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Abstract

This paper concerns the concept of normal development, and how it is enacted in experimental 
procedures. To that end, I use an historical case study to assess the three ways in which normal 
development is and has been produced, used, and interpreted in the practice of experimental 
biology. I argue that each of these approaches involves different processes of abstraction, which 
manage biological variation differently. I then document the way in which Edmund Beecher Wilson, 
a key contributor to late-nineteenth century experimental embryology, approached the study of 
normal development and show that his work does not fit any of the three established categories in 
the taxonomy. On the basis of this new case study, I present a new interpretation of normal 
development as a methodological norm which operates as a technical condition in various 
experimental systems. I close by suggesting the questions, and ways of investigating developmental 
biology, that are opened up by this perspective.

Highlights: 

- The practice of using a ‘normal development’ is central to experimental work in developmental 
biology. 

- There are multiple ways in which development can be normal, and these centre on the 
management of variation. 

- I provide a historical background to the use of normal development in embryology and the debates 
concerning the mosaic and regulatory theories of development, and then examine a case study of 
early work in experimental embryology by Edmund Beecher Wilson.

- Wilson’s normal development differed in important respects from the features of normal 
development in its modern mode as a reference standard, in part due to the difference in practices, 
purposes and results of the abstraction of variation.

- Finally I suggest the fruitfulness of considering normal development as a technical condition in a 
Rheinbergian experimental systems framework.

Keywords: Normal development; variation; abstraction; Edmund Beecher Wilson; experimental 
systems.
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1. Introduction

Since the advent of embryology as an academic discipline, practitioners have identified and/or used 
a ‘normal development’ as part of their investigations. Normal development has been instantiated in 
practice in a variety of different ways. Hopwood described the creation of normal stages and tables
for comparative morphological work, which provided a standardised basis for comparison of samples 
within the same species (Hopwood, 2007). In these tables, and subsequently produced laboratory 
handbooks, the development of a particular organism is divided into particular stages. For some 
organisms, these stages are temporal, corresponding to a certain period of time post-fertilisation 
(e.g. a standard developmental time for zebrafish). For others, they are defined by the presence or 
absence of certain (usually morphological) characteristics (such as the classic normal staging of the 
chick by Hamburger and Hamilton, 1951). In experimental embryology and developmental biology, 
the normal development allows biologists to compare the effects of experimental manipulation to a 
non-manipulated ‘control’. In modern biology, the normal development is a product of a particular 
community (such as a model organism community) and the resources available to scientists may 
include actual organisms bred for the purpose, with accompanying normal series. Scientists, through 
training and experience, will become familiar with the normal development for that organism. 

I am interested in the way in which normal development is enacted in biological practice. This topic 
intersects with literature on the normaI in biology and medicine (Boorse, 1977; Canguilhem, 2008
[1965]) normality and its relationship with attributions of function (Amundson, 2000; Wachbroit, 
1993), and aspects of the practice of biology such as standardisation, representation, abstraction 
and the genesis and role of model organisms (Ankeny and Leonelli, 2011; Griesemer, 2007; Leonelli, 
2008; Love, 2010; see also Logan, 2001 and Meunier, 2012). I will examine the role of normal 
development in experimental embryology. Three different types of normal development used in 
embryology have been identified (by DiTeresi, 2010), essentialist, statistical and reference standard. 
The latter is emblematic of twentieth and twenty-first-century experimental work in embryology and 
developmental biology. The different types of normal development, what I call the taxonomy of 
norms, are different ways of conceptualising and managing variation. I assess the production and 
use of such norms in terms of abstraction and standardisation – how certain observed variation is 
omitted, and how the normal development functions as a standard. To do so, I examine a case of the 
production and use of normal development in an early example of experimental embryology, the 
1892 experiment by Edmund Beecher Wilson using the marine invertebrate Amphioxus, now known 
as Branchiostoma lanceolatum, also known as a lancelet. This experiment was conducted before the
establishment and entrenchment of various kinds of standards in experimental embryology;
standardised normal tables, stages, or series, and standard(ised) organisms in particular. This 
therefore represents an era where the relationship of scientific communities to standards was quite 
different. In this paper I examine how one such standard – that of normal development – was 
formulated and put into practice.  This was an individual standard (or proto-standard) used for 
particular experiments, rather than a community standard employed in a general experimental 
culture.

As we shall see, the characteristics of Amphioxus also made this creature valuable for conducting 
experiments to try to answer questions about the relative importance of different factors (i.e.
internal and external) in the development of an organism. Towards the end of the nineteenth-
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century there was a move towards more experimental methods of investigating embryonic
development. The aim for many of these experimenters was to establish mechanistic explanations of 
development, particularly the progressive differentiation of the organism from an undifferentiated, 
relatively homogeneous egg (cf. Roux 1974 [1888]; Driesch 1974 [1892]). Wilson rode this wave with 
his work on Amphioxus. Trained as a morphologist under William K. Brooks at Johns Hopkins 
University, in the early 1890s Wilson’s career moved from a concern with comparative 
morphological problems to a greater interest in the processes of development themselves and their 
causes (Benson, 1985, p. 199; Maienschein, 1978, p. 139). In this paper I focus on one part, one 
paper, of a long and varied research career (which has been covered extensively by Jane 
Maienschein, see especially 1978, 1981 and 1990, and also by Baxter 1976 and 1977). My analysis of 
Wilson’s Amphioxus experiment is used to make philosophical points concerning the nature, 
production, and use of normal development in experimental embryology. It is not my intention to 
make any wider historical claims about Wilson’s career and research, beyond the small part of his 
overall work that I am concerned with here. 

In this paper I detail the way in which Wilson formulated and used normal development and relate 
this to the other ways of understanding normal development, as essentialist, statistical or a 
reference standard. While Wilson was informed by previous accounts of the development of 
Amphioxus, his own normal development was based on the observation and assessment of the 
samples at his disposal. I discuss the role of normal development in key experiments and papers by 
Wilhelm Roux (1974 [1888]) and Hans Driesch (1974 [1892]) to provide a counterpoint to Wilson’s 
own approach, which allows me to demonstrate more clearly the nature of Wilson’s production and 
use of normal development. While Driesch and Roux are recognised today more for their theoretical 
and programmatic contributions, the experiments that they conducted generated significant results, 
and helped to inspire Wilson’s own experiment with Amphioxus, which in part aimed to resolve the 
seeming contradictions between the results of Roux and Driesch’s experiments, and which borrowed 
key elements of Driesch’s method of experimental intervention.  

Following a discussion of the results obtained by the Amphioxus experiments, I demonstrate that 
Wilson’s normal development was produced by different processes of abstraction, the removal from 
consideration of some features and parameters of organisms, compared to the three main ways in 
which normal development can be characterised. One difference was Wilson’s standard’s 
individualised rather than collective nature. Furthermore, the organisms used possessed a different 
epistemic status in the sense of its role in relation to individual scientists and networks and 
communities of scientists, not being standardised model organisms. Examining the role of 
abstraction, and its relation to the management of variation and standardisation, I explicitly make 
connections between the different practices of abstraction and the types of normal manifested in 
biological science. In doing so, I analyse the various features of normal development, which towards 
the end I propose to be a methodological norm functioning as a technical condition within 
experimental systems concerned with various aspects of organismal development.  

In closing, I have made suggestions as to normal development’s significance for broader issues of 
historical and philosophical interest, such as the development of model organism systems in the 
twentieth-century. Returning to the present day, I suggest possible developments which presage a 
further transformation in the way in which ‘normal development’ will be produced.
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2. The ‘normal’ and strategies of abstraction 

Georges Canguilhem noted two linked meanings of normal, observing that “[s]ometimes it 
designates a fact that can be described through statistical sampling; …And yet it also sometimes 
designates an ideal, a positive principle of evaluation, in the sense of a prototype or a perfect form” 
(Canguilhem, 2008 [1965], p. 122). He observed that these senses are often linked, a point 
subsequently developed by others (Dupré, 1998; Amundson, 2000).  Canguilhem was primarily 
concerned with the normal in relation to health. This is the original source of the term normal, 
traced by Ian Hacking to the 1820s in that context, though he also pinpoints other “nonmedical 
routes to the normal” which centre on the growing importance of standardisation in an 
industrialising world (Hacking, 1990, pp. 164-165). This link between the establishment and use of 
the normal and the development of standards is central to this paper. 

Once this notion of the normal had been established in medicine, “it moved into the sphere of –
almost everything” (Hacking, 1990, p. 160). It did not have to travel far to make it to physiology, and 
then to experimental embryology, which had adopted many of the methodological prescriptions of 
physiology. These included causal analysis, control of conditions and the use of controls (Churchill, 
1973). In experimental embryology, normal development became a control, functioning as a 
comparator against which the effects of experimental manipulations could be observed, measured, 
and interpreted. 

The more normative sense of normal imported from medicine via physiology would rest alongside a 
more descriptive sense of the term used in the work of the pioneering embryologist Karl Ernst von 
Baer (Hopwood, 2005). In the early days of comparative embryology the establishment of series of 
stages was not standardised. Each series was produced for particular local problems, organisms, and 
materials (Hopwood, 2005, p. 247; 2007, pp. 2-3). Normal development was standardised in tables 
of normal stages at the end of the nineteenth-century in comparative embryology (Hopwood, 2005; 
2007). Most notably, in the 1890s embryologists Albert Oppel and Franz Keibel produced normal 
plates and tables to provide a basis for comparative investigation into the relationship between 
ontogeny and phylogeny, with the aim of testing theories such as the biogenetic law (Hopwood, 
2007, pp. 7-8).

In experimental embryology, however, it was not until the 1920s that standardised normal stages 
began to be produced for circulation. Ross Harrison, in collaboration with the artist Lisbeth Krause, 
produced a series of drawings depicting the normal development of the salamander species 
Amblystoma punctatum (Hopwood, 2005, p. 275).1 Harrison circulated these normal stages amongst 
his graduate students to ensure they had a common basis of comparison for their experimental work 
(Maienschein, 2014, p. 59). The stages then circulated with the graduate students to new jobs, and 
were also distributed by Harrison himself to other laboratories (Hopwood, 2005, p. 275).

As we will see, however, although they were not circulated and used widely in experimental 
embryology, early experimental embryologists used normal development in their work as a stable 
comparator against which the effects of experimental manipulations could be observed, measured 

1 This species is now known as Ambystoma punctatum (Maienschein, 2014, p. 60).
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and evaluated. The use of normal development in this way did differ among embryologists, and I will 
describe these differences and interpret their significance later in the paper, with particular 
reference to Hans Driesch, Wilhelm Roux and of course Wilson.   

Before I do so, I will clarify the different types of normal that can be employed in biological research, 
by outlining what I label as a ‘taxonomy of norms’ (I base my account on DiTeresi’s version of them, 
2010, pp. 16-17):

1. Essentialist/Natural State: only a type or essence has reality, and observed variation is 
merely accidental; 

2. Average/statistical: the normal is the most typical or common form; 

3. Standard: the normal is constructed by a given scientific community, in a non-arbitrary 
manner, guided by particular scientific purposes and ease of circulation and transmission.2

The essentialist normal is closely identified with the Aristotelian Natural State Model described by 
Elliott Sober (1980).  The essentialist normal views apparent variation as masking an underlying 
reality, and therefore variation is viewed as an obstruction to the true nature of the biological entity 
of interest. In the case of organismal development, a “natural tendency” towards the attainment of 
a “natural state” is posited. Any deviation from that tendency, and away from that end-state, is 
explained with an appeal to “interfering forces” (Sober, 1980, p. 360).3

The statistical normal is the most prevalent manifestation (or range of manifestations) of the entity 
or process of interest, in a larger set of varying entities or processes (Boorse, 1977). More than one 
standard for a normal may be possible under this definition, as what is chosen as the parameter by 
which the typicality of samples is assessed, and how samples are sorted into groups, requires
judgment by investigators (see Guerrero, 2010; Kingma, 2007; and Nordenfelt, 1995 for critiques of 
Boorse’s naturalist biostatistical approach).

2 A reviewer has questioned whether these three types of normal are comparable, as both the essentialist and 
statistical versions of normal “work on an epistemic/ontological level” whereas the standard version of normal 
“seems to be grounded institutionally/socially, i.e. it is based on historical changes in the way in which science 
is organized and conducted.” Against this I would contend that even where the normal development is based 
on a standard, it is discussed in terms that are ontological, in terms of structures and functions being normal, 
and in terms of the normal development of the organism as a whole or some part of it. One example, among 
many is this quote from a standard developmental biology textbook: “both the maternal and the paternal 
genome are necessary for normal mammalian development…both are required for the normal development of 
the embryo and the placenta” (Wolpert et al., 2011, p. 340). This ontological element of even a standard 
normal is captured by the treatment of normal by Canguilhem that I cite above. The essentialist normal 
certainly did have an institutional and social grounding in scientific practice, even if it is no longer formally 
considered to be reputable. The statistical normal is still grounded in the practices and norms of the scientific 
community, as indicated above. Furthermore, the different versions of normal are intertwined. For example, 
notions of the normal derived from a more essentialist judgement may affect the choice of parameters that
inform the generation of a statistical normal. It also may affect what intuitively makes sense as a standard 
normal. Although the origination of all three can be historically situated, this does not mean that each type of 
normal has replaced the historically-preceding one, but prior ones will often be intertwined in the production 
of new forms.
3 For Aristotle, the natural state need not be the most prevalent, or ever be actually manifested. Furthermore, 
there may be some kinds who are by their nature products of a divergence from a natural state, as a result of 
events during development steering the organism away from its proper course. The mole is one example, with 
its sightless eyes (Ransome Johnson, 2005), p. 173.
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The standard normal is a community research norm based on a reference standard that has been 
determined by practitioners in the field. Biologists can compare the effects of their experimental 
interventions by comparing the organisms that have undergone the intervention against a control 
group that complies with the reference standard. The standard normal allows for standardisation of 
training and (in theory), comparability between work conducted in different laboratories. As part of 
their education and training, researchers will internalise this kind of normal development by 
studying and learning the normal stages in laboratory handbooks, and through their own 
experience.4

All of these versions of ‘normal’ require, to a greater or lesser extent, a process or processes of 
abstraction in order to manage the variation by reducing it in some way. Rather than attempting to 
determine whether a particular model is an abstraction or an idealisation, I intend to focus instead
on the process of idealisation or abstraction (Jones, 2005).5 This allows us to identify the priorities of 
scientists, and focus on how and why they omitted or abstracted away certain aspects of apparent 
variation. Abstraction is therefore analysed and assessed here as an ‘epistemic activity’ that
“emphasises the actions, choices, displacements, conceptual and physical transformations involved 
in the creation and use of biological models” (Leonelli, 2008, p. 527). In this approach, therefore, I do 
not consider whether or not a particular representation is a misrepresentation, but rather how and 
why the representation as it was produced, came to be produced. 

Leonelli defines abstraction as “the activity of selecting some features of a phenomenon P, as 
performed by an individual scientist within a specific context, in order to produce a model of (an 
aspect of) P” [author’s italics] (Leonelli, 2008, p. 521). There are multiple ways of doing this, with 
multiple products. Two types of abstraction processes are “intellectual” and “material” abstracting 
(Leonelli, 2008, pp. 521-523). The former is a theory-guided process of abstraction “requiring no 
physical interaction with the phenomenal properties to be abstracted” which is “geared towards 
explanation” that aims “to uncover ways in which a model can be representative for a given theory” 
(Leonelli, 2008, p. 521). The latter is not theory-guided, but a theory-informed process “performed 
by physical interaction between the researchers and the phenomenon to be modelled”, that
produces something that is “taken to be representative of a set of phenomena” (Leonelli, 2008, p. 
523). 

4 There are plenty of references to a different kind of internalisation, of community norms, in the sociology of 
science literature (cf. Merton, 1979) pp. 269-278. One definition from psychology is more appropriate to the 
meaning I intend here: “the internal reconstruction of an external operation” (Vygotsky, 1978), p. 55. In 
modern biology using highly-standardised model organisms, there is evidence of variation being 
“systematically” ignored (Carlson Jones and German, 2005), p. 83. It seems likely that the ‘systematic’ nature 
of this ignoring of variation has its roots in internalisation of community norms through training and materials 
such as handbooks, which abstract away natural variation to make the contents tractable for laboratory use. 
5 As practices are my focus, I have no need to enter debates concerning precisely what abstraction is, and how 
it differs from idealisation. Abstraction has been defined as a simplification that takes the form of an omission 
(Jones, 2005), p. 175, or a subtraction (Cartwright, 1989), p. 187, but not a misrepresentation (Jones, 2005), p.
175, which is characteristic of an idealisation (ibid.). Whether the removal of variation between organisms to 
produce a normal development (in the form of normal stages and series) constitutes a misrepresentation is a 
matter of the use to which it is put. The same normal stages could be an idealisation in one context (one in 
which the variation omitted is highly relevant, such as evolutionary developmental biology) or abstraction in 
another (perhaps a biomedical context where a reference point of normal structure or function is required).  
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The kinds of abstractions described by Leonelli constitute what I shall call ‘community abstractions’.
These abstractions are produced by groups of scientists or technicians usually working within some 
kind of institutional framework with the aim of producing a particular abstracted standard for the 
internalisation, adaptation, and use by individual scientists. A distinction may be drawn between 
these ‘community abstractions’ and an ‘individual abstraction’ where the producer, internaliser, 
adapter and user is just one individual scientist. As well as being different in the nature of production 
and circulation, the goals of an individual abstraction may differ from community abstractions. The 
latter are intended to be used as a community resource and must therefore possess certain 
characteristics such as being able to be transmissable in some appropriate form, as part of a wider 
set of resources and infrastructure, such as those assembled for model organisms (Ankeny and 
Leonelli, 2011). The distinction between individual and community abstraction is not merely that a 
community abstraction requires a community of researchers working on one particular organism, 
but that it is that the community qua community that produces and maintains the abstractions, and 
even the processes by which the abstraction is managed. Individual abstractions, on the other hand, 
are truly by (and usually for) an individual. An individual scientist is of course a member of at least 
one scientific community, and the norms of that community are not irrelevant to the individualised 
abstraction. But in an individualised abstraction the process and product of the abstraction is not 
conducted by the community.6 Whatever the starting goals, a process of individualised abstraction 
may lead to a shift in goals as a result of the abstraction process itself. The reference standard 
normal is a community abstraction, whereas the essential normal can be more individualised. The 
statistical normal could be either, depending on how it is produced and for what purpose. 

If we interpret the managing of variation as abstraction, the different processes of abstraction 
employed by biologists correspond to the production of different norms and different normal 
developments that do different work. The way in which normal development as a norm is produced, 
reproduced, transmitted, adapted to and integrated into an experimental set-up, and interpreted, 
entails the use of methodological norms arising out of scientific practice itself (Weber, 2005). These 
methodological norms correspond to the different ways of producing and using normal 
development, that is, to the items in the taxonomy of norms. 

The entry of experimental practices into embryology made the advent or use of some form of 
normal development vital. A standard was required against which the effects of experimental 
manipulations could be compared. Some have argued that goes further to say that it was the search 
for mechanistic accounts of development that gave rise to the use of normal development (DiTeresi, 
2010, pp. 17-18 & 66). An alternative explanation is that American biologists used experiments to
‘generate working hypotheses’ (Maienschein, 1991a, pp. 420-423). Much of the impetus behind the 
experimentalisation of embryology came from the programme of developmental mechanics 
(Entwickelungsmechanik), promoted by Wilhelm Roux. This programme exemplified both the 

6 In this way, whether something is an individual or community abstraction it is not necessarily just a historical 
question, as one reviewer suggested. Individual abstractions may provide some kind of impetus for the 
generation of a community abstraction concerning one particularly organism, for instance, but given the 
different processes of abstraction with different aims (for example, the immediate research problem for the 
individual abstraction and the need for transmission for a community abstraction), it is unlikely that individual 
abstraction and community abstraction exhibit historical continuity. Additionally, there may be intermediary 
units such as research groups that exhibit distinction types of abstraction, and this indeed be a subject for 
further inquiry. 
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practical and rhetorical bases that underpinned the successful emergence of experimental work in 
embryology (Hopwood, 2009, p. 309). Wilson’s work, arising out of the American context that aimed 
to use experiments to generate the basis for constructing working hypotheses, came from a 
different direction, as I will show.

3. Edmund Wilson and embryology in the late nineteenth-century

3.1. Experimental embryology in the late-nineteenth century

The advent of experimental embryology was deeply influenced by the science of physiology. In his 
seminal work, An Introduction to the Study of Experimental Medicine, Claude Bernard demonstrated 
the importance of analytical experiments that employ rigorously controlled conditions and variables 
to being able to identify the determinate causes of physiological phenomena (Bernard, 1957 [1865]). 
These ideals influenced Wilhelm His and Wilhelm Roux, embryologists who embarked on projects to 
establish a science of developmental mechanics, beginning in the 1870s and 1880s, respectively
(Maienschein, 1986). Roux believed that, more than any other methods, the analytical experiment 
involving the manipulation of just one factor would allow him and others to produce a causal-
mechanical account of organismal development (Churchill, 1973, pp. 171-172).

Although Roux was not noted for his experimental skill, he did conduct one experiment of great
influence.7 The 1888 experiment, using the frog Rana esculenta, simply involved the use of a hot 
needle to kill individual cells (these cells are called blastomeres) at early stages of embryogenesis. 
The aim of this experiment was to test August Weismann’s hypothesis that at cell division, 
qualitative or differential division of germ-plasm takes place (Maienschein, 1991b, p. 49). If this 
hypothesis was correct, killing one of the two cells at the two-cell stage should produce a half-
embryo, representing the half derived from the survivor of the two initial cells, as each of the cells at 
the two-cell stage would only possess half of the original germ-plasm. 

Roux’s experiment seemed to confirm this hypothesis. If, for example, he killed a cell at the four-cell 
stage, the consequent embryo that developed was missing key parts, which Roux inferred must 
derive from the blastomere he had killed. Based on this, Roux commented that “we can infer from 
these results that each of the two first blastomeres is able to develop independently of the other 
and therefore does under normal circumstances” (Roux, 1974 [1888], p. 25). He concluded from this 
“that developmental processes may not be considered a result of the interaction of all parts…We 
have instead of such differentiating interactions, the self-differentiation of the first blastomeres and 
of the complex of their derivatives into a definite part of the embryo” (Roux, 1974 [1888], p. 25-26). 
As well as seemingly confirming the qualitative unequal distribution of hereditary materials, Roux 
proposed that differentiation was as a result of processes internal to dividing cells.

Roux also concluded “that the qualitative division of the cell body and of the nuclear material…can 
proceed properly without any influence from the neighbouring cells” (Roux, 1974 [1888], p. 27). For 

7 Indeed, Churchill (1973) compares him unfavourably in this respect to his contemporary, the French biologist 
Laurent Chabry, who demonstrated tremendous technical abilities a career tragically cut short by his early 
death. Chabry worked in the French teratological tradition which made use of ‘natural experiments’, in stark 
contrast to Roux’s demand for analysis and active intervention. 
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Roux, then, the activity of the cells was autonomous and context-independent. His interpretation of
the results of the frog experiments became known as the ‘Roux-Weismann hypothesis’ or the 
‘mosaic theory of development’. According to this theory, at cell division the hereditary material in 
cells is parcelled out unequally to daughter cells (Maienschein, 1991b, p. 49). The fate of a cell and 
its descendants was therefore deemed to be deterministic and independent of context
(Maienschein, 1991b, pp. 50-51). 

Hans Driesch, who was inspired by Roux’s experiment and the programme of Entwicklungsmechanik, 
repeated the experiment with sea-urchins while in Italy (Maienschein, 1991b, p. 51). Instead of using 
a hot needle to kill one of the blastomeres, he instead shook the embryo with enough force to 
separate them. Instead of confirming of the mosaic theory, when the manipulated embryos 
developed he observed something quite different to the results of Roux’s manipulations. When he 
separated the blastomeres at the two-cell stage, each of the blastomeres went on to form a whole 
(albeit smaller than usual) sea-urchin. Driesch found that this also happened sometimes to 
blastomeres separated at the four-cell and eight-cell stages as well (Maienschein, 1991b, p. 52). 

Interpreting the results in his seminal 1892 paper, Driesch declared that Roux’s “principle of organ-
forming germ-areas is refuted for the observed species” (Driesch, 1974 [1892], p. 49). He went 
further, and speculated that the principle could also be refuted for Rana esculenta if “those who are 
more skillful [sic] than I” were able to separate rather than kill the blastomeres in the early embryos 
of that species (Driesch, 1974 [1892], p. 48).

Driesch rejected the idea of qualitative nuclear division, in which nested levels of determinants were
distributed to daughter nuclei during cell division. Instead, in 1894 he argued that organismal 
development should be explained as being as a result of “a broad base of demonstrable cellular 
reactions” including physical forces acting between cells and chemical reactions happening in and 
between cells (Churchill, 1969, p. 167). Driesch posited interactive cascades of chemical reactions 
that ensured that “ontogeny, becoming an ever-expanding constellation of stimuli and responses, 
continued to progress” (Churchill, 1969, pp. 169-170). Like Roux, Driesch believed that the nucleus 
helped direct this process, but differed from Roux in other respects. For Driesch, the progressive loss 
of potency experienced by a particular part of the embryo was caused by changes in the cytoplasm 
generated by ongoing chemical changes, and not by any change in the nucleus (Churchill, 1969, p.
172). 

In Driesch’s ‘regulative’ or ‘regulatory’ theory, the developing embryo was considered to be a self-
regulating whole. The activity and fate of individual cells within the whole was determined by its 
location and was therefore highly contextual. The opposing mosaic and regulative theories of 
organismal development provoked more experimental work in the 1890s that aimed to test them
(Amundson, 2005, pp. 144-148 and 170-175; Hamburger, 1997; Maienschein, 1991b; Sander 1991).
Edmund Wilson’s entrance into experimentation was at least partly motivated by this concern.

3.2. Wilson’s road to experimental embryology

The generation of American biologists that included Edmund Wilson, as well as figures such as T. H.
Morgan, have been characterised as “observers and tracers of cell lineage, later experimenters, later 
synthesisers” (Gross, 1985, p. 70). From early in his career, Wilson exhibited a tendency to see in 
opposing theoretical viewpoints and seemingly contradictory empirical evidence the materials for a 
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more comprehensive integrative account encompassing the conflicting sides.8 His work up to the 
early 1890s was concerned with questions of phylogenetic relationships, and used his considerable 
skill in preservation, staining, observation and drawing to conduct respected morphological studies 
into the origin of germ-layers in the early embryo (Baxter, 1977; Maienschein, 1978). 

In these works he initially found the variation in early embryonic development to be confounding, 
disrupting his ability to trace the origins and fates of cells, tissues, and structures through 
development in the earthworm, Lumbricus (Wilson, 1889). In particular, he was concerned to 
establish that the germ-layers were indeed homologous, as a great deal of phylogenetic inferences 
depended upon their assumed homology. To attempt to demonstrate this, he embarked on 
pioneering cell-lineage studies, in which he traced the fate of cells produced by divisions as far back 
as the initial segmentation of the egg in the marine polychaete worm Nereis. In this cell-lineage 
work, he was following in the footsteps of his mentor, Charles Otis Whitman, who also served as the 
founding director of the Marine Biological Laboratory (MBL) at Woods Hole, Massachusetts, where 
Wilson regularly spent summers engaged in teaching and research (Maienschein, 1978). Another 
researcher who embarked on cell-lineage studies was Edwin Grant Conklin, who first met Wilson 
(seven years his senior) at Woods Hole in 1891, where they compared notes and marvelled at the 
homologies in early development between Nereis and Crepidula, the latter being the organism 
Conklin was researching. 

Wilson’s determination of the cell-lineage of Nereis was supposed to have demonstrated the 
common origin and therefore homology, of the mesoderm germ-layer across the annelids, a phylum 
of segmented worms. Instead, Wilson encountered new problems, which posed new questions 
concerning the morphological and phylogenetic “significance of the spiral and bilateral forms of 
cleavage” and “the causes that determine the transformation of the one into the other,” and the 
fate of cells at particular locations in the segmented egg. Cleavage, or segmentation, is the process 
in early embryonic development by which the egg divides into many smaller blastomeres, without 
the embryo as a whole increasing in size. Depending on the successive planes of division of the egg, 
different arrangements of the blastomeres in relation to each other arise, and can be categorised 
according to the different kinds of symmetry that can be observed, or ‘cleavage-forms’.

The fate of cells or blastomeres located in different parts of the early embryo bore on questions 
concerning the determination of development such as the causes of differentiation and the different 
forms generated at various stages of development (Wilson, 1892, p. 444). The cell-lineage work was 
also therefore an attempt to identify the relative role of hereditary or ancestral factors and 
mechanical causation in explaining the nature of cleavage forms (Maienschein, 1978, p. 141). 
Studying cell-lineage involved using markers (natural, or introduced, for example by the addition of 
stains) to trace from what blastomeres particular embryonic structures are derived, and tracking the 
fate of the lineages of daughter cells produced from successive cell divisions, beginning with the 
initial divisions of the egg.

Wilson’s cell-lineage study provided some evidence concerning the role of a hereditary tendency 
shaping early cleavage- forms, but did not fully account for the precise role of the two main types of 
cause – hereditary or mechanical – in early embryonic development.  A key difference between 

8 Dröscher speculates that this may have been as a result of his musical talent – Wilson was an accomplished 
cellist – which inculcated a deep sense of harmony (Dröscher, 2002), pp. 364-365. 
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Wilson on one hand, and Driesch and Roux on the other, was how they interpreted this term, 
‘mechanical’. For Wilson, ‘mechanical’ meant the physical interactions between a cell and its 
surroundings, for example, other neighbouring cells (Wilson, 1893, pp. 607-608). The extent to 
which it was responsible for the phenomena he observed could be ascertained through experiment, 
as he went on to do with Amphioxus. For Roux and Driesch, however, the term was understood “in 
the Kantian sense of law-bound causation” and was therefore the epistemic underpinning of their 
work, and not a specific cause to be investigated (Nyhart, 1995, p. 295).

Furthermore, Wilson was puzzled by the fact that the mode of development of Nereis seemed to be 
so different to that he observed in Lumbricus, another annelid species.  Nereis exhibited what is 
called a determinate development. This meant that there was early commitment of its cells and their 
descendants to certain fates, much like the mosaic mode of development highlighted by Roux. 
Conversely, Lumbricus displayed a less determinate development, more like Driesch’s sea-urchins. 

Wilson concluded his 1892 paper on the cell-lineage of Nereis by observing that: “The facts seem to 
accord best with the hypothesis that the blastomeres are capable within certain limits of pursuing 
their individual development, yet at the same time depend in a greater or less degree on that of the 
whole. How far this dependence goes, and how far the various blastomeres may be capable of 
replacing one another, is a question to be determined not by analogy, but by direct experiment” 
(Wilson, 1892, p. 460). His work using Amphioxus in 1892 was to be this experiment, which had “the 
main object of determining first, the limit of regenerative power, and second, its form of action as 
shown in the mode of cleavage of the isolated blastomeres” (Wilson, 1893, p. 587). He therefore had 
resolved to attack these problems experimentally, by intervening in the process of embryonic 
development rather than merely observing and tracking it.9

4. Amphioxus experiment

4.1. Background

Amphioxus (see figure 1) provided Wilson with the ability to investigate two sets of questions. 

Firstly, there were comparative morphological ones about the significance of cleavage-forms. 
Amphioxus displayed the three main forms of cleavage found across the animal kingdom: radial, 
spiral, and bilateral (see figure 2). Wilson used the delightful term, “protean variability” to describe 
Amphioxus in this sense (Wilson, 1893, p. 579). 

As it is a chordate, but not a vertebrate, it was believed in the late-nineteenth century that the 
embryonic development of Amphioxus could provide an insight into past evolutionary changes, in 

9 Work concerning Wilson’s views on the role of experimentation in general (e.g. Allen, 1981; and 
Maienschein, 1986) has not gone into detail about Wilson’s Amphioxus experiment. 
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particular those relating to the origin of the vertebrates, a key research priority for many at that 
time (Maienschein, 1994; Willey, 1894, pp. vii-ix).10

Investigating Amphioxus might therefore shed some light on how important cleavage-forms were for 
phylogenetic and comparative morphological purposes. Linked to this was the question of the 
significance of the early cleavage-forms in terms of the later development of the organism. Was the 
fate of a cell’s descendants set early, or did it depend on the position of the descendant cells at a 
later stage? How independent were early stages of development from later stages? This was closely 
connected to questions Wilson had about the determination of development: to what extent were 
cleavage-forms the result of mechanical forces (external, contextual factors outside the cell, and 
acting between and upon cells) or due to what he called “an inherited tendency” internal to the cells
(Wilson, 1893, p. 603)?

Relevant to this question was the rival theories of development, the mosaic theory or the ‘Roux-
Weismann hypothesis’ and the regulatory theory (often referred to in terms of ‘regeneration’). The 
mosaic theory posited that the fate of a cell is determined by forces internal to it, so the cell is 
autonomous and develops independently of its context. The regulatory theory, on the other hand, 
proposed that the fate of a cell is largely determined by factors external to it – the regulation of the 
parts by the whole. Note that regulation was thought by some (including, at times, Wilson, see 
Guralnick, 2002) to occur by mechanical means, by the physical interaction of cells with other cells 
and with the external environment. 

To attribute something to mechanical causation meant discovering (or seeking to discover) lawfully 
governed physical actions rather than positing the historical causing of ontogeny by phylogeny. 
Although Driesch was later to attempt a mechanical account of ontogeny which involved complex 
chemical movements and interactions, for Wilson it primarily meant physical interactions – the 
interplay of forces such as surface tension. Wilson also made use of physical and mathematical laws 
to conceive of the “mechanical ideal” of various forms of cleavage, deviation from which gave clues 
to factors (external or internal to cells) which caused difference from the ideal (Guralnick, 2002, pp. 
545-546). The ideal in this sense was not the same as the normal for Wilson.   

Wilson’s experimental intervention aimed to test the relative importance of internal (inherited 
tendency) and external (mechanical) factors through varying the mechanical conditions of early 
development by separating and isolating the blastomeres (Wilson, 1892, p. 460 and 1893, p. 579). If 
the Roux-Weismann version of the mosaic theory were true, after each successive division, (non-
germline) cells would have progressively fewer inherited material determinants to determine their 
own function and drive their descendant cells’ differentiation. Therefore, if the cells were shaken 
apart when the embryo was at the eight-cell stage, each non-germline cell would have a small 
proportion of these inherited determinants, and could only produce the cells and structures which 
those determinants were responsible for. In other words, only parts could be produced, monsters. 
The work by Hans Driesch on sea-urchins in 1892 had tantalisingly suggested that this need not be 
the case. If the separated blastomeres could develop to produce functional wholes, this would 
support Driesch’s regulatory theory.

10 Nick Hopwood’s recent paper details the role of Ernst Haeckel in popularising and promoting the importance 
of the lancelet, “stressing the nobility of amphioxus as an ancestor of the dominant line and the respect owed 
to age” (Hopwood, 2015, p. 373).
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4.2. Wilson’s method and practice

In his paper on the experiment, Wilson gave only a cursory account of his methods, and did not 
justify every decision he made. He did, however, provide enough detail to indicate his practices and 
aims. Through his citations and discussions, we know that Wilson was familiar with, and drew upon, 
work by Arthur Willey, Berthold Hatschek and Hans Driesch (Willey, 1890; Willey 1894; Hatschek, 
1893; Driesch, 1974 [1892]).11 Hatschek’s classic account of Amphioxus development was originally
published in 1882 in German, a language Wilson understood.12 Willey and Hatschek’s studies of the 
embryology of Amphioxus were based on work conducted in the same place as Wilson, Faro near 
Messina in north-eastern Sicily (Willey, 1890 and Hatschek, 1893). Willey deferred to Hatschek on 
the details of the early embryonic development of Amphioxus. Hatschek described the segmentation 
or cleavage in terms of the planes of division which occurred, but did not indicate any variation in 
this, or the type of symmetry exhibited until he discussed the bilateral symmetry of the organism 
becoming apparent from when invagination was complete during gastrulation (see figure 3 below; 
Hatschek, 1893, p. 57). Driesch conducted his work on sea-urchins at Trieste and Naples (Driesch, 
1974 [1892]). Wilson had visited Driesch in Trieste before moving on to Naples, and then on to Sicily. 
Before seeing Driesch he had been in Germany, where he met up with his friend, the cytologist 
Theodor Boveri. The founding of the MBL at Woods Hole had been inspired by the Stazione 
Zoologica at Naples. One of the reasons why coastal research stations were being established at this 
time was that they provided researchers with ready access to marine organisms, which “were both 
more durable and less personable than higher animals, they were easier to manipulate while alive; 
they were, figuratively and sometimes literally, transparent to the sufficiently careful observer” 
(Pauly, 1988: 135; see also Reiß, 2012). The international community at the Stazione has been 
characterised as “an international centre of scientific exchange” (Fangerau and Müller, 2007: 609), a 
centre for scientists to share suggestions, thoughts and techniques, and discuss methods and 
problems (Fangerau and Müller, 2007: 612). The Naples ‘experience’ was vital in exposing Wilson to 
new methods and questions, including those that he embarked on his Amphioxus experiment to 
shed some light on (Maienschein, 1985: 189; Monroy and Groeben, 1985: 41).

Wilson obtained adult Amphioxus from a lagoon or pantano at Faro, and kept them in glass 
receptacles containing “clean” water (Wilson, 1893, pp. 579-580).13 He allowed them to spawn and 
then extracted the eggs and placed them in their own glass receptacles with clean water. As with 
many marine organisms, Amphioxus spawns only at particular times of the day, at particular times of 

11 I have been informed by Jane Maienschein (personal communication) that, owing to Wilson’s modesty and 
fastidiousness, Wilson’s laboratory notebooks were not kept.
12 I cite the English translation of Hatschek’s work.
13 By clean, Wilson probably meant that the Amphioxus eggs are kept from potentially damaging influences. In 
their natural habitat these would include parasites. In the water in Wilson’s laboratory, this might include 
microbial growth or the build-up of waste. Willey also spoke of the need for clean water. Following spawning, 
he believed that the resulting eggs “must be very carefully distributed among several glasses containing clean, 
but unfiltered, water from the pantano” [Willey’s italicisation] (Willey, 1890), p. 81. Willey claimed that “If the 
water is filtered, or if sea water is employed, or if too many ova are place in one glass, they will certainly die or 
develop abnormally” (ibid).  There was thus already a judgement of normality (and how it would be ensured 
that Amphioxus develops normally rather than abnormally) underpinning the methods of collection and 
storage of Amphioxus.
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the year, and in certain conditions, narrowing the opportunities Wilson had to observe their 
development (see Muka, 2014, pp. 125-148, for a detailed discussion of these difficulties). By placing 
the individuals in separate receptacles, however, he was at least able to track individual embryos 
(ibid).14 At particular stages of development, Wilson “preserved” embryos in a mixture of reagents. 
Fortunately, the only potential distortion these reagents caused was minor swelling when compared 
to same-stage live embryos and balsam-mounted specimens (Wilson, 1893, p. 580). Each individual 
Amphioxus prepared served as a representation of one stage of development. 

He split the developing organisms into two groups – non-induced (‘natural’) and ‘induced’. The 
‘natural’ specimens were observed, sifted (one of the processes of abstraction), recorded and 
assimilated into a ‘normal development’, a canonical account of the ‘natural’ development exhibited 
by the organisms.15 Being able to establish the normal development for a species recently taken 
from its natural environment was an advantage of laboratories by the coast, one that was taken 
advantage of well into the twentieth-century, including at the MBL, in part because “many of the 
most widely available and popular species did not have accurate published normal plates” (Muka, 
2014, pp. 126-129). Wilson used ‘normal development’ to denote an overall mode of development 
(in contrast to abnormal development). He used ‘natural’ to refer to particular forms that he found
at stages of the normal development, for example “the natural forms of cleavage” (Wilson, 1893, p. 
579). The ‘sifting’ of samples, which involved ignoring those he deemed to be “abnormal”, was one 
of the processes by which Wilson constructed his normal development.16

Also important in Wilson’s construction of a normal development were the expectations generated 
by his reading of the work of Kovalevsky and Hatschek, who he cites as precursors (Wilson, 1893, p.
580). The input to his ‘normal development’ was rooted in comparative morphology. It was, indeed, 
used by von Baer, who wished to determine a ‘normal development’ to periodise embryonic 
development in the chick, and to deal with the variation in timing of various stages. For von Baer,
normal development was determined by “the most usual” patterns of development obtaining 
“under the ‘favourable conditions’ he specified” (Hopwood [quoting von Baer, 1828], 2007, p. 2).

It was the problems and methods of comparative morphology that drove the work of Kovalevsky, 
Hatschek, and Willey on Amphioxus, and also most of Wilson’s research up until this point. 
Morphology is the study of form and structure. So here, the normal development was the most 
typical (however one might interpret this) structure. Hatschek’s work presents an account of the 

14 Wilson does not elaborate on this matter, though Driesch emphasises the advantages of storing specimens 
individually in terms of being able to track the individual developments of organisms: “my method guarantees 
that one is observing the same pieces on successive days.” (Driesch, 1974 [1892]), p. 42). 
15 Wilson’s categorisation (laboratory natural/normal and laboratory artificial/induced) does not include a 
category used by Hatschek – the field natural/normal. Hatschek compared his forms grown in (relatively) 
controlled and artificial laboratory conditions with forms of varying ages obtained from the field. No doubt 
practical constraints prevented Wilson from doing this, as he had enough trouble getting sufficient results in 
the laboratory. It would be interesting to see how Wilson might have constructed a normal development 
employing a tripartite classification of the Amphioxus and its type of treatment. 
16 Staffan Müller-Wille has pointed out that this is similar to what breeders do when creating pedigrees and 
pure lines (personal communication). 
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development of Amphioxus that does not acknowledge variation at any stage of early development, 
even to dismiss it in some way as irrelevant, or an artefact.17

While work by predecessors such as Hatschek will have shaped Wilson’s initial expectations 
concerning the normal development of Amphioxus, his own observations of the non-manipulated 
embryos served to deepen, develop and transform the normal development. As I will discuss later in 
the paper, Wilson’s way of producing normal development made it integral to the emerging 
experimental system that he established. This stands in contrast to Driesch’s relationship with his 
normal development.  Rather than using his own ‘normal’ or control group to serve as a comparator, 
Driesch instead used the books of the zoologist Emil Selenka (Driesch, 1974 [1892]). Selenka 
produced figures that represented the organism at succeeding stages of development, and Driesch 
drew his conception of the normal course of development from such images. For example, in a 
figure depicting the (normal) sixteen-cell stage, which he informs the reader is “copied from 
Selenka” (Driesch, 1974 [1892], p. 44). In using normal stages like this, Driesch acted much like 
modern developmental biologists, and this approach was particularly useful as he deemed the 
samples he collected in his first week of research to be “almost exclusively useless.” Given this, and 
the fact that only fifty samples survived the shaking apart of blastomeres, it is understandable that 
Driesch would want to take advantage of Selenka’s stages, rather than use up scarce samples 
producing ones of his own (Driesch, 1974 [1892], p. 41). What this meant, though, was that Driesch 
could not transform what was on the page in the same way Wilson did with the inputs to his own 
initial expectations of normal development.  Driesch could only identify differences between the 
sea-urchins he subjected to his experimental treatment and Selenka’s version of normal 
development on the page. 

In contrast to Driesch, in his key experiments and paper on the early stages of frog development, 
Wilhelm Roux did use a control group of non-manipulated samples (Roux, 1974 [1888]). Unlike 
Wilson, however, Roux did not describe his normal development, and merely referred to it when 
discussing the results of his interventions, to demonstrate the differences between the normal 
development (the control) and the organisms that were subjected to the intervention (Roux, 1974
[1888], p. 9). 

For Roux, normal development itself transcended the experiment. For example, he appealed to a 
normal development that was external to the control, when he spoke of “malformations” in control 
eggs, and of cells punctured “with a fine needle” developing “normally” without referring them at 
any point to the cells in the control group (ibid.).

Another factor in Wilson’s normal development was the selection of organisms. Wilson stated in a 
methodological footnote that “a certain number of the eggs always develop abnormally, whether 
shaken or not” (Wilson, 1893, p. 587). Yet the descriptions of these ‘abnormal’ forms are missing 
from the descriptive portion of the paper dealing with ‘Normal Development’ (Wilson, 1893, pp. 
580-586). He therefore left out embryos that he deemed to be abnormal in his construction of an 
idea of the normal or natural. Wilson also noted the variation in size and rate of development, and 
therefore needed to abstract from this variation as well. Furthermore, Wilson observed that 
blastomeres shaken such that fragments of the cell separate out could still survive and develop and 

17 The evidence for this being an absence of description or depiction of variation, rather than any positive 
statement to that effect (Hatschek, 1893).



17

provide “deceptive results” which meant that embryos produced from samples where the egg-
membrane was breached “must be judged with a certain reserve.” This provided a means by which 
Wilson could justify decisions to abstract away from certain variation (such as the quarter-sized 
gastrula he associated with such fragmentation events) in producing his normal development 
(Wilson, 1893, p. 587). 

Although he gave quantitative details of, for example, the proportion of different cleavage forms at 
various (e.g. 8-cell, 16-cell) stages, he arrived at the ‘natural’ or ‘normal’ development through a 
qualitative process of abstraction. He selected or removed certain embryos from consideration, and 
assimilated his observations (within stages using the various samples of Amphioxus preserved at 
those points, and between stages thus abstracted) to internalise a picture of normal development. 
There were therefore two stages (analytically distinguished, they were not necessarily temporally 
distinct) of abstraction in the construction of a normal development. One was the exclusion stage, 
whereby the embryos deemed to be abnormal were discarded from consideration. The other was 
the integration stage, where relevant aspects of those embryos not deemed abnormal were 
integrated into an overall abstracted representation of the normal (range of the) embryo. The first 
stage therefore involved excluding variations as abnormal, while in the second variations – for 
example, in cleavage form – are included as normal. This two-stage process is similar to Wilhelm His’ 
selection of human embryos for incorporation into his normal tables.18 In the first stage, His 
excluded the embryos with gross abnormalities, which totalled 22% of the embryos he possessed, 
unsurprising given that the primary source was abortion. There was then a second stage, using case 
histories amongst other criteria to exclude still more samples, including descriptions of embryos 
made by other scientists. Following this, there was a third stage, which involved the comparison of 
the embryos that had made it through the first two stages with each other: “What was to count as 
normal could emerge only from comparing well-accredited embryos of clear provenance among 
themselves” (Hopwood, 2000, p.47). In incorporating the work of others, as well as dealing with 
samples derived from a clinical rather than natural context, His’ task differed somewhat from 
Wilson’s. His needed to subject his embryos to a further stage, and was able to draw upon a wider 
range of resources and benchmarks to make his decisions. 

For both, however, in the exclusion phase, pre-existing theoretical commitments will have initially 
played a key role in their decision-making. In Wilson’s case at least, this did not take place detached 
from or instead of a material engagement with the Amphioxus embryos. In the integration phase the 
intellectual element to Wilson’s abstraction declined in significance further still in favour of a greater 
role for material abstraction. Some background theoretical and empirical knowledge conditioned 
how Wilson made his decisions, but they did not drive them. The two types of abstractive process 
cannot be completely separated however. In the ‘uninduced’ arm of his experiment, there was no 
experimental manipulation of his material, but there was considerable treatment of his material to 
make it amenable to observation, comparison and integration. The Amphioxus would be more 
forcefully manipulated in the ‘induced’ arm of the experiment. 

In that, Wilson shook apart the cells at different stages (e.g. 2-cell, 4-cell), and observed the ensuing 
development. The purpose of this was to, in Wilson’s words, discover the “limit of the regenerative 
power” (such as that exhibited in Driesch’s sea-urchins, see below) of the blastomeres (Wilson, 

18 I am grateful to an anonymous reviewer for drawing my attention to this parallel. 
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1893, p. 587). He did this by following the courses of individual development pursued by the isolated 
blastomeres (usually single, but sometimes the embryo split into multi-blastomere fragments) to see 
if they would produce viable larvae and adults. Wilson compared the developments obtained in the 
two groups with different treatments to see the effect of varying the mechanical forces experienced
by the blastomeres.

This method was pioneered by the Hertwig brothers, but made famous by Driesch when he shook 
apart the blastomeres of sea-urchins and found that when blastomeres were shaken apart at the 8-
cell stage they would still go on to produce smaller functioning ‘normal’ adult organisms (Driesch, 
1974 [1892]). Luckily for Wilson, less violent shaking was required to separate the blastomeres of 
Amphioxus than for sea-urchins Driesch used (Wilson, 1893, p. 587). This meant that the 
blastomeres were less likely to get damaged in the process. However, sifting of samples was still 
required to remove potentially damaged and misleading samples, though this was an entry-point for 
subjective interpretation based on Wilson’s expectations.

It is worth reiterating at this point the centrality of variation to Wilson’s work here. Investigating the 
origin, consequence and significance of variation was central to Wilson’s work with Amphioxus. 
Wilson had a natural historical fascination with the variation exhibited by the early development of 
Amphioxus, and the experimentalist tendency to use variation of selected conditions to investigate 
phenomena. Variation was therefore also related to the issue of the determination of development 
and examination of the mosaic and regulatory theories of development. In the case of Wilson’s 
experiment, the controlling of variables was a far cry from the rigour that would be expected in 
modern laboratories. Despite this, he succeeded in varying the crucial variable of interest, the 
mechanical conditions impinging on the blastomeres in the early embryo. To measure the effect of 
this, however, he needed to observe not only the variation exhibited between forms that did not 
undergo this treatment, but also the variation exhibited by those that did undergo this treatment.

What was therefore being compared was the variation between the variations of two different sets
of Amphioxus. The comparison was conducted largely qualitatively. While he described the different 
forms in quantitative ways (for example by enumerating the frequencies of particular variants at 
particular stages), what made the difference for Wilson’s judgements was the qualitative assessment 
of data. The process of abstraction was therefore not statistical, nor was it essentialist. There was 
too much tolerance of variation for the latter process to be at work, and too little respect paid to the 
(non-qualitative) structure of the variation for the former. Wilson intended to communicate the 
variation he believed to be characteristic of the early embryonic development of Amphioxus to the 
wider community of embryologists and morphologists, and emphasised its significance for both his 
experimental endeavours and for any attempts to use early development as a way of investigating 
evolutionary relationships. But the process by which he arrived at his conceptualisation and 
representation (verbally and pictorially) of the normal development of Amphioxus was by his own 
observation and experience of the embryos. What was produced was a normal development only 
partially packaged for export to other scientists through his journal article. The key part of the 
normal development for his own experiment was the sense of deviation from it primed by his 
experience of it.  
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4.3. Wilson’s findings

Examining the development of the ‘Natural’ group, he found that the three main cleavage-forms 
exhibited (see figure 2), and ‘intermediates’ between them, were all “capable of complete and 
normal development” (Wilson, 1893, p. 584). After the four-cell stage, which Wilson determined was 
“typically radial, and that the departures from this arrangement are purely accidental”, the 
succeeding cleavage stages deemed ‘normal’ each include examples of the three types of cleavage: 
radial, spiral and bilateral (Wilson, 1893, p. 581). There was therefore considerable variability of 
form in early development.19 A consequence was that Wilson’s idea of normal development was 
broadened – a considerable amount of variation of form in early embryonic development could be 
considered to be part of (more or less) normal development, provided that the end result was 
functional. This meant that the adult stage was reached and that this had a ‘normal’ structure and 
functioning, even if it was smaller in size. 

In the 1893 Amphioxus paper, the diagrams he includes in the main body of text are largely abstract
representations, whereas the figures in the ‘Plates’ section at the back of the paper are more 
naturalistic, depicting actual specimens. Jane Maienschein has shown how Wilson’s diagrams from 
1896 to 1925 became more abstract while conveying ever more information in them, reflecting his 
increasing confidence that his diagrams served as accurate interpretations of what he was 
presenting. So for Wilson, abstraction accompanied greater specific detail (Maienschein, 1990). 

Maienschein notes that as Wilson gained greater confidence in the theoretical position he was 
advancing, the diagrams he produced moved closer to that theory, and away from ‘nature’. In the 
early period of Wilson’s career that I am discussing, theory is either absent or somewhat hazy. In the 
absence of firm confidence in a theoretical position in this earlier period of his career, then, we can 
interpret that his diagrams emanate from, and closely correspond to, ‘nature’ as he observes it. In 
this way, Wilson’s diagrams provide him with indications of theoretical possibilities. So interpreted, 
the diagrams can be seen as a “descriptive model” which becomes ever more “distinct from the data 
set from which it has been generated” (Ankeny, 2000, p. S269). Vitally, “once these descriptive 
models have been established, they are used by scientists without regard to the particular 
experimental arrangements under which they were developed” (ibid.), which then allows them to 
have a life of their own.  

After finding the three main cleavage-forms – radial, spiral and bilateral – at this stage of 
development, Wilson them all to be both natural and normal in Amphioxus. Arthur Willey 
acknowledged this discovery as “an example of a polymorphic cleavage” that contradicted the idea 
that cleavage “follows the uniform and stereotyped plan that has been hitherto supposed” (Willey, 
1894, p. 108). A later study by Edwin Conklin on Amphioxus praised Wilson’s study of cleavage, and 
noted “that the spiral character of the cleavage in Amphioxus is not as constant nor as prominent a 
feature as in annelids and mollusks” and that “the cleavage is pre-eminently bilateral” (Conklin, 

19 Though, interestingly, Wilson stated that “Beyond the 16-celled stage I have not endeavored to trace
out in detail the variations of the cleavage, since they are even more numerous than those of the earlier 
stages” (Wilson, 1893), p. 584. Whether this increased observed variation necessarily implies an increased 
variability as early development proceeds is not discussed by Wilson. It may simply be that a greater number 
of cells provides the basis for more ‘sub-types’ of the main three cleavage-forms to be exhibited.
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1932, pp. 78-80). While he acknowledged the variation, contrary to Wilson, Conklin tried to establish 
one type as ‘pre-eminent’ (cf. ibid.).

Wilson allowed a wide range of variation in form as part of his normal development, provided that 
the variant developed to become a functional adult with ‘normal’ structure, if sometimes a little 
smaller than usual. As Amphioxus exhibited the three main forms of cleavage found across the 
animal kingdom, it provided Wilson with a model that could be used to explore the formation of the 
different cleavage-forms. Wilson’s experimental interventions therefore had the potential to 
generate insights into key developmental mechanisms at the early stages of development, and allow 
him to interpret these in terms of their morphological and evolutionary significance.

The process of dividing development into stages was enabled by the development of new 
techniques that allowed samples to be preserved and stained (see Bock von Wülfingen, 2015, for an 
analysis of how this affected the interpretation of temporality in biology). Making stages the basic 
unit of abstraction lent itself to conceiving of the stages as at least semi-independent of each other. 
Wilson did not present his normal development as the development of an individual Amphioxus, but 
as a succession of accounts at each particular stage, each of which was the product of abstraction 
from the preserved samples of Amphioxus at those stages. Thus what Wilson presented was a 
normal development that encompassed the range of normality he observed to exist at each stage of 
development. Wilson later attempted to connect the stages by suggesting how particular forms 
exhibited at particular stages may transform into other forms at later stages. Crucially, however, the 
abstraction at the level of stages meant that such an account did not describe how the form at one 
stage transformed into the form at a succeeding one. 

For the ‘Induced’ forms, Wilson observed that “The isolated blastomeres undergo a cleavage that 
approximates more or less nearly to that of a normal ovum, but the extent of divergence is nearly 
proportional to the age of the initial form” (Wilson, 1893, p. 590). In other words, the later the 
‘intervention’, the less likely the chances of the individual blastomeres going on to display normal 
development. The power of regeneration (associated with mechanical, if not mechanistic, causation) 
therefore existed, but became less powerful and effective with every cell division. Therefore, Wilson 
concluded that mechanical conditions alone could not account for the cleavage-forms. If they could, 
blastomeres shaken apart at stages such as the 16-cell stage should exhibit the same regenerative 
power as ones shaken apart at the 2-cell stage, as they now faced the same mechanical conditions. 
But this is not what Wilson found. He discovered that the separated blastomeres from a 2-cell 
embryo “may give rise to a half-sized dwarf larva exactly agreeing, except in size, with the normal 
larva up to the period when the first gill-slit is formed” (Wilson, 1893, p. 588). For separations at the 
16-cell stage, however, “isolated blastomeres continue to divide for some time, but as far as 
observed always give rise merely to flattened plates or shapeless masses of cells” (Wilson, 1893, p.
590). Other forms exhibited by the effects of manipulation at the 8-cell stage produced parts, or 
severely deformed organisms which did not survive past a certain stage of development such as the 
blastula (Wilson, 1893, p. 589). These ultimately non-viable forms were for Wilson evidence of 
abnormal development. 

If the cleavage-forms were inherited, they should be constant when external conditions are 
controlled. Wilson observed that when independent of external conditions, cleavage-forms still 
varied. This variation in Amphioxus therefore undermined the idea that the cleavage-forms were 
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inherited (Wilson, 1893, pp. 600-601). The results of the experiment had denied Wilson the ability to 
explain the variation in cleavage-forms by either mechanical or inherited means alone. He reflected 
that “the variable cleavage of Amphioxus is a very interesting case; for we here observe, as it were, a 
conflict between an hereditary tendency not yet firmly established, and mechanical conditions that 
are, in a measure, opposed to it” (Wilson, 1893, p. 603).

For Wilson, this hereditary tendency was “a gradual shifting backwards in the ontogeny of the adult 
bilaterality, which thus became projected, as it were, upon the cleavage-stages” (ibid). He observed
that this tendency “is often disturbed by displacements of the blastomeres”, which enabled other 
cleavage-forms to be produced and also accounted for the independence of the variation exhibited 
in normal early embryonic development from the less variable forms of the normal adult Amphioxus
(ibid). Wilson had therefore found that whether an organism at a particular stage was normal or 
abnormal did not depend on ancestral factors for the former or environmentally-induced factors for 
the latter.

Wilson’s results indicated that there were serious problems with both the mosaic and regulative 
theories. Initially he focused his criticism on the mosaic theory, which in the forms previously 
proposed could not satisfactorily account for the regulatory phenomena exhibited in Amphioxus
(Wilson, 1893, pp. 605-606). However, his results meant he also could not fully accept the regulative 
theory (Wilson, 1893, pp. 607-613). Instead he proposed a modified version of the mosaic theory, 
based on the timing of determination of development, and of particular stages. The earlier the fate 
in terms of eventual structure and topological relations (e.g. type of symmetry exhibited, and when)
was established, the mode of development was more mosaic and less regulatory (Wilson, 1893, pp. 
613-615). 

Compared with Driesch and Roux, normal development played a different role in Wilson’s 
experimental system. Driesch used the highly abstracted tables of Selenka, while Roux employed a 
control group with no abstraction used to produce a normal development, but then relied on a 
standard of normality external to his control. Wilson, however, used his own processes of 
abstraction to produce a normal development that contained within it a range of variation in early 
embryonic development, and which was integrated into the experiment as a whole. Wilson focused
as much attention upon the embryos that did not undergo manipulation as those that did. 

The use of a normal development encompassing a range of natural variation to compare the range 
and patterns of variation in the embryos that resulted from his experimental interventions provided 
Wilson with fine-grained means to assess and interpret the role of the inherited and mechanical 
causes in embryonic development. Wilson varied the mechanical cause in the manipulation or 
induced part of the experiment, and kept it constant in his control. In producing the normal 
development, Wilson kept the mechanical cause as constant as possible, though of course accidental 
variation in mechanical conditions could occur and were used to explain particular phenomena. In 
keeping mechanical conditions constant in this way, it was at least possible to generate data which 
indicated the causal role of inherited factors or tendencies. This therefore allowed Wilson to find 
evidence for the operation of both of these causes, and also highlighted for him the limitations of 
invoking only one of those causes to explain the differences that were exhibited between the control 
and induced embryos. Rather than being incompatible, in Wilson’s account the two different types 
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of causes were deemed to be complementary, and in combination they explained what either one 
by itself could not.

In including a wide range of variation in his normal development, Wilson did not select the most 
common or typical form, nor did he attempt to cut through the apparent variation to identify the 
underlying essential succession of forms for Amphioxus. His normal development was therefore 
neither statistical nor essentialist. In assessing whether Wilson’s normal development was a 
reference standard, we must return to the intimate connection between norms and the processes of 
abstraction which give rise to them. The reference standard and Wilson’s normal are both examples 
of material abstraction. They represent phenomena and are produced “by physical interaction 
between the researchers and the phenomenon to be modelled” (Leonelli, 2008, p. 523). There are, 
however, key differences. Firstly, the process of abstraction by which Wilson took his observations of 
the development of many individual specimens of Amphioxus was an individualised abstraction for 
specific, particular purposes. It was an individualised internalisation based on short-term experience,
rather than a community abstraction intended to be a resource for a multitude of known and 
unknown purposes. While there were indeed shared research norms, in the sense of the proper 
conduct of scientific investigation in general, Wilson’s normal development was not a community 
resource produced to be mobilised and circulated throughout a wider scientific community. Like 
Ross Harrison after him, his drawings and slides depicting normal development were used as 
teaching aids for students, and they may have been shared with immediate colleagues at Columbia 
University and the MBL. But they were not produced with circulation as a purpose, and this 
therefore did not significantly affect his abstractions or their product. Furthermore, while he had 
access to and used the accounts of Amphioxus development provided by the likes of Hatschek, 
Wilson did not have handbooks of ‘normal stages’, or other resources such as standardised (model 
or otherwise) organisms. Wilson was the performer, producer, and consumer of the material 
abstraction, rather than just the consumer. It must be emphasised that Wilson presented his 
material abstraction to the scientific community, through the medium of his journal article and 
through his communications with colleagues and students, and this became part of the body of 
knowledge concerning Amphioxus. In the immediate experimental situation itself, however, Wilson 
was the primary consumer.

4.4. Normal development and experimental practice

In Wilson’s 1896 textbook The Cell in Development and Inheritance, an interesting definition of 
‘normal development’ can be found: 

normal development is in a greater or less degree the response of the developing organism 
to the normal conditions …The character of the response is determined not by the stimulus, 
but by the inherited organization. (Wilson, 1896, p. 326)
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This formulation presupposes the existence of a ‘normal conditions’ or normal environment which 
acts as the arbiter of the biological normal for organisms possessing autonomy from that 
environment.20

It is reminiscent of von Baer’s criterion for normal development being “the most usual” patterns of 
development obtaining “under the ‘favourable conditions’ he specified” (Hopwood [quoting von 
Baer, 1828], 2007, p. 2). It is somewhat different, however, in that “favourable conditions” might be 
quite different to “normal conditions”, and that Wilson’s definition does not specify that the normal 
development must be the “most usual” patterns of development. This allowed Wilson to include a 
wide range of variation in early embryonic development in his normal development of Amphioxus. 
There was no such definition of normal development in the work of Hatschek and Selenka. Instead, 
the succession of singular forms with no indication of variation at any one stage stands as a contrast 
to Wilson’s definition and approach. Wilhelm Roux used a control group to partly stand in for normal 
development, but still had an external standard of normal to which he referred and appealed in his 
1888 work. 

Wilson’s definition and practice was enabled by the growing ability to standardise the ‘environment’ 
in the laboratory. At this point, however, the challenge was not so much to recreate the “normal 
conditions” specified in his definition, but rather to try and create the “favourable conditions” von 
Baer spoke of, simply to ensure that enough organisms developed to make experiments work. 

The definition of normal development reflected a particular Darwinian view of the environment as 
pre-existing and prior to the organism, which therefore needs to adapt to it, exhibited in a previous 
textbook Wilson co-authored (Sedgwick and Wilson, 1886) which featured passages such as:

the earthworm is a small mass of (mainly) living matter occupying a definite position in 
space and time. It is found in a certain environment for which it is very perfectly fitted 
(Sedgwick and Wilson, 1886, p. 161)

For Wilson, then, the organism responded – autonomously – to the conditions outside it, it did not
just obey or even merely react. Wilson’s definition can also be seen as an early form of the 
distinction between what has become known as instructive and permissive causes (critically 
examined in Gilbert, 2003a).21 In this distinction, the environment merely provides, within a certain 
range of parameters, the conditions to allow development to proceed.22 It plays no instructional or 
creative role. No difference-making role is attributed to it, unlike factors internal to the organism, 

20 Though it does echo Canguilhem’s claim that “the term normal has no properly absolute or essential 
meaning” and that the organism and its milieu (or environment) can only be regarded normal in relation to 
each other, or more specifically, the response of the organism to changes in its milieu (Canguilhem, 2008 
[1965], p. 127).
21 The terms ‘instructive’ and ‘permissive’ in the context of organismal development were coined by Howard 
Holtzer in the 1960s (Holtzer, 1968). See also Gilbert (2003b), p. 349, and my discussion of the distinction 
(Lowe, 2015).
22 The advent of this distinction (in terms not used by Wilson) has been attributed to the experimentalisation 
of embryology, influenced by physiology, which led to the establishment of model organism systems (Gilbert, 
2003a), pp. 87-89. Griffiths and Stotz (2013), p. 80, argue that the distinction is closely related to the 
distinction between ‘specific’ and ‘non-specific’ causes made in Woodward (2010).
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and particularly internal to the cell. In this view, what makes a sea-urchin a sea-urchin, and not any 
other kind of creature, are the instructive causes of development internal to it.23

In this distinction, external and environmental factors cannot make it a different kind of species, 
they can merely permit the instructive causes to occur or not by providing more or less clement and 
developmentally appropriate conditions (Wilson, 1896, p. 326). The environment as a permissive 
condition cannot instruct new functional forms of an organism. If the proper permissive conditions 
are not in place, the result is not a new functional form, but an abnormal or dead organism. If this is 
presumed to be the case, then the standardisation of the environment in experiments which 
manipulate variables internal to the organism becomes epistemically unproblematic, as it is 
presumed that no significant causal relationships between organism and environment are being 
missed as a result. The processes of abstraction by which normal development is produced are 
therefore central to making experimental work possible. 

5. Conclusions and implications

Normal development was both an input and an output of the Amphioxus work. It was an input, 
because some idea of what constituted ‘normal development’ needed to be in place for the 
experiment to take place at all (for comparative purposes). The construction (or, we might say, 
reconstruction) of normal development itself, through Wilson’s own processes of selection, 
exclusion, integration and recording, was guided by his own preconceived conception of what the 
normal development of Amphioxus consisted of. The expectations generated guided Wilson’s 
interpretation of the forms he observed, but the different results to his predecessors showed that 
while the output was conditioned by the input, it was not fully determined by it.

From the early 1890s, questions concerning the causes of form, structure and the development of 
structure were increasingly central for Wilson. To that end, he was explicit about the use of 
functional criteria to inform his construction of normal development. He cited the ability to develop 
to later stages as a criterion for developing ‘normally’, though some degree of structural correlation 
to functional later stages of development must be acknowledged. Despite this functional grounding, 
in his description Wilson ended up generating a new structure-based normal development. Due to 
the differing requirements of the normal development for comparative purposes as part of an 
experimental set-up, the process of abstraction required to produce the normal development was 
different to how normal development was generated for comparative morphological purposes. In 
the process of abstraction, scientists need to make decisions about what is left in the final 
presentation of the varied phenomena that are observed and recorded. In the case of Wilson in 
1892/3, the experiment involved a process of abstraction that was more inclined to include variation 
that was exhibited during his observations, compared with an abstraction for comparative 
morphological purposes. Thus there was a conception of normal development which included very
different organisations of the early embryo. It was the cause and significance of those early 
embryonic forms that was the subject of Wilson’s enquiry. A single, canonical representation of early 
stages would therefore have been inappropriate.

23 This is an attribution of specificity to something internal to, and inherent in, that which becomes the sea-
urchin.
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To take account of the difference between the individual abstraction of Wilson and modern 
community abstractions producing a reference standard version of normal development, we need to 
rethink the taxonomy of norms. Either a fourth norm more appropriate to the work I have described
needs to be added, or the definition of a reference standard should be broadened to encompass
both modern and historical contexts. My analysis, centred as it is upon the practices of production, 
circulation, interpretation and use of particular varieties of normal development, indicates the 
former option, providing as it does a clearer distinction between the practices of embryology prior, 
and subsequent to, the changes it underwent in the twentieth-century. This distinction might allow 
us one way to see how previous practices fed into newer ways of organising embryology and 
conceiving of the process of development, and what was left behind. It might also provide us with a 
way of comparing the two different eras. Finally on this point, I would like to propose a new way of 
approaching the taxonomy of norms. For example, they need not necessarily be seen as separate 
and exclusive. There are many different ways that the objects of biological study can vary, and even 
within one tightly defined experiment there may be multiple methods and conceptualisations at 
work. Often prior ‘styles’ of thinking and practice go out of fashion and fade in significance, rather 
than going extinct (e.g. see Hacking, 1992 and Pickstone, 2000). In one piece of work, two or more 
different ways of treating variation may therefore co-exist. So surely there is important work to be 
done in ascertaining what the effects and significance are of the interactions between the types of 
‘normal’ are within a single piece of scientific research. 

Whereas I have examined the infancy of experimental approaches, other accounts examine the 
modern era of biology – with its model organism systems, systematic training of experimental 
embryologists, and the presence of resources such as the normal stages of organisms in handbooks
(e.g. DiTeresi, 2010, pp. 65-74). While there were initial stage series being produced at the time,
they were used in comparative embryology and not Wilson’s experimental study (Hopwood, 2007). 
There were not model organism systems at this time, nor were there community organism 
standards (cf. Logan, 2002). There was a more opportunistic approach to the selection and use of 
organisms based on the problem at hand; there was less constraint in selecting organisms for 
experimentation, compared to the growing constraints in the twentieth-century (Burian, 2005, pp. 
18-23). This point is related to the idea of organisms as cases outlined by Rachel Ankeny (Ankeny, 
2012). An organism used as a ‘case’ is intensely studied “with the goal of eventually elucidating 
norms or baseline patterns against which newly observed yet similar phenomena (e.g., in other 
species) can be compared” (Ankeny, 2012, p. 646). Cases help ‘tame variation’ when the sheer 
weight of it threatens to make meaningful scientific work impractical, as it threatens to in 
developmental, and particularly comparative developmental biology (Ankeny, 2012, p. 652). While 
Ankeny acknowledges that the selection of an organism as a case can be due to the “similarity 
provided by the organism in question in relation to the process or issue under examination” (ibid), 
factors such as “historic primacy or importance,…experimental tractability, [and] manipulability” are 
also critical (ibid). 

Similarly, normal development helps to ‘tame variation’. One of the key reasons why normal 
development becomes employed in experimental embryology is because of its use as a control
against which the effects of experimental manipulations can be compared. From this, the 
investigator can surmise what he or she believes to be the causes of the difference, and also 
therefore of the normal phenomena. Normal development functions by structuring the expectations 
of the observer. By taking into account the variation which is included in the abstraction process it 
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allows them to then ignore that variation when it is exhibited by the various samples at different 
stages that have undergone the experimental intervention. Normal development is therefore used 
as a point or range (or series of these) against which deviations can be determined or measured. If 
we see the normal course of development as a particular path, what Wilson did was to expand the 
number of alternative paths open in the early stages of the journey of the embryo. He broadened 
out the ‘point’ to a range of variation deemed to be normal, to include all three main cleavage-
forms. He did not, however, change the notion of a specific destination towards which all valid 
routes must ultimately tend. In fact, by making the end of the journey the criterion for discerning 
which paths or tracks were valid (or ‘normal’) and which were not, he fixed the end-point of normal 
development by definition. While there was a broadening at one stage of development of what was 
considered to be normal, this was accompanied by a narrowing at the later stage. 

In this paper, I have employed a link between the ‘taxonomy of norms’, which I wish to expand in 
the light of the foregoing discussion, and the particular processes of abstraction responsible for each 
norm present in this scheme. Normal development, in its various forms, is therefore a product of 
these various processes. It can be further understood as a key product (serving itself as an input to 
new processes of abstraction) generated by and helping to shape experimental practice. But what 
kind of product is it? I suggest that normal development can be understood as a kind of “technical 
condition”, which in this particular experiment (and a particular experimental system) is the product 
of a particular array of processes of abstraction. A technical condition functions to “set the boundary 
conditions of experimental systems and in the process create the space in which an epistemic object 
can unfold” (Rheinberger, 2012, p. 218). It therefore forms the part of an experimental system which 
is required to investigate an epistemic object, itself defined as “material entities or processes…that 
constitute the objects of inquiry…[and] present themselves in a characteristic, irreducible 
vagueness” (Rheinberger, 1997, p. 28). 

In Wilson’s experiment, the epistemic object was the developmental processes involved in the 
production of embryonic forms falling in the range of normal development. The technical condition 
was the normal development used as a comparator, and also the establishment of the normal 
development itself. There was a reciprocal relationship between this epistemic object and technical 
condition, as each was needed to help constitute the other. So for this experimental system, we 
might label the epistemic object and the technical condition as a proto-epistemic object and a proto-
technical condition, respectively. Through making his experiment work, Wilson progressively 
differentiated the proto-technical condition of normal development from the proto-epistemic 
object. At the start of the work, the technical condition was more dependent on the presumed 
nature of the epistemic object, that is, what processes and forms produced and constituted normal 
development. The boundary between them was therefore more blurred, and the epistemic object 
and technical condition of normal development were less distinct and differentiated. Through
Wilson’s elaboration of normal development by way of observing the embryogenesis of individual 
Amphioxus specimens, the technical condition of normal development became less dependent on 
the presumed nature of the epistemic object, and therefore more distinct and differentiated. 
Normal development therefore approached more closely a technical condition in a more mature 
experimental system. Increasingly, it came to fulfil its role of framing the epistemic object. There are 
thus differences to be drawn between mature experimental systems and those in their early stages 
like Wilson’s. 
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Study of the evolution of normal development in its interaction with wider experimental practice, 
for example, by serving as a technical condition in experimental systems, can be useful in 
understanding the roles (e.g. methodological, technical, empirical and theoretical) of such concepts 
in scientific change and how such concepts are produced by changes in scientific practice. 
Furthermore, this has the potential to help us understand the genesis of model organism systems
that concretise a version of normal development in a constructed and standardised organism 
intended to be used as a community resource. Understanding normal development as a technical 
condition provides one means (among others) of conceptualising its transformation and relations 
with other aspects of an experimental system. 

This would also provide us with tools for engaging with the potential changes to the concept of 
normal development and experimental practice that might be generated by new ways of 
understanding and investigating development. These include taking the role of the environment as 
the object of investigation (such as eco-devo; Gilbert and Epel, 2015), and the study of
developmental plasticity including its role in novel organismal variation (e.g. West-Eberhard, 2003).
In terms of the organisation and infrastructure of research, one change is the move away from a 
small number of highly constructed model organism systems (for example, the use of a wider range 
of so-called “reference species”, see Streidter et al., 2014). New ‘model organisms’ have emerged
(cf. Behringer et al., 2008a & 2008b for an introduction to these, and Ankeny and Leonelli, 2011, for 
a clarification and corollary to such talk), and critiques have focused on the effects of model 
organism systems on the kind of biology that can be conducted, and the kind of conclusions that can
drawn from such research (such as Bolker, 1995 and 2014; Love, 2010). Methodologically, new ways 
of managing observed variation such as the Standard Event System have also emerged (Werneburg,
2009).

We therefore stand at a point in the history of biology where ‘normal development’, and the 
technical, material, theoretical, cognitive, epistemic and methodological elements of biological 
research that have co-evolved with it (and are inextricably related to it) are coming under question. 
An analysis of its genesis and early development can provide us with some insights as to its nature, 
the contingent aspects of its current nature, and its role in particular ways of conducting biological 
research.
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