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ABSTRACT. Accounts of the relation between theories and models in biology concentrate 
on mathematical models. In this paper I consider the dual role of models as representations 
of natural systems and as a material basis for theorizing. In order to explicate the dual role, 
I develop the concept of a remnant model, a material entity made from parts of the natural 
system(s) under study. I present a case study of an important but neglected naturalist, 
Joseph Grinnell, to illustrate the extent to which mundane practices in a museum setting 
constitute theorizing. I speculate that historical and sociological analyses of institutions can 
play a specific role in the philosophical analysis of model-building strategies. 
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1. INTRODUCTION 

Modeling seems to be a "theoretical" activity. This thought may lead one 
to think of natural historians, for example, as the "stamp collectors" of  
biology and their work as data collection in the service of theoreticians. 
Nothing could be  further f rom the truth about natural history, but arguing 
the case would be easier if a distinction between theoretical and observa- 
tional activities did not seem to follow so naturally from the theory/  
observation distinction. 

In this paper  I develop a picture of modeling and other "theoretical" 
practices integrated with pedestrian-looking data collecting and other 
"observational" activities. I illustrate the main points with an example 
drawn from the history of natural history. My aim, ultimately, is to 
characterize scientific theories, models, experiments and data in terms of 
types of scientific practices rather than to analyze practices in isolation 
and in terms of a priori concepts of theory, etc. The formal and material 
entities produced in these activities may turn out to fit previously defined 
philosophical notions and thus afford a basis for a standard philosophical 
analysis of scientific activities, but they may not. The fit between the 
history of science and philosophy of science is an empirical question. 

An important  goal of the paper  is to show how even the most  mundane 
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natural historical activities can be profoundly theoretical. The illustration 
shows that objects serving as elements of material models in natural 
history work, e.g., specimens and field notes, can play an important dual 
role in theorizing. On the one hand, they represent phenomena in a very 
special sense: they are models of data constructed out of the physical 
entities being modeled. On the other hand, they serve as elements of 
theoretical models, providing a bridge between base scientific practices 
such as skinning dead animals and more highly valued practices such as 
theorizing. An important link between the observable world and abstract 
models is made by scientists who construct material models that represent 
nature on the one hand, and formal models that represent the structure of 
the material models on the other hand. 

I conclude with some speculations on the role of the social organization 
of scientific activity in understanding museum-based natural history. I 
suggest that philosophical analysis of material modeling requires special 
attention to the sociology of work organization and that the proper social 
level for analysis of theorizing in the case discussed is that of the institu- 
tions in which modeling occurs rather than that of individual scientists. 

2. PHILOSOPHY AND MODELS 

Philosophical theories frequently render, reduce, revise or remake the 
history of science when they take account of history at all. We often tacitly 
assume, for example, that our logical distinctions mark divisions of 
scientific labor. In recent years, philosophers have paid increasing atten- 
tion to the practices of scientists in hopes of (1) developing analyses of 
meta-concepts like theory and model that are relevant to scientific 
practice, and (2) skirting the difficult and dubious project of fitting science 
onto the procrustean bed of formal analysis. That bed is much too short 
since it primarily takes account of logical structure and not descriptive 
content. However, philosophers are divided on whether the best alterna- 
tive is to make a longer bed or to try to take stock of science as we find it, 
as historians and sociologists have been doing. One philosophical effort 
which seems to address both questions is the study of models in science. 

The concept of models bridges older uses of the concepts of theory, 
observation and hypothesis on the one hand and studies of scientific 
practice on the other. Many scientists talk about models and modeling as 
integral parts of their practice, whereas they seem to distinguish theories 
from models in terms of epistemic attitudes; scientists intend their theories 
to be true, for example, but know that their models are false. When 
biologists talk about theories they usually refer to ideas that have been 
discussed in the literature for some time, developed and elaborated on by 
a number of people, and which have stood the test of time. Work in 
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progress is often characterized in terms of models rather than theories. 
These are not sufficient conditions for distinguishing theories and models, 
of course. Lotka-Volterra models in ecology, for example, were first 
formulated in the 1920s and are rarely described as "theory", even though 
they satisfy the above characteristics. Competition theory, on the other 
hand, which bears important relations to Lotka-Volterra models, has 
achieved the status of theory. 

Philosophers have begun to explore, through accounts of models and 
model-building, the boundaries of the philosophical categories upon which 
traditional conceptions of the division of scientific labor rest. For example, 
Hacking (1983) talks about noteworthy observation as well as hypothesis- 
testing. Van Fraassen considers how theory construction might consist in 
experimentation or how experimentation is the continuation of theory 
construction by other means (1980, p. 77). Cartwright (1983) considers 
how the laws of physics lie and the mediating role models play between 
fundamental and phenomenological laws. Wimsatt (1986) shows how false 
models may lead to "truer" theories through the use of heuristic reasoning. 
In previous papers I have argued that models of group selection and 
ecological competition are grounded as much in traditions of laboratory 
practice as in mathematics (Griesemer and Wade 1988, Griesemer 1988). 

Philosophical focus on models, which scientists describe themselves as 
building and thinking about, lends an air of veracity lacking in the 
blatantly reconstructive efforts of earlier formalist philosophy of science. 
But the approach tacitly assumes that scientific practice can be properly 
understood, to a first degree of approximation, on the level of individual 
human actions rather than, say, the level of communities of interacting 
individuals or the level of particular "gestalt" perceptions within individual 
scientists. Models seem to be constructs suited to the study of individual 
human action and judgement; they, and not "Theory", are what scientists, 
at least biologists, seem to talk about most. The question remains, however, 
whether individual action is the right level of analysis for understanding 
model-building. 

Modern organismal biologists frequently divide themselves into theore- 
ticians, laboratory experimenters, and field biologists or naturalists (see, 
e.g., Diamond and Case 1986, Roughgarden et al. 1989, Strong et al. 
1984). One might think to examine the practices of theoreticians when 
trying to understand biological theories and theorizing, the practices of 
experimenters when trying to understand experimental tests of theories, 
and the practices of naturalists when trying to understand the "inductive 
base" for the construction of theories. However, many commentators on 
the history of major developments in biology have found themselves 
defending, for example, the theoretical contributions of naturalists or 
otherwise blurring the categories as applied to practicing scientists (see, 
e.g., Mayr 1980, and the controversy discussed by Maienschein et al. 
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1981). In ecology, there is a new call for the reintegration of these 
artificially defined meta-specializations (Roughgarden et al. 1989). If 
everyone turns out to be a hybrid on the theoretician-experimenter- 
naturalist classification scheme, perhaps the categories are inadequate, 
ill-conceived, or simply not applicable to practicing scientists. Further, it is 
dangerous for philosophers to assume that the distinction biologists tacitly 
draw between theory, experiment, and observation on the basis of their 
distinction between theoreticians, experimentalists and field biologists is a 
good basis for distinguishing scientific activities relevant to the production 
of theories, experiments and observations as these entities are explicated 
by philosophers. When biologists speak of "empiricists", for example, they 
frequently mean people who do experiments rather than theory, not 
people who hold a certain philosophical doctrine about the relation 
between experience and theory. 

In the next section, I briefly discuss how models have been analyzed in 
philosophy of science. I then turn to a discussion of the naturalist Joseph 
Grinnell and his theoretical goals and models. 

3. M O D E L S  IN SCIENCE:  S O M E  P R E L I M I N A R I E S  

'Model' is a heterogeneous concept that appears in both philosophical and 
scientific discourse. Byerly points out that "Various dichotomies have been 
stressed in the literature on models: the abstract as opposed to the 
concrete, the symbolic as opposed to the iconic or pictorial, even the 
mental as opposed to the physical" (Byerly 1969, p. 136). The concept is 
an ontological mixed bag in both science and philosophy, including both 
concrete material objects and sets of propositions of various types (see, 
e.g., Black 1962). The verb 'model' covers an equally heterogeneous range 
of activities, including arranging or making objects, analogizing, drawing 
inferences or diagrams, and formulating equations. 

Many attempts to analyze the concept of model can be divided into two 
classes. Models in one class are collections of statements about entities of 
scientific interest while models in the other class are such entities (see 
Pearce 1981, Hintikka 1988 for valuable reviews). The entities referred to 
by or included in models can be concrete, particular, physical things or 
abstract, non-physical things. Any number of relations among the entities 
may be relevant to these collections. Goodman writes, 

Few terms are used in popular  and scientific discourse more  promiscuously  than 
"'model". A model  is something to be admired or emulated,  a pattern, a case in point, a 
type, a prototype, a specimen, a mock-up,  a mathematical  description - -  a lmost  
anything from a naked blonde to a quadratic equat ion - -  and may bear to what it 
models  almost  any relation of symbolization. ( 1976, p. 171) 
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3.1. Models as Linguistic Entities 

In the classical logical empiricist analysis, scientific theories are analyzed 
as partially interpreted logical calculi. The interpretation of a calculus, 
which assigns meanings to the non-logical terms of a theory, is frequently 
called a model (Braithwaite 1953, Carnap 1942, Nagel 1961, Hempel 
1965; cf. Achinstein 1968, Leatherdale 1974, Suppe 1972, 1977a, 1979). 
The interpretation is expressed in a set of statements of bridge principles 
or rules of correspondence which connect theoretical and observational 
terms of the designated language. On the statement-oriented approach to 
theory specification, models can be thought of as realizations of the 
language that satisfy the theorems of a theory (see Pearce 1981, p. 4). 

Achinstein discusses a related concept he calls "theoretical models" 
which, however, are not realizations of a theory in the above model- 
theoretic sense. These are sets of statements which represent entities 
as having a certain "inner" structure (Achinstein 1968, pp. 214--218). 
They supply simplified, approximate, restricted representations of entities 
"within the framework of a theory". They are most useful when the theory 
is inadequately specified or too complex to explore deductively. Achinstein 
distinguishes theoretical models from scientific theories in terms of dif- 
ferent epistemic attitudes toward the two. To be a scientific theory 
someone must hold certain beliefs, including the belief that the theory is 
not false. In contrast, statements constituting theoretical models are known 
or believed to be false in virtue of their simplifications and approximations. 

The statement view of theories and theoretical models has been very 
influential in philosophy of science, but not without critics. As recognition 
grew that the program of formulating a universal language of science was 
not going to succeed, many philosophers began to examine the shortcom- 
ings of syntax-level accounts of theories, and then of the view that theories 
are grounded in statements at all (Suppe 1977a, 1977b). 

3.2. Models as Non-Linguistic Entities 

3.2.1. Physical entities. One tradition of talking about models as collec- 
tions of entities relies on the notion that one physical thing can be taken to 
represent another by reproducing, i.e. sharing, some properties of interest 
(see, e.g., Black 1962, Hesse 1966, Achinstein 1968, Leatherdale 1974). 
A frequently mentioned aim of these "representational" models is to 
understand analogically something less familiar (the things modeled) in 
terms of something more familiar (the model things). Examples include 
ball and stick models of molecules, the raisin pudding and planetary 
models of the atom, scale models of bridges or airplanes, and wind tunnel 
models of aerodynamic flow. General statements about classes of things 
modeled may or may not be part of the aim in achieving this under- 
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standing. The purpose of a scale model bridge may be to understand 
whether a particular bridge will stand up to strong wind while the purpose 
of a model DNA molecule may be to understand the structure of all DNA 
molecules. 

Two extremes of representational models are analogical models and 
what I call remnant models. There are some differences of opinion on the 
nature of analogical models. Hesse (1966) suggests that entities function 
as analogue models in virtue of sharing properties with the objects 
modeled. Achinstein (1968), on the other hand, claims that analogical 
models don't actually share the relevant properties with the things 
modeled. Rather, they bear properties which are taken to be analogous to 
those of the things modeled. Analogical models have been extensively 
discussed by philosophers in support of the claim that analogy and 
metaphor are important in science, and may serve as an especially 
appropriate philosophical basis for analyzing non-mathematized fields, 
e.g., analyses of Darwin's analogy between artificial and natural selection 
(see, e.g., Lloyd 1983, Ruse 1973a, 1973b, 1975, Waters 1986). 

Remnant models are at the other extreme among representational 
models. Not only do these share properties with the things modeled, they 
are actually made from the very individuals modeled, so the "sharing" of 
many relevant properties is a consequence of the identity of individuals 
(and/or their parts) over time. Natural history specimens, e.g., animal and 
plant remains preserved in museums, are important exemplars of this class 
of models. These are physical objects which, for specific scientific pur- 
poses, are taken to represent the whole, living individuals of which they 
were once part. As such, specimens are remnant models of their wholes. 
Remnants can provide the means for indirectly referring; naturalists 
sometimes intend talk about specimens in a museum, for example, to be 
indirect talk about other organisms or other more inclusive entities, such 
as biological species or ecological communities in nature. Between the two 
extremes of analogical and remnant models are representational models 
which share all or some relevant properties, possibly involving changes in 
scale or medium (see Achinstein 1968, pp. 209--211; Black 1962, pp. 
219--223). 

3.2.2. Abstract, non-linguistic etltities. In 1967, Suppes explained the 
difficulty in giving a precise answer 1o the question, What is a scienlific 
theory?, in terms of his semantic conception of theories (Suppes 1967). 
The semantic view is that a scientific theory can be directly specified in 
terms of abstract, non-linguistic entities which serve as models of the 
theory, without detour through formalized statements in metamathemati- 
cal or logical terms. The view explicates scientific models as abstract 
entities that bear semantical relations to theories and, via theoretical 
hypotheses, to nature (Giere 1979, 1988a, 1988b; Suppe 1972, 1977a, 
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1977b, 1979, 1988, 1989; Suppes 1960, 1962, 1967, 1977; van Fraassen 
1972, 1980, 1981; see also Beatty 1980, 1981, 1987; Lloyd 1983, 1984, 
1986, 1987, 1988; Thompson 1983, 1987, 1988). Formally, models are 
structures that satisfy the propositions of theories. Since models can be 
specified independently of statements of theories in axioms and theorems, 
there are at least two alternative routes to theory specification and 
presentation (see van Fraassen 1980, p. 44). Model structures have 
typically been described in one of two ways: in terms of set-theoretical 
predicates or in terms of state spaces and laws of transformation over 
state variables (for a succinct summary of the contrast, see Lloyd 1988). 

One difficulty with a simple-minded application of the semantic view to 
biology is that much of biology presents us with not just one class of 
models per theory, but a whole array of models of different logical types, 
plus relations among the types and no clear specification of theory in 
terms of a delineated class of models or any other type of formalization 
(see Griesemer 1984). Suppes points out that in addition to models of 
theories, there are also models of data and experiments, and a meth- 
odological realm linking these (see also Suppes 1960, 1962, 1977). 
Biologists often point out that models, ostensibly for the same theory, do 
not always "agree" with one another and that robustness is an important 
property of semantically specified theories (e.g., Levins 1968, cf. Wimsatt 
1981). 

Saying what a scientific theory consists in is a problem because there is 
no obvious choice among the various elements Suppes identifies as the 
essential components in theory specification; models of data, empirical 
substructures (see van Fraassen 1980), and methodological components 
all appear to be legitimate parts of semantically specified theories. The 
semantic view seems to entail that either there is no definite answer to 
Suppes' question or else the choice among the candidates is a matter of 
convention. Suppes concludes that it is not so important to provide 
necessary and sufficient conditions for something to be a scientific theory 
as to acknowledge the hierarchy of models, which exists in sophisticated 
scientific disciplines (Suppes 1962, 1967). 

In a paper taking up Suppes' point about the role of data models and 
theoretical models in the process of theorizing, van Fraassen suggests that 
philosophy of science concerns the entire large-scale cultural phenomenon 
of science, including its "associated activities, institutions, products, lan- 
guage, and internal standards of evaluation" (van Fraassen 1981, p. 663; 
see also van Fraassen 1980). But van Fraassen also marks off internal 
questions about theory structure, such as what a theory says and how the 
world could be the way the theory says, from questions about these larger, 
contextual components (van Fraassen 1981, p. 664). I take it that Suppes' 
demonstration of the difficulty in saying what scientific theories are 
suggests that there is no clear way to demarcate questions of theory 
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structure from other considerations which may bear on other potential 
theory components such as models of data or methodology. If theories are 
specified extrinsically, in terms of classes of models, rather than intrin- 
sically, in terms of a logical calculus (see Suppes 1967, p. 60), considera- 
tion of associated extrinsic activities and institutions may be necessary to 
answer questions of theory structure. 

Part of the argument extending the formal semantic view of theories to 
science is that the logical, model-theoretic concept of model is closer to 
scientific theory specification than is axiomatization in a formal language 
(see the long list of semantic view citations at the beginning of this 
section). Because the semantic view suggests that models are abstract non- 
linguistic entities, the particular formal language used to characterize those 
entities is of secondary concern. Moreover, the sentences of a theory may 
not be well-defined if the theory is not presented in a standard formaliza- 
tion (Suppes 1967), so presentation in terms of models may be easier or 
possibly the only accessible means of talking about a theory. A number of 
explicitly semantic analyses of biological theories, especially evolutionary 
theory, which claim this virtue have been presented and defended (e.g., 
Beatty 1981, Thompson 1983, Lloyd 1984). 

I accept Suppes' point about extrinsic theory specification along with 
van Fraassen's view of the scope of philosophy of science. But, I suggest 
that these insights require extension and modification to be generally 
applicable to science. In particular, the semantic, non-statement view of 
scientific theories must be extended to include models not typically 
analyzed as mathematical structures. Models in natural history and labora- 
tory ecology, for example, can be said to be mathematical only in the weak 
sense that they concern sets of objects (see Griesemer and Wade 1988). 
Moreover, significant aspects of modeling activity, e.g., diagrams and other 
visual representations, are better explicated in terms other than mathe- 
matical or linguistic expressions (Griesemer and Wimsatt 1989). 

An important aspect of modeling in biology has not been explicitly 
addressed by proponents of the semantic view: many models in biology 
are concrete material entities rather than abstract mathematical ones. I 
believe that these are critically important in many areas of science, but 
that they have been overlooked in biology for several reasons. First, the 
semantic view was developed as a branch of metamathematics and so is 
most easily and obviously applied to mathematized sciences. Hence, in 
biology, most of the attention to modeling among semantic view pro- 
ponents has focused on mathematical models in evolution, genetics and, to 
a lesser extent, ecology. Second, the literature on material models has 
been devoted largely to problems other than theory specification, e.g., the 
analysis of the role of analogy and metaphor in science and related 
problems associated with the realist/empiricist debate. Third, the hierar- 
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chy of theories Suppes discusses cannot generally be divided neatly into 
models of data and models of theories unless the variety of activities 
relevant to theorizing across the sciences is taken into account. These 
activities frequently involve material models in ways that suggest that 
hypothetico-deductivism based on either syntactic or semantic views is 
inaccurate for much of science. Institutionally governed traditions of 
manipulating materials are involved in experimental design; "experiments" 
are often not tests of hypotheses but measurements or explorations of the 
behavior of material models; "observations" may be trial interpretations of 
theory, in the field, based on models. In my example from natural history, 
I show that inclusion of material models enriches the semantic conception 
of theories. Some of the features of model-building required for the 
account include not only the goals of the theorizer, but also the institu- 
tional framework in which those goals are framed and pursued. Thus there 
might be an important role for sociology and history, disciplines con- 
cerned with the study of institutions, in the construction of philosophical 
accounts of scientific theorizing. 

4. CASE STUDY: GRINNELL AND THE EVOLUTION OF THE ENVIRONMENT 

With these notions about models in mind, I turn to a case study of a 
particular modeling enterprise in early twentieth century natural history. I 
will discuss physical processes of extraction (collecting and note taking) 
central to the construction of remnant models. These physical processes 
are analogous to processes of abstraction central to traditionally charac- 
terized theorizing (e.g., Duhem 1954; cf. Cartwright and Mendell 1984). 
These processes are easily interpreted as parts of a materially-based 
"semantic" specification of theories. 

My vehicle will be the work of a biologist, Joseph Grinnell. Grinnell is 
remembered (1) on paper for certain theoretical contributions to the 
concepts of niche (Grinnell 1917a) and geographical speciation (Grinnell 
1904) and for a large body of descriptive systematics and faunistics work, 
but (2) in person as a man doing scientific work in a certain way, i.e. 
as a naturalist whose method depended on accurate and quantitative 
observation, not on any novel technique of theory construction or testing 
(Jordan 1905, MacArthur 1972, Mayr 1973, Hutchinson 1978, Kiester 
1980, Schoener 1989). It is important to understand how the ideas and 
the work are linked because the traditional interpretation of the kind of 
work Grinnell did does not easily explain his accomplishments. Doing 
justice to Grinnell as a theorist, as a methodologist, and indeed as a 
naturalist requires rethinking philosophical concepts about biology, and 
perhaps about science in general. In this paper I do not attempt a full 
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treatment of Grinnell, his work, or his milieu, but rather focus on a few 
select aspects of his work relevant to the conception of models and 
theorizing I present. 

The main point of the study is to examine the dual role of certain 
physical models as representational and also as the material basis for 
theoretical models. In an important sense, representational modeling can 
at the same time be theoretical modeling. Remnant models represent 
nature in virtue of the indirect reference to nature they afford, but they are 
also collections of entities that can count as models, or as the basis for 
abstraction to models, in the semantic specification of a theory. Hence, 
manipulating the remnants alters both the representational qualities of the 
materials and also the abstractions from them that can function as models 
for theories. 

We can thus distinguish two semantic routes to theory introduction, one 
in terms of abstract models and one in terms of material models. On the 
classical semantic view, a theory is specified by defining a class of models 
as the mathematical structures that satisfy the propositions of the theory. 
On an extended semantic view, a theory can be specified by defining a 
class of models as the set of physical structures constructed according to a 
given procedure or tradition. Just as Achinstein considers work with 
theoretical models a useful substitute for work with a complex or poorly 
formalized theory, I consider work with physical models a substitute for 
work with complex and difficult to formulate statements about natural 
systems or difficult to articulate mathematical abstractions. For Achinstein, 
theoretical models are known to be false, but their other virtues, e.g., 
simplicity and perspicacity, make up for this. Likewise, remnant models 
are known to be distinct from natural systems of interest, but their other 
virtues, e.g., simplicity and preservability, make up for this. In some 
contexts the dual representational/theoretical role makes material models 
indispensable in practice, even if Duhem (1954, ch. 4) is right that they 
are logically dispensable (cf. Hesse 1966, Byerly 1969, Cartwright and 
Mendel11984). 

4.1. Grinnell's Background and Research Interests 
Joseph Grinnell (1877--1939) was born in Indian Territory and grew up 
in Pasadena, California. He attended graduate school at Stanford, receiv- 
ing a Ph.D. in 1913, five years after he began work as director of the 
newly founded Museum of Vertebrate Zoology at the University of 
California (Berkeley). The museum was founded exclusively for research 
purposes by a private patron, Annie Montague Alexander, an amateur 
naturalist dedicated to preserving representative vertebrates of California 
and the American West. The initial collections consisted of specimens 
donated by Grinnell and Alexander themselves. Subsequently, the bulk of 
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the collections were made by museum staff or their amateur collaborators. 
See Eakin (1956, 1988), Star and Griesemer (1989), and references 
therein for further discussion of the history of the museum. For biogra- 
phies of Grinnell, see H. Grinnell (1940), Linsdale (1942), and Miller 
(1964); see H. Grinnell (1958) for a biography of Alexander. 

Grinnell was a scientific natural historian at a time when natural history 
faced competition from newly emerging disciplines like genetics and 
ecology. In Mayr's words, "Grinnell's ideal was to get away from the 
anecdotal approach of the traditional naturalist. His aim was to make 
natural history scientific by accuracy of recording, precision of descrip- 
tion, and quantitative analysis of data" (Mayr 1973, p. 179). Mayr 
summarized Grinnell's work by saying that "As in much of the early 
ecological work, there was rarely a rising above the purely descriptive 
level" (Mayr 1973, p. 180). A rough classification of Grirmell's writings, 
many of which satisfy Mayr's assessment, includes the following categories 
(cf. Grinnell 1943, p. viii): 

1. Distributional studies of particular vertebrate taxa; 
2. Distributional studies of vertebrates in specific locations; 
3. Observational studies of behavior; 
4. Reports describing vertebrate species or races; 
5. General papers on geography and evolution; 
6. Essays on institutions and practices (museums, "the collector," 

poison control, game practices); 
7. Biographies; 
8. Reviews; 
9. Director's reports to the President of the University of California. 

Grinnell did write some essays of general interest and significance, but 
most of these appeared as short sections buried in long, dry, descriptive 
monographs. A volume excerpting his more general and "theoretical" 
ideas was put together after his death by his successors (GrinneU 1943). 
Though much more evidence on the point is needed, I think it is likely that 
Grinnell's outlook on theory construction committed him to presenting 
"theory" in descriptive monographs. To understand Grinnell's approach 
we must make a careful study of his modeling goals and procedures. 

In outline, Grinnell's empirical goals were (1) determination of the 
distribution of the terrestrial vertebrate species in California (chiefly birds 
and mammals) and their relations to climatic and physiographic factors, 
and (2) assessment of the effect of distribution on geographic variation in 
each species (Mayr 1973). Analysis of variation among climatic zones and 
their species compositions would provide evidence of conditions favorable 
to speciation. Understanding the speciation process was a major goal for 
many naturalists, including Grinnell. Study of the environmental con- 
comitants, the tangible and intangible barriers which isolate subspecies 
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from one another, formed the basis of Grinnell's geographical approach to 
problems of distribution and evolution. 

Grinnell's research interests thus converged on the problem of distribu- 
tion, going back at least to his days as a student working with C. K. Gilbert 
at Stanford (D. Magnus, pets. comm.; see also Magnus 1989). His studies 
of behavior, for example, frequently concerned habits of movement, 
migration, and association which affect distribution patterns. He described 
the "mad impulse" of birds in the autumn, for example, as a possible 
chance mechanism for initiating range expansions. His treatment of 
behavior in the context of geographical speciation was prescient (Grinnell 
1904; see also Miller 1955 and Kiester 1980 for sympathetic reviews). 

His case studies of particular taxa supplied data for large monographs 
on particular problems of distribution such as the origin of the Prince 
William Sound fauna (Grinnell 1910a), the birds and mammals of the 
Lower Colorado (Grinnell 1914a), the relations of the Trinity Mountains 
fauna to nearby faunas (Grinnell 1916), and the Lassen section fauna 
(Grinnell et al. 1930). Even his general papers on geography and evolu- 
tion served the distribution problem by demonstrating how physical 
factors in environments shape species' ranges that in turn determine the 
interactions among species through which natural selection may operate. 
Grinnell's writings also concerned means for the effective study of 
vertebrate distributions and of human impact. His methodological writings 
run the gamut from how to skin specimens and take notes to poetic 
descriptions of the noble collector. His philosophy of science emerges 
most explicitly in writings about the organization of the museum as a 
scientific research institution (see Grinnell 1943). 

4.2. Grinnell's Two-Level Evolutionary Theory 
Darwin and Wallace had used facts of geographical distribution exten- 
sively in their arguments favoring natural selection as the principal 
mechanism of organic evolution. The problem of finding convincing 
evidence for the Darwinian mechanism, as Grinnell saw it, required one to 
study evolution in progress, to actually observe forces of change at work 
and to assess their observed consequences (Grinnell 1928a). What causes 
the forces of natural selection responsible for organic evolution? Grinnell 
thought the answer to this question required a study of evolution as it 
occurred in the field, 

I would urge that it is only through the close and long-continued study of animals in the 
wild state, that is, under perfectly natural conditions, that we can hope to gather conclu- 
sive evidence as to the causes and methods of evolution. Our research museum has as- 
sumed the r61e of recorder  of faunal conditions as they are in this age. I reiterate~ for 
emphasis, that I believe its greatest ultimate value will not, therefore, be fully realized 
until a later period. (Grinnell 1910b, p. 37 of 1943 reprint) 
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Grinnell directed his field studies so as to address the question, among 
others, of how environmental change drives organic evolution, including 
an elaborate analysis of both biotic and abiotic environmental compo- 
nents. He developed his view explicitly in several papers, including an 
extended argument in his 1924 paper "Geography and Evolution": 

Observation of species in the wild convinces me that the existence and persistence of 
species is vitally bound up with environments. The extent and the persistence of a given 
kind of environment bear intimately upon the fate of the species we find occupying that 
environment. Environments are forever changing -- slowly in units of recent time, 
perhaps. Yet with relative rapidity they circulate about over the surface of the earth, 
and the species occupying them are thrust or pushed about, herded as it were, hither 
and thither. If a given environment be changed suddenly its more specialized occupants 
disappear --  species become extinct. 

The facts of geographic distribution, accumulating in very great and increasing 
amount, demonstrate beyond reasonable doubt that diversity of environments, other- 
wise habitats, has been essential to the evolution of every one of the many diverse types 
of vertebrate animals. Evolution of environments came first - -  comes first; it is going on 
continually and in a fashion significantly correlated with the gradual modification of the 
animals themselves. The course of organic evolution has been molded and is being 
molded by environmental circumstance. In one sense there is directed evolution --  
orthogenesis of a kind. 

In support of this idea I would call attention to the great number of similar ecologic 
types of 3nimals which are derived from unrelated stocks. (Grinnell 1924, p. 153 in 
1943 reprint) 

Grinnell reiterated the point in more focused papers concerning particular 
problems of distribution; for example, 

. . .  the evolution and persistence (versus extinction) of species is bound up in the 
evolution, multiplication and persistence (versus elimination) of areas of relatively 
uniform environmental conditions. These areas comprise the ranges or habitats of 
animals. (Grinnell 1927, p. 322) 

Grinnell's methodological problem, then, was how to study the evolution 
of environments and a central theoretical goal was to construct a second 
level of evolutionary theory, a theory of how the evolution of the environ- 
ment drives organic evolution. 

Grinnell was certainly not alone in pursuing the relation between 
environment and organism as the foundation of an elaborated Darwinian 
theory. W. D. Matthew, for example, asserted as early as 1902 that climate 
was the principal agent of evolutionary change, in opposition to the 
prevailing "internalist" views in paleontology at the time (see Rainger 
1986). Like Grinnell, Matthew was interested in the role of climate as it 
affected migration and hence evolution. The parallels between Matthew 
the paleontologist and Grinnell the ecologist working on problems of 
distribution and environment are striking. 

Grinnell concentrated on environmental factors of temperature, humid- 
ity, and rainfall which he thought responsible for generating forces of 
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natural selection (see Grinnell 1917b). He also thought these physical 
factors would best explain the higher levels of a hierarchy of ecological 
units analogous to levels of the taxonomic hierarchy (life-zones and 
faunas). Biotic relations would best explain the lower levels (associations 
and niches). Grinnell thought that biotic interactions among organisms 
ultimately traced to abiotic interactions of organisms with their physical 
environments (Grinnell 1924). Thus, ecological relations among organisms 
could be studied in terms of the environmental factors which tailored 
them. Analyzing local species relationships, then, was partly a matter of 
examining relevant environmental factors and assigning collections of taxa 
in a local area, faunas, to a level in the ecological hierarchy. 

Grinnell had concluded in his dissertation that more factors than just 
temperature are likely to be involved in most cases. This marked a 
departure from Grinnell's predecessor in geographic studies, C. Hart 
Merriam, who had championed temperature as the principal factor con- 
trolling animal distribution. Merriam proposed several "temperature laws" 
to explain his extensive survey data (see Grinnell 1914a, 1914b, 1917b; 
Merriam 1892, 1894, 1899; cf. Allee et al. 1949, p. 114; Shelford 1932; 
Smith 1987; Sterling 1977). Factors such as humidity, slope exposure, and 
food supply were needed, Grinnell thought, for an adequate theory of the 
environmental causes of animal distribution, but one needn't be forced to 
think of all these factors bound up in irreducible wholes; environmental 
factors were subject to analysis. 

Grinnell developed a concept of faunal structure, shaped by humidity 
factors, to parallel Merriam's temperature-delimited "life-zones" (Grinnell 
1910a, 1916). The array of potentially relevant factors suggested to 
Grinnell a hierarchy of ecological structure with wide significance for 
interpreting evolution. He accepted the notion that temperature is an 
important factor controlling distribution, but not the quantitative form of 
Merriam's temperature laws. Moreover, Grinnell defined life-zones biolog- 
ically, in terms of the animals and plants in an area, rather than as physical 
regions of isothermy as had Merriam (see Hall and Grinnell 1919). 

Grinnell developed his hierarchy of ecologic units according to a 
taxonomic method for classifying habitats and the environmental factors 
affecting distributional relations. Comparing his view of descriptive eco- 
logical work with taxonomy, Grinnell wrote, 

The difficulties arising in attempts to diagnose and properly classify faunas are 
surprisingly similar to those encountered in dealing with subspecies, species, genera 
and other systematic groups. Not only is there such wide variability in amounts of 
difference between faunas as to make the matter of rank often indeterminable, but exact 
geographic boundaries may be impossible to fix because of intergradation over inter- 
mediate territory of greater or less width. As in some cases of intergrading series of 
subspecies, the location of lines of separation may be subject only to arbitrary choice, 
so that where six faunas might be recognized by one student, only three would be 
thought properly distinguishable by another. (Grinnel11916, p. 399) 
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'Fauna' here is short for 'faunal area'. It refers to a set of taxa in a 
location and represents an ecological entity whose boundaries in space 
and time are specified by the joint presence of the member taxa and by 
the primary causal factor setting those boundaries. An important differ- 
ence between his classification scheme for ecological entities, like faunas, 
and typical hierarchical schemes for taxa is that Grinnell assigned a 
particular primary causal factor to each level in the ecological hierarchy: 
temperature for life-zones, humidity for faunas, food relations for associa- 
tions. Thus, the classification process itself required assessment of causal 
factors. In a paper on the presence and absence of animals, Grinnell 
further described the parallel with taxonomy: 

Somewhat as systematists may profitably and significantly group subspecies into 
species, species into genera, genera into families, families into orders, orders into 
classes, and classes into phyla --  so may students of distribution build from the bottom, 
by appropriate handling of habitats. Ecologic niches may be considered in groups 
comprising associations; associations may be grouped into faunal areas; faunal areas 
may usefully be considered in series called life-zones, which subdivide continents; and 
life-zones may be grouped into regions, and these into world realms. (Grinnell 1928a, 
p. 194 of 1943 reprint) 

His explanation of the causes of ecological differentiation relies on the 
pattern of fairly obvious, often qualitatively assessed, environmental 
factors. As his museum amassed case studies of species' distributions and 
associated environmental factors, a theory of the evolution of environ- 
ments could be built which would explain the evolution of organisms by 
means of natural selection (Grinnell 1924). As I will suggest below, 
Grinnell had reason to think that his own fieldwork would be insufficient 
to ground such a theory, but that others would be able to continue his 
work if he established a stable institutional context -- the museum -- in 
which his mission could be fulfilled. 

In Grinnell's theoretical outlook, ecological relations among organisms 
and physical environments can be described in terms of "ecological 
entities", the life-zones, faunas, associations, and niches composed of 
particular taxa. Environmental causal factors tailor these ecological rela- 
tions, resulting in evolutionary pressures on organisms, populations, and 
species. Physical conditions "herd" animal populations over the surface of 
the earth, exposing them to different physical circumstances and biological 
neighbors, imposing changing forces of natural selection. Systematic study 
of these entities over an extended period of time provides important 
evidence for the structure of the evolutionary process. These ecological 
entities are modeled by museum collections of specimens of organisms 
and field notes about the environments sampled by collecting expeditions. 
In the terms I introduced above, a specimen is a remnant model of an 
organism. A collection of specimens is a remnant model of a taxonomic 
and/or ecologic entity, depending on use and available information. Of 
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critical concern to Grinnell was development of a sound methodology to 
study these theoretical entities in a rigorous way. 

Grinnell spent a substantial portion of his time developing adequate 
methods of taking field notes, cataloging, and preserving specimens. 
Human testimony to the presence of a particular species in a place is 
generally unreliable. Even grizzly bears and black bears are often confused 
in the field. Grinnell's goals required accurate identifications of materials 
that are preserved to permit repeated verification in accord with refined 
systematic analysis due to increased experience (Grinnell 1928b, p. 201 of 
1943 reprint). In order to insure that remnants stored in the museum 
represent authentic ecological relations, the specimen must be preserved 
as well as information about its occurrence. Grinnell's student, E. Raymond 
Hall, underscored the importance of preserving the information accom- 
panying specimens, the other component representing ecological relations, 
in a manual on collecting and preparing vertebrate specimens, writing that 
"a complete authentic label for a mammal in most instances is scientifically 
more valuable than the skin to which it is attached" (Hall 1962, p. 9; or, in 
the vernacular, "A specimen without a label is just dead meat", Barbara 
Stein pers. comm.). 

In the next subsection I turn to an example of Grinnell's analytical 
approach and in the sequel to an analysis of his modeling strategy. 

4.3. Grinnell's Geographical Approach: The Trinity Expedition of 1911 
Annie Alexander and her friend Louise Kellogg collected bird and 
mammal specimens for the Museum of Vertebrate Zoology and made 
qualitative observations about habitats during two trips to the Trinity 
Mountains in 1911. Kellogg published a report of the expedition, describ- 
ing and classifying the specimens and naming a new species of Dipodomys 
(Kellogg 1916). Grinnell's contribution was to investigate the relationship 
between the Trinity fauna and related adjacent faunas in the mountains of 
the coast range, the Cascades, and the Sierra Nevada (Grinnell 1916). The 
adjacent areas differed in a number of environmental features, and since 
the Trinity Mountains geographically separate the other three, Grinnell 
wanted to know if the area is ecologically intermediate in terms of its 
member taxa. Such a discovery would help to explain the fauna's composi- 
tion and history as a result of the environmental differences among the 
areas (Grinnell 1916, p. 399). 

GrinneU diagnosed and classified Kellogg and Alexander's specimens 
from the Trinity fauna with respect to Merriam's temperature life-zones. 
He divided taxa into a colder "boreal" and a warmer "sonoran" zone (cf. 
Merriam 1894), and listed species and subspecies of birds and mammals 
separately, by life-zone, according to their presence in one or more of the 
four regions. The basis of Grinnell's analysis is a set of tables listing taxa 



M O D E L I N G  IN T H E  M U S E U M  19 

that occur in some regions but not others, e.g., boreal species occurring in 
the Trinity region and also in the Sierras and Cascades, but not on the 
coast; boreal species occurring in the Trinity region and in the Sierras, but 
not in the Cascades, and so forth. The analysis consists in calculating 
numbers and percentages of taxa which fall into such subclasses. 

The set of tables taken as a whole can be used to identify differences 
between the faunas. Taxa occurring in all of the areas were excluded from 
consideration because these provide no information to distinguish the 
regions, just as characters shared by an entire group of taxa provide no 
phylogenetic information in a cladistic sense. Presence or absence of taxa 
in a fauna serves a function in GrinnelFs analysis similar to that of 
presence or absence of characters among organisms in systematics: to 
construct a parsimonious tree representing "phylogenetic" relationships. 

An example of Grinnell's results was that 28% of the Trinity fauna's 
boreal species were shared with the Sierras and Cascades, but only 8% 
were shared with the geographically closer coast fauna (Grinnell 1916, p. 
406). He concluded that 

the Trinity region as regards its Boreal fauna is clearly far more closely allied to the 
Sierra-Cascade fauna than to the Humid Coast fauna. It is nearer to the Sierran fauna 
than to the Cascade fauna; indeed it might with propriety be included in the Sierra 
Nevadan faunal area, ranking merely as a subfauna. (Grinnell 1916, p. 409) 

The Trinity fauna is only weakly separated ecologically from the Sierra- 
Cascades, with which it shares many elements, but is sharply separated 
from the coast fauna, even though the Trinity fauna is geographically 
closer to the latter than to the Sierra. Grinnell argued that a dramatic 
humidity barrier separates the coast and Trinity faunas and is more 
effective at preventing dispersion of subspecies and species than Merriam's 
temperature barrier due to elevation changes separating the Trinities from 
the Sierra-Cascades (Merriam 1899). Thus, consideration of the set of 
specimens along with field notes and other records about environmental 
factors supports a causal explanation of the distribution of taxa into a 
number of ecological regions. 

Grinnell's approach to explaining facts of distribution in this case is 
clearly "taxonomic," but he is classifying ecological entities rather than 
taxa. The principal causal factors seem to be temperature and humidity. 
The causal explanation is of a pattern observed over a short span of time. 
In order to serve as part of a theory of the evolution of the environment, 
the operation of causal environmental factors must be observed over 
much longer time spans so that as climates change, distributions will 
change, and perhaps speciation will occur. Studies conducted at intervals 
spanning the temporal and spatial scale of these long-term processes may 
thus capture evolution in progress. In cladistic analysis, consideration of 
additional characters may change the phylogeny; in Grinnell's faunal 
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analysis, consideration of additional taxa -- represented by additional 
specimens -- may change the causal explanation. Hence a premium is 
placed on completeness of collections and on distinguishing truly resident 
taxa from "accidentals" (Grinnell 1922). To put the point another way, the 
causal explanation can be made for the relatively simple material model of 
the fauna constructed in the museum from a collection of specimens, and 
if it is a good model, i.e. includes specimens from most or all of the 
resident taxa, the natural system can be understood in its terms. 

4.4. Grinnell's Models 

In this section I present a reconstruction of the modeling process behind 
the study discussed above to reveal steps on the path from nature to 
specimens to theoretical entities. Organisms in their natural environments 
are things of central concern to naturalists. In museums, however, scien- 
tists deal with specimens and field notes, not organisms and environments. 
Live organisms are hard to store and study, but specimens are relatively 
easily preserved and for many purposes adequate substitutes. Environ- 
ments are, with a few exceptions, nearly impossible to preserve and store, 
and so are dealt with by preserving recorded observations. But these facts 
mean that Grinnell's causal explanation, based on specimens as remnant 
models of organisms that are members of taxa that are members of a 
fauna, identifies a causal relation only among those organisms represented 
by the specimens, not among all organisms or taxa that are members of 
the natural system. An account of modeling adequate to the case of faunal 
analysis must consider (1) the physical isolation of material things (the 
organisms) from their environments during the course of remnant model- 
ing and (2) the formulation of descriptions of abstract theoretical entities 
that fall into the hierarchy Grinnell described. 

It is important to distinguish the starting materials from the resulting 
theoretical models. To understand the abstractions involved we must 
analyze two interlocking processes. In the first, objects from the field are 
assembled into tangible representatives in the museum, i.e. a collection of 
remnants. In the second, these tangible remnant models are used to 
construct theoretical models. The goal of these transformations is to 
facilitate causal explanations of the structure of theoretical entities con- 
structed by abstraction from the model. 

4.4.1. Extraction: collecting and note taking. Collecting isolates organisms 
from their environments in three senses: (1) when organisms are killed to 
make specimens, most or all of their usual ongoing interactions in life with 
their environments cease; (2) when specimens and field notes are shipped 
to the museum, the remains of the organisms and the information about 
the environment are removed from their native context -- study of the 
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remnants will forever be in abstraction from the life context; and (3) 
information about the environment, in the form of notes, is isolated from 
specimens although they remain referentially linked through an elaborate 
system of labeling and indexing. The only environmental information 
preserved, literally, with  the specimen is its location at capture, recorded 
on a field identification tag tied to the organism as it is made into a 
specimen. Indeed, all relationships between organism and environment 
are represented by and later studied via the all important identification 
tags which cross-reference specimens and field notes which stand in for 
organisms and environments in the museum. 

Organisms in their natural environments are concrete material things. 
When they are captured, killed, preserved, labelled, and shipped to a 
museum, they are physically extracted from their environments. They 
remain material things during their tenure in a museum, but they take on 
the status of models (remnant models) and of elements of a theoretical 
model (members of a taxon present in a fauna in the case described 
above). Field notebooks, which record and identify properties of par- 
ticular specimens and their environments, are stored in a special field note 
room in the museum and curated as carefully as are the specimens. 
Grinnell's rigid note-taking requirements resulted in a uniform format for 
notes, down to the type and size of paper and brand of ink used, 
placement and nature of headings, and information included. Grinnellian 
field notes are divided into three sections: itinerary, catalog, and species 
accounts (see Hall 1962, which reproduces information in Grinnell's 
course handouts, and Herman 1986; Grinnell's papers and correspond- 
ence, which includes a course handout called "Suggestions as to Collect- 
ing" which was modified by his student Alden Miller, are housed in the 
Bancroft Library, University of California, Berkeley). The catalog contains 
records of all collected specimens with consecutive field identification 
numbers. A quotation from Hall's guide gives the flavor of the level of 
regimentation of note taking: 

In the catalogue, all specimens of vertebrate animals should be given consecutive 
numbers. Never repeat a number; for instance, do not begin a new series each year. 
One line of the notebook page should be devoted to the precise locality. Include 
distance in air-line miles from some well-established landmark. Include also elevation, 
county and state. Devote one line to each specimen. If a specimen is not a conventional 
one, indicate the nature by entry directly above the field number, whether (if) skeleton, 
skull-only, skin-only, or alcoholic. Use the vernacular name of the species if you are not 
sure of the scientific name. (Hall 1962, p. 4) 

The itinerary includes an account of the route and area travelled, habitats 
studied, number and kinds of traps set in each type of vegetation and the 
types of animals caught in each, distance between traps, and sketch-maps 
of the area. Species accounts include particulars about the capture of each 
specimen as well as interpretations of the facts. As Hall writes, 
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The accounts should be written in a style suitable for quoting in any publication. 
Accounts of species need not be restricted to kinds collected. If the account is about 
animals collected, it is wise to refer to the animals by your field-catalogue numbers . . . .  
Write full notes, even at risk of entering much information of seemingly little value. 
One cannot anticipate the needs of the future, when notes and collections are worked 
up. (Hall 1962, p. 8; this passage is nearly a direct quote from Grinnell's course 
handout mentioned above) 

Consequently it is easy to bind notes in hardcover and preserve them in 
readily accessible form for research use. Equally elaborate directions are 
given for labeling specimens with tags attached to and never removed 
from the specimens. In fact, Kellogg (1916) follows these procedures so 
precisely that her paper reads like a slightly amended version of her field 
notes, which can indeed be found in the Museum of Vertebrate Zoology 
field note room. However, because material remnants of the physical 
environment are not collected, their representations in field note reports 
are more abstract than are the material representations of organisms in 
specimens (see Cartwright and Mendell 1984 for a discussion of relative 
abstractness). Biotic components of the environment of a given organism 
or taxon are not more abstract than specimens, however, because biotic 
environments may be partially represented by specimens. Thus, the degree 
of abstraction of the model depends on whether it includes material 
elements or only abstract structures, and hence on the problem, theoreti- 
cal orientation and institutional arrangement, which determine what sorts 
of materials are available and what sorts of abstractions are possible. 

Extraction of specimens results in elimination of properties and rela- 
tions from objects of study that are considered '~accidental", relative to a 
particular problem context such as faunal analysis. This elimination is 
analogous to Aristotelian abstraction in thought whereby accidental pro- 
perties are dropped from consideration and attention is focused on 
essential properties (see Cartwright and Mendell t 984). In faunal model- 
ing, attention is focused on museum remnants lacking faunally irrelevant 
properties rather than on complex living organisms in actual environments 
with all of their properties intact. A specimen, qua indicator of the 
presence of a taxon in a place, has only two important properties: its 
taxonomic identity and its location at capture. Moreover,  the properties 
eliminated by collecting are not, indeed cannot be, taken into considera- 
tion in further study of the specimen because they are not preserved; 
extraction to produce specimens constrains and guides thought about 
organisms in abstraction. Other properties are, of course, added, but these 
are no more important than the ones subracted. Collecting techniques are 
designed to preserve properties deemed relevant to a particular array of 
problems; specimens are remnant models of organisms for specific pur- 
poses, they cannot represent organisms for all purposes. This is painfully 
familiar to anyone who has tried to use old specimens, which have rarely 
been preserved with attention to the properties now deemed essential to 
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scientific study such as precise locality data and preservation in a form 
permitting extensive morphological measurements. 

Grinnell was quite adamant that amassing specimens per se was not his 
purpose in collecting, except in the sense that a great deal of attention had 
to be devoted to the logistics and execution of expeditions and curation. 
Specimens are important and hard to get, but for most scientific purposes 
they are indicators rather than ends in themselves. Collection and pre- 
servation clearly was the main goal of many of Grinnell's amateur 
collectors, such as Annie Alexander. That the collections could be put to 
scientific use added value to the project for some amateurs, but was the 
main goal only of the scientists (see Star and Griesemer 1989 for further 
discussion of this point). Grinnell stated in 1910 that "our institution is a 
repository of facts" (1910b, p. 38 of 1943 reprint, emphasis added). 

It will be observed, then, that our efforts are not merely to accumulate as great a mass 
of animal remains as possible. On the contrary, we are expending even more time than 
would be required for the collection of the specimens alone, in rendering what we do 
obtain as permanently valuable as we know how, to the ecologist as well as the 
systematist. It is quite probable that the facts of distribution, life history, and economic 
status may finally prove to be of more far-reaching value, than whatever information is 
obtainable exclusively from the specimens themselves. (ibid., pp. 34--35 of 1943 
reprint) 

Specimens play a dual role in the museum. On the one hand they are 
material remains of organisms and can be thought of as representatives of 
the organisms (and taxa) from which they derived. I.e., specimens can 
serve as elements of representational models. On the other hand, study of 
specimens can be made in lieu of study of organisms, treating them as 
elements of theoretical models, subject to the usual difficulties with repre- 
sentations for a purpose of study (see, e.g., Levins 1966, 1968, Wimsatt 
1980, Star 1983). In addition to affording treatment of their results as 
models, the processes of extraction of an organism from its environment 
which occurs during collection, subtraction of life properties in making a 
specimen, and separation of important properties of environment by 
recording information in field note descriptions supports abstraction of a 
new set of theoretical entities. 

4.4.2. Theoretical modeling: making lists. Once specimens are stored in 
the museum, they are classified according to established taxonomic pro- 
cedures, based on study of properties of the specimens in conjunction with 
field notes, other specimens, and the literature. The results are assign- 
ments of taxonomic names to specimens, literally, writing names on 
museum tags tied to the specimens with string. Taxonomic identity can 
then be treated as a specimen property linked through the cross-referenc- 
ing of specimen, tag, and field note to the place in which the specimen was 
captured. 

Environmental factors that are potential causes of the distribution of 
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organisms must also be classified. The initial work is done largely by 
others, e.g., meteorologists who identify physical factors and develop 
means of describing and quantifying them. Temperature, humidity, and 
other environmental factors recorded as measurement values or qualita- 
tive impressions, unlike the taxonomic identity of the specimens, are thus 
already classified for the naturalist. The museum scientist's determination 
of the role of such factors as ecological causes depends on further analysis. 

Once classified, the specimens, field notes, and cross-referencing tags 
can be subjected to faunal analysis. Each aggregate of specimens of a 
given taxon can be treated as a remnant model of that taxon, just as each 
specimen is a remnant model of an organism. Of course, strictly speaking 
each specimen is a remnant model of the taxon, as well as of all higher 
taxa including it, but given the populational thinking of evolutionary 
taxonomists (e.g., Mayr 1976), individual specimens are not often taken to 
be adequate models of taxa. The field notes model locations through 
descriptions of environmental properties and the itinerary of the expedi- 
tion, enabling others to retrace the collectors' steps. The tags model the 
"occurs in" relation between taxa and locations critical to faunal analysis. 

Various card catalogs referring to these entities are also used to 
maintain relevant information about them and their relations. The acces- 
sion catalog, for example, documents the causal chain through which the 
artifacts came to be in the museum, noting which specimens were brought 
in together, when, by whom, and to what department of the museum they 
were distributed. The catalogs, field notes, and field and museum identifi- 
cation tags form a complex information storage and retrieval network 
linking specimens and notes with their sources. One might have expected 
the specimens to be stored by geographic locality for ease of faunal 
analysis, but they are not. They are stored, for the most part, by taxon, 
although Grinnell arranged drawers of bird specimens by locality within 
species. A likely explanation, as one of the reviewers points out, is that 
specimens play a role in many types of scientific studies and that perhaps 
faunal analysis was not even the most important type (cf. Star and 
Griesemer 1989). Given this fact, one would expect the collections to 
reflect some sort of compromise among types of information storage and 
retrieval problems, and it is not at all clear that we have enough of an 
inventory of such problems in relation to scientific research issues to form 
an expectation. 

The concept of an abstract model of an ecological unit in Grinnell's 
hierarchy can be explicated as follows. One makes such a model by 
writing down on a list the names of taxa present in a given place, as shown 
by the linkages among museum artifacts, ignoring all specimen properties 
other than taxonomic identity and location at capture. Although Grinnell 
would not have characterized his work in these terms, this model charac- 
terizes a theoretical entity which is distinct from the remnant models 
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(specimens, field notes) described above; I call the model theoretical in 
order to mark 1he fact that the entities modeled are theoretical entities 
postulated by means of abstraction and to indicate their potential role in 
theory specification according to the classical semantic view. 

The abstract model can be presented in a variety of propositional and 
quasi-propositional ways: as a list, as the statement that all and only mem- 
bers of a certain set of taxa occur in the specified place, or as a map with 
pins marking taxa occurring in a region. The abstract model itself is just 
the set of ordered pairs of taxa and places. Ecological systems essentially 
involve relations between things, and only those properties of organisms 
and environments relevant to specifying such relations are required for 
faunal modeling, even if knowledge of other properties are helpful in 
understanding the causes of the relation or in individuating such relations. 

It is important to recognize here that it is not necessary for the 
biologists to express the abstract structure of modeled relations in state- 
ments in order to do theoretical modeling; they can simply pile up 
specimens on a work table, trace specimens to locations through the cross- 
reference network, and tabulate the results or mark them on a map. In 
other words, biologists can work entirely at the level of physical models, 
even though it seems philosophically obvious that these models can be 
explicated in abstract terms. When Grinnell presented the results of the 
Trinity study, he presented tables listing taxa and locations to summarize a 
long list of what he took to be true propositions, but the expression of 
these propositions in sentences is incidental to the presentation of the 
model-structure of the Trinity fauna. 

Part of Grinnell's aim in making these models, as I have argued, was to 
examine how changes in environments drive organic evolution. Grinnell's 
approach to this problem was to arrange comparisons between faunal 
models made at different times. Differences among faunal models of the 
same locality made at different times would reflect environmental changes. 
Detected differences could then be used to explain any observed organic 
differences among specimens in the samples. Grinnell intended the 
modeling to be done in "real time", i.e., as environmental change occurred 
(see below), but the analysis is typically done retrospectively, by studying 
sequences of models already produced. (It could also, of course, be used 
prospectively to predict changes in faunal composition as a result of 
environmental trends.) Moreover, analysis of an extant fauna can be used 
to reconstruct the history of how evolution of the environment (inferred 
from geological evidence) may be responsible for organic evolution (see, 
e.g., Grinnell 1910a). 

4.4.3. Causal explanation and hypothesis formation: comparison of taxic 
and environmental patterns. Once an abstract theoretical model is con- 
structed, the final stage in the modeling process is to attribute a particular 
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environmental factor as the primary cause of the pattern of presences and 
absences. As we saw above, Grinnell's attribution of humidity as the factor 
distinguishing the coastal unit from the Trinity unit explains the pattern of 
species distributions by citing humidity as a cause. Adding causal informa- 
tion to the model makes it more explanatorily concrete (see Cartwright 
and Mendell 1984 for an analysis of the relation between explanation and 
abstraction). Prior to this point, the focus had been on constructing 
abstract representations of entities that could be modeled, first through 
manipulation of materials and second through rerepresentation of the 
structure of those materials in ordered pairs. 

One important function of adding causal information to the theoretical 
model could be to frame hypotheses, although Grinnell was not primarily 
concerned to do so in the Trinity case discussed above. Strictly speaking, 
the causal information added explains the distribution of specimens and, 
indirectly, the organisms they model, not the distribution of all the 
members of the taxa modeled. Logically, then, to extend the explanation 
to the natural system from which the specimens were sampled, as Grinnell 
did, is to advance a hypothesis. Aggregates of specimens serve as models 
for taxa qua remnant parts of those taxa, but they do not model those 
members of taxa which have no remnant models among the specimens 
without additional assumptions. There is, in other words, an additional 
empirical question that concerns the relationship between the set of 
sampled specimens and the natural populations from which they were 
extracted. The causally detailed model may support making the hypothe- 
sis that an adequate causal explanation in the model is also adequate for 
the natural system as a whole, but it does not represent that system in 
toto, nor does it provide an adequate test of that hypothesis. Since the 
research problem concerns the ecological entities, each faunal model 
constitutes a single data point. An adequate test would require making 
additional samples and finding the same causal structure, or looking for 
arrays of similar taxa in other areas and finding the same array of causal 
factors. The purpose of Grinnell's 1916 report was not to test a hypothe- 
sis, but to analyze the structure of a set of material and abstract theoretical 
models which were stored in his museum. 

5. CAN INSTITUTIONS BE THE RIGHT LEVEL OF ANALYSIS FOR 
THEORETICAL MODELING? 

I have presented a reconstruction of Grinnell's theoretical activity to 
suggest that he built dual purpose models: remnant models that on the one 
hand represented natural objects and on the other hand served as, or as 
platforms for, theoretical models. The theory of the evolution of environ- 
ment that these models were intended to be for was not yet specified 
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precisely by Grinnell; he presented a sketch of the type of theory he was 
after, and the theory would be realized through the construction of an 
adequate set of faunal models spanning a large time interval. 

But why did Grinnell do his theoretical modeling indirectly, by building 
material models one at a time rather than just describe abstractly the 
structure of the whole class of models as suggested by the semantic view 
and then test a series of theoretical hypotheses about the particular 
systems that interested him? Why not just write down a set of abstract 
equations or verbal expressions that describe an idealized process of 
environmental change and an idealized process of organic evolution and 
then study how the model fits with the data? One obvious reason is that 
Grinnell was no mathematician, nor was anyone else at the time equipped 
to model complex ecological processes mathematically. But Grinnell was 
also skeptical of the value of short-term artificial experiments, such as 
were being performed by early Mendelians, to study evolutionary and 
ecological phenomena occurring on a long time scale. He wrote, for 
example, that artificial experiments imposed on higher animals 

will, alone, lead to inductions largely inapplicable to animals in the wild. My chief 
objection is that wild animals brought into confinement at once begin to show irregu- 
larities in various structural respects . . . .  How then can we expect to get a knowledge of 
the processes of species formation under natural conditions from the extraordinary 
physical development or behavior of such animals? (Grinnell 1910b, p. 37 of 1943 
reprint) 

So, it is not clear that he would have thought his museum collections 
adequate to test such a mathematical model, but neither is it clear that he 
thought such an approach could be an adequate way to study long time- 
scale phenomena, given the constraints for authentic recording of eco- 
logical information he imposed. 

I think that Grinnell developed a solution to this methodological 
problem. I do not claim that Grinnell was unique in finding this solution, 
nor that it solves any other problem than how to study the evolution of 
environments. To spell out the idea, let us return briefly to the semantic 
conception of scientific theories. This view suggests that theories be 
thought of as definitions specifying classes of structures as models (see 
especially Giere 1979). Two points about the semantic view are relevant 
to my analysis of Grinnell: (1) classes of structures can be specified in a 
variety of ways, and (2) the structures need not be mathematical (at least 
not analyzed in mathematical terms). One way to specify a class of models 
is by exhibiting, displaying, or otherwise indicating instances of the 
intended class. Properties of the instances can be used to formulate an 
intensional definition of the class, but often a partial or incomplete 
definition based on some tentatively chosen properties is all that is needed 
at any given stage in science. The instances may serve as an extensional 
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specification of a subtheory ranging over only those particular instances. 
For many scientific purposes, study of such subtheories may be adequate 
to produce useful generalizations and abstractions. Moreover, regardless 
of possible generalizations about many species, biologists are also inter- 
ested in particular cases, so models for fruit flies, peas, and the Trinity 
fauna are important regardless of how they may be employed to specify 
theories. Nevertheless, a small collection of instances may serve as the 
basis for an intensionally defined class much larger than just the instances 
exhibited. 

Secondly, if the relevant models are material rather than mathematical 
structures, then gathering the materials together could count as assembling 
a set of models intended to designate a class. For example, piling up 
specimens on a museum work table (or listing the identification numbers 
of specimens stored in the museum) could count as specifying the class of 
models representing members of a given taxon or fauna. Less directly, one 
could specify the procedures for assembling such materials, thus specifying 
a class of theories which, when realized through collecting and curating, 
would specify classes of models. 

Grinnell concerned himself with the faunal modeling problem at two 
distinct levels. I have argued that, at the individual level, Grinnell himself 
built theoretical models of faunas out of remnant models of taxa and 
representations of environments and gave causal explanations for their 
structure. But at an institutional level, functioning as director of a museum, 
he also wrote guidelines for collecting, preserving, and cataloging speci- 
mens and field notes as well as papers describing his vision of the museum 
as a place to do research. At this level, one might conceive of his proiect 
as specifying the form of an institution which would assemble the mate- 
rials that would count as models for various theoretical purposes. In short, 
one may indirectly specify a class of models (or model-types) by directing 
others to do the work of assembling the structures. This seems odd if we 
focus on mathematical models, because we usually think of mathematical 
work as the work of individual thinkers; institution-level specification 
would amount to outlining a program of mathematical research and 
directing others to carry it out. But it isn't so odd to think of Grinnell as 
director of a museum, orchestrating and articulating the research of a 
group of interacting people who have various aims and aspirations, but 
who nevertheless assemble materials of relevance to Grinnell's theoretical 
interests. 

Grinnell developed a philosophy of institution-level science in his 
writings about the museum. I think his aim, which is partially born out in 
these writings, was to design an institution capable of carrying out the 
theoretical work needed to build a theory of the evolution of environment, 
an institution which would be a storehouse of ecological facts, not merely 
of specimens (Grinnell 1910b). These facts are about relations between 
organisms and environments represented in the individual models dis- 
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cussed above. The  p rob lem is that these models  do not  capture the 
dynamics  of  change in envi ronment  and change in evolution. 

Ecological  change occurs  on a relatively long time scale. Organic  
evolution, if it is indeed coupled  to environmental  change as Grinnell  
surmised, will reflect this change on a similar or  perhaps  even longer  time 
scale. In order  to study this change, in the field, on  the time scale on  which 
it actually occurs,  studies would have to be done  on  a time scale sufficient 
to pick up at least the min imum detectable environmental  and organic 
change. Fully aware of  the opportuni t ies  for studying change as it happens,  
Grinnell  wrote  that, 

Perhaps the most impressive fact brought home to the student of geographical 
distribution, as he carries on his studies, is the profound change that is constantly going 
on in the faunal make-up of our country. Right now are probably beginning changes to 
be wrought in the next few years vastly more conspicuous than those that have 
occurred in ten times that length of time preceding. The effects of deforestation, of tree- 
planting on the prairies, of the irrigation and cultivation of the deserts, all mean the 
rapid shifting of faunal boundaries, the extension of ranges of some animals, restriction 
in the ranges of others, and, with no doubt whatever, the complete extermination of 
many others, as in a few cases already on record. 

If we now had the accurate record of faunal conditions as they were in the Atlantic 
states a century ago, how much might we not be able to adduce from a study of the 
changes which have taken place. Now is the opportunity to make such records in our 
western region. Comparative studies of conditions in the same area at different succes- 
sive times is bound to bring important generalizations in the field of evolution. It will be 
seen here how valuable also will prove the collections preserved at corresponding 
intervals. Changes in conditions will doubtless bring about changes in the habits and 
physical characters of the animals enduring them. (GriuneU 1910b, p. 35 of 1943 
reprint) 

Grinnell 's solution, I propose ,  was to design and build an institution, the 
museum, which would exist on  roughly that min imum time scale and 
govern  activity in such a way that its materials can serve as models  of  the 
p h e n o m e n a  that interested him. 

I do  not  mean  to imply that the museum's  materials were collected only 
or even chiefly with Grinnelrs  interests in mind, nor  do I mean  to imply 
that the museum's  scientists did follow up Grinnell 's  project,  nor  that his 
project  was in any way essential to the functioning of  the museum (Star 
and Gr iesemer  1989 argue that, indeed, the museum materials can 
function as "boundary  objects", objects of  value to more  than one "social 
world" simultaneously). Rather,  I simply suggest that  in order  to achieve 
theoretical ends in a way that required more  time than he would have, 
Grinnell  had the foresight to structure his research and that of  the people  
a round  him so that he had something impor tant  to say in the short  run 
about  the static s tructure of  faunas, and his institution would have 
something of  even greater  momen t  to say in the long run about  the 
dynamics of  faunal change. 

If this speculation is even close to being right, an interesting picture 
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of an important social factor in modeling and theorizing emerges. 
Model-building of the sort described in the Trinity fauna example is the 
province of individual scientists and their (approximate) contemporaries. 
(However, we have to be careful here; lots of people were required to 
carry out the Trinity study, including field guides and trappers, govern- 
ment officials, farmers, and university administrators among others; see 
Star and Griesemer 1989.) By following a set of institutional standards for 
scientific procedures of collecting, preserving, note taking, cataloging, and 
curating, scientists can build models of the structure of natural systems 
over short intervals of time, provide causal explanations, make short-term 
predictions, and test some hypotheses. These models are built on the basis 
of materials collected for and stored in the museum. Scientists following in 
their footsteps can build more models according to the same rigorous 
procedural standards. Additionally, in virtue of institutional standardiza- 
tion of methods and, possibly, regimentation of interests, later scientists 
can compare their models to those of their predecessors. Comparison of 
models over time provides the basis for analyzing change as well as 
structure. Institutionalization of standards insures comparability, and in an 
important sense it is the institution as a whole which "carries out" theory- 
specification for the evolution of environment problem, since the needed 
sequence of models results from the organized collective effort of a social 
group persisting over time. 

If my reconstruction of the relation between Grinnell's theoretical goals 
and his scientific research on the structure of faunas provides insight into 
his model-building strategy, and if Grinnell's ideas about the proper 
structure of the institution shaped that strategy, it appears likely that the 
study of the museum as an institution is an important part of the study of 
his approach to model-building. One is inclined to think of a museum as a 
warehouse for specimens, but it follows from what I said above that it is 
much more than that (on museums see, e.g., Alexander 1979, Colbert 
1961, Stocking 1983, and the references in Star and Griesemer 1989). 
Most significantly, a museum is an institution, maintained as a going 
concern by organized, committed people. Through the institution's per- 
sonnel, procedures, traditions, and programs, collections of field notes 
and specimens may realize models of theoretical scientific entities and 
processes. 

One way information about institutions might be useful would be to 
mark the distinction between direct and "vicarious" theoretical modeling. 
Direct theoretical modeling consists in constructing or otherwise specify- 
ing the class of structures that will count as models of a theory. Vicarious 
theoretical modeling consists in specifying what will count as modeling 
that yields models of a theory, i.e., specifying a theory by specifying the 
procedure for constructing the intended class of models. Grinnell's own 
models do not, by themselves, fully specify the theory of the evolution of 
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environment he had sketched; at most they could be taken to specify a 
subtheory. Rather, they are members of the class of relevant structures, 
but not a full realization of the theory. If I am right that Grinnell planned 
for the museum to be an institution capable of realizing his intended 
theory, then we can recognize, in his models plus specification of the 
museum, a kind of institution-level ostensive theory specification: Grinnell 
constructed a few exemplars of a class of models and built an institution 
which would teach successors how to do the same. Grinnell "specified" his 
theory vicariously in the same way that a mathematician could specify a 
sequence of numbers by writing a few members of the sequence down and 
getting a student to see how to fill in the rest. Whether Grinnell's activities 
actually succeeded in specifying the intended theory depends on the 
structure of the institution-governed procedures he actually established; 
whether the institution actually realized Grinnell's theory depends on the 
subsequent history of the museum, including the activities of his succes- 
sors. To fully analyze the structure of such a theory then, one would have 
to know the history of the institution that realized or failed to realize it. 

If this sort of argument can be extended to other cases and institutions, 
it suggests a way in which institutional analysis might be relevant to 
philosophical interpretations of science. The structure and strategy of 
model-building depends on work organization; social structure not only 
provides a context in which intellectual work is done, it may also deter- 
mine the course and, to some extent, the content of that work. 
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