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ABSTRACT: We develop an account of laboratory models, which have been central to the
group selection controversy. We compare arguments for group selection in nature with
Darwin's arguments for natural selection to argue that laboratory models provide impor-
tant grounds for causal claims about selection. Biologists get information about causes and
cause-effect relationships in the laboratory because of the special role their own causal
agency plays there. They can also get information about patterns of effects and antecedent
conditions in nature. But to argue that some cause is actually responsible in nature, they
require an inference from knowledge of causes in the laboratory context and of effects in
the natural context. This process, cause detection, forms the core of an analogical argument
for group selection. We discuss the differing roles of mathematical and laboratory models
in constructing selective explanations at the group level and apply our discussion to the
units of selection controversy to distinguish between the related problems of cause deter-
mination and evaluation of evidence. Because laboratory models are at the intersection of
the two problems, their study is crucial for framing a coherent theory of explanation for
evolutionary biology.
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The maddeningly diverse and complex experience which
constitutes an experiment is not the entity which is
directly compared with a model of a theory. Drastic
assumptions of all sorts are made in reducing the
experimental experience, as I shall term it, to a simple
entity ready for comparison with a model of the theory.
- Suppes (1960, p. 297)

I. DARWIN AND NATURAL SELECTION

Introduction

This paper is about the form of evolutionary explanations which invoke
selection as a cause. More specifically, it is about the relation between
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laboratory studies of group selection and inferences about group selection
in natural populations. We analyze the relation between the problem of
determining causes in laboratory contexts and the problem of reasoning
from known effects to the unknown responsible causes in nature. We then
apply this analysis to the units of selection debate among philosophers.
We conclude that two important positions in the debate are misleading in
different (and complementary) ways about evolutionary explanations.

Hodge (1977, see also his 1983, 1987) described the structure of
Darwin's argument for natural selection. Drawing on Kavaloski's (1974)
historical study of the vera causa principle, Hodge developed a rich,
realist characterization. He claimed that Darwin's argument follows a
two-part structure which first attempts to establish natural selection as a
"true cause" (vera causa) which might possibly be responsible for the
production of new species in nature, and then attempts to document that
natural selection actually is so responsible.

In this paper we adopt Hodge's descriptive language, without endorse-
ment of his realist position, to argue that some group selection explanations
which have been central to the units of selection controversy follow the
same form as Darwin's argument for natural selection. Hodge's language is
useful for describing the methodological realist attitude scientists often
maintain (Burian 1987). An important goal in discussing group selection
here is to present a picture of the sort of scientific activity to which
philosophers must attend if they are to construct adequate accounts of
causal explanation. To make this argument, we will discuss the relationship
between: (1) laboratory models of group selection, which are designed to
show that group selection is a vera causa for evolution under carefully
specified conditions, and (2) definitions of group selection based on the
formal structure of the data model (analysis of variance, "ANOVA")
applied to laboratory experiments or field observations.

Philosophers taking sides in the units of selection controversy are really
concerned with two different problems: (1) formulation of criteria for
evidence that group selection is a vera causa which can be known to be
responsible for evolutionary change in actual cases, and (2) analysis of
causality using selection as an exemplary causal process. After the two
problems are distinguished, we will offer an account of group selection
explanations which indicates why both problems are important to a
general analysis of scientific explanation.

Darwin's Argumentfor Natural Selection

Hodge (1977) characterized Darwin's argument that natural selection has
been responsible for the production of new species in nature as a two-part
structure following Herschel's vera causa principle. The first part is an
argument showing that natural selection is a vera causa, a true cause, as
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suggested by Newton's famous first rule of reasoning in philosophy, "We
are to admit no more causes of natural things than such as are both true
and sufficient to explain their appearances" (Newton 1686). Following
Newton's two conditions, there are two subgoals of this first argument: (1)
to establish that the cause has true, i.e. real, existence rather than hypo-
thetical existence, and (2) to establish that the cause is sufficient, i.e.
competent, to produce the effect (Hodge 1977, p. 239). Hypothetical
causes are those merely postulated to explain the effect in question. Hence
the effect serves in that instance as the only evidence for the existence of
the cause. Real existent causes are supported independently of a given
effect to be explained, and hence can be said to exist independently of
consideration of the effect in question. In summarizing the language he
used in his description of Darwin's argument, Hodge wrote,

As a rough approximation, then, we may take the whole rule or principle to specify the
following: in explaining any phenomenon, one should invoke only causes whose
existence and competence to produce such an effect can be known independently of
their putative responsibility for that phenomenon (1977, p. 239).

Hodge called those causes satisfying the existence argument "true causes,"
and those which also satisfy the competence argument "VCP causes" (vera
causa principle causes).

It is central to Darwin's argument for natural selection that the struggle
for existence argument can be made without respect to considerations of
divergence leading to speciation, the process Darwinian natural selection
was to explain. Darwin argued many times for both the existence and
competence of natural selection to produce new species. This argument is
grounded on the analogy between artifical and natural selection. The
existence, competence and responsibility of artificial selection to produce
permanent changes in domestic varieties are established on the basis of
numerous, accepted facts about breeders' talents for discrimination, the
effects of changed conditions, and the role of artificial isolation in counter-
acting blending inheritance.

Darwin used the analogy to argue for the existence of natural selection
by showing that selection in nature would be a consequence of the struggle
for existence, given that natural conditions analogous to the artificial ones
hold (see Hodge 1977, p. 241). Since the struggle can be established by an
independent argument, natural selection is established as a true cause.
Darwin attempted to establish the competence of natural selection to
produce species-level change on analogy with the acknowledged com-
petence of breeders practicing artificial selection to produce varieties. He
did so by arguing two points. First, natural selection would be more
discriminating than artifical selection because the former acts more subtly,
on the whole animal or plant, not just on parts of interest to breeders, and
over much longer periods of time. Second, Darwin countered many of the
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"difficulties on theory" he felt challenged the competence of his mechanism
by consideration of "... long series of gradations in complexity ...
(Darwin 1859, p. 204).

This first part of Darwin's argument is intended to establish that natural
selection is a true cause which is competent to produce the effect under
consideration: species-level diversification through a natural process. If
successful, the argument would establish that natural selection is a possible
cause of species diversity. The analogy between artificial and natural
selection serves the VCP cause argument by showing how artificial
selection, an actual cause, can be used as an analogical model for a VCP
cause in nature, natural selection. In this discussion, by an actual cause we
mean a VCP, or possible competent, true cause which is actually respon-
sible for the effect under consideration.

The second part of Darwin's argument concerns the responsibility of
natural selection in actually having produced new species in nature. The
categories of evidence Darwin amassed in On the Origin of Species are
legion. The important point here is that Darwin viewed this evidence as
independent of the arguments presented to show that natural selection is a
VCP cause (Hodge 1977, p. 240). Much of the evidence is comparative in
nature, and intended to fix a qualitative scale for our expectations about
what magnitude of species change should result from specified conditions.
Darwin's comparisons in the chapters on geology, for example, of rates of
erosion and rates of character change lead readers to expect that rates of
character change are comparable to rates of physical change due to
processes admitted in Lyellian geology. The expectation that selection
should produce the amounts of diversity we observe in the natural world
is the "payoff" of Darwin's argument from artificial selection. Recognition
of the ability to produce a vast amount of change in conjunction with
observation of that amount in nature is an important component of
Darwin's evidence for responsibility.

There are two important features of Darwin's analogical argument to
which we will return in our discussion of laboratory models of group
selection. First, the utility of artificial selection as an analogical model
depends directly on whether we know it is an actual cause. We know that
artificial selection is an actual cause in some cases because it is the direct
result of conscious human agency. We cannot be wrong about the exis-
tence, competence or responsibility of this agency as a cause, because
what we mean by artificial selection is a certain sort of agency. Artificial
selection, in other words, is something which breeders practice, not
something they discover as the outcome of their practice. Second, the
significance of the analogy depends on whether or not the known relation
between cause and effect in the artificial situation can be applied to the
natural situation. Since we already know that artificial selection is an
actual cause, its value in an argument about natural selection stems from
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the understanding it gives us about how to assess responsibility, given that
conditions are right for affirming existence and competence.

The application of knowledge about cause-effect relationships often
rests on a linkage of the judgment of responsibility and a procedure for
precisely assessing, quantifying, or otherwise measuring effects. Scientists
often wish to hypothesize a responsible agent based on knowledge of an
actual effect and of the existence and competence of some possible cause
among a number of candidates. In other words, actual cases of artificial
selection should provide two things of use in investigating natural selection:
(1) a model for possible causes in nature, and (2) a theory of the data,
adequate for assessing our expectations about what kind of cause, pro-
ducing forces of what magnitude, can yield effects of the sort and size we
actually observe in nature. In a broad sense, what is needed are measures
for effects due to known causes which can be applied to causes of
observed natural effects. The adequacy of such measures in turn depends
on models of data (Suppes 1960, 1962, 1977).

II. LABORATORY MODELS

Laboratory Models of Group Selection

In this section we consider the laboratory systems, model-types and
models through which artificial group selection is practiced. Laboratory
systems can function as models for natural processes in the terms outlined
above. The structure of laboratory models has been important in the
group selection controversy. However, laboratory models are poorly
understood compared to mathematical models. This is in part because the
roles of the two kinds of models have not been clearly distinguished.
Moreover, the theoretical contributions of laboratory work have been
overlooked by philosophers of science in virtue of the alliance of mathe-
matical modeling with theoretical work via formalist philosophies of
scientific theory structure.

A laboratory system consists of materials, an apparatus or framework,
and maintenance procedures for the materials and apparatus. The system
of most interest in the group selection controversy is the flour beetle system
developed by Park (Park 1941, 1948, 1954, 1962, Neyman, Park and
Scott 1956). The beetles (Tribolium confusum and Tribolium castaneum)
are the primary materials. Glass vials with a measured amount of flour-
yeast medium in which the beetles live is an important part of the
apparatus. A place to keep the vials (racks on shelves in incubators in
laboratory rooms), machines to sift flour, and sieves to sift beetles out of
the flour are additional apparatus components. The conceptual boundary
between materials and apparatus is not rigid, and depends to a degree on

71



J. R. GRIESEMER AND M. J. WADE

the ways materials and apparatus are maintained and managed. Main-
tenance procedures include all aspects of the manipulation of the apparatus
to structure the life cycles of the individual beetles and populations of
beetles. Examples include: a temperature-humidity-light regime in the
incubators to maintain a constant physical environment, a husbandry
scheme for sifting out beetles and transferring them to new vials which
minimizes and equalizes handling of the beetles (Park 1948, p. 268),
procedures for adding to (purchasing and receiving) and recycling (wash-
ing, sterilizing) the apparatus.

By way of comparison, in simple Newtonian mechanical laboratory
systems composed of, say, masses of metal suspended from springs, the
materials and apparatus are effectively immutable with respect to most
intended purposes, e.g., measurements of harmonic motion. In such cases,
a system of maintenance hardly needs specification. An unspoken, "com-
mon sense" maintenance system would be to keep the apparatus on a shelf
in a room so that it would not be damaged, lost or stolen.

Not so with the flour beetle system. With respect to most of the
historically interesting uses: population physiology, interspecies competi-
tion, and group selection, the materials and apparatus are mutable (see
discussion and references in Park 1941). They are so mutable in fact that
managing the maintenance system is a major part of a Tribolium labora-
tory staff's function. Maintenance system failures such as vial mixups due
to improper handling or labeling, Adelina infection, water damage to vials
due to incubator malfunction, rodent infestation of flour supply, shortages
of vials at critical times, and supply bottlenecks due to competing projects
can defeat research because the integrity of the laboratory system depends
on maintenance of its biologically important properties.

A laboratory model-type (cf. Van Fraassen 1980, p. 44) is a laboratory
system for which an experimental design has been specified but not
implemented. An experimental design indicates, among other things, a
structured set of manipulations of materials and apparatus realizable
within the system of maintenance. Park (1948) created a flour beetle
interspecies competition model-type, for example, by specifying controlled
temperature (29.5 0.5°C), relative humidity (60-75%), initial popula-
tion density (1 beetle per gram of medium) and species composition, as
well as other conditions (vial size, flour volume and condition) and their
manipulation in the maintenance schedule. For example, by specifying that
beetles are to be transferred to fresh flour each 30 days, and knowing that
the beetles take 32--35 days to mature, a generation time for populations
is created in which populations are founded by unmated adults.

Sieving procedures using three different mesh sizes to sort and count
beetles by life stages (egg, larva, pupa, imago) must also satisfy conditions
of maintenance such as to minimize handling and be doable within the
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confines of the imposed 30 day generation time and controlled physical
environment (see Fujimura 1987 on "do-able" problems). Jostling by the
beetles themselves, for example, is known to disrupt development, and
excessive handling by scientists may duplicate this effect (see Park 1941).
Only so much counting can be done in a short period of time and the
longer the counting takes the fewer 30 day generations can be produced.
Also, the longer counting takes, the longer vials are out of the constant
incubator environment. Finally, control and experimental populations are
specified as vials containing beetles of one or two species, respectively.
Species identification under the microscope must also be consistent with
maintenance constraints.

In Wade's laboratory group selection model-types (e.g., Wade 1976,
1977) many of the features of Park's (1948) maintenance structure were
adopted. Generation times were set at 37 days because there is evidence
that this is the time, 3-4 days post eclosion, of highest probability of
dispersion of beetles. Since Wade investigated Wright's (1931, 1932,
1977) interdemic selection process, in which migration plays an important
role, he used relevant information about the beetles to determine the value
of the generation time parameter for his laboratory model-type. The
number of founding individuals in each population was set at 16 as a
trade-off between the need to minimize inbreeding (requiring large popu-
lation size) and the need for a manageable experiment within the confines
of the maintenance system (requiring small population size).

The procedure by which Wade (1977) chose beetles to create new
populations (i.e., the "treatment") was specified to depend on group,
individual or randomly assigned characteristics. In particular, if beetles to
found new populations are drawn from those populations with the highest
(lowest) density, a positive (negative) group selection treatment is imple-
mented (Wade's treatments A and B). If one new population from each
old population is drawn, there can be no imposed group selection, though
individual natural selection may operate within the vials (treatment C). If
populations are randomly chosen according to a table of random numbers,
the treatment could be called random selection (treatment D). It makes
sense to talk of "random selection" (contra Sober 1984, p. 265) in the
laboratory context because 'random' refers to the assigned property of
populations upon which the experimenter acts as a causal agent of
selection. The role of agency in implementing the experimental design
eliminates any potential confusion of drift and selection in the model.
Random selection in the laboratory context is a systematic selection
process operating on arbitrarily assigned properties, not a stochastic (drift)
process operating on evolved traits. Drift undoubtedly occurs in all
laboratory populations due to their finite size, but the "simulation" of drift
as a focus of laboratory study is a different and separable problem from
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handling drift as a concomitant of a group selection study. They are
separable problems because the agency needed to structure an experiment
in each differs.

In later generations of Wade's (1977) experiment, a correlation devel-
oped between population density and the lineage from which descendant
populations were drawn as a consequence of random selection. This
generated a force of group selection. In a second set of experiments which
will not be discussed here, Wade (1977) also specified three levels of
migration as part of the experimental design.

It is important to note the roles of the third (individual selection) and
fourth (random selection) treatments. The third is a control for group
selection. On the basis of other studies, individual selection is presumed to
be operating, and positive and negative group selection can be expressed
as deviations from the control treatment on the assumption that individual
selection acts the same in all treatments. Barring other information about
differences between treatments, this is a reasonable assumption. Note that
it is a control treatment because group selection is not imposed. Individual
selection is uncontrolled, presumed to be operating, and there is no a
priori expectation whether individual selection will increase or decrease
the group characteristic, population density.

The fourth treatment is a control of sorts, although Wade (1977) does
not discuss it in these terms. Rather than being a control for group
selection, as with the individual selection treatment, the random selection
treatment is a control for the property on which group selection is
practiced (population density). Group selection arises as a consequence of
the random selection, but arbitrarily with respect to population density. In
other words, group selection is not directly imposed on populations in
treatment D, but it arises anyway. This occurs because the between lines
variance in population density (the component available to group selection)
increases as a result of differential proliferation of randomly selected
populations (Wade 1977, pp. 141-142). Larger parent populations tend
to found more new offspring populations than smaller parent populations
in treatment D, even though populations are selected at random with
respect to population density. The experimental design is such that Wade
generated a force of group selection for increased population density. The
fact that group selection in treatment D is less effective than in treatments
A or B, where population density was directly scrutinized, gives a measure
of support to Wade's claim to be competent as an agent of group
selection. In other words, the closer Wade scrutinized the trait, the bigger
the response to group selection achieved. Thus, treatment D became an
important validation of Wade's claims.

A laboratory model, finally, is created from a model-type by imple-
menting an experimental design. In other words, a laboratory model is a
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dynamic object made of materials in an apparatus which is maintained,
and hence manipulated, in accordance with an experimental design.

Our use of the term 'laboratory model' is intended to emphasize two
features of modeling which are crucial for understanding the group
selection controversy. First, the term 'laboratory' focuses on the relation
between scientists' activities and their explanatory claims (cf. Latour and
Woolgar 1979, Latour 1987). Second, 'model' emphasizes the constructive
and representational aspects of this activity. Suppes (1960, 1962, 1977)
has discussed experimental work in relation to questions of formalization
of theories and models of data. Wimsatt (1980, 1981a, b) considered the
role of heuristic procedures in model-building. Lloyd (1984, 1986a,
1986b) has linked the problem of evaluation of evidence in population
genetics with a formal semantic view of theory structure. Gerson (1983),
Star (1983, 1985), Star and Gerson (1986), and Gerson and Star (1987),
among others, have begun to develop an account of scientific work
organization sufficiently rich to suggest ways of integrating work on
laboratory models, formal models of theories, and models of data.

As Neyman, Park and Scott (1956, p. 43) point out, the data resulting
from laboratory models are empirical rather than derived, as with mathe-
matical models. This is because laboratory models are material structures
built by scientists from laboratory systems. The data summarize the
behavior of the implemented system as actually maintained. Thus, we
use the term 'laboratory model' to designate the constellation of social
arrangements through which scientists explore "natural" or "artificial"
systems by acting on them as causal agents. Scientists study the role of
causal agents in natural systems by studying their own agency in laboratory
systems and then analogizing to natural systems.

Causal Claims in the Group Selection Laboratory Model

Hodge's analysis of Darwin suggests that we ought to look for a two-part
argument for natural selection at the group level. First, there should be a
sub-argument for group selection's being a vera causa principle cause
(VCP cause). In other words, group selection must be shown to be a real
existent cause which is competent to produce the effects observable in
nature. This sub-argument would be intended (if parallel to Darwin's
argument) to show that group selection is a possible cause in nature.
Second, there should be a sub-argument that group selection is actually
responsible in nature for observable effects.

In order to search for this argument in the structure of laboratory
studies and mathematical models of group selection, it is necessary to
review the motivation for these studies (see Wade 1978, Wimsatt 1980,
Wilson 1980, 1983 for more extensive discussion). Many of the mathe-
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matical models of group selection were designed to examine the range of
parameter values for group size, reproduction rate and structure under
which group selection could be a significant, measurable cause in nature.
Many modelers felt, for example, that even small amounts of migration
between groups would defeat group selection, leading to the view that
group selection was possible, but only under very restrictive conditions
(Wade 1978, pp. 108-111). Many mathematical models "confirmed"
such expectations of the inefficacy of group selection. Wade (1978) and
Wimsatt (1980) showed that many of the negative modeling results could
be explained in terms of assumptions made to improve mathematical
tractability, which biased the case against group selection.

Most mathematical studies addressed the question whether group
selection as a logically possible cause, represented in mathematical models
as a force counteracting individual selection, could be responsible for
observable effects in nature. And this question was usually addressed
without a prior demonstration that group selection is a VCP cause for the
historical reason that Wynne-Edwards (1962) claimed responsibility for
group selection in regulating population size without an independent
argument that group selection is a true cause. This focused most attention
on responsibility claims in natural systems (or mathematical models of
idealized natural systems). But mathematical models alone are insufficient
for assessing responsibility claims if their warrant requires a prior vera
causa argument. It takes observation or experiment (i.e., experience),
perhaps coupled with mathematical modeling, to establish a cause as a
VCP cause, hence mathematical models are an insufficient foundation for
selective explanations.

Wade's early laboratory studies (1976, 1977) were designed to examine
the role of population subdivision in fostering evolution, and specifically
to demonstrate the existence and competence of group selection in the
laboratory. Wright (1932) had claimed that the shifting balance process
would be more efficient in improving within-species fitness than mass
selection. In the shifting balance process, genetic drift would drive popu-
lations across adaptive valleys to find the highest adaptive peaks in the
region spanned by a set of populations genetically connected by weak
migration. Those populations driven up the highest peaks by individual
selection would send out the most migrants because they would be the
most successful. These migrants would find their way to less well adapted
populations and "shift the balance" of alleles in those populations to the
combinations characteristic of the most successful populations, thus im-
proving the fitness of the set of populations as a whole. Wade's studies
were designed to determine whether group selection practiced in the
laboratory could result in a detectable evolutionary response to group
selection separable from that due to individual selection. In addition,
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Wade was concerned to examine the effect of migration between popula-
tions on the rate of change attributable to group selection. (For details of
the arguments concerning key assumptions necessary to the design of the
experiments, such as the propagule pool assumption, see Wade 1976,
1977, 1978 and Wimsatt 1980).

In the case of mathematical models, a set of logically possible causes
are represented in a state space in which variables and parameters take on
a set of values (see, e.g., Lloyd 1984). Matches between the behavior of a
model (according to a set of coexistence and succession laws) and of a
nat::ral system may be taken as evidence that the model simulates the
natural system. In mathematical models, there is a quasi-causal claim of
the form, "Let there be a space S, random variable V ...." This construc-
tion of a mathematical reality in the seemingly innocent phrase "Let there
be ... ," does in mathematics what the laboratory experimenter does in
the laboratory in one respect - it establishes conditions for asserting
knowledge about causes in the artificial system. In other words, mathema-
tical and laboratory construction serve the same epistemological function,
conditioning knowledge claims about causes.

Causal claims about a natural system on the basis of a mathematical
model depend on identification of matches between the behavior of
constructed and natural systems. The ease of finding matches depends on
the set of possible causes chosen as candidate actual causes to be repre-
sented in the model and how well the mathematical structure represents
the natural causal structure for the purpose at hand. Mathematical models
cannot have too few or very many variables representing causes because
there is a trade-off between representational adequacy (in the "curve-
fitting" sense) and the likelihood of matching model system behavior with
natural system behavior.

There is an important difference between the modeling approach from
the laboratory and that from mathematics, however. Because laboratory
models are actual material causal structures, the pathway of analogical
inference is from actual (i.e., real existent, competent, responsible) causes
to actual artificial effects, to matching actual natural effects, to claimed
actual natural causes. Since the actuality of the cause in the laboratory plus
the matching pattern of system behaviors justifies the claim of a natural
VCP cause, the significant part of the reasoning is the added hypothesis
that some natural agent is responsible. With mathematical models, the
path is from mathematically possible representations of natural causes, to
actual mathematical effects, to actual or simulated natural effects, to
claimed actual natural causes.

Laboratory systems are easily viewed as a subclass of natural systems in
which scientists are important agents. The analogical argument from
laboratory to natural systems is founded on knowledge of actual causes,
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and yields a hypothesis about the actual causal agents in the natural
system (see Figure 1). Mathematical systems can only be viewed as a
subclass of natural systems in a world too Platonic for most scientists to
accept. Mathematically represented causes are hypothetically existent
causes only, unless they are constructed on the basis of prior laboratory
models. In that case they are better thought of as hybrid mathematical/
laboratory systems. Because their causes are hypothetically existent, the
grounds for causal assertions based on mathematical models about natural
systems depend solely on the match between mathematical and natural
system behavior. There is no source of independent evidence (by defini-
tion). For the grounds to be stronger, it must either be the case that there
is a set of mathematical models which are jointly robust to particular
modeling assumptions (see Wimsatt 1981b), or that the mathematical
models themselves are grounded in laboratory models. But robustness is
an operational criterion of the real existence of the represented phenomena
(Wimsatt ibid., and references therein). So, either argument for the real
existence of causes represented in mathematical models depends on
context (other mathematical models or laboratory models), not just on the
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given model. Hence, a mathematical model alone is insufficient to ground
claims about actual causes in natural systems. The two grounds, robustness
and laboratory experience, may interact in an important sense: laboratory
modeling may be the most efficient defense against pseudo-robustness.
Moreover, in laboratory models responsibility is reported by the experi-
menter rather than postulated. The intersubjectivity of such reports makes
independent tests of responsibility possible. In mathematical models
responsibility is postulated as part of the constructive process. One cannot
discover other causes in the model which may be responsible in a
mathematically modeled natural system because mathematical models are
closed representational systems. To add other causes is simply to change
or add models.

In laboratory studies of group selection, some causal claims enter the
story before an experiment is even conducted. These appear in the form of
causal agency hypotheses: "If I do such and such (i.e., act in a certain
responsible way), things will turn out this way rather than that," and causal
directives: "Tend the beetles according to Park's maintenance schedule in
order to instantiate the Tribolium laboratory system." There can be no
doubt that group selection is being practiced in Wade's laboratory studies,
and on this philosophers on both sides of the dispute over the correct
analysis of group selection agree (cf. Brandon 1982, Sober 1980, 1984,
Wimsatt 1980, Lloyd 1986a, b). What is at issue in the laboratory studies
of group selection is precisely what Hodge identified as the VCP cause
issue: is group selection of hypothetical or real existence, and is it
competent to produce observable changes in species?

It is important to be clear here that Wade's studies do not address the
question of whether group selection is actually responsible for evolutionary
changes in natural populations, nor the question of whether the hypothe-
tical existence claims of group selection in mathematical models can be
strengthened so as to support VCP claims and responsibility hypotheses
for natural populations. Rather, the laboratory model is intended to
establish the real existence of group selection in the laboratory system and
its competence to produce detectable effects in the laboratory system.
Thus, an important difference between laboratory and mathematical
models of group selection is that the former demonstrate the real existence
of group selection in the laboratory system, while individual mathematical
models demonstrate only the competence of the hypothetically existent
cause to produce theoretically specifiable effects. More importantly,
laboratory models, if successfully implemented, permit the detection and
measurement of the competence of group selection to produce effects. We
turn to the problem of detection in the next section.
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We view the beetles as an instrument: an organic ma-
chine which, at our bidding, can be set in motion and
instructed to yield relevant information. If the machine
can be properly managed, and if it is one appropriate to
the problem, we are able to increase our knowledge of
the phenomenon. Unfortunately, however, this does not
necessarily mean that the concept is thereby clarified.
- Park (1962, p. 1369)

III. CAUSE DETERMINATION

Possible and Actual Causes

Laboratory models serve an explanatory role in two different ways. First,
they serve as the framework for causal explanations of events under inves-
tigation in the laboratory. Whether group selection can cause significant
changes in organismal properties at all is a question usefully investigated
in the controlled setting of the laboratory. Wade's experimental studies
and others (e.g., Craig 1982, Goodnight 1985) yield an affirmative answer,
supporting arguments that group selection is a biologically possible cause
of evolutionary change, and showing that the Tribolium system with
analysis of variance as a data model yields useful measures of the force
exerted by the practice of group selection on well-structured flour beetle
populations.

Whether and how group selection has acted in natural systems and
whether group selection is an important cause in natural systems are
questions about responsibility which no amount of laboratory study alone
can answer. However, analysis of the effects of causes operating in natural
systems solely in terms of consequence laws and mathematical models of
possible causes cannot fully answer these questions either. Differently put,
laboratory models yield explanations of actual causes in the laboratory
and of VCP causes in nature, while mathematical models of hypothetical
causes and data models of actual effects in nature yield explanations of
possible causes in nature. Neither modeling approach yields the full
desired result: explanations of actual causes in nature. Each must be
supplemented by an inference to VCP causes, a hypothesis of responsible
agents, and an empirical search for such agents, to produce such an
explanation.

Laboratory models also provide a link between causal explanations of
actual events in terms of actual causes available in the laboratory context
and "equilibrium" explanations (Sober 1983, 1984) of events in natural
systems. "Equilibrium" explanations are a sort of "second best" explanation
in evolutionary biology. Even though the physical causes of fitness differ-
ences among organisms (or groups) are often not discernible, a disjunction
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of possibilities which likely includes the actual cause is often acceptable in
explanation of an evolutionary event. Sober (1983, 1984, ch. 5) developed
the distinction between "equilibrium" explanations and causal explanations
to show how fitness (in contrast to selection) is not a causal notion. Causal
explanations about laboratory systems depend on the experimenter's
knowledge of his or her own agency. Causal claims made in the laboratory
are thus relative to the context specified by the laboratory model.

Laboratory models provide a means of weighting the likelihood that a
given disjunct in an "equilibrium" explanation is the actual cause. When
the structure of events in a natural system matches that of a laboratory
system, causal hypotheses about the natural system are warranted. Thus,
laboratory models can be used to structure a set of possible causes for a
natural system around actual causes operating in laboratory systems.

The weights aid in two sorts of relatively global analysis of causes in
evolutionary biology. First, they support arguments about which variables
in mathematical models representing an array of possible causes are
explanatorily important. Second, they guide the empirical search for
ecological agents and causes on analogy with the agency of the experi-
menter (see Figure 1). Predation by birds may be analogized to the
artificial selection of a biologist to argue that birds and biologists do it the
same way if, for example, the pattern of sizes of prey in the natural system
sufficiently matches that of some relevant laboratory model on which
artificial selection has been practiced. Knowing that it is the large prey
which get eaten constrains the search for natural agents capable of such
activity. Note that the analogy holds between the pair of agents in the
comparison of natural and artificial selection.

Cause Detectors

In analogizing pairs of agents, laboratory systems serve as cause detectors
in natural systems. The notion of a detector captures several relevant
features of the use of models we wish to emphasize: (1) their instrumental
character, (2) the process of instrument calibration, and (3) their fallible
use in the determination of causes.

The concept of an instrument is playing an increasingly important role
in recent history, philosophy and especially sociology of science (see, e.g.,
Ackermann 1985, Borell 1987a, b, Latour and Woolgar 1979, Latour
1987). Latour and Woolgar (1979) and Latour (1987) discuss instruments
in a way congenial to our conception of laboratory models as cause
detectors. Latour traces the layers of scientists' debates from the literature
to the laboratory. He argues that,

Going from the paper to the laboratory is going from an array of rhetorical resources to
a set of new resources devised in such a way as to provide the literature with its most
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powerful tool: the visual display. Moving from papers to labs is moving from literature
to convoluted ways of getting this literature (or the most important part of it) (Latour
1987, p. 67).

In following this move, Latour defines an instrument (1987, p. 68) as
follows: "I will call an instrument (or inscription device) any set-up, no
matter what its size, nature and cost, that provides a visual display of any
sort in a scientific text." This definition relativizes instruments to the visual
displays in historical time which scientists use in their texts; intermediate
"readings" do not constitute problematical displays produced by instru-
ments for Latour unless they are controversial enough to themselves
become the focus of texts (as when a "low level" measurement is challenged
in the literature). Latour points out (ibid.) that his definition does not
specify what the instrument is made of, e.g., whether it is a piece of
hardware or a whole institution like a statistical laboratory, so long as the
net result is a visual (or, as we would prefer, a sensory) display.

We use Latour's notion of an instrument to define a cause detector as
follows: a cause detector is an instrument which is deployed to make use
of a known causal process to investigate an instance of the operation of
that causal process. A voltmeter can be an instrument on Latour's defini-
tion if voltage is a quantity to be reported in a paper. To use such an
instrument as a detector of voltage or current, a known causal process of
current flow in a wire or across an electric potential, embodied in Ohm's
Law, is used to construct the instrument and then, treating the instrument
as a "black box," to make a claim about the presence and magnitude of
voltage or current in a given wire.

Electric current is held to be a real existent cause which supports a
responsibility claim about events in a particular wire on the basis of
knowledge of the process of current flow in laboratory set-ups in con-
junction with the operation of the meter. Such a claim, of course, comes
dangerously close to supporting a post hoc ergo propter hoc argument, but
our concern here is to follow the argument path only to the point at which
claims based on laboratory models are made about natural systems.
Substantiating the claim in an argument that a particular cause is the actual
cause in a given natural system presumably requires some form of robust-
ness analysis, and even then there are no guarantees of the soundness of
such arguments because they are analogical.

Detection of group selection in natural systems works similarly. Knowl-
edge of the causal process of group selection in the laboratory plus
application to events in nature of a data model which has been used to
measure effects of experimenter agency could support a responsibility
claim about group selection in nature. At the present state of empirical
investigation, instruments such as the Tribolium system are only now
being tested which could be successfully applied to natural systems for
determination of group selection as a cause.
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Calibration

Detectors must be calibrated. The behavior of an instrument, e.g., the
swing of a voltmeter's needle, must be of an appropriate magnitude to
discriminate effects in an interesting range of values. Likewise, the re-
sponse to group selection among populations of flour beetles must be
measurable and of the same order as the response to individual selection
to be a convincing demonstration that group selection can occur. Arrang-
ing this sort of response in a laboratory system typically takes many
experiments and a lot of "fiddling around in the lab" with prototype
equipment, materials and procedures.

If one were to turn on a voltmeter and apply the probes to a car battery
anticipating a 12 volt reading, but the meter's needle appeared not to
move, the first response would be to see if the voltage range were set for
1-100 volts rather than 1-10,000 volts, even if the best explanation of
the needle's behavior ultimately turns out to be that the battery is dead. If
Wade had conducted his experiments as described above, but found no
response at all to individual selection in treatment C (individual selection
only), the interpretation of the group selection treatments would be
suspect.

This is not because it would be open to question whether Wade had, in
fact, imposed group selection in virtue of his actions, which we know to be
the case. Rather, Wade's choice of: number of replications, deme sizes,
imposed selection differentials, selected traits, and conditions governing
heritabilities at group and individual levels, as features of the experimental
design, would be in doubt. Differently put, Wade's competence as an agent
of selection to produce observable effects would be in doubt, not the real
existence of group selection. Hence, expectations about the particular
causal consequences of sequences of actions in nature analogous to
Wade's would also be in doubt.

Hypotheses about the responsibility of causal factors yielding similar
results in natural systems would not be justified if there were uncertainty
about Wade's competence in the laboratory. Both real existence and
competence are conditions for something's being a VCP cause, and the
acceptance of both must be prior to an argument for responsibility.
Knowledge of real existence follows from knowing that one has acted as a
causal agent, but knowledge of competence must be judged in relation to
expectations of the magnitude of effects of, and ability to measure the
consequences of, that agency.

Fallibility

Because detectors can be improperly calibrated, or can outright fail, they
do not guarantee correct results. Good detectors work most of the time.
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However, the user may lack a theory which justifies the choice of a
particular detector design. Moreover, in some cases the skill of the user is
as important as the design of the instrument in adequate detection. Crude
tools in the hands of skilled experimentalists can often succeed where
fancy instruments in less skilled hands fail.

Once a laboratory system has been calibrated, the application of data
models such as ANOVA to the results supports an assessment of patterns
arising as consequences of the actual causes operative in the laboratory
system. After experimenters have used a laboratory system in this way,
they have a set of expectations about the relation between agency, the
system's structure, and their effects which they can use to formulate causal
hypotheses about other systems.

Expectations about effects stemming from knowledge of causes in the
laboratory system are applied to natural systems through the use of the
same data model. To justify using the same data model, the experimental
design structure of a laboratory model must be recognized in the natural
system. For example, if the laboratory model included discrete generations,
applying an analysis of variance to a natural system with overlapping
generations will not serve to transfer expectations about the laboratory
model's performance to the natural system. Only a system which has been
calibrated, i.e., applied in a context in which at least some known causes
are operating and a distinctive pattern of effects is measured, can be used
as a detector for other systems. And even then, there are no guarantees
that the detector will not fail. To the extent that a complex pattern of
causal factors produces a unique historical sequence of outcome events,
matches between carefully designed laboratory models of substantial
complexity and complex natural systems support the hypothesis that
similar causes operated in the two systems (see Figure 1). That is, the
laboratory model is used to make claims about or detect the presence of
natural causes on the basis of a similar pattern of effects, combined with
knowledge about the causal structure of the laboratory system.

Analogy and Effects-to-Causes Inference

The analogy between agents, e.g., experimenter in the lab and bird
predator in nature, makes the claim of cause determination based on the
laboratory experience powerful. But Darwin's argument from analogy has
two parts. First there is the analogy of human agent of artificial selection
with agent(s) of natural selection. Second, there is the argument that a
pattern of effects in nature is analogous to a pattern of effects in a
domesticated setting, the laboratory, or in imagination because there is an
analogy of agents. For example, we can explain the distribution of insect
wing lengths on islands being skewed toward shorter wings compared to
that of mainland populations because we can imagine that insects with
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longer wings have a harder time surviving strong winds, just as they would
have a harder time surviving an insect fancier's distaste for long-winged
insects. In other words, matching patterns of effects, given the agency
analogy, supports the inference to the responsibility of a natural agent, in
this case, the wind.

Cause detection is the process of applying knowledge about agency in
the laboratory to a natural system to establish the agency analogy. Knowl-
edge about a calibrated laboratory system supports claims about actual
causation (real existent, competent, responsible causes) in the laboratory
setting, and the agency analogy "exports" knowledge of actual laboratory
causes to natural systems as possible VCP causes which are analogously
responsible for the observed pattern of effects in nature.

Two facts combine to make a prima facie case for claiming that there
exists an actual agent in nature which is responsible for an observed
pattern of effects: (1) the possible causes in nature are exported VCP
causes (as opposed to mere hypothetical causes such as are postulated in
mathematical models), and (2) the pattern of effects in nature "matches"
the pattern in the laboratory for which the experimenter is known to be
responsible. In short, cause detection provides a path from knowledge of
actual causes in the laboratory to VCP causes in nature and supports a
hypothesis about the character of the responsible natural agent based on
the pattern of effects observed in nature.

In the next section we turn to group selection as an example of the
construction of explanations based on laboratory models.

IV. THE GROUP SELECTION CONTROVERSY

A large part of the philosophical controversy about group selection has
concerned: (1) adequate criteria for specifying what a unit of selection is,
and (2) the proper definition of group selection as a causal process
(Brandon 1982, Brandon and Burian 1984, Damuth and Heisler 1987,
Lewontin 1970, Lloyd 1986a, b, Maynard Smith 1964, 1976, Sober
1984, Uyenoyama and Feldman 1980, Wade 1978, Williams 1966,
Wilson 1980, 1983, Wimsatt 1980, Wright 1932, 1945, Wynne-Edwards
1962). In the following section we use our account of laboratory models
to explore the relationship between the two issues. In the succeeding
section we consider the units of selection controversy, and propose that
accounts of explanation be founded on the way the scientific explanatory
work is done, rather than on the resolution of these worn problems about
proper definitions.
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Group Selection as a Causal Process

That the two issues mentioned above have not always been clearly dis-
tinguished can be traced to their historical juxtaposition: the person who
pioneered investigation of the first issue - criteria for units of selection -
is also the person who called attention to the second issue - the causal
process of group selection. Wimsatt's (1970) discovery of the philosophical
insights of George Williams' (1966) book, Adaptation and Natural Selec-
tion, opened up a number of questions for philosophers about the nature
of selective explanations which bear on the analysis of selection as a causal
process (see, e.g., Sober 1984 for an extended treatment). Wimsatt (1980,
1981a, b) also contributed substantially to philosophical interpretation
and extension of Lewontin's (1970) treatment of "Darwin's principles"
which forms the basis for much of the discussion of units of selection.

The central philosophical problem is that while criteria for identifying
units of selection may be useful for picking out instances of the operation
of the causal process(es) of selection, they may not provide an adequate
definition of selection. Conversely, a definition may not suggest adequate
operational criteria. The two problems roughly sort along epistemological
vs. metaphysical lines: when do we know selection is operating vs. what
kind of process is selection? Lewontin (1974) clearly stated a form of
this problem in his distinction between the analysis of causes and the
analysis of variance in population genetics. The former is grounded in the
Mendelian analysis of the behavior of genes. The latter is applied to the
statistical properties of phenotypic states of populations and, through the
"reductive" arguments of Fisher (1918), to genes. The two forms of data
analysis yield identical results only under the highly artificial conditions of
simple additive genetic mathematical models of phenotypes.

Williams' (1966) parsimony principle added a lot of grist to the
philosophical mill. It is the normative principle that selective explanation
should start at the lowest levels and proceed to the highest (i.e., from
single alleles, to loci, to sets of loci, to organisms, to groups) when it
becomes clear that lower level explanations are inadequate. Lower level
explanations are, in some sense, simpler. Williams' "solution" blurs the
epistemological/metaphysical line which separates the units question from
the causality question, tying both to the problem of formulating selective
explanations. The levels bias can be viewed either as an explanatory
heuristic or as a metaphysical claim about the properties of selection as a
causal process.

The apparent need for the parsimony principle stems from a conceptual
knot which has long been present in evolutionary biology. Since a selective
explanation amounts to telling a story about how an array of natural
causes might have produced a pattern of observable trait differences, how
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does one decide whether a given selective explanation is correct? In the
group selection controversy Williams fostered in his response to Wynne-
Edwards (1962), the question became: under what circumstances will
organism-level selective explanations fail and group-level selective ex-
planations be required?

Wynne-Edwards had argued that the regulation of population density
by social organisms is mediated by altruistic acts of individuals foregoing
reproduction "for the good of the group." Williams countered that many
group benefits could appear as outcomes of organism-level selection, and
that the presence of a group benefit is insufficient evidence for the real
existence of a group adaptation, i.e., a group property shaped by a
group-level process of selection. The parsimony principle was designed to
legislate against explanations from group-level effects to hypothetical
existent group-level causes because group-level effects might actually be
artifacts of organism-level causal processes. (Wimsatt has argued in
conversation that this artifact argument is symmetric; individual-level
effects might be artifacts of group-level causes). Notice how inextricable is
the issue of what causal process (group- or individual-selection) has
actually operated from the issue of how to explain the properties of
groups as units subject to selection in the previous statement.

Recent philosophical accounts of group selection (especially Brandon
1982, Sober 1984) have attempted to define group selection in ways
which avoid Williams' problems of cause determination and explanation in
one fell swoop, problems which were thought to apply to a number of
recent definitions. A brief consideration of strategies for defining group
selection lead us to suspect that too much philosophical duty is being
expected of scientists' definitions. We suggest that the relation of defini-
tions to models is crucial for understanding what is at stake philosophi-
cally. Though we cannot argue it here, it seems likely that a fairly
sophisticated view of definition in science will be required to accomodate
this relation. Teller's (1977) discussion on indicative introduction seems a
promising line of inquiry.

Consider, for example, Wade's definition: "Group selection is defined
as that process of genetic change which is caused by the differential
extinction or proliferation of groups of organisms" (Wade 1978, p. 101).
While this definition mentions causation, it does not discriminate among
sources of causation (drift vs. selection, individual selection vs. group
selection), and thus fails to steer clear of Williams' "artifact" argument.
Sober's definition adds clauses which are intended to provide means of
discrimination. Interpreting "positive causal factor" probabilistically,

... group selection occurs in a set of populations exactly when there exists some
property P such that

1. Groups vary with respect to whether they have P, and
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2. There is a common causal influence on those groups that makes it the case that
3. Being in a group that has P is a positive causal factor in the survival and

reproduction of organisms (1984, p. 314).

Wimsatt focused on the units issue, which has much to do with the
nature of the evidence needed to claim knowledge about the operation of
selection (see Lloyd 1986a, b). Wimsatt presumed that the causal import
of claims made in the cases he studied was obvious (e.g., Wimsatt 1981a,
fn. 16). We argue that it is crucially important that the cases Wimsatt
focused on are the laboratory models of Wade (1976, 1977, 1978) or
their near cousins (Lewontin and Dunn 1960). By contrast, Sober (1984)
and Brandon (1982) focused on hypothetical cases in developing a
distinction between the causality and units problems and in arguing for
particular formal definitions of group selection.

This is not to say that laboratory studies have been ignored. Indeed, all
philosophers in the group selection controversy seem to accept Wade's
laboratory studies and Lewontin and Dunn's field/laboratory studies as
paradigm cases of group selection. Some biologists do not accept these
cases as paradigmatic but, as far as we can determine, for terminological
rather than substantive reasons, e.g., Maynard Smith (1964), Endler
(1986). It is interesting to note that Lewontin's studies were accepted by
Williams (1966) as cases of true group selection. His acceptance helped
focus the dispute on the relative importance of group selection as a cause
in nature.

The causal import of statements about units is obvious in the case of
laboratory models because the experimenter creating the artificial units
in the laboratory is also the agent of selection. The causal import of
statements about hypothetical examples is not so obvious because a
hypothetical causal structure is rarely presented in such a way that real
existence or competence could be determined independently of the
responsibility postulated in the construction of the example. An important
lesson can be learned by contrasting: (1) a mathematical model in which
the structure of a hypothetical group selection process is studied (Maynard
Smith's 1964 "haystack model"), (2) a data model with which the fitness
differences between hypothetical groups are used to illustrate Williams'
artifact argument (Sober 1984), and (3) Wade's laboratory models in
which real existence, competence and responsibility claims all depend on
the actions of the experimenter as causal agent.

The "haystack model" of group selection describes the life cycle of
a hypothetical species of mouse which lives exclusively in haystacks
(Maynard Smith 1964). The life cycle is characterized by a mating rule,
that mice mate with some coefficient of inbreeding, r, before establishing
new colonies, but after migration from their parental haystack.

The model specifies the genetic system as one locus with two alleles, A
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(the "aggressive" allele) and a (the "timid" allele), in frequencies (1 - P0 )
and P0, respectively. It also specifies the nature of the formation of
"haystack" groups of mice and the differential group fitnesses of haystacks
of different genetic composition (1 + K for all a haystacks, 1 for all A
haystacks).

This mathematical structure specifies a model-type (different instantia-
tions of the model require particular values of r, K, and P0) which
Maynard Smith uses to evaluate the plausibility of haystack selection as a
factor in the evolution of socially advantageous traits in terms of values of
r, K, and P0 expected in natural populations.

The model-type specifies evolutionary causes: selection, inbreeding and
migration (see Wade 1978 and Wimsatt 1980, 1981a for discussions of
the "migrant pool" assumption). It does not say what agents are responsible
for these causes, though the terms 'timid' and 'aggressive' may bring causal
interpretations to mind. Study of this mathematical model-type lends some
insight into the dynamics of group selection by comparing models with
different parameter values. The insight has to do with the role hypothetical
causes play in generating a set of theoretically specifiable outcomes for
hypothetical mice, and with comparisons of parameter values for natural
and model systems. There is no opportunity to search for the agents of
selection (whether, e.g., the aggressive mice really ate or outreproduced
all the timid mice, unless the group was composed of all timid mice, in
which case they cooperated), because there is no way to introduce any
"empirical" information about causes into the mathematical construct. But
there is also no reason to search for agents or causes. Agency does not
matter in the mathematical model because the purpose of the model is to
study the performance of causes. Which causes really operate in nature do
not matter because the "truth" is given to us for the purpose of study.

Now suppose an experiment were conducted in accordance with the
haystack model interpreted as an experimental design. An analysis of
variance performed on the data would not show whether a causal process
of selection at the group level had occurred, according to causal defini-
tions of the process of selection (e.g., Sober 1984, p. 314). In fact, the
ANOVA analysis of haystack model data is identical to that of Sober's
"artifact" example discussed below. As a mathematical artifice to facilitate
analysis, Maynard Smith assumed that within-group processes resulted in
only two alternative kinds of groups: (1) "aggressive" groups, with the
frequency of A equal to 1.0 or (2) "timid" groups with the frequency of a
equal to 1.0. Although the fitness difference between these types of
groups, K, is specified explicitly in the model to be a group-level effect, the
ANOVA analysis would show only that there was a between-group fitness
difference associated with group composition. In the haystack model of
group selection, the situation of alternative group-types is a desirable
artifact that facilitates the mathematical analysis of the group-level process
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for pedagogical reasons (see also Lande 1985). However, because the
domain of causes is specified by the model's assumptions to be at the
group level, we know (in the only way relevant to the model) that the
group fitness differences are caused by the group differences in genetic
composition.

Sober (1984, ch. 7) constructed a hypothetical case for his analysis of
artifact in the group selection controversy similar in some respects to the
haystack model. However, Sober's example was designed to show how
so-called "equilibrium explanations" of data could mistakenly attribute
group differences to group-level causes. Sober's example does not specify
any evolutionary process as is represented in events at various stages of
the hypothetical life-cycle in the haystack model, but rather postulates a
set of groups with fitness differences to be explained. The problem Sober
discusses is whether the ANOVA data model can distinguish between
group-level and organism-level causes. Assertion of the disjunction of
these possible causes constitutes an "equilibrium explanation" (see Sober
1983 or 1984, ch. 5).

Sober (1984, pp. 258-259) postulated six groups, each consisting of
only relatively tall or short individuals (homogeneous groups of 6 footers,
5 footers, etc.). He further assumed that the groups of taller individuals
had a higher average fitness than the groups of shorter individuals.
Average fitness of a group is taken to be a group property whose value
could be explained by group, individual or a combination of causes. Sober
argued that the ANOVA analysis could not determine why the group of
taller individuals had a higher fitness and that the mere association of
tallness and fitness at the group level was insufficient grounds for inferring
causality at the group level. In the haystack model, this sort of association
was deliberately sought out to illustrate the properties of the group level
process; causes could be postulated because they were not under investi-
gation, their operation was.

Sober's example, in contrast, affords neither the stipulation of a set of
causes as in the haystack model nor any experiential basis for knowledge
of causes as in Wade's laboratory models to guide further investigation of
the circumstances leading to the effects observed. Without the possibility
of further investigation (except by making up a fuller story than the one
presented), Sober's complaint that a data model is inadequate to dis-
criminate causes applies neither to mathematical models (Maynard Smith)
nor to laboratory models (Wade). Mathematical models stipulate causes
which can be discriminated by fiat in order to study the dynamic behavior
of a hypothetical system. Laboratory models incorporate causes which can
be discriminated in virtue of the knowledge the experimenter has of
his/her own agency. Cause determination is not an issue here. The artifact
argument critique only applies to the use of a data model uninformed by
any other kind of model, and as such only succeeds against the very worst
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sort of selectionist story-telling (This problem of unfounded cause deter-
mination from data models has a much longer history that the group
selection controversy, and is in many ways reminiscent of Wright's (1921)
introduction of path analysis and its misunderstanding by critics, e.g., Niles
1922).

Units of Selection

Definitions of units of selection appear to be obvious targets of the artifact
argument discussed above because they are often founded on criteria
with the basic structure of the ANOVA data model. Wimsatt based his
definition of units of selection on Lewontin's (1970) analysis of Darwin's
principles (see Lloyd 1986a, 1986b for further elaboration),

A unit of selection is any entity for which there is heritable context-independent
variance in fitness among entities at that level which does not appear as heritable
context-independent variance in fitness (and thus, for which the variance in fitness is
context-dependent) at any lower level of organization (Wimsatt 1981a, p. 144).

Lewontin's analysis is that a population of entities will undergo evolution
by natural selection whenever those entities exhibit heritable variation in
fitness. This analysis specifies a set of necessary and sufficient conditions
for a process - evolution by means of natural selection - and the basis
for a definition of a unit or entity which can undergo the process - a set
of entities with heritable variance in fitness. We will call this the HVF
criterion for a unit of selection.

Sober (1981, 1984) and Sober and Lewontin (1982) have argued that
Wimsatt's definition of a unit of selection is inadequate on the grounds
that it fails the "artifact" test. The existence of additive (i.e., heritable, in
this case) variance could be demonstrated by an analysis of variance, but
because that analysis cannot discriminate among causes, no HVF criterion,
including Wimsatt's, could adequately characterize selection. The point,
however, is that the analyses of: the causal process of evolution by natural
selection, the causal process of selection, and the units of selection are
three different problems.

The first two have been clearly distinguished in the biological literature.
Darwin's principles give an analysis of evolution, not just selection.
Selection is a within-generation phenomenon for which heritability is not a
necessary condition (but cf. Endler 1986). The evolutionary response to
selection does require heritability as a necessary condition (Fisher 1930,
Falconer 1981, Lande and Arnold 1983, Arnold and Wade 1984).
Moreover, since fitness is not a cause (Mills and Beatty 1979, Sober
1984), variance in fitness is not sufficient for the occurrence of selection;
realized fitness differences may be due to other processes such as migra-
tion or genetic drift.
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Even though heritability is not necessary for the process of selection to
occur, it is necessary that an additive component of variance in fitness at a
level, which is non-additive at any lower level, be heritable according to
Wimsatt's criterion (see Wimsatt 1980, 1981a, Lloyd 1986a, 1986b). That
is, in order for an entity to be a unit of selection, it is not enough that it be
possible for selection to operate on it. The unit must also have the
capacity to respond evolutionarily to selection, even if it never in fact does
so. A refined HVF criterion (Lloyd 1986a) does give necessary and
sufficient conditions for an entity to be a unit of selection, but satisfaction
of this criterion is not sufficient evidence for the occurrence of a causal
selection process, only for the existence of an opportunity for selection
(defined as variance in relative fitness by Arnold and Wade 1984).

It is easy to criticize Wimsatt's definition of a unit of selection if it is
taken to characterize the process of selection or of evolution. But that
would be a mistake. Sober, Wade and others analyze or define the causal
process of selection either to investigate the nature of the concept or to
introduce a discussion of a model. Wimsatt and Lloyd define units of
selection to examine the evidential warrant for selective explanations.
There is much more to say about the use of definitions as indicators rather
than as sets of necessary and sufficient conditions (Teller 1977).

Wimsatt's analysis rests on the fact that units of selection were con-
structed in the laboratory experiments he analyzed; the important causal
claims which appeared there were reports of that constructive activity
(Wade 1976, 1977). To investigate evidential warrant, understanding the
heuristic procedures (a main focus of Wimsatt's work) which connect
causal claims about laboratory systems and claims of satisfaction of an
HVF criterion is crucial. In giving an analysis of the heuristic process of
scientific investigation of selection, Wimsatt has relied on the structure of
laboratory models described in this paper. Thus, the proper locus for
scrutiny of Wimsatt's views on the causal process of selection is his
account of heuristic model-building, as this contains a description of the
way in which models tend to be constructed. In so far as Wimsatt's
heuristics describe laboratory modeling, they govern the causal structure
of the laboratory practice of "artificial" selection.

The units of selection issue rests heavily on understanding how experi-
mentalists using laboratory models make claims about the effects of their
agency on the entities they construct in their laboratories to explain
laboratory phenomena and, by analogy, natural phenomena. Understand-
ing these claims depends on understanding the structure of laboratory
models.

The problem of defining selection as a causal process rests on under-
standing how modelers analyze patterns of variation in fitness and the
structure of the evolutionary processes presumed responsible for them.
Since models can be of a variety of types (mathematical, laboratory, data)
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and for a variety of purposes (dynamics of process, implementation of
actual causal structures, analysis of patterns), understanding explanations
based on models requires careful distinction of kinds and purposes of
models. We conclude that a theory of explanation which adequately
describes the disparate work and claims of laboratory, mathematical, and
field biologists concerned with evolutionary processes must account for
the articulation of different kinds of modeling activity. In this paper we
have characterized laboratory models and discussed some features of their
articulation with mathematical models as a step toward such a theory of
explanation.
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