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Introduction

Discovery is an extended process of construction, evaluation, and revision.
Reasoning strategies exemplified in biological cases, discussed in the follow-
ing chapters, provide advice that may be useful in future discovery episodes.
Especially fruitful is the perspective that what is to be discovered is a biolog-
ical mechanism. The nature of the product guides the process of discovery.

PART I. BIOLOGICAL MECHANISMS

Chapter 1: Thinking About Mechanisms, with Peter Machamer and
Carl F. Craver

The concept of mechanism is analyzed in terms of entities and activities,
organized such that they are productive of regular changes. Examples show
how mechanisms work in neurobiology and molecular biology. Thinking
in terms of mechanisms provides a new framework for addressing many
traditional philosophical issues: causality, laws, explanation, reduction, and
scientific change.

Chapter 2: Discovering Mechanisms in Neurobiology: The Case
of Spatial Memory with Carl F. Craver

Discovery is an extended process of construction, evaluation, and revision, as
illustrated by the case of the discovery of mechanisms of spatial memory. The
discovery of mechanisms is constrained by phenomenal, componency, spatial,
temporal, and hierarchical constraints. Experimental testing of hypothesized
mechanisms requires techniques for intervening via exciting or inhibiting

Xi
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one stage of the mechanism and then detecting effects at a different stage,
either later or up/down in a hierarchy. Incompleteness and anomalies drive
refinements during discovery.

Chapter 3: Strategies in the Interfield Discovery of the Mechanism
of Protein Synthesis with Carl F. Craver

In the 1950s and 1960s, an interfield interaction between molecular biologists
and biochemists integrated important discoveries about the mechanism of pro-
tein synthesis. This extended discovery episode reveals two general reasoning
strategies for eliminating gaps in descriptions of the productive continuity of
mechanisms: schema instantiation and forward/backward chaining. Schema
instantiation involves filling roles in an overall framework for the mechanism.
Forward and backward chaining eliminates gaps using knowledge about types
of entities and their activities. Attention to mechanisms highlights salient fea-
tures of this historical episode while providing general reasoning strategies
for mechanism discovery.

Chapter 4: Relations Among Fields: Mendelian, Cytological,
and Molecular Mechanisms

Philosophers have proposed various kinds of relations between Mendelian
genetics and molecular biology: reduction, replacement, explanatory exten-
sion. This chapter argues that the two fields are best characterized as investi-
gating different, serially integrated, hereditary mechanisms. The mechanisms
operate at different times and contain different working entities. The working
entities of the mechanisms of Mendelian heredity are chromosomes, whose
movements serve to segregate alleles and independently assort genes in differ-
ent linkage groups. The working entities of numerous mechanisms of molec-
ular biology are larger and smaller segments of DNA plus related molecules.
Discovery of molecular DNA mechanisms filled black boxes that were noted,
but unilluminated, by Mendelian genetics.

PART II: REASONING STRATEGIES: RELATING FIELDS,
RESOLVING ANOMALIES

Chapter 5: Interfield Theories with Nancy Maull

This chapter analyzes the generation and function of interfield theories, the-
ories which bridge two fields of science. Interfield theories are likely to be

xii
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generated when two fields share an interest in explaining different aspects
of the same phenomenon and when background knowledge already exists
relating the two fields. The interfield theory functions to provide a solution
to a characteristic type of theoretical problem: How are the relations between
fields to be explained? In solving this problem the interfield theory may pro-
vide answers to questions which arise in one field but cannot be answered
within it alone, may focus attention on domain items not previously consid-
ered important, and may predict new domain items for one or both fields.
Implications of this analysis for the problems of reduction and the unity and
progress of science are mentioned.

Chapter 6: Theory Construction in Genetics

Progress occurred in theory construction in Mendelian genetics when the
appeal to vague analogies was replaced by fruitful interfield connections to
cytology. William Bateson’s appeal to vague analogies to coupling and repuls-
ing forces, vortices, and vibrations was in contrast with T. H. Morgan’s use
of interfield relations to chromosomes in his construction of the theory of the
gene. Analogies may provide a source for new ideas in theory construction
(as many philosophers have argued), but interfield relations, if available, are
likely to be more fruitful.

Chapter 7: Relations Among Fields in the Evolutionary Synthesis

The synthetic theory of evolution is a multifield theory. According to
Dobzhansky (1937), evolutionary mechanisms at three levels are studied by
different fields. Genetics and cytology study mutations and chromosomal
changes in organisms; population genetics studies the impact of the environ-
ment on populational changes, such as via selection or migration; and, finally,
the study of isolating mechanisms that prevent interbreeding between popu-
lations shows how new species arise. The stage of development of these fields
was crucial to the role they played in the synthesis, showing why Mendelism
and Darwinism, although in conflict from 1900 to 1910, could be productively
related in the 1930s.

Chapter 8: Selection Type Theories with Joseph A. Cain

Selection type theories solve adaptation problems. Natural selection, clonal
selection for antibody production, and selective theories of higher brain
function are examples. An abstract characterization of typical selection pro-
cesses is generated by analyzing and extending previous work on the nature

Xiii
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of natural selection. Once constructed, this abstraction provides a useful tool
for analyzing the nature of other selection theories and may be of use in new
instances of theory construction. This suggests the potential fruitfulness of
research to find other theory types and construct their abstractions.

Chapter 9: Strategies for Anomaly Resolution: Diagnosis and Redesign

Anomaly resolution entails both diagnosis and redesign tasks. Steps and
strategies for localizing and fixing anomalies for scientific theories are out-
lined. The resolution of a monster anomaly in genetics resulted in the discov-
ery of lethal gene combinations. A simulation model for genetic processes
is systematically debugged as an illustration of anomaly localization in a
computational philosophy of science experiment.

Chapter 10: Exemplars, Abstractions, and Anomalies: Representations
and Theory Change in Mendelian and Molecular Genetics

Representations of scientific theories are closely tied to reasoning strategies
for theory change. A scientific theory may be represented by a set of con-
crete exemplary problem solutions. Alternatively, a theory may be depicted
in an abstract pattern, which, when its variables are filled with constants,
becomes a particular explanation. The exemplars and abstractions may be
depicted diagrammatically, as they are in the cases from Mendelian genetics
and molecular biology. One way that a theory grows is by adding new types
of exemplars to its explanatory repertoire. Model anomalies show the need
for a new exemplar; they turn out to be examples of a typical, normal pattern
that had not been included in the previous stage of theory development. A
special-case anomaly indicates the need for a new exemplar or abstraction, but
it has a small scope of applicability. Thus, ideas discussed here are exemplars,
abstractions, diagrammatic representations, and anomalies and the roles they
play in the representation of explanatory theories and in the change of such
theories. Examples come from Mendelian genetics and molecular biology,
including a special-case anomaly for the central dogma of molecular biology,
namely, the discovery of the enzyme, reverse transcriptase, that copies RNA
into DNA.

Chapter 11: Strategies for Anomaly Resolution in the Case
of Adaptive Mutation

The phenomenon of adaptive mutation is an anomaly that has received many
diverse responses. These range from radical challenges to the theory of natural

Xiv
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selection and the central dogma of molecular biology to the claim that adap-
tive mutations are produced via operation of previously known mechanisms.
Examination of this anomaly provides a range of responses, from viewing the
anomaly as a monster, a special case, or a model for all mutations. The case
suggests refinements of strategies for anomaly resolution.

PART III: DISCOVERING MECHANISMS: CONSTRUCTION,
EVALUATION, REVISION

Chapter 12: Strategies for Discovering Mechanisms: Construction,
Evaluation, Revision

This chapter brings together the discussions of Part I on mechanisms and
Part IT on reasoning strategies. It summarizes the view of discovery via itera-
tive refinement and elaborates the way that the characterization and features
of mechanisms aid their discovery. In Section 12.2, the MDC (Machamer,
Darden, Craver) discussion of mechanisms from Chapter 1 is refined and
defended against recent criticisms. Subsequent sections of the chapter sum-
marize and expand earlier discussions of reasoning strategies for construction,
evaluation, and refinement. Construction strategies include schema instan-
tiation, modular subassembly, and forward/backward chaining. Evaluation
strategies serve to assess adequacy. They detect incompleteness and aid in
moving from how possibly, to how plausibly, to how actually the mechanism
works. Anomaly resolution strategies guide diagnosis and repair during revi-
sion. Examples come from molecular biology, biochemistry, immunology,
neuroscience, and evolutionary biology discussed in more detail in earlier
chapters.

XV

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521858879 - Reasoning in Biological Discoveries: Essays on Mechanisms, Interfield
Relations, and Anomaly Resolution
Lindley Darden

Frontmatter
More information
List of Figures
1.1.  Summary of main biochemical mechanisms identified

1.2.

1.3.
1.4.

2.1.
2.2.
2.3.
24.

2.5.
2.6.
3.1.

3.2

3.3.
3.4.
3.5.

4.1.
4.2.
4.3.
5.1
5.2.

at chemical synapses

An idealized voltage-sensitive Nat channel

and the mechanisms of depolarization

Watson’s central dogma diagram

Biochemical and molecular biological sketches

for protein synthesis

Phenomenon and mechanism

Cross section of the hippocampus

Sketch of a possible mechanism for the phenomenon of LTP
Levels in the hierarchical organization of the mechanism
of spatial memory

Abstract experimental protocol

Multilevel experiments

Biochemical and molecular biological sketches

for protein synthesis

A schema for the interaction of microsomal RNA and soluble
RNA-amino acid, 1959

Watson’s central dogma diagram

Schematic view of the role of RNA in protein synthesis
Diagrammatic representation of the stepwise growth

of a polypeptide chain

Mechanisms of heredity

DNA replication

Diagrammatic schema for protein synthesis

The lac operon of Escherichia coli

An allosteric transition in a symmetrical protein

with two subunits

Xvii

page 21

23
29

31
42
43
44

46
56
57

71

78
&3
84

85
105
116
117
140

142

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521858879 - Reasoning in Biological Discoveries: Essays on Mechanisms, Interfield
Relations, and Anomaly Resolution
Lindley Darden

Frontmatter
More information
List of Figures
6.1. General schema for a pattern of reasoning in theory

6.2.
8.1.
9.1.
9.2.
9.3.
10.1.
10.2.
10.3.
10.4.
10.5.

10.6.
10.7.
12.1.

construction

Mendel’s algebraic notation for hybrid cross

Hierarchy of selection type theories

Stages and strategies of theory change

Symbolic representation of Mendelian segregation
Functional representation of normal Mendelian segregation
Diagram for Mendelian segregation

Morgan’s illustration of genes in four o’clocks

Diagram to represent crossing-over

The life cycle of an RNA tumor virus

All possible transfers of directional flow of detailed sequence
information

Actual transfers as it seemed in 1958

Tentative classification of transfers as of 1970

Stages and strategies for discovering mechanisms

Xviii

154
156
201
209
219
221
231
233
237
241

242
243
243
307

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521858879 - Reasoning in Biological Discoveries: Essays on Mechanisms, Interfield
Relations, and Anomaly Resolution

Lindley Darden

Frontmatter

More information

List of Tables

2.1. Summary of Constraints on the Discovery of Mechanisms
Exhibited in the Discovery of the Mechanism of Spatial

Memory page 61

5.1. Relations Between Chromosomes and Genes 136
8.1. Summary of Instantiations for Selection Type Theories 200
9.1. Strategies for Anomaly Resolution and Change of Scope 213
9.2. Criteria for Theory Assessment 217
9.3. List of Diagnostic Queries 223
11.1. Types of Mechanisms for Adaptive Mutation 260
11.2. Strategies for Anomaly Resolution 262
12.1. Features of Mechanisms 280
12.2. Strategies for Discovering Mechanisms 307

Xix

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521858879 - Reasoning in Biological Discoveries: Essays on Mechanisms, Interfield
Relations, and Anomaly Resolution

Lindley Darden

Frontmatter

More information

Acknowledgments

This book would not have been possible without my wonderful collaborators.
Certainly my work would have been much less fun. I’ve learned a lot from
my colleagues and students. I thank all my coauthors for their permission to
reprint our joint articles: Nancy Maull, Joe Cain, Peter Machamer, and Carl
Craver. Beginning in graduate school in the Committee on the Conceptual
Foundations of Science at the University of Chicago, Nancy Maull and I
began comparing the scientific cases we were studying. As we began our
jobs as assistant professors, we completed “Interfield Theories,” reprinted
in Chapter 5. Joe Cain was an undergraduate and master’s degree student at
the University of Maryland, College Park, when we wrote “Selection Type
Theories,” reprinted in Chapter 8.

My visit to the hospitable Center for Philosophy of Science at the Uni-
versity of Pittsburgh led to my collaboration with Peter Machamer and Carl
Craver on “Thinking About Mechanisms.” Peter and I had been in graduate
school together at the University of Chicago and revived shared perspec-
tives in our collaboration. It was a pleasure to work with him and enjoy his
legendary hospitality in Pittsburgh. While Carl was a post-doc at the Univer-
sity of Maryland (for which I thank the Committee on Cognitive Studies),
he drafted “Discovering Mechanisms in Neurobiology” (Chapter 2), and I
drafted “Strategies in the Interfield Discovery of the Mechanisms of Protein
Synthesis” (Chapter 3). Then, with much lively conversation producing new
insights, we rewrote both together. Carl probably talked more about discovery
as a result of my influence, and Carl saw more general ideas about mecha-
nisms than I did as I reveled in the particular details of the protein case study.
Peter contributed vociferous comments. It was a pleasure working with Carl
again as we edited and wrote the introduction for the special issue on mech-
anisms of Studies in History and Philosophy of Biological and Biomedical
Sciences (June 2005). Chapter 12 makes use of several excellent articles from

XX1

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521858879 - Reasoning in Biological Discoveries: Essays on Mechanisms, Interfield
Relations, and Anomaly Resolution

Lindley Darden

Frontmatter

More information

Acknowledgments

that issue. Carl influenced my ideas in Parts I and III more than citations to
his work can indicate. Most recently, his comments on Section 12.2, where I
respond to some critiques of MDC, greatly improved it, even though I didn’t
always take his advice. I look forward to reading the new book he is writing on
mechanisms in neuroscience, which I have purposely not read until I finished
Part I11.

My former student Nancy S. Hall has done much to aid the production of
this book. She is now a Research Associate at the University of Maryland
while maintaining a full-time teaching job at the University of Delaware. She
perfected her abilities as an editor in her work on Stephen Brush’s (2003)
The Kinetic Theory of Gases: An Anthology of Classic Papers with Historical
Commentary, edited by Nancy S. Hall (London: Imperial College Press). That
experience served her well in editing this book. She assembled the review
copy. She proofread every chapter. She compiled the master reference list
and checked citations against references. She helped with the index. She was
there with a friendly call when I needed a prod to stop rewriting Chapters 11
and 12 again! It is difficult to thank her enough for her friendship and all that
she did to bring this book to completion.

Other former students have read various drafts of various chapters and
given me helpful comments, sometimes on short notice. My thanks to Jason
Baker, David Didion, Pam Henson, and Rob Skipper. Members of the DC
History and Philosophy of Biology discussion group were supportively critical
readers of drafts of Chapters 4, 11, and 12. The group changes as people come
and go in the area. I thank especially Dick Burian, Ilya Farber, Greg Morgan,
Jessica Pfeiffer, Eric Saidel, Ken Schaffner, and Joan Straumanis. Also, Jim
Bogen read an early draft of Chapter 12 and supplied new ideas from his own
developing perspective on mechanisms; conversations with him are always
enlightening. Jim Woodward gently challenged me to think more about causal-
ity and the ways our perspectives may be related, something requiring more
work. Bill Bechtel and I have shared similar interests throughout our careers,
first on interfield relations and later on mechanisms. His support and encour-
agement have been important to me. Comments from him, and more recently
from his wife Adele Abrahamsen, provided insights for me from the cognitive
science literature on understanding mechanisms, as reflected in Chapter 12.
My work on anomaly resolution has profited from ideas of Douglas Allchin
and Kevin Elliott. Others who helped on specific chapters are noted in the
first footnote of each chapter. A number of philosophers of science work-
ing on discovery, scientific change, and mechanisms share a Chicago back-
ground and I have profited from their work and from discussions with them.
Perhaps we constitute something of a “Chicago school”: Douglas Allchin,

Xxii

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521858879 - Reasoning in Biological Discoveries: Essays on Mechanisms, Interfield
Relations, and Anomaly Resolution

Lindley Darden

Frontmatter

More information

Acknowledgments

Bill Bechtel, Peter Machamer, Bob Richardson, Stuart Glennan, Scott
Kleiner, Ken Schaffner, Dudley Shapere, Stephen Toulmin, and Bill Wimsatt.
I am very grateful to Michael Ruse, the editor of the Cambridge Studies in
Philosophy and Biology series, who encouraged me to put together this col-
lection and guided it through the review process. Thanks to Ben Cranston,
who scanned several articles, did careful proofreading, and gave me general
encouragement. I thank all of these friends for making possible my lively
intellectual life.

Darren Hick used his considerable artistic skills to redraw all the figures
and tables. I thank him for his work as illustrator. Matthew Barker helped
with indexing.

My work over the years was supported by a U.S. National Endowment
for the Humanities summer grant, an American Council of Learned Soci-
eties grant, several grants from the U.S. National Science Foundation, Gen-
eral Research Board awards from the Graduate School at the University of
Maryland, as well as sabbatical leaves. I visited the Heuristic Programming
Project at Stanford University as the guest of Bruce Buchanan, the Department
of History of Science at Harvard University, the Laboratory for Artificial Intel-
ligence Research at Ohio State University as the guest of John Josephson and
B. Chandrasekaran, the Laboratory of Molecular Genetics and Informatics at
Rockefeller University as the guest of Joshua Lederberg, and the Center for
Philosophy of Science at the University of Pittsburgh. The time for research
and intellectual stimulation engendered by these colleagues were invaluable.

Chapters 11 and 12 are original to this book. I thank the following pub-
lishers of the previously published articles in Chapters 1-10 for their kind
permission to reprint them:

To the Philosophy of Science Association and the University of Chicago
Press for:

Chapter 1: Machamer, Peter, Lindley Darden, and Carl F. Craver (2000),
“Thinking About Mechanisms,” Philosophy of Science 67: 1-25.

Chapter 5: Darden, Lindley, and Nancy Maull (1977), “Interfield Theo-
ries,” Philosophy of Science 44: 43-64.

Chapter 8: Darden, Lindley, and Joseph A. Cain (1989), “Selection Type
Theories,” Philosophy of Science 56: 106—129.

To Elsevier, Ltd., for:

Chapter 3: Darden, Lindley, and Carl F. Craver (2002), “Strategies in the
Interfield Discovery of the Mechanism of Protein Synthesis,” Studies in His-
tory and Philosophy of Biological and Biomedical Sciences 33: 1-28.

Chapter 4: Darden, Lindley (2005), “Relations Among Fields: Mendelian,
Cytological, and Molecular Mechanisms,” in Carl F. Craver and Lindley

Xxiii

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521858879 - Reasoning in Biological Discoveries: Essays on Mechanisms, Interfield
Relations, and Anomaly Resolution

Lindley Darden

Frontmatter

More information

Acknowledgments

Darden (eds.), Special Issue: “Mechanisms in Biology,” Studies in History
and Philosophy of Biological and Biomedical Sciences 36: 357-371.

To the University of Pittsburgh Press and Universitaetsverlag Konstanz
for:

Chapter 2: Craver, Carl F., and Lindley Darden (2001), “Discovering
Mechanisms in Neurobiology: The Case of Spatial Memory,” in Peter
Machamer, R. Grush, and P. McLaughlin (eds.), Theory and Method in the
Neurosciences. Pittsburgh, PA: University of Pittsburgh Press, pp. 112-137.
© 2001 University of Pittsburgh Press.

To the University of Pittsburgh Press for

Chapter 10: Darden, Lindley (1995), “Exemplars, Abstractions, and
Anomalies: Representations and Theory Change in Mendelian and Molecular
Genetics,” in James G. Lennox and Gereon Wolters (eds.), Concepts, Theo-
ries, and Rationality in the Biological Sciences. Pittsburgh, PA: University of
Pittsburgh Press, pp. 137-158. © 1995 University of Pittsburgh Press.

To Springer Science and Business Media for:

Chapter 6: Darden, Lindley (1980), “Theory Construction in Genetics,”
in T. Nickles (ed.), Scientific Discovery: Case Studies. Dordrecht: Reidel,
pp. 151-170.

Chapter 7: Darden, Lindley (1986), “Relations Among Fields in the Evo-
lutionary Synthesis,” in W. Bechtel (ed.), Integrating Scientific Disciplines.
Dordrecht: Nijhoff, pp. 113-123.

To the University of Minnesota Press for:

Chapter 9: Darden, Lindley (1992), “Strategies for Anomaly Resolution:
Diagnosis and Redesign,” in R. Giere (ed.), Cognitive Models of Science,
Minnesota Studies in the Philosophy of Science, v. 15. Minneapolis, MN:
University of Minnesota Press, pp. 251-273.

Lindley Darden
College Park, Maryland 2005

XXIV

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521858879
http://www.cambridge.org
http://www.cambridge.org

