had revealed 
the importance of macromolecular aggregates. "The more anisodia­
metric and asymmetrical molecules are, the better, . . .  they lend 
themselves to ordering into higher-order assemblies, either transient 
or permanent. In linear array, they constitute fibrils ; in planar array, 
membranes." The most fru itful principle for the unification of study 
of cell and molecule was that of progressive complexification. "The 
inference is obvious. The bridge from molecule to cell needs a mid­
stream pillar---the collective behavior of molecular populations as 
ordering step" ( 1 g6 r ,  pp. ro; ,  1 t 3, t r g ) .  The language is now em­
inently familiar; work within the organismic paradigm virtually 
required Harrison, Needham, and Weiss to turn to molecular form 
in resolving the structure-function dichotomy in developmental 
biology. 

Weiss began his work with a rejection of jacques Loeb's theory of 
tropisms and a development of the idea of systems. His most significant 
recent paper, returning to the same topic, provides a comprehensive 
statement of VVeiss's current paradigm commitments. The essay was 
written to be delivered at a meeting of the Frensham group and a 
symposium sponsored by Arthur Koestler in  Alpbach, Tirol, Austria. 
These meetings reflected the operation of a paradigm community like 

30. rg6 r ,  "Structure as the coordinating principle i n  the life of the ceH," in 1968, pp. g6-122. 
Wc.i��, a friend of Astbury, judged his work and opinions compatible with those of the great 
British crystal!ographcr 
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the Theoretical Biology Club of the 1 930s. The participants included 
the most active organicist-structuralists in contemporary science : 
Jean Piaget, C .  H. Waddington, Ludwig von Bertalanffy, and Paul 
Weiss. The roots of organicism for all these men go back to the seminal 
days of the late r g2os and early 1 930s. I t  would be enlightening now 
to follow Weiss through his presentation to these colleagues." 

The Lwing System 

Paul \Veiss, rgG7 

\'\Teiss's objective was to document that ancient controversies about 
the nature of the organism faded in the light of realistic studies of actual 
phenomena ( r g6g, p. 362) .  He believed that the principle of hierar­
chical order and the necessity of regarding organisms as systems subject 
to network dynamics in the sense of modern systems theory were 
required not by a particular philosophy, but by the observed behavior 
of organisms. The modern updating of the mechanistic concept by 
introduction of the terminology of information theory did not sub­
statially alter the deficiencies of that ancient doctrine. That Weiss did 
not admit his organicism to be the outgrowth of a philosophical per­
spective, but to be the only reasonable empirical framework for biology, 
is not surprising. The nature of paradigm commitment dictates that 
the organism must be explained by, and limited to, its lights. Weiss 
recalled his dissertation work and reiterated his rejection of tropisms, 
a theory that described the organism as a puppet pulled by environ­
mental strings. His essential objection was that the environment too is 
an organis m ;  one thinks of the impact that a similar contention, made 
in Henderson's Fitness of the Environment, had on Joseph Need ham in 
his 5truggle to transcend neomechanism. 

A natural organism was for Weiss a "thing" in Whitehead's sense. 
Parts of the universe are distinguished mentally as repetitive, patterned 
arrays with relatively durable form, but the real world is an irreducible 

3 1 .  \Veiss met Koesder when the latter sent galley proo[<; of his Act of Creation for the biologi�l 
to respond to remarks on th<' resonance principle. VVeiss said he later p<'fsuaded Koestlcr 10 
study at the Stanford "think tank'" (Institute for Bchavioral Studies) and was in turn persuaded 
to come to Alpbach. Weiss m<:r Piaget in the 1g6os but said he had long known and appreciated 
his work_ Polanyi , another important organicist, participates in the Frensham group with Weiss 
A careful study of the precise inte!lecmal ties among a!! these workers would be qui1c instructive. 
It would also rcv('a] Waddingron"s break from others at  the meetings. 
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continuum ; analysis inescapably is  a mental abstraction. However, 
Weiss also stressed that synthesis is essentially abstract. One hope of 
science has been to arrive at a coherent description of the universe by 
continuous application of an additive synthetic method, but 

we are concerned with living organisms� and for those we can 
assert definitely and incontrovertibly, on the basis of strict em­
pirical investigation, that sheer reversal of our prior analytic 
dissection of the Universe by putting the pieces together again, 
whether in reality or just in our minds, can yield no complete 
explanation of the behavior of even the most elementary living 
system. [p. 365] 

So life is process, not substance. I t  involves vast numbers of dynamic 
structures interacting in time and space; life consists of orderly, com­
plex, group behavior whose limits are defined by rules of order em­
pirically unearthed. The idea of limits leads to that of levels. Apprecia­
tion of hierarchical organization remains the fundamental difference 
between organicism and any form ofreductionism. VVithout the notion 
of hierarchy it is impossible to develop an adequate expression of 
wholeness because the systems concept is the embodiment of the 

experience that there are patterned processes which owe their 
typical configuration not to a prearranged, absoluted stereotyped, 
mosaic of single-tracked component preformances, but on the 
contrary, to the fact that the component activi ties have many 
degrees of freedom, but  submit to the ordering restraints exerted 
on them by the integral activity of the "whole" in its patterned 
systems dynamics. [p. 366] 

The idea of the whole as more than the sum of its parts derives from 
collective behavior. A system whole was operationally defined as "a 
rather circumscribed complex of relatively bounded phenomena, 
which, within those bounds, retains a relatively stationary pattern of 
structure in space or of sequential configuration in time despite a high 
degree of variability in the details of distribution and interrelations 
among its constituent units of lower order" (p. 369 ) .  The basic trait of 
a system, then, was invariance of the whole greater than the flux of the 
parts. Such a definition describes the exact antithesis of a classical 
machine. I n  a hierarchically organized system each subsystem controls 
its own subordinate parts within its own domain and in turn has its own 
freedom limited by the rules of order of the next higher level. 



t 86 CRYSTALS, FABRICS, AND FIELDS 

After a strong assertive presentation of his perspective, Weiss docu­
mented his case from research in contemporary biology. He detailed 
the functioning of cellular organelles as subsystems. Structure and 
process become synonymous in his conception of the cell. Form is 
formative process. "VVe encounter here the phenomen0n of emergence 
of singularities in  a dynamic system--unique points or planes----­
comparable, for instance, to nodal points in a vibrating string." The 
emergence of subpatterns is a function of the overall dynamics of the 
system. Weiss does not deny that a given form in a cell might arise from 
precisely preprogrammed steps. He maintains only that the general and 
primary type of formative process in the organism is the systemic one. 
Drawing from work on self-assembly of cilia, he sketched the theory of 
macrocrystallinity. The notion is essentially dualistic, uniting field and 
particle i n  the description of order on a supramolecular level. "Con­
sequently, the acknowledgement of field continua as ordering principles 
in systems on the integral level is as valid and indispensable as i5 the 
practical acceptance, on the differential level, of discrete singularities 
within those continua, whether sub-atomic particles, atoms, molecules, 
molecular assemblies, organelles, cells, or cell assemblies, (pp. 379, 
383 ) .  Weiss summarized his idea of biological regularity, in contrast 
to machine microdeterminism, as stratified determinism, macrodeter­
minism. He spoke of the "grain size" of determinacy in much the same 
way as Harrison did in discussing differentiation and orientation in the 
limb bud. 

All the above was a prelude to Weiss's critique of the anthropo­
morphic reductionism of the central dogma of genetics since the 
exciting discovery of the role of DNA and the genetic code. Weiss was 
thoroughly unimpressed by use of words such as information, control, and 
regulation as substitutes for analysis of complex group bchavior. Genes 
are part of the hierarchy of the organism ; they interact, they do not 
control. Weiss developed a variety of metaphors and concluded that 
the proper ones for living systems are such forms as networks and 
fabrics, which are compatible with position and field effects. He com­
pleted his presentation by recalling that biology has made impressive 
advances with the help of the tools of physical science but that now it 
must widen its conceptual framework. For, "biology must retain the 
courage of its own insights into living nature" (p .  400} .  

\Veiss has written prolifically on all these topics and more, but i t  
would be superfluous t o  pursue his formulations further. His work has 

, 
I 
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shown remarkable continuity from the first discussion of systems be­
ha vi or to his most recent publications. The organismic paradigm is 
evident throughout. It clarifies his interests, interpretations, and 
limitations-----especially his extreme position on the simultaneous 
functioning of subsystems of the cell, which made it difficult for him 
to consider the origin of biological systems. However, both the chief 
problem and tremendous power of any structuralism is the unification 
of history and structure. Within the organismic paradigm Weiss 
developed powerful concepts of emergence and self-organization but 
faltered at the question of the origin oflife. The limitation is not trivial, 
but it is less striking when the context of the polemic on the cell as a 
unit is remembered. Weiss fel t  the challenge of the new reductionistic 
theories of biological organization, which had gained strength from a 
genetics with little appreciation of the form and pattern problem in  
biology. Weiss's organicism was strongest and most seminal fOr bio­
logical science in his concrete experimental work rather than i n  his later 
polemics. His  studies of resonance and modulation, contact guidance 
and fasiculation, neuroplasmic flow and protoplasmic structure, 
regeneration, cell sorting and organ reconstruction, and finally con­
struction of tissue architecture in the basement lamella all express great 
sophistication. All theoretical formulations�--�system behavior, field 
organization, macrocrystallinity, growth regulation, molecular ecology 
--have grown from fertile experimental soil. I f H arrison pioneered in 
the building of nonvitalist organicism and opened the field of neural em­
bryology and the method of tissue culture, Weiss exploited the potential 
of the paradigm in one of the richest biological careers in this century. 
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Conclusion : Of Paradigms and Scientists 

The glory, doubtless, of the heavenly bodies fills us with more delight 
than the contemplation of these lowly things ; for the sun and stars 
are born not, neither do they decay, but are eternal and divine. But 
the heavens are high and afar off, and of celestial things the knowledge 
that our senses give is scanty and dim. The living creatures, on the 
other hand, are at our door, and if we so desire it we may gain ample 
and certain knowledge of each and all. We take pleasure in the beauty 
of a statue, shall not the living fill us with delight ;  and all the more if in 
the spirit of philosophy we search for causes and recognize the evidence 
of design. Then will nature's purpose and her deep-seated laws be 
everywhere revealed, all tending in her multitudinous work to one 
form or another of the Beautiful. 

Aristotle 

The question can be postponed no longer : Did a fundamentally new 
way of viewing the organism appear in the early decades of this cen­
tury ? It is time to return to Kuhn's basic notion and reexamine 
Harrison, Needham, and Weiss in relation to the scientific context in 
which they worked. Three aspects of a paradigm have been repeatedly 
stressed in this essay :  metaphor or model, community, and revolu­
tionary change. Kuhn proposed the device of paradigms to explain 
change and growth in science, but he considered the idea of philosoph­
ical as well as hiswrical importance. An obstacle to examining critically 
the relevance of the notion to any particular science, in this case de­
velopmental biology of approximately a fifty-year period, is the set of 
myriad meanings for the word paradigm. Margaret Mastermann 
sketches no fewer than twenty-one uses found in the first edition of 
The Structure of Scientific Revolutwns ; K uhn refined and limited himself 
somewhat in the preface to the second edition. Despite the multiple 
layers of meaning, the idea of paradigm consistently points in three 
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substantive directions. Mastermann distinguishes the categories arte­
fact paradigm, sociological paradigm, and metaparadigm ; this book 
treats the subdivisions of metaphor and model, community, and 
revolution as roughly paralleL Let us review each element separately. 
I t  would be appropriate in this context to consider several criticisms 
of Kuhn's scheme as applied from these three perspectives. Next, this 
chapter will return to a discussion of organicism as a paradigm distinct 
from both mechanism and vitalism. To conclude, we will survey 
Harrison, Needham, and \IVeiss ffom an enriched phi losophical and 
historical vantage point. 

tvfastermann insists that the artefact component of paradigms is 
useful precisely because it is crude. "If  a paradigm has got to have the 
property of concreteness, or 'crudeness,' this means that it must be, 
literally, a model ; or, literally, a picture ; or, literally, an analogy­
drawing sequence of word-uses i n  natural language ; or some com­
bination of these" ( 1 970, p. 79 ) .  The concrete nature of models, 
metaphors, and artefacts, is essential to science because i t  limits the 
implications of any particular abstract system. A set of mathematical 
relations and operational terms of a well-developed science can be 
dangerously overextended. The crudeness of a paradigm picture both 
stimulates and bounds the imagination, giving direction to the power 
of abstract expression and linking the contributions of images private 
to a particular scientist, words that aim to communicate insight and 
theories that formalize tested common understanding. The concrete 
artefact, an actual object constructed by an i nvestigator to explore 
his insights: is a puzzle-solving device. I t  is possible to tell when a 
solution works. The use of real objects i n  the solution ofDN A's structure 
1s a striking example of the power of artefacts in biology even if they 
have possibly outlived their relevance in modern physics. A picture, 
metaphor, or model developed in words is like an object ; it can be 
pushed too far in exploring something else. An overextended metaphor 
ruins a poem ; an analogy in biology runs aground when wrongly 
applied. The misapplication by eighteenth-century iatromechanists of 
the popular literal machine analogy to the physiology of the organism 
is a notorious example ; the fruitfu lness of the analogy of the organism 
as an cnngy conversion machine in the nineteenth century shows the 
positive potential. 

\Vith Harrison) Need ham, and VVciss the crude dimension of par­
adtg-ms is strikingly evident. Several i mages were repeatedly developed 
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by these workers and their associates : liquid crystal (all three biolo­
gists, to illuminate protoplasmic structure) ,  railway switch yard (Need­
ham, to suggest successive determinations in embryogenesis) ,  topo­
graphical models (Waddington and Needham, to propose a system of 
probabilities and prog;ressive limitations in developmental pathways ) ,  
and replicating subpattcrns (Weiss, to probe cell structure and hier­
archical organization ) .  Harrison kept a room full of artefacts to help 
him think out the aspects of organismic symmetries and asymmetries. 
Needham 's imagination was aroused by Harrison's and Bernal's 
strongly visual and manual working out of ideas. All these gross 
analogies grew out of organismic biases ; they were attempts to visualize 
wholeness so the abstraction could be translated into common, scien­
tific, systematic understanding. All these analogies contributed to 
puzzle-solving activities, and all could certainly be pressed too far. 
Harrison's early suspicion that the tetrahedral carbon atom might be 
the immediate basis of molecular arrangement and thus of limb sym­
metry proved too simple ; the metaphor could not carry the weight. 
The more complicated image of liquid crystals was at various times 
both an analogy and a picture taken literally. From both points of 
vievv, the crude aspects of the organismic paradigm guided research 
and allowed communication among diverse, scattered persons. In the 
opinion of this author the paradigm notion in its clothing of analogy 
and metaphor is of great use in tracing the growth of ideas in develop­
mental biology. The specific switches of metaphor illuminate deep 
underlying changes of perspective on the nature of the organism 

The sociological paradigm highlights the role of distinct communi­
ties. Kuhn stresses that different paradigm communities talk past one 
another because they do not use the same words to mean the same 
thing. For example, perhaps the concept of structure was not the same 
for an organicist such as Harrison and a mechanist such as Weismann. 
If the paradigm notion is to be useful in studying the growth of biology, 
clearly demarcated groups sharing ideas, images, tools, and concrete 
problems should be evident. Kuhn feels that a science matures when 
the constant unresolvable philosophical debates of a preparadigm 
phase give way to a dominant guiding framework, a true paradigm. 
Persons embracing different paradigms, possible for sciences offering 
more than one functioning perspective or during a period of revolu­
tionary change of perspective, should at least have trouble talking 
with one another. Kuhn believes that his differences of opinion with 
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Karl Popper over the nature of progress i n  science illustrate the incom­
mensurable dimensions of different paradigms. Is this understanding of 
paradigm communities helpful in analyzing the development of cell 
biology and embryology represented by Harrison. Needham, and 
VVeiss? Does there have to he a single or even a dominant paradigm 
in order for a field to be scientific ? How closely knl t must paradigm 
groups be? Answers to these questions are essential if we are to decide 
if a new paradigm appeared i n  this century. 

Paul Feyerabend criticizes Kuhn 's suggestion of noncommunicating 
paradigm groups f(n artificially obscuring the elements of fruitful 
conflict and interchange of views among individuals and groups in 
science. H e  feels there is less a succession of crises, suggested by the 
idea of paradigm revolution and closed groups, than a constant inter­
play ; tenaciously held vicw·s do not preclude comprehension and con­
flict. Feyerabend fears that Kuhn is proposing that progress in know­
ledge is achieved at the price of diversity and communication among 
those who differ ( 1 970) .  However, the idea of paradigm communities 
need not be so stringent. Partial blocks in communication do appear 
to characterize those working from different perspectives, but Kuhn's 
idea might be more u:;;eful in exploring the positive function of com­
muni ties than in drawing tight boundaries between groups and in 
deciding which perspective is dominant. Especially in tracing the 
subtleties of mechanism and vitalism, and or organicism and nee­
mechanism or reductionism, the more relaxed defmition of paradigm 
community is necessary. Rarely does a person fit into one group to the 
exclusion of others. Even the Theoretical Biology Club, the exemplary 
paradigm community suggested by this book, did not tightly define 
the allegiances of its members, but the TBC dirl help reveal similarities 
in perception and interpretation of' problems. It did draw persons from 
many areas into a coherent, exciting, i f  plastic, group. In  a later section 
of this chapter the question of paradigm communities will come up 
again. I t  will be  necessary to decide i f  Harrison, Need ham, and Weiss 
truly shared a common paradigm, or if the differences among them 
might make the suggestion of a unifying organicism misleading. At 
that time it will be important to remember the caution that the com­
munity dimension of paradigms need not be taken to the extreme to 
be revealing. 

Closely associated with evaluating the relevance of the sociological 
paradigm is a consideration of the suggested rr:volutionary aspect of 
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paradigms. I s  there really a difference between normal science within 
a functioning paradigm and periods of crisis and revolution ? How can 
one tell if there has been a change in paradigm? For the historian, 
after a while the continuities in societies before and after supposed 
revolu tions loom much larger than the discontinuities. Revolutions 
look ultimately conservative. Granted that there are difficult times of 
strain and that ideas are d iscarded in favor of others, does it really 
help to see the changes in science through the glasses of revolution ? 
Change is a matter of degree. If  discontinuities are frequent, the idea 
of revolution could becom� trivial. Perhaps the microstructure of 
revolution is normal science. Then what becomes of the guiding idea 
of paradigms? (Toulmin 1 970) . Toulmin draws the analogy of the 
debate between catastrophism and uniformitarianism or evolutionism 
in geology. I n  the end geologists had to look at actual mechanisms of 
change and found neither idea adequate. Toulmin contends that 
change in  ideas could be better visualized through the spectacles of 
constant variation and selection of the fittest, rather than of saltatory 
evolution. But Toulmin's criticism does not demonstrate that opposing 
ideas in geology did not define the controversy and suggest precisely 
how to look for actual mechanisms of change. Again) in retrospect, 
revolutions always appear conservative. K u hn explains this fact by 
showing how the survivors of revolutionary paradigm change write 
history as if it were simple and progressive. Past opponents must be 
either forerunners of the present truth or practitioners of something 
short of real science. Current opponents must be wrong. In a later 
portion of this chapter a critical eye will be cast on Harrison, Need ham) 
and Weiss i n  relation to the proposed revolutionary change in para­
digm from the polarities of mechanism and vitalism to the new frame 
of organicism. Again, we must ask to what extent the three shared the 
same paradigm and participated in the same revolution in develop­
mental biology, if indeed revolution be a useful word here. Perhaps a 
microanalysis of the context in  which they worked would dissolve the 
apparent discontinuities traced in the earlier chapters of this book. 

I have included Ma.stermann 's category of m eta paradigm in this 
volume's consideration of paradigm revolution in order to stress the 
multiple philosophical and extraexperimental elements of paradigms. 
I f  there has been a revolutionary paradigm change, organicism must 
be substantively different from either mechanism or vitalism. But one 
cannot assume this distinction. Perhaps the strains of organicism in 
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Harrison, N eedham, and Weiss are variations on old themes, not con­
tributions to a new score. Kuhn's model fails to illuminate the work of 
these three biologists, especially considered together, if a case cannot 
be made fOr radical, discontinuous change in understanding of the 
nature of the organism in the period under study. So before we turn 
to a careful comparison and contrast ofHarrison, Need ham, and Weiss 
according to the paradigm categories of model, community, and re­
volution, it is essential to probe more deeply into the relation of or­
ganicism to other interpretations of the organism and of the science 
of biology. 

Hilde Hein argues that organicism must be considered a modern 
variant of vitalism and that the old categories of mechanism and 
vitalism are still very much relevant to the contemporary biological 
scene. She emphasizes paradigm distinctions i n  biology but rejects the 
notion that the parameters of paradigms have changed markedly in 
this century ( r g7 r ) .  She claims that contemporary mechanists and 
vitalists oppose each other mainly by citing an outdated form of the 
other's perspective and showing that it is untenable. But the adherents 
to the two perspectives remain divided by fundamental intellectual 
choices that will never submit to empirical decision, although one may 
cite reasons for preferring one approach over the other. I n  her chapter 
on vitalism she recognizes several forms : vital force theories, entelechies, 
theoric5 of emergent evolution; and organicism. The last two are the 
modern manifestations of an ancient insistence on using more than 
one set of principles for explaining nature. I n  other words vitalists are 
dualists before they enter a laboratory ; they exist in a plural world 
comprehended i n  plural terms never to be collapsed inl:o one another. 
For reasons that escape pure experimental observation, the distinction 
bet\"'een living and nonliving must not be allowed to blur. The 
changing faces of mechanism-from Greek atomism and the search 
for the unchanging one underlying all apparent change through 
theories using machine metaphors evolving from clock to hydraulic 
device and heat engine to computer- ---are but masks on a basic con­
viction that the world must yield to a single set of explanatory prin­
ciples rigorously and commonly interpreted. Historically, each vitalist 
challenge has been countered by a more refined mechanism, only to 
reappear in new guise. Vital substance theories such as that of John 
Needham ( 1 7 1 3 -- I 78 I )  were undermined by advances in chemical 
synthesis and organic analysis. Vital energy theories were overthrown 
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definitively by the demonstration that organisms must submit to the 
first law of thermodynamics. The most recent vitalists, Hein maintains, 
no longer argue for special vital matter or energy but for special 
biological laws not reducible to those of physics and chemistry. Meta­
physical vitalism has been abandoned for epistemological assertions. 

In chapter 2 it was stressed that all twentieth-century organicists 
have resisted reduction of biology to p hysics and chemistry. Organicism 
transcended the dichotomies of mechanism and vitalism but main­
tained a special place for the whole organism by proposing unique 
biological laws of integration and organization. Remember that.Joseph 
Woodger in Biological Principles, in a statement later adopted by Need­
ham, defined vitalism as any doctrine that posited some entity or force 
i n  organisms in addition to the chemical elements plus organizing 
relations. His organicism rested solely on a belief in independent 
biological principles of organization. What do such assertions imply 
and can they be maintained? I f  autonomy of a science means anything, 
it is that the laws and terms of one science cannot without loss be 
translated into the terms of another. "In a complete reduction, the 
laws of the reduced science may, with the help of certain 'rules of 
transformation' be deduced from the laws and principles of the reducing 
science." I n  itself, the issue of reductionism does not prejudice the 
question of whether the language of translation comes from disciplines 
dealing with objects of supposedly greater or lesser complexity. Indeed, 
a few thinkers have maintained that the laws of physics and chemistry 
will eventually be "reduced" to those of biology. C. F. A. Pan tin, 
discussed in chapter I ,  approaches a variation of that position. Thus, 
autonomy of a science means logical independence : The same event 
or object could be explained from two or more points of view, and the 
descriptions would be incommensurable and complementary rather 
than logically redundant. Note that the claimed "autonomy of the 
laws (of an independent science] is with respect to one another, not 
to events" ( Hein 1 970, pp. I ]O, I 74) .  No one claims that, at present, 
any portion of biology has been fully reduced to physics, although 
certain areas in molecular genetics might come close. Further, it is 
not claimed even that it would be profitable to attempt to reduce 
entirely all aspects of what is commonly called biology to any other 
science, much less to quantum mechanics, fOr example. The mo<;t 
ardent reductionists allow for the heuristic function of specifically 
biological laws and investigations (Beckner 1 967) .  
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One simple reason that full reduction is not currently possible, even 
if it were desirable, is that biology is not fully axiomatized. Clearly, 
complete logical reduction implies that both sets of principles have that 
property. J H. Woodger, a very important organicist, has spent his 
life working on the axiomatization of a small segment of Mendelian 
genetics. C. H. Waddington, in his series Towards a Theoretical Biology, 
has also attempted to find biological laws that lend themselves to a 
high degree of logical and mathematical formalization. Both these 
workers would deny that biology's attainment of this particular form 
of scientific maturity would result in ultimate reduction to the laws of 
physics. Each would assert that biological principles will show them­
selves to be unique. For them the autonomy of biology will reside in 
biology's o·wn mature statement of abstract, systematized laws. For 
others axiomatization would be a prelude to more complete reduction. 

:However, the significant aspect of these debates is the common 
assumption that the only remaining issue is epistemological, not meta­
physicaL But traditional mechanists and vitalists argued as much 
over the existence of vital substance or energy as over the status of 
generalizations. I n  addition to metaphysical and epistemological 
issues, the old debate also involved specific methodological disagree­
ments, for example whether analysis applied to biology was more than 
thanatology. Needham spent some time in his Order and Life defending 
analysis in his science; he believed that his position differentiated him 
from various vitalists. Paul \Vciss leaned more to traditional vitalism 
in his polemics over the origin of life. For him it  would be practically 
impossible to synthesize living organisms in  the laboratory ; the division 
of living and nonliving is, at that point, fundamentaL Also, he held 
that unique laws are required to understand the organization of the 
living world. Few contemporary organicists would reassert with VVeiss 
the ultimate practical division of organic and inorganic. Nevertheless, 
argument over the logical status of generalizations raises great and 
persistent passiOns. 

The question of the existence of a new paradigm may now be re­
phrased. Is the vitalism--mechanism dehate equivalent to the contem­
porary organicism-reductionism (or neomcchanism) controversy ? The 
very j uxtaposition in terminology of rcductionism1 a word relating 
clearly to epistemology, with ncomcchanism, an expression relating 
naturally to positions on substance or metaphysics, would argue the 
appropriateness of the equation. Hcin would then be justified in 



CRYSTALS, FABRICS, AND FIELDS 

treating organicism as a form of vitalism. But several important ob­
jections must be raised. Key changes in the meanings of words m�ght 
give sufficient ground for asserting the existence of substantially new 
paradigms competing for biologists' allegiance. 

First, why has the debate over vital substance or energy evaporated> 
Beyond the obvious significance of advances in sophistication of ob­
servation and experiment, such that i t  is ridiculous to maintain that 
organisms contain unique matter, the meaning of the word substance 
has changed for both biology and physcis. I t  is common knowledge 
that the matter of modern physics posits organization and motion at 
its core. There are no more inert ult imate units pushed around from 
the outside. Matter and energy are ultimately equivalent. In other 
sections of this book the importance of these changes, as evidenced by 
Whitehead's popular exposition of 1 925,  has been outlined. In addi­
tion to a liberated concept of matter, modern physical science (and 
other fields commonly seen as contemporary mechanistic triumphs) 
employ an expanded version of the machine metaphor. The computer 
that is capable of learning, has a memory, and can even reproduce is 
a far cry from a clock, pump, or steam engine. In fact the metaphor 
of the computer has been found very useful by doctrinaire organicists 
such as Weiss. A convergence of metaphor signals fundamental al­
teration i n  paradigm assumptions. 'Third, modern mechanism even 
has adapted to notions of evolution and apparent directiveness. The 
synthetic theory of evolution and doctrines of the development of 
matter in the cosmos testify to this startling dimension of so-called 
mechanism. Obviously, the use of the term mechanism is difficult, if not 
impossible, if one is historically sensitive to its various meanings. The 
expression reductionism conveys much better the basic assertions of con­
temporary thinkers. I t  is hard to defend the equivalence of traditional 
mechanism and modern reductionism without losing the flavor of the 
old debate and missing the revolutionary significance of the modern 
transformation. 

It is equally difficult to insist on the identity of vitalism and or­
ganicism. Whereas the earlier notions of physics made the task of 
biology�the explanation of form, regulation, and organization --vir­
tually impossible without imputing some spiritual force or extraordin­
ary matter, contemporary fundamental ideas about the nature of the 
cosmos allow biologists great hope i n  their own field. Organization 
could become a problem rather than an evasion through an excessively 
narrow world view. Woodger maintained that the early years of this 
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century would be remembered as the time in which scientists first 
sought seriously an adequate theory of organisms. Need ham launched 
into polemics at the least hint that organization was not soluble. Or­
ganicists of every hue have averred that it is not appropriate to look 
outside science for an understanding of organisms. Vitalisls were, at 
the very least, not so sure. Therefore, although both vitalists and 
organicists share a devotion to the idea of wholeness and a rejection 
of mechanistic physics and chemistry as adequate to the solution of 
biological problems, they diverge on a very critical issue. Organicists 
declare that it will be possible to state positive, unambiguous, em­
pirically grounded laws for all aspects of the behavior of organisms. 
Form and organization are not mysteries, but challenges. 

Nevertheless, Hcin is correct in insisting strongly that essential ele­
ments of a very traditional dispute are retained in contemporary 
biology. I t  is wholly misleading to assert the dominance of a single 
perspective on many issues, such as identification of the most im­
portant problems for study. I n  the early days of explicit organicism, 
Ritter railed against the tyranny of Mendelian genetics at the expense 
of whole organism biology. Morgan 's digression was getting out of 
hand. Today also, the place granted to genetics is a good indicator 
of the overall allegiance of a worker. In general, organicists are suspici­
ous of the excitement surrounding molecular biology. For example, 
in his film Assault on Life, Barry Commoner argues that the only key 
to life is life. He is emotionally emphasizing the basic commitment to 
the organism as the fundamental unit of biological study and the 
legitimacy of seeking "autonomous" biological laws. 

At this point it is necessary to qualify the position that only an epis­
temological disagreement separates-organicists and reductionists. Why 
should it make a difference if logical reduction were t heoretically 
possible, as long as everyone grants everyon� else the untrammeled 
right to pursue problems of interest without irisisting on actual reduc­
tions? In a very provocative little book Michael Simon persuasively 
argues that persons choose different styles of investigation and ex­
planation for specifically human purposes, not because of any partic­
ular properties or the nonhuman world ( ' 9 7  I ) .  Hein holds the same 
opinion : events and objects are not at stake, only the way we choose 
to express ourselves. But the issue is not so simple. Organicists tend not 
to agree with Kant. This fact puts them in the embarrassing position 
of naked philosophical realism. 

Woodger pur i t  boldly, if ungracefully, when he wrote to Need ham 
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that his early neomechanism was wrong because "knowledge requires 
to have a structure which reflects the structure of fact and to be 
adequate, i ts structure has to be of the same degree ofmanifoldness as 
that of fact. "1 Need ham fel t  in this period of his development that he 
must proceed as rfthe world could be rigorously explained by mechan­
istic, or better, reductionistic science. Curiously, he held this opinion 
because he thought it protected the equally absolute rights of other 
kinds of understanding and experience (e.g., religion) in their proper 
spheres. Tight methodologica� monism in science was the price for 
allowing multiple kinds of experience in life. Like a good scientific 
reductionist, he made no explicit metaphysical claims ; mechanism and 
materialism do not imply each other. From his later organismic 
vantage point, Needham no longer believed that such high walls had 
to be erected between science and religion. Ironically, the assertion of 
lhe autonomy of biological laws permitted him to structure the world 
into a unified hierarchy.. H�.s evo.lutionary succession of types of or­
ganization from atoms .. tn world· commonwealths replaced his earlier 
separate but equal spheres. For Needham each level led to studies 
with a limited but critical autonomy because no level or field of in­
quiry was ultimately the only foundation stone. 

Paul Weiss wern even further than Needham. He reasoned that 
man's imaginative and cognitive powers dtrived from his sharing 
common patterns of organization with the rest of nature. Knowledge 
reflected the patterns of the world because it too is built on the same 
fundamental structure. H e  would deny that reductionism versus 
organicism comes to nothing more than an argument about how to 
classify and manipulate generalizations. One adopts a particular form 
of study and judges its importance according to one's assumptions about 
the nature of things. It is useful to recall Hein's key poin t :  The barrier 
separating organicists and reductionists will not be breached by em­
pirical study, because in the end people believe different things about 
the structure of the world. Emotional, psychological, and political 
elements deeply condition the starting points. 

Therefore, the position of this study is that there exists a basic dif­
fen:nce betwet:n ·vitalists and organicists that rests on a switch from 
metaphysical to epistemological debate. But embedded in the epistemo-

1 Correspondence from VVor•dger to Need ham, February 1 .  r:no. Sec pp, 1 1 0 - I I n of this 

study. 
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logical claims remains a root belief that science can reveal nature. 
Biology must be autonomous because organisms arc somehow different 
and unique, even if no clear explanation is given to show precisely how 
one can know that. Reductionists allow organicists to proceed as if 
their field were logically and really independent, but at heart they 
believe that the truth is elsewhere. In like manner, organicists allow 
reductionists to proceed as if the world were single and simple but 
know that .wisdom eludes them. Each approach encounters its own 
limitations. Historically, both vitalists and organicists have trouble 
accounting for the unity of physical nature, for the bond between 
organic and inorganic ; but organicists at least are well able to bridge 
the gulf between mind and body. Mcchanists see no problem in the 
unity of living and nonliving but  often have failed badly in inquiries 
requiring the union of mind and body. Reductionists pretend to make 
no claims about reality but by default assert that nothing is more than 
useful and methodological. The world should be approached in 
univocal terms because there is no plural, polyvocal nature. Or at least 
we cannot know it .  In summary then, it is po�sible to maintain that 
there is a crucial discontinuity between vitalism-mechanism and 
organicism-reductionism. There has been a paradigm change, but a 
basic duality is preserved around a very important, if unresolvablc, 
issue: Is the world one or many'  Is knowledge literal and single or 
metaphoric and plural' 

I t  is time to return to a specific analysis of our three principal figures : 
Harrison, Needham, and \Veiss. Some have asserted that organicists 
fel t  they were doing something new, something beyond the dead ends 
encountered by mechanism and vitalism. However, i t  is not evident 
how far they were right on a day-to-day basis. I n  addition it is not 
apparent yet whether organicism as we have encountered it in this 
book is a single) coherent perspective or an array of unrelated positions. 
A final picture of the organismic paradigm requires some additional 
brushwork. 

Obviously the study of wholeness in development did not begin with 
Ross Harrison. His work grew naturally out of the concerns of develop­
mental biology in the late nineteenth century. Roux had set the stag<' 
and asked the principal questions about self versus dependent differ­
entiation. Investigation "on the biological level" was well underway 
with no great splits between organicist and reductionist. Moreover, 
attention was focused on the structure of protoplasm and on ways to 
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link structure and function, to reveal process through clear perception 
of structure. Even the extreme preformationist theory of Weismann 
with its structured idioplasm contains a sense of hierarchical organiza­
tion of protoplasm and the close tie of form to process. But the structure 
of chromatin, the key component of the cell, was rigidly fixed and 
transmitted from generation to generation without change. Harrison's 
conception of dynamic molecular structure was radically different. 
Further, Weismann went way beyond what he could assert from ob­
servation about mitosis and qualitative division. Many others had also 
speculated about complex molecules that might explain cellular 
processes ; Spencer had his physiological units, Darwin his gem mules, 
De Vries his pangens, Nageli his micelles, Hertwig his idioblasts, and 
Verworn his biogens (Wilson I 8g6, p. 2 2 ) .  

With his usual acumen E .  B .  Wilson explained how positions such 
as his own and that of Harrison differed from the preformationist 
camp's search for simple, rigid subunits that would explain the 
workings of the organism machine. Complexity and wholeness are the 
key ideas. 

The truth is that an explanation of development is at present 
beyond our reach. The controversy between preformation and 
epigenesis has now arrived at a stage where it has little meaning 
apart from the general problem of physical causality. The 
second question, regarding the historical origin of the idioplasm, 
brings us to the side of the evolutionists. \tVhatever position we 
take on this question, the same difficulty is encountered ; namely 
the origin of that co-ordinated fitness, that power of active ad­
justment between internal and external relations. . . The nature 
and origin of this power is the fundamental problem of biology. 
[pp 328 -2g) 

Wilson reaffirmed his belief that organic nature is a finely graded series 
from lower to higher forms and that all d ifferences in complexity have 
a natural origin. But having considered all qualifications, he concluded 
that "the study of the cell has on the whole seemed to widen rather than 
narrow the enormous gap that separates even the lowest forms of life 
from the inorganic world" (p. 330) .  

Wilson did not deny that eventually the ultimate questions of biology 
would be scientifically answered. H e  only insisted that the problems 
were enormously complex and that the simpler solutions based on a 
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machine metaphor were inadequate. Reserving final judgment, he 
saw his field alive with exciting empirical investigations into the cell in 
heredity and development. His own bias was undogmatically or� 
ganismic ; he constantly stressed the need to knov·/ how the cell or any 
part functioned in  the whole, how coordination occurs. The division 
between organic and inorganic was a practical fact, if  not a final one. 
His work represents one of the first systematic attempts to give concrete 
content to the problem of biological organization. Harrison fits in that 
tradition. He did not begin a radically new school by building a new 
paradigm in contrast to a well-defined mechanistic opposition. Rather, 
he belongs to the first generation that made explicit experimental 
investigations into developmental processes of coordination. As Ritter 
noted, one of the important roots of contemporary organicism is to be 
found in the American school of embryology, but these early organicists 
did not differentiate themselves markedly from contemporary mechan� 
ists. I nstead they shared problems and approaches, differing more in 
stress and interpretation than in dogma. 

As Harrison began his work on limb symmetry, he moved more 
deeply into the organismic paradigm with its natural metaphors and 
community associations. H e  was led to contemplate the molecular 
basis of symmetry and to adopt the liquid crystal image with its im­
plication of dynamic structure. He was excited by Needham's Terry 
Lectures and sought out Astbury to collaborate on electron microscope 
work. Finally, in his own Silliman Lectures he formulated his theory of 
the organism and development. We have seen in the second section of 
chapter 3 precisely how that theory was based on an organismic para­
digm (see pp. 94- r oo above ) .  We have also traced the connection or 
Harrison 's views on the matter with Needham's. 

Harrison assiduously avoided polemics and philosophical extremes. 
He was a typical nineteenth-century agnostic liberal (who nonetheless 
voted for Eugene Debs for president because of his imprisonment for 
political reasons ) .  His bent was toward careful experimental investiga­
tion oflarge problems. His syntheses and overall directions were al·ways 
definitely linked to work in the laboratory. Such a person is ill suited 
to participate in the more dogmatic as peels of paradigm building. His 
organicism is not identical to that ofNeedharn and Weiss, both because 
Harrison 's problems emerged from different earlier traditions (develop­
mental mechanics instead of biochemistry or animal behavior and 
engineering) and because he would not commit h imself on an ultimate 
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position on the autonomy of biological laws. According to Hein's 
criterion, Harrison was in the end a qualified reductionist : he tended 
to believe that a single set of principles would result from science. I n  
the meantime h e  did not press this conviction. H e  reasoned that it 
would be more rewarding to examine the possibilities of investigat;on 
on every level of organization. But according to more relaxed criteria, 
Harrison was a qualified organicist. His choice of problems, his style of 
interpretation, his favorite metaphors, his intellectual fraternity�all 
were appropriate to the organismic paradigm. He rejected the over­
simplifications of machine-model interpretations of development. His 
own work, a major contribution to field theory, underlies the best 
current work on systematic and dynamic patterns. Kuhn's notion is 
partially useful in understanding Harrison's significance, but the idea 
must not be overextended. 

For .Joseph Needham, Kuhn's model is much more helpful ,  perhaps 
because Need ham was so much more given to explaining the changes in 
his ideas. He was led into organicism as much or more by philosophical 
and political opinions as by the requirements of his experimental 
material. There is a definite break in Needham's thought and work. 
H e  associated with a different group, namely, the Theoretical Biology 
Club. His images changed ffom automotive gear shifts to fields, or­
ganizers, and liquid crystals. Drawing on the strong visual thinking 
of Bernal, Waddington, and Harrison and on the philosophical per­
spectives of Woodger, Engels, and Whitehead, Needham rerouted his 
whole mode of thought and experiment. He felt he �as participating 
in a major change in biological framework. I ndeed, he felt that his 
organicism was quite different from that of Haldane and Russell, so 
much so that he classified the latter two as vitalists. From a greater 
distance this split is less defensible. Needham had a tendency to begin 
with the solution to a problem and to develop language and experi­
ments suitable to his conviction. Use of the terminology ofindividuation 
and evocation is an example. Harrison found these terms a bit funny, 
if not mysterious, but in the end, Harrison and Needham spoke of the 
organism in very similar terms. They shared language, images, and 
experimental concerns. 

Needham's intense belief in social progress conditioned his percep� 
tion of the nature of the division between organic and inorganic. He 
regarded biology as an autonomous science---· its generalizations would 
remain logically independent from those of physics and chemistry. 
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However, there existed a continuous, graded series of levels of com­
plexity. He did not separate the levels of the cosmic hierarchy to the 
same extent that Weiss did but  perhaps more than Harrison would 
permit. According to Hein's criterion, Needham must be classified an 
unqualified organicist. Further, the notion of paradigm revolution 
illuminates his intellectual development. 

The paradigm model is useful in looking at Paul Weiss as well. He 
interpreted his own work in revolutionary terms, early in relation to 
the framework ofjacques Loeb and later i n  relation to the reductionist 
camp. According to all three criteria of metaphor and language, 
community association, and revolution, Weiss worked within a defin­
able organismic paradigm. But he is separate from the organicism of 
Harrison and Need ham ; he is more extreme. Over the problem of 
continuity between organic and inorganic, the origin of life, Weiss 
separated himself. From Hein 's perspective he should be called a 
vitalist. I t  is interesting to compare Weiss's article in  Be)!ond Reductionism 
with Waddington's work in the series Towards a Theoretical Biology. I f  
both individual contributions, and indeed the overall direction repre­
sented by both volumes1 arc forrrls of organicism, they are critically 
different as well. The participants in the Alpbach group, within which 
Waddington held himself apart, leaned toward vital ism on two issues : 
the origin of life (the unabridgeable split between living and nonliving) 
and evolution ( the role of inheritance of acquired characteristics and 
a mysterious kind of directive force) . 2  Both Waddington and Weiss 
tend to reason mathematically more than H arrison or Needham, but 
they use mathematical tools for different ends. Clearly, the division 
between organicism and reductionism or between variants of organic­
ism does not lie i n  the presence or absence of mathematics. 

Let us return to the general questions of this chapter. Is Kuhn's 
model useful in this area of biology? If so, has a new paradigm arisen ? 
And do Harrison, Needham1 and Weiss really share the same para­
digm ' I n  his reply to his critics in Criticism and the Growth of Knowledge, 
Kuhn argues that distinct paradigm groups should show partial in­
comprehension of one anothers' views and talk past one another on 
crucial issues. This property characterizes the mechanism ---vitalism 
debate as well as the controversy between organicists and reductionists. 
�lorcovcr, it has already been established that there are good grounds 

2. For a good discussion of these matters, see.Joravsky ! 9 /"'1, PP- 23 -'JS 
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for separating the contemporary dispute from the traditional one. The 
positive evidence fOr a revolutionary change in Harrison's, Needham's, 
and Weiss's perspectives comes from restructuring of group commit­
ments, change of language and metaphor, and reorientation of experi­
mental concerns and interpretations. For example, even before 
Harrison had finished his research on the limb field, and thus before his 
organicism was� fully explicit, he identified a crisis in anatomy by 
contending that animal structure should be studied as formative 
process. Negative evidence: strongest for H arrison, arises from the 
continuity of work on basic questions, such as the relation of cell to 
organism, among so-called mechanists such as Weismann and or­
ganicists such as Wilson or Harrison. Furthermore) Kuhn's idea that 
establishment of a new dominant paradigm should result in a period of 
progress and normal science and in the death of previous polemics does 
not apply. Organicists, a minority group in terms of overt allegiance 
to the framework, continue to engage in polemics, often in vague terms 
that are hard to relate to actual experimental issues. Most biologists 
would admit that even today no adequate theory of the organism exists, 
from whatever perspective. In that sense, biology has not reached the 
paradigm phase of development. But however mature the science 
according to the standards of theoretical physics, a great deal of theory 
and practice exists for which the paradigm model is enlightening. 

Harrison, Needham, and Weiss differ in their spontaneous use of 
visual imagery, but they borrow from common sources so that in the 
end they are quite similar. They vary also i n  their perception of be­
longing to distinct paradigm communities and in their final positions 
on the continuity ofliving and nonliving. Nevertheless, they are closely 
related in their insistence that form is the central focus of biology, in 
their choice of experimental problems appropriate to organicist inter­
pretations, in their lack of conviction that genetics is the key to biology, 
and in their use of revealing metaphors such as liquid crystal and field. 
Seeing problem sets to be like one another is a basic quality of a shared 
paradigm. They are inclined to agree in their interpretations of hierar­
chical organization in cell structure, organismic symmetry, and 
overlapping fields. 

I t  is  possible to argue that the organicism of Harrison and I\� eedham, 
and often that of \·Veiss, is really a variant of contemporary neomechan­
ism or reductionism rather than either a variant of vitalism or an 
entirely new paradigm. But this position is unhelpful. Let us look at a 
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partial list of metaphors, objects, and problems that are relevant from 
three different perspectives. The traditional mechanist sees similarities 
between the organism and actual machines such as the steam engine, 
hydraulic pump, or a system of levers and pulleys. The neomechanist 
builds a similarity set from codes, the molecular basis of genes, lan­
guage, computers, and the organism. In this context the word mechanist 
is used only to indicate a particular tendency to single out problems 
and metaphors, not to indicate a philosophical dogma. The organicist 
tends to see similarities in the structure of molecular populations, the 
cell, the \-vhole organism, and the ecosystem. System laws would apply 
at each level. Concrete analogies an� drawn from models, gestalt 
phenomena, fields, liquid crystals, and also computers. These lists 
suggest that persons holding one of the three perspectives would be 
inclined to work on d ifferent experimental problems and to interpret 
the results in different language. There is significant overlap among all 
three categories ; for example, both organicists and neomechanists are 
in terested in cytoplasmi<: structure and in  computers. Recognizing 
paradigm commitment is similar to the problem of recognizing bio­
logical species. l l  is inappropriate to rely on a single type but crucial to 
cluster objects into similarity sets. Thus we return to the illative sense 
described in chapter 2, \vhich allows a person to recognize what is like 
and unlike. For Harrison the l imb field is like a liquid crystal and unlike 
a jigsaw puzzle. For Needham the embryo is like history interpreted 
from a Marxist viewpoint and unlike an automobile with gear shifts. 
For Weiss butterfly behavior is like a random search and self-correcting 
device and unlike a deterministic stimulus-·responsc machine. Such 
a catalog could be continued indefinitely, but the basic point is that 
organicists) even granting their internal differences, share central 
perceptions on the level of images and language. These perceptions 
underlie their philosophical and explicit verbal commit ments. \Ve are 
indebted to Kuhn for stressing the extralogical d imensions of scientific 
investigation. Using the paradigm model as a tool, we are able to see 
some of the role oft he imagination and emotion in theory building. 

But most important, we can discr-rn the fundamental differences 
bet\'>'een organicist and reductionisL Frorn their emotional, psycholo­
gical, and linguistic preferences, we sec tha t organicists continually 
return to a modified philosophical realism. The debate over the status 
oflaws becomes a debate over the nature of form. Organicists reject the 
rcductionistic approach primarily because they refuse to see the world 
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in single terms. They share a root faith that the task of the scientist is 
not merely to order and test our own generalizations. Experimentally 
grounded organicism has aimed at constructing a reformed realism 
that would contribute to the great poet-scientist's goal "to restore to 
the intellect its old privilege of taking a direct view of nature" (Goethe 
1 952, p. 238) .  Ross Harrison's deep admiration for Goethe was seminal 
and prophetic. 
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Lac repressor, 1 1 9n 

Leibnitz, Gottfried Wilhelm, 1 8  

Levels: Harrison's treatment of, 94-95; in 
dialectical syntheses, 1 3 6 ;  in Weiss's 
analysis, 148-49; idea linked to limits, 
185. See also Boundaries; Hierarchy; 
Limits; Organization 

Levi�Strauss, Claude, 1 6  

Lie big, J ustus, 20n, 49 

Life: Weiss's definition, 185 

Lillie, Frank Rattray, 35 

Lillie, Ralph S., 92n 

Limits, 185, 189. See Boundaries; Meta­
phor; Organization 

Liquid crystals: relation to molecular 
asymmetry, 5 1 ;  Needham's discussion 
of, 9 1 ;  in understanding protoplasmic 
structure, 98-99; relation to sterols, 123; 

Bernal's description of, 133; in living 
systems, 1 43 ;  definition of, 1 43n; as 
key to dynamic structure, 1 8 3 ;  image 
common to Harrison, Needham, and 
Wt'iss, 1 90 ;  Harrison's adoption of meta­
phor of, 2 0 1 .  See also Crystal �etaphor, 
Metaphor, Paracrystalline organization 

Locke,john, 1 8  

Loeb, J acques: a s  mcchanist, 2 0 ;  doctrine 
of animal tropisms, 2 1 ;  work on artificial 
fertilization, 2 2 ;  scientific naturalism of, 
127-28; relation to Weiss, 148, l48n, 

183 
Ludwig, Karl Friedrich Wilhelm, 20 

Mach, Erns<, 7n, 84 

Machine: as antithesis of system, 1 8 5  



Machine metaphor: role in mechanism and 

vitalism, 6, 1 9 ,  26-27; alternatives to, 

23; relation to regulation, 3 1 ;  for 

protoplasm, 67 � strains in, 85;  relation 

to ultimate unit, 94; Needham's use of, 

1 05-07; opposed to reductionism, I49n; 

in synthesis of ce!J, 1 7 2, 1 7 3 ;  inadequacy 

of, 2 0 1 .  See also Mechanism; Metaphor; 

Organicism; Vitalism 

Macrocrystallinity: in self-assembly, 1 8 6  

Macrocrystallinity metaphor, 1 6 8 .  See also 
Paracrystalline organization 

Magnet: as analogy for organism, 66, 80n 

Mangold, Hilde, 14, 1 1 5  

Marxism: influence on Needham, 1 5, 1 03, 

1 28, 1 35-37; relation to organicism, 38, 

1 03 ;  relation to structuralism, 1 3 7n 

Mastermann, Margaret, 1 88-89 passim 

Materialism: relation to mechanism, 1 1 2, 

198. See also Mechanism 

Mathematics: relation to science of form, 

44, 1 4 0 ;  in field theory, 58; distinguished 

from mechanical explanation, 140; not 

central to organicist-reductionist dif­

ference, 203 

Maxwell, Clerk, 24 

Mechanism: relation to vitalism, 2, 38; 

strains in, 25; defined by Bertalanffy, 

26-27; Harrison's search for, 7 6 ;  Hani­

sons's retention of, 85; Spemann's rela­

tion to, 88; Needham's relation to, 1 1 1 -

1 2, 1 2 7-28; in animal behavior, 148;  

relation to organicism-vitalism, 192-99; 

varieties of, 1 9 3 ;  relation to reductionism, 

1 95 ;  changes in meaning, 1 9 6 ;  difference 

from materialism, 1 9 8 ;  strengths and 

weaknesses of, 199. See also Machine 

metaphor; Organicism; Reductionism; 

'.'ita! ism 

Mcchanism-vitalism debate: relation to 

Roux-Driesch experiments, l2n; history 
of, 1 7-32 

Mechanistic paradigm: Driesch's expecta­

tions within, 6 ;  relation to machine 

metaphor, 6; Needham's early work 

within, 1 03; idea of structure in, 1 1 3 ;  

Schaffncr's use of, 1 75. See also Paradigm 
Mechanistic Quadrumvirate, 20 
Medical materialists, 20 

Membrane properties: in theories of cell 

movement, 1 6 7-68 

Merleau-Ponty, Maurice, 25n 

INDEX 

Metaparadigm, 1 89, 1 9 2  

Metaphor: visual imagery in, 2 ;  relation to 

paradigm, 2, 1 8 8 ;  development from 

machine to organic system, 7 ;  in posi­

tivist ana:ysis, 7 ;  use in explanation, 9, 

106-07; defined, 9n; in search for limits, 

9, I 0; predictive ability, l 0; relation to 

mechanism-vitalism, 38; key to Harrison's 

organicism, 86; Needham's use of fibers 

as, 1 27 ;  Ncedham's criticism of in ex­

planation, 1 28 ;  as basis of resonance 

principle, 1 5 3 ;  in explanation of nervous 

system, 1 5 3-54; Weiss's variety of, 186; 

fruitfulness for biology, 1 89 ;  limits of, 

190; convergence of, 1 9 6 ;  shared by 

Harrison, Needham, and Weiss, 204; 

compared for organicist, reductionist, 

mcchanist, and vitalist, 205. See also 

Crystal; Fabric metaphor; Field; Liquid 

crystal; Machine 

Metaphysics, 1 95 

Method: Harrison's use of, 7 l  

Mettrie, J ulien de la, 1 9  

Microtubuks, 4 1  

Mill, ] .  S., 84 
Models: Hesse's position on, 8; for patterns 

of organisms, 48; Harriso n's use of, 92; 

molecular,. in explanations of asymmetry, 

98-99; Needham's criticism of, 1 1 2 ; 

topological, 1 4 1 ,  1 9 0 ;  mathematical, for 

growth, 1 8 1 ;  in paradigms, 188,  189. 

See also Metaphor 

Modulation, 1 5 3  
Molecular biology; nonreductionist inter­

pretation of, 46, 49n; Harrison's relevance 

to, 65, 7 5n; first uses of term, 89n; 

theories of cytoplasmic structure in, 89n; 

in reductionist perspective, 1 4  7-; relation 

to studies of self organization, 1 74; as 

molecular ecology, 1 8 2 ;  organicists' 

suspicion of, 1 9 7  

Molecular ecology: as unification o f  field 

and particle dichotomy, 1 80, 182 

Molecular form. See Form 

Molecular specificity: relation to growth 

control, 180-81 

Monism, 1 9 8  

Monist League, 2 1  

Morgan, C. Lloyd, 22, 37, 38, 9 5  

Morgan, Thomas Hunt, 65n, 89n 

Morphe, 1 7 7  

Morphog-enesis: studied b y  tissue culture, 72 
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Morphogenetic hormones, 47 

Morphology: Goethe's introduction of, 40 

Moscona, Aron, 163, I63n 

MUller, J ohannes, 1 2n, 36 

Myosin, 47 

Nagcl, Ernst, 26n, 2 7 

N<i.'gdi , Car!, 20 

Nature: approached through science, I ;  

objective descriptions of, 2, 2n; as series 

of dialectical syntheses, 136; as patterned, 

1 4  7; belief in inherent structure of, 1 9 8-

99; vision of, as scientist's goal, 206 

Needham, Dorothy, 14, 47n, 1 35 

Necdham, John, 193 

Needham, J oseph: analysis of organicism 
of, 13, 38, 202-03; student of F. G. 
Hopkins, 1 4; goal to unify biochemistry 
and morphogenesis, 1 4, 1 0 1 ;  influence 
of Christian socialism on, 15,  l35n; 

relation to Marxism, 1 5, 2 1  n, 38, 135-

3 7 ;  history of mechanism-vitalism by, 
18, 1 02; criticism of J .  S. Haldanc, 36; 

ideas on organic form, 44-46 ; on im· 
portance of myosin studies, 4 7 ;  views o n  

symmetry on molecular level, 5 1 ;  theory 
of liquid crystals, 9 1 ;  relation to Harrison, 
91-92, 1 24; compared to Harrison and 
Weiss, 100, 1 23, 203-05; early work and 

training, 1 0 1-02; focus of experimental 
work before 1 934, l 03; discussion of 
recapitulation theory, 1 04-05; use of 
machine metaphor, 105-07; use of fields, 

109-10, 124-25; plan of Chemical 

Embryology, 1 1  0; transition to organ­
icism, 1 1  0-15; collaboration with Wadd­
ington, 1 1 6- 1 7 ;  in relation to the 
organizer, 1 1 7-20, 1 43-46; studies on 

evocator, 1 20-23; experiments on in­
dividuation field, 1 25-26; philosophical 
development of, 1 27-3 1 ;  ideas on 

enzymes, 1 3 1-32; relations with Rocke­
feller Foundation, 1 3 4 ;  importance of 
rdigion for, 1 35-36; influence of White­
head on, 1 3 7-38; rejection of Bohr's 
position, 140; theory of development, 
J 4 1 ;  as nonvita!ist, 1 95 ;  early reduc­
tionism of, 1 9 8 ;  importance of autonomy 
of biological laws for, 1 9 8  

Neomechanism: relation t o  organicism, 
39, 204; Needham's adherence to, 1 27-

28; compared to Needham's organicism, 

2 2 7  

1 3  7 .  See also Mechanism; Reductionism 

Nerve fiber: origin of, 68-70 

Nerve repair: Weiss's studies of, 157-58 

Nervous system: Harrison's experimental 

study of development of, 67-73; Harri­
son's discussion of, 97-98; Weiss's 

analysis of, 1 5 1  

Neuron, 68-70 

Neuroplasm, 1 59-60 

Neuroplasmic flow: in analysis of pro to· 
plasmic structure, 160-61 

Newman,john Henry, 42. See also lllative 

sense 

Newt. See Amblystoma 

Newton, lssac, 1 8  

Nicholas, John, 7 8n 

Normal science: relation to paradigm, 3, 

5-6; and revolution, 192. See also 

Paradigm 
Nostalgia; analogous to conatus, 23 

Nussbaum, Moritz, 1 3, 65 

Operationalism, 7-8 

Optical isomerism. See Isomerism 
Organic form: concretizatio n of metaphor 

of, 1 2 ;  differentiated from mechanical, 
39; genesis of, 39; as element of organ· 
icism, 39-40; artistic conception as 
guide to science, 40; in relation of art 
and nature, 40, 4 7; importance of anat­
omy for, 43; Harrison's discussion of, 
43-44; Needham's ideas on, 44-46; as 
sequence of developmental processes, 
4 7 ;  symmetry relations in, 49. See also 

Coleridge; Form; Goethc; Metaphor 
Organicism: in relation to mechanism and 

vitalism, 2, 62, 192-99; relation to 
crystal, 1 1 ;  relation to structuralism, 1 7, 

6 1 -63, 1 08; as developed by Bertalanffy, 
26; relation to reductionism, 26n, 1 9 5 ;  

relation to vitalism, 30, 37n, 196-97; 

key concepts in, 32; history of term, 
33-39; relation to physiology, 36; as 
developed by j. S. Haldane, 36-37; 

priority disputes over, 37-38, 38n; rela­
tion to neomecbanism, 39, 1 3 7, 204; as 
fruition of Coleridge's ideas, 48; impor­
tance of symmetry studies in, 48; as 

transcending dichotomies, 56, 62, 90; 

need for, 5 7 ;  in explanation of harmonic 
equipotential systems, 7 4-75; rekvan<;e 

of Spemann's organizer to, 8 7-88, 1 1 8; 



Organicism (continued) 
theory of development, lOO;  in Soviet 

Union, 1 3 7n; historical variants of, l 7 l n; 

relation tO empirical test, I 72n, 1 84; in 

molecular biology, 1 74; as distinct 

paradigm, 1 8 9 ;  as philosophical realism, 

1 9 7 ;  strengths and weaknesses of, 1 99 ;  

o f  Harrison, compared to Needham and 

Weiss, 2 0 l -02 ; of Needham, 202-03; of 

Weiss, 203. See also Mechanism; Organ· 

ismic paradigm; Reductionism; Vitalism 
Organicists: lineages of, 38; contrasted wlth 

reductionists, I 73-74 

Organic mechanism, 1 5, 45 

Organism: as prototype of structure, 63;  

fundamental nature of, 1 1 2 ;  Whitehead's 

philosophy of, 1 37-38; as system, 1 7 6-

7 7 ,  1 8 4 ;  lack of theory of, 204 

Organismalism, 34-45 

Organismic approach: relation to experi­

mental morphology, 36; as source of 
analogies, 1 90 

Organismic paradigm: relation to organic 

form, 1 3 ;  relation to mechanism and 

vitalism, 39;  in polarity studies, 5 2 ;  

degree of Harrison's adherence to, 64-

65, 77, 85, 1 99-202; in studies of nervous 
system development, 67-73; Needham's 

relation to, 1 0 1 ,  1 10-15, 202-03; relation 

to the Theoretical Biology Club, 1 3 1 -34; 

convergence o f  disciplines in, 134; in 

developmental biology, 1 4  7; tissue archi­

tecture studies in, 1 63 ;  idea of structure 

in, 1 8 3 ;  language of, 1 83 ;  in Weiss's work, 

1 8 7, 203. See also Organicism 

Organization: as vitalist term, 2 3 ;  as central 

problem, 35, 85, 1 96-97; relation to 

organicism, 38, 62, 1 85 ;  Aristotle's views 

on, 40; and energy, 45;  Harrison's position 

on, 65, 83, 94--96, 1 00; paracrystal as 

intermediate form of, 93; Needham's 

position on, 1 0 1 , 1 08, 1 1 4- 1 5, 1 26 ;  

Woodger's approach to, l l ln; central to 

theoretical biology, 1 29 ;  Weiss's theory 

of, 1 65, 1 76-77; compared for reduc­

tionist and vitalist, 1 75 ;  hierarchical, 

difference between organicism and 
reduction ism, 1 85. See also Hierarchy; 

Levels 

Organizational levels. See Boundaries; 

Levels; Organization 

INDEX 

Organizer: Harrison's critique of, 87-89; 

Needham's discussion of, l l 3 ;  early 

history of, 1 1 5- 1 6 ;  Needham's and 

Waddington 's work on, ·11 7-2 1 ;  post 

World War II history of, 143-46; spec­

ificity of, 144-45; \Veiss 's approach to, 

1 79-80. See alw Evocator : Individu.ttivn 

field; Induction 

Organizing relations: Woodger's term, 28; 

Needham 's discussion of, 129-30; on 

biological levels, 139 

Origin of life: Wciss's treatment of, 1 8 7 ;  

relation w vitalism, 203 

Pander, Heinrich Christian, 28 

Pantin, C. F. A.: ideas on relation of 

physics to biology, 25, 26n; importance 

of visual sense for, 42; position on reduc­

tionism, 1 94 

Paracelsus ,:Theophrastus Bombastus von 

Hohenheim), 1 8 

Paracrysta!line organization: importance for 

Necdham and Harrison, 91-92; in ex­

planation of limb and ear systems, 9 3 ;  

Needham 's ideas on, 1 25; i n  study o f  

cartilage matrix, 1 6 5 .  See also Liquid 

crystals; Organization 

Paracrystals. See Liquid crystals 

Paradigm : introductory discussion of, 2-7; 

role of metaphor in, 2 ,  3 ,  5 ,  9n, 1 3 ; re­

lation to biology of, 2, 7, 1 6- I  7, 1 72n, 

203-06; charge of subjectivity against, 

3 ;  changes of, 3, 5, 199;  key aspects of, 

3, 1 88 ;  relation to normal science, 5 ;  

philosophic commitments in, 6 ;  relation 

to nature, 7 ; models from physics and 

biology fer, 8; analogous to gestalt, 1 1 ;  

role of ae£thetic dictates in, 1 3 ;  role of 

symmetry, polarity, and pattern in, 4.8; 

Weiss's statement of commitment to, 

1 8 3 ;  multiple meanings for, 1 8 8 ;  non­

equivalence of mechanism-vitalism to 

organicism-reductionism, 195-97. Set' 
also Mechanistic paradigm; Organismic 

paradigm ; Paradigm community 

Paradigm community: Alpbach Symposium 

as, 1 6 ;  Theoretical Biology Club as, 16, 
9 1 ,  134; o:-ganicist lineages as, 38;  Harri­

son's participation in, 85-86; link be· 

tween Harrison and Needham, 89; 

Frensham group as, 149n; in study of 
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Harrison, Needham, and Weiss, 1 9 1  

Parts: in doctrine o f  organic form, 39 

Pascal, B!aise, 1 8  

Pasteur, Louis, 49-50 

Pattern, 4 7, 48, 70 

Pauling, Linus, 46 

Pf!Uger, Eduard fricdrich Wilhelm, 29 

Physics: relation to biology, 4, 26, 83,  86, 

95, 1 1 2 ,  1 1 4, 194; relation to psychology, 
56; relation to biological fields, 59 

Physiology, 2 l n, 44, 70 

Piagct,Jean, 16, 6 1 ,  1 8 4  

Plato: Need ham's relation t o ,  44, 1 28-29 

Polanyi, Michacl, 25n, 26n-27n, 149n, 

I 84n 

Polarity: critical to nonmechanistic para· 
digm, 48; central discussion of, 52-54; 

Harrison's definition of, 66; in egg, 89 

Popper, Karl, 190-91 

Positivism: views of science, I ;  place of 
metaphor in, 7 ;  language in, 7 ,  8;  general 
discussion of, 7-9; antirational nature 
of, 128 

Preformation: studied in amphibian limb 
system, 73-74; doctrine of, 8 6 ;  in light 
of organizer, 88. See also Epigenesis; 
Determination 

Priestly, J. G., 2 3  

Prizbram, Hans, 9 2  

Process: relation t o  structure for Weiss, 
1 72-7 3 

Proteins: study of structure of, 46; impor· 
tance for cdl structure, 4 7 ;  oriented 
structures of in limb, 8 1 -8 2 ;  importance 
for Harrison, 89-9 1 ;  importance for 
Ncedham, l08;  importance for field 
thinking, 1 2 5-26 

Protoplasm: structural studies of, 65, 

160-6 1 ;  analogy of magnet for, 66; 

crystal analogy used for, 80n; structure 
of, importance for Harrison, Needham, 
and Weiss, 1 78 

Protoplasmic bridges, 69-70 

Psychology: relation to biology and physics, 
56 

Rana, 68 

Realism: as philosophy of science, I ;  and 
organicism, 3 7, 19 7, 205-06 

Recapitulation: Needham's discussion of 
doctrine of, 1 04-05 

Reduction: definition of, 194 

Reductionism: relation to mechanism, 24, 

26, 1 9 5 ,  1 9 6 ;  in biological explanation, 
45, 84; relation to organicism, I 48n, 

I 73-74; Weiss's critique of, I 7 1 -7 5, 

183-84; relation to empirical test, l 72n; 

relation to Harrison, 202 

Regeneration: Harrison 's studies of, 65-67; 

Weiss's studies of, 1 6 1-62 

Regulation: importance for organicism, 28; 

central to mechanism-vitalism debate, 5 0 ;  

from Gestalt perspective, 5 7 ;  use of 
chreod concept for, 60; in notion of 
structure, 6 1 ;  of form and function, 76n; 

of growth, 77-79; Harrison's focus on, 
85 ; importance for developmental biol­
ogy, 1 4 1 ;  term in rcductionism, 1 8 6  

Religion: importance for Needham, 
1 3 5�36 

Resonance, 1 53 

Revolution: as aspect of paradigm, 5, 188, 

1 9 2  

Ritter, W .  E . ,  34, 3 8  

Ritterbush, Phillip, 1 1 - 1 3  passim, 40 

Rockefdler Foundation, 134 

Roux, Wi!helm: relation to Descartes, 18;  

as mechanist, 18, 20; application of 
physiological mechanism to embryology, 
2 1  n; influenced by Wcismann, 29; influ­
ence of experiments of, 29-30; on self 
versus dependent differentiation of parts, 
35, 7 1 ,  8 6 ;  on periods in development, 
6 8 ;  debt of embryology to, 1 7 9  

Rubncr, Max, 20n 

Russell, E. S., 23, 3 7 ,  38 

Sachs , J ulius, 20, 2 1  

Saint-Hi!aire, Geoffroy, 34 

Schaffner, Kenncth: defense of reduction-
ism, 1 74-75 

Schleiden, Matthias J acob, 1 2 

Schultze, Max, 43 

Schwann, Theodor, 35, 68 

Schwind,.Joseph, 7 8  

Science: nature of, 1-3 

Self-differentiation: Harrison's analysis 
of, 7 1  

Self-organization: organismic versus mech­
anistic explanation of, 1 6 6 ;  in constitution 
of a field, 1 6 7 ;  limits of, 1 6 9 ;  Weiss's 
concept of, 1 8 7  
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Shape: Weiss's analysis of specific, in 
cartilage, 162-63 

Sherrington, Charles Scott, 35 
Silliman Lectures (1949): as summary of 

Harrison's organicism, 65, (}4-100 
Simon, Michael, 197 
Slime maids: as contrast between unity 

and higher order, 9 7  
Smith, Adam, 2 0  
Smuts, J .  C., 3 7 ,  38, 95 
Socialism: in science, 2 l n. See also Marx­

ism 
Sociological paradigm, 189. See also Para­

digm community 
Soviet Union: organicism in biology of, 

1 3 7n 

Spemann, Hans: discovery of organizer, 
14, 88, 1 1 5 ;  Silliman Lectures of, 2 9 ;  

relation t o  Entwicklungsm echanik, 3 0 ;  
debt t o  Bovcri, 5 3 ; as organicist, 6 4 ;  work 
on ear vessicle inversion, 7 3 ;  on molecular 
basis of organization, 89n; use of field 
concept, 1 7 7  

Spencer, Herbert, 200 
Spider web: in studies of nerve fiber, 7 2  
Stahl, Georg Ernst, 1 9  
Starling, Ernest Henry, 35 
Stereochemistry, 5 1  
Stereotropism: in theories o f  nerve fib er 

development, 72-73 

Sterols, 1 2 1 ,  1 23 

Stone, Lean, 78n 

Strangeways Laboratories, 1 34 
Streeter, G. L., 7 3  
Structural chemistry: history of study of, 

46 
Structuralism: from biological standpoint, 

52n; relation to organicism, 6 1 -6 3 ;  rela· 
tion to Marxism, 137n; unification of 
genesis and structure in, 1 8 7  

Structure: and organicism, 4 1 ;  and func­
tion, 44, 46, 67-68, 70, 8 1 ;  on chemical 
level, 45; defined by Piaget, 6 1 ;  relation 
to Gestalt, 6 2 ;  as organism, 6 3 ;  primary 
concept for Needham, 1 0 8 ;  molecular, 
of protoplasm, 1 4 2 ;  relation to process 
for Weiss, 1 72-73; difference in concept 
for organicist and mechanist, 183.  See 

also Function 
Supracellular processes: in cell reassocia­

tion studies, 164 
Swctt, Frank, 78n 
Symmetry: in bond of art and biology, 4 1 ; 

INDEX 

central discussion of, 48-5 1 ;  as basis of 
inorganic form, 48-49; on molecular 
level, 5 1 ;  Harrison's study of, 65, 73-77, 
98, 2 0 1 ;  relation to polarity and recapit­
ulation, 66; when axes determined in 
limb, relation to, 75-7 7 ;  studies of, on 
ear and grill, 77n. See also Asymmetry 

Synthesis: limits of, 185 
Synthetic cell, 1 7 1  

Systems: Riuer's use o f  term, 34; relation 

to organicism, 38;  Harrison 's use of 
terminol ogy, 8 8 ;  Weiss's treatment of, 
149, 175, 1 8 5 ; relation to fields, l 7 9n; 
organisms as, 184 

System3 theory: early history of, 149n 

Teleology, 1 1 2. See also Ente!echy 
Terry Lectures (1935): Needham's theory 

of development in, 1 5 ,  9 1 ,  103, 1 38-43 
Thaxted Church : as congregation of Chris­

tian socialists, 1 35n 
Theoretical biology, 1 29 ,  1 30n 
Theoretical Biology Club: importance for 

organicism, 4, 1 0 2 ,  I 3 1 -34;as paradigm 
community, 4, 9 1 ,  1 9 1 ;  emphasis on 
form question, 6qn,· participants in, 132-
3 3 ;  topics discussed, 1 3 3  

Thompson, D'Arcy Wentworth: theory of 
transformations of, 13; and organic form. 
40; and mathematical science of form, 
44; introduction of biological fields, 1 0 9 ;  
Weiss i n  tradition of. 180, l S l n 

Tissue: studies of architecture of, 1 63-65 
Tissue culture: Harrison 's introduction and 

use of, 1 3 ,  7 l - 7 3 ;  in Weiss 's study of 
the nervous system, 16, 155; applied to 
morphogenetic problems, 7 2 ;  Harrison 's 
discussion of, 83, 96 

Tissue metaphoL. See Fabric metaphor 
Tissue organization, 1 70-71 
Topographical models, 1 25 
Topology, 133. See also Mathematics 
Toulmin, Stcphen, 1 9 2  
Transformation, 4 1 ,  6 1 .  See also Organ-

icism; Structuralism; Structure 
Triton, 1 1 5  
Tropisms, 2 1 ,  2 l n, 148,  184 
Trypsin dissociation, 163n, 164 
Twitty, Victor, 42,  78, 78n 

Units: search for ultimate, 94. See also 

Parts 
Urea: synthesis of, 20 
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Vcrworn, Max, 200 
Virchow, Rudolf, 2 1 ,  2 l n, 43 
Virus: role of organic form in analysis of, 

4 1  

Visible College, l 35n 

Visual imagery, 53n, 190, 204. See also 

Illative sense 

Visual sense: importance for study of 
organic form, 4 1 -42, 53n 

Vital energy: and laws of thnmodynamics, 

194 

Vitalism: relation to mechanism, 2 ,  28,  38,  

193-94; relation to organicism, 33-34, 
37n; 196-97; E. S .  Russell's views on, 3 7 ;  
relation t o  asymmetry, 48,49-5 1 ;  rela­
tion to structuralism, 63; Spemann's 
relation to, 64, 88; in explanations of 
limb system, 7 6 ;  and doctrine of hier­
archical organization, 94-95; Needham 's 
rejection of, 1 1 2, 128; summary of rela­

tion to organicism and mechanism, 1 9 2 -
9 9 ;  forms of, 1 9 3 ;  in Weiss's theory o f  

cell origin, 203. See also Mechanism; 
Organicism; Structuralism 

Yachting, Hermann, 2 l n  
Vogt, Karl, 20 

Vries, Hugo de, 200 

Waddington, Conrad Hal: member of 

Theoretical Biology Club, 5, 1 3 3 ;  col­

laboration with Need ham, 14, 1 1 6- l  7 ;  
as organicist, 3 8 ;  development o f  field 

concept by, 59-61, 124;  to biology from 
geology, 59n; participant in Alpbach 
Symposium, 1 84, 1 84n, 203; formaliza­

tion of biological laws by, 1 9 5  

Wcismann, August, 29, 200 

Weiss, Paul: relation to organicism, 1 3, 
38, 148, 203; relation to Harrison, 1 4, 

80, 80n, 8 1 ,  9 7 ,  97n, 1 5 5 ,  l 5 5n, 1 68 ;  
development o f  systems concepts, 1 5, 

38n; to biology from engineering, 1 5 ,  
59n; relation o f  form in biology and 

art, 47-48; views on symmetry on 
molecular level, 5 1 ;  development of 

field the::ory, 55, 58-59, 80, 80n, I 7 7 -

7 9 ;  connection with KOhler, 56n,­
comparison with Needham and Harrison, 
1 00, 203-05; analysis of animal behavior, 

1 5 0; studies of nervous system, 1 5 1-59; 
use of tissue culture, 1 5 5 ;  development 

of fabric metaphor, 1 58-59; studies of 
limb regeneration, 1 6 1-62; experiments 
in cell biology, 1 62-68; theory of cell 

movement, 167-68; importance of tissue 
organization for, l 70- 7 1 ;  critique of 
reductionism, 1 7 1 - 7 5 ;  position on 
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This timely repnnting of Donna Haraway's Crystals., Fabrics, and Fields 
gives cause for two audiences to re.ioice. The first audience includes philosophers, cul­

tural hrstorians, semioticians, sociologists, and anthropologrsts. Thrs group has been 

variously enl ightened, entertained, and enlivened by Donna's analyses of our culture 

and her suggestions for alternative futures. Srnce Donna has been adamant that 

understanding the contextual nexus of origins is critrcal for understandrng history and 

its outcomes, Crystals, Fabrics, and Fre/ds should provide this group wrth r nsrghts into 

how Donna came to her present views. Indeed, I would contend that one of the most 

important precepts in  her most recent pamphlet-namely that "'the relatron' is the 

smallest possible unit of analysis" -can be traced drrectly to the embryological sci· 

ence analyzed in this 1976 volume. No matter what else Donna's philosophy might 

be-----Marxist. feminist affectionate, ironic, cyborgian, anthropocanine-it is thor­

oughly and uncompromisingly epigenetic 

-Scott F. Gi lbert from the Foreword 

locates the myths, 

· is p(;rhaps our most advancPd scir:ntifir storyte l l e r. ShE 

metaphors, and tropcs that undC'rl ic a t('ch no logica! ly 

cornpan ion ab l (� physical vvorld .  \Vithout aban d o n i ng scic n l i fic mr;llwcl-in 

fact, by embracing i t  i n  its fullest applicabil ity-she PXfJO"l(':-, and also cc!!c­

brates our scientific narratives as our clan story. In tlw pron'ss she ·'outs" 

o u r  most fundamental distinctions and unexarnirwd pamdoxf�s: natu rC'/cul­

ture.  w i ld/domesticated, molecular/organic. animal/human.  body/g('fld(:r. d al .  

Crystals, Fabrics. and Field.'>· is thr� f irst  chapt\'1" o f  l l ilrll\\'il.\ 's ( �pie taiP of 

Western science. \Vhen she names it  "mc:taphors that shape ��m br_\'Os." it  

should be c!ear that Pmbryos also shape fwr rnl'tap hors, i'or <;fl(' bl· i J ] iantJy 

i l ! u mi nat(:s the origin and dcpend1:nu: of each in (�ach oth N 

is a professor in tJw 1 - l ist.ory of Consciousrwss [ )epart-

mcnt.  L n i versity of California, Santa Cruz. 
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