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Abstract Recently, the nature of science (NOS) has become recognized as an important

element within the K-12 science curriculum. Despite differences in the ultimate lists of

recommended aspects, a consensus is emerging on what specific NOS elements should be the

focus of science instruction and inform textbook writers and curriculum developers. In this

article, we suggest a contextualized, explicit approach addressing one core NOS aspect: the

human aspects of science that include the domains of creativity, social influences and

subjectivity. To illustrate these ideas, we have focused on Charles Darwin, a scientist whose

life, work and thought processes were particularly well recorded at the time and analyzed by

scholars in the succeeding years. Historical facts are discussed and linked to core NOS ideas.

Creativity is illustrated through the analogies between the struggle for existence in human

societies and in nature, between artificial and natural selection, and between the division of

labor in human societies and in nature. Social influences are represented by Darwin’s

aversion of criticism of various kinds and by his response to the methodological requirements

of the science of that time. Finally, subjectivity is discussed through Darwin’s development

of a unique but incorrect source for the origin of variations within species.

1 Introduction

Nature of science (NOS) is the term used to refer to the elements of science that ought to be

communicated to science learners. It is a hybrid domain that draws its insights from studies of

the history, the sociology and the philosophy of science combined with research findings

from the cognitive sciences which examine the interaction of observation and prior

conceptions (McComas et al. 1998). This synthesis of various social science disciplines

provides a description of the scientific enterprise from the perspectives of how we ‘‘do’’
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science and how we know what we know about the natural world. But to gain an actual

understanding of the nature of science, it is vital that the NOS principles communicated to

students are accurate, authentic and accessible. Little would be gained if the recommenda-

tions were so cursory as to be relegated to the memorization of terms or so sophisticated that

they would serve no one except those preparing to become historians or philosophers of

science. Of course, it is understandable that there may not be absolute or complete agreement

on what should comprise the nature of science. In addition, one should appreciate the fact that

individual science disciplines do have their own character (hence some are advocates of the

use of the term nature of the sciences). However, with these two considerations in mind, we

will use the terms ‘‘nature of science’’ and NOS concurrently in this paper.

We now know that communicating nothing but the traditional content of biology,

physics, chemistry and the earth and space sciences is no longer sufficient in science

instruction. Only when students understand how science functions and how scientific

knowledge is generated can they truly appreciate, understand and value science itself.

Hence, if students are to become scientifically literate they need to understand something

of the nature of science. In spite of the increasing interest in and the support for the

inclusion of the nature of science in school science instruction, there continues to exist

some discussion regarding which particular nature of science aspects should be included in

school science curriculum. The encouraging news is that a relatively discrete list of such

NOS elements is beginning to crystallize (McComas 1998, 2004; Lederman 2002; Osborn

et al. 2003). Building on this work and the general agreement represented, is a set of nine

such principles proposed by McComas (2008a, b), arranged in three clusters of related

notions (Table 1). This paper will focus on illustrations within a group of related NOS

concepts which may be called the human aspects of science.

Table 1 A proposed set of core NOS ideas appropriate to inform K-12 science curriculum development,
instruction and teacher education (Adapted from McComas (2008a))

Tools and products of science

1. Science produces, demands and relies on empirical evidence

2. Knowledge production in science shares many common factors, norms and shared habits of mind.
The shared aspects of scientific methodology include the following:

Experiments are not the only route to knowledge

Scientists are expected to be careful and truthful in reporting data

Science uses both inductive reasoning and hypothetico-deductive testing

Scientists make observations and produce inferences

There is no single step-wise scientific method by which all scientific questions are addressed

3. Laws and theories are related but distinct kinds of scientific knowledge

Human aspects of science

4. Science has a strong creative component

5. Observations, ideas and conclusions in science are not entirely objective. The subjective aspect of science
plays both positive and negative roles in scientific investigation

6. Historical, cultural and social influences impact the practice and direction of science

Scientific knowledge and its limitations

7. Science and technology impact each other, but they are not the same

8. Scientific knowledge is tentative, durable and self-correcting

9. Science and its methods cannot answer all questions. There are limits on the kinds of questions that can
and should be asked within a scientific framework
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Even with agreement on a list of key nature of science ideas, the emerging challenge for

teachers and curriculum designers is how to communicate this important content. One

potentially fruitful approach in sharing important elements of the nature of science may be

found in the use of history of science in order to provide instruction in how science functions.

2 Darwin and Explicit Instruction of the Nature of Science

A wide variety of instructional approaches that make use of history have been proposed

and attempted as discussed in McComas (2009), including both the Harvard Case His-
tories in Experimental Science (Conant 1959) and related History of Science Case Studies
(Klopfer 1964–1966). These and other such historical plans were designed to engage

students in learning about science by having them read original reports of scientific dis-

covery and even reenact classic experiments in the history of science. Unfortunately,

potentially useful innovations such as these have never been widely used. In addition,

the inclusion of history of science in science courses has itself been limited. For example,

the history of science as it appears in most science books—if it appears at all—is typically

represented by little more than a brief biography or the birth and death dates of the

scientists in question. Such treatment is a lost opportunity for students to learn not only

about some scientific discoveries or breakthroughs but also about the nature of science

through the examination of the relevant historical events or by exploring something of the

personal history of scientists and their discoveries.

However, this lack of prior success should not preclude the use of history of science as a

vehicle for teaching important lessons in the nature of science. But teaching anything

significant regarding the nature of science requires more than just telling stories to students.

Research has shown that explicit instructional approaches which target particular NOS

aspects are much more effective than implicit ones. Developing an understanding of NOS

is a cognitive learning outcome and simply engaging students in science related activities

does not necessarily promote this understanding. However, in order to be more effective,

explicit instructional approaches require two conceptual shifts. The first is that students

interpret historical narratives from within a new conceptual framework, likely quite dif-

ferent from their own, and closer to the worldview of the scientists under discussion and

their respective historical period. The second conceptual shift requires that students discern

relationships between generalizations derived from the historical narrative and the nature

of current scientific knowledge and practice (Abd-El-Khalick and Lederman 2000a, b). It

seems that explicit instruction can be quite effective when students not only are actively

engaged in a sort of reasoning that led past scientists to new insights but are also guided to

explicitly and reflectively consider the implications of this reasoning. It is important that

students eventually can transfer their learned conceptions of NOS from the initial context

to new ones (Rudge and Howe 2009).

An example of a method by which history of science may be used to share important

aspects of the nature of science is suggested by the occasion of the bicentennial of Charles

Darwin’s birth and the sesquicentennial of the publication of Origin of Species (hereafter

Origin). Instead of focusing on a variety of scientists to illustrate elements of the nature of

science, this strategy involves only one scientist in a much more in-depth fashion to

exemplify those aspects of NOS deemed worthy of inclusion in the school science cur-

riculum. Darwin is a particularly useful model for this approach because there are few

scientists whose lives and thought processes are so well recorded both from contempo-

rary perspectives and with the advantage of a century and a half of scholarly inquiry.
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In addition, Darwin was an inveterate note taker, letter writer and diarist who has left an

enormous archive of writings of various kinds, making it possible to analyze, dissect, and

critique his work to such an extent that in many cases we can almost know what he was

thinking. We are quite fortunate that with Darwin, the vast majority of the original writings

are available online. His books, papers and notebooks appear at http://darwin-online.org.uk/

and his letters may be found at http://www.darwinproject.ac.uk/.

As an example of an explicit approach to NOS instruction teachers could guide students

in identifying particular NOS ideas in the following ways, each illustrated here by a

specific example from the life and work of Charles Darwin.

2.1 Read the Original Writings of Past Scientists, Study the Evidence Available

to them and Understand the Source and Nature of their Conclusions

Students could be provided with excerpts from the 1842 Sketch, the 1844 Essay, Natural
Selection and the Origin, and asked to compare Darwin’s writings with each other and

comment on when the main ideas which are present in the Origin appeared in Darwin’s

earlier writings for the first time. For example, natural selection existed from very early in

Darwin’s writings but the principle of divergence appeared many years later. Students

could then be given more information on what else Darwin was working on each particular

time and hence be guided to understand how he reached his conclusions and how the

concepts of natural selection and of the principle of divergence were formulated.

2.2 Compare the Writings of Past Scientists with those of the Scientists

Who Influenced them

As an example of this strategy students could compare Darwin’s own writings with those

of other individuals who have had some influence on him. For example, students could be

given excerpts from John Sebright’s The Art of Improving the Breeds of Domestic Animals,

Thomas Malthus’s Essay on the Principle of Population, and Adam Smith’s The Wealth of
Nations and could be asked to identify concepts or ideas that remind them of Darwin’s

theory (if any). Then, they could be given excerpts from the Origin and be asked to identify

possible influences from Sebright, Malthus and Smith.

2.3 Study the Methods of Accumulating and Analysing Data that these Scientists Used

Students could read excerpts from Herschel’s Preliminary Discourse where he discusses

the vera causa ideal as the goal for science and excerpts from the Origin and comment on

whether Darwin actually managed to show that natural selection is a vera causa. They

could thus realize how Darwin attempted to show that natural selection was competent of

producing new species, both by presenting evidence he had accumulated over a number of

years and through a series of thought experiments.

2.4 Understand the Particular Contexts (Both Social and Scientific) in which these

Scientists Lived and Worked

Students could be given Lyell’s criticism of Lamarck (in his Principles of Geology) and

published reactions to the Vestiges and comment on whether these criticisms could have

had an influence on Darwin, making him hesitant to publish his own views. To understand

what later made Darwin change his mind, students could read Wallace’s 1858 letter,
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Darwin’s abstract sent to Gray (1857) and Darwin’s Natural Selection (on which he was

working at the time he received the letter from Wallace), and be asked to comment on the

similarities and differences between Darwin’s and Wallace’s writings.

2.5 Realise the Effect of the Personality of the Scientists on their Work by Comparing

their Writings with those of Other Scientists who Arrived at Different Conclusions

Students could be given excerpts from Darwin’s Variation of Animals and Plants under
Domestication (the chapter on Pangenesis), Galton’s paper in which he attempted to dis-

prove Pangenesis, and Darwin’s response to this, and be asked to comment on whether

Galton was right and on how convincing Darwin’s response was. A discussion could

emerge on Darwin’s subjectivity concerning the issue of heredity.

In the sections that follow all the above will be described in some detail with the focus

on the particular NOS aspects that can be derived from the study of the historical facts.

3 Darwin and the Creative Element of Science

With these thoughts about explicit teaching in mind, we can now turn to a more complete

consideration of the overall strategy by focusing on the life and work of Darwin to

illustrate the three elements of the nature of science grouped together within the category

labeled Human Aspects of Science. First we will consider the NOS aspect that addresses the

role of creativity in science.

In many school settings, the ‘‘method’’ of science is represented as one that follows

particular steps in a somewhat standardized fashion. While it is true that there are some shared

procedures that guide the work and thinking of most scientists, in reality scientists operate in

ways that are both idiosyncratic and creative. Their selection of problems, methods of

investigation and even the ‘‘sparks’’ of inspiration and insight make science an immensely

creative endeavor. This reveals science to be occasionally more like art rather than the

stereotypical endeavor people usually think it is. Unfortunately, science is only rarely taught

in a fashion that reveals the imaginative nature of scientific work. Tobias (1990) in an

ingenious study showed that many students who demonstrated high levels of success in

science classes were not interested in pursuing additional science studies because they found

their prior science classes uninspiring and uncreative. These students have discovered one of

the major problems of science education; the typical fashion in which science is taught does

not represent the way in which science is often practiced. But, science is an immensely

creative enterprise as can be seen by an examination of several aspects of Darwin’s work.

For 20 years Darwin worked on his idea of how species form and, in order to develop

and support his explanation for the origin of species, he accumulated an enormous amount

of evidence. Consequently, before the publication of the Origin he published several books

on various themes of natural history such as on the animals he studied during the voyage of

the Beagle, on the various species of barnacles and on orchids. This work provided much

raw material but the development of the theory was also characterized by some creative

leaps that made Darwin realise how evolution actually proceeds. These creative leaps were

more than mere conclusions because they were based not only on his scientific work but on

his ability to construct analogies including those between:

• the struggle for existence in human societies and the struggle for existence in nature,

based on Malthus’ consideration of population growth
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• artificial selection and natural selection, based on evidence from plant and animal

breeding

• the division of labor in human societies and ecological specialization of organisms,

based on the writings of Adam Smith and Milne-Edwards.

In all of these cases Darwin did not just borrow concepts in order to develop his theory.

On the contrary, he was quite creative in the production of analogical arguments that

eventually formed the basis of his theory. The conceptual creativity in Darwin’s theory will

be discussed in some detail in the following sections.

3.1 The Analogy of the Struggle for Existence: A Creative Insight

In September 1838 Darwin read Malthus’ Essay on the Principle of Population and, with

this in mind, he developed the idea of natural selection by March 1839 (Hodge 2009).

Malthus’ argument was that while the natural tendency of human populations was to

increase in numbers in a geometric rate, agricultural production could not increase faster

than in an arithmetic rate. Consequently, at some point there was a struggle for resources

that slowed growth and hence checked the increase of the population (Browne 2003a,

pp. 386–387; Desmond and Moore 1994, pp. 264–265). Darwin thought that a similar

process could be taking place in nature and eventually wrote in the Origin that:

Owing to this struggle for life, any variation, however slight and from whatever

cause proceeding, if it be in any degree profitable to an individual of any species, in

its infinitely complex relations to other organic beings and to external nature, will

tend to the preservation of that individual, and will generally be inherited by its

offspring. The offspring, also, will thus have a better chance of surviving, for, of the

many individuals of any species which are periodically born, but a small number can

survive (Darwin 1859/1964, 61 pp).

And then Darwin provided the explanation of this process, while crediting Malthus:

Hence, as more individuals are produced than can possibly survive, there must in

every case be a struggle for existence, either one individual with another of the same

species, or with the individuals of distinct species, or with the physical conditions of

life. It is the doctrine of Malthus applied with manifold force to the whole animal and

vegetable kingdoms; for in this case there can be no artificial increase of food, and no

prudential restraint from marriage. Although some species may be now increasing,

more or less rapidly, in numbers, all cannot do so, for the world would not hold them

(Darwin 1859/1964, pp. 63–64).

What is important is that Darwin did more than just find ‘‘a theory by which to work’’ as

he described it in his autobiography (Barlow 2005, p. 99). After reading Malthus, Darwin

recognized the principle of population as a driving force for natural selection. However,

there seems to be a significant difference between the ways in which Malthus and Darwin

used the idea of struggle, something that highlights Darwin’s creative thinking. While the

concept of ‘‘struggle’’ became central in Darwin’s theory, it occupied just a subsidiary

position in Malthus’ theory. For Darwin there were two distinct concepts of struggle: the

struggle that results from the competition between individuals of the same species and the

struggle of a species as a whole against its environment. Darwin’s theory was based on a

combination of these two types of struggle. However, Malthus’ view of human society

recognized only the struggle of a species against its environment and gave the mechanism
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of competition a role completely different from that implied by the struggle between

individuals of the same species. This was the important insight that Darwin added by

recognizing that the struggle between individuals of the same species is a consequence of

the struggle of species against their environments and he raised the former to the status of a

major driving force in nature (Vorzimmer 1969; Bowler 1976).

For Darwin, the struggle between individuals of the same species was the agency by

which useful variations were preserved, as it had the effect of selecting variations that

contributed to the survival and reproduction of their bearers. Darwin transformed Malthus’

ideas in two ways. First, he expanded the concept of population checks from just the

limitation of resources to include any factor of the environment that might limit population

increase. Second, he made the idea of the struggle, which for Malthus was just a force

limiting population growth, the driving force behind adaptive change (Lennox and Wilson

1994). One reason that Malthus failed to emphasize the struggle between individuals of the

same species was that he could not accept the consequent elimination of the less fit

individuals, as this would destroy the harmonious view of nature. It has been suggested that

Darwin initially held such natural theological assumptions. However, a few months after

reading Malthus, his views changed substantially (Ospovat 1981, pp. 61–73). It was then

that Darwin clearly considered natural selection as one of the central elements of the

evolutionary mechanism. A fact that highlights Darwin’s creativity is that it was only him

(and ultimately Wallace) who realized that the idea of struggle might be applied in nature,

even though Malthus was widely read at the time.

3.2 The Analogy Between Artificial and Natural Selection: An Insightful Observation

The idea of the struggle for existence was important for Darwin in order to develop the

concept of natural selection, but there was another important prerequisite: his knowledge of

the process of artificial selection. Darwin explicitly referred to artificial selection in his

definition of natural selection:

I have called this principle, by which each slight variation, if useful, is preserved, by

the term of Natural Selection, in order to mark its relation to man’s power of

selection. We have seen that man by selection can certainly produce great results,

and can adapt organic beings to his own uses, through the accumulation of slight but

useful variations, given to him by the hand of Nature. But Natural Selection, as we

shall hereafter see, is a power incessantly ready for action, and is as immeasurably

superior to man’s feeble efforts, as the works of Nature are to those of Art (Darwin

1859/1964, 61 pp).

Darwin was not the first to consider breeding as a potential source for clues on

understanding nature’s history. Linnaeus, Buffon, Lamarck also considered the breeding of

domesticated organisms for their conclusions, but contrary to Darwin they all assumed that

it could only provide limited information (Cornell 1984, pp. 305–306). Again, as in the

case of the struggle for existence, Darwin did not just borrow a concept but transformed

one with insight. The analogy between artificial and natural selection was Darwin’s key

insight and was not at all obvious. Darwin was one of the few among his contemporary

scientists who was quite familiar with the work of breeders, although information on plant

and animal breeding was widely diffused in England at that time. Domestic breeding and

the study of life were pursued by separate individuals, in separate organizations with their

own publications. However, Darwin was especially well placed to bridge this gap. Many

members of his family, such as his uncle Josiah Wedgwood, and several of those who
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influenced him, like Lyell and Henslow, were involved in breeding, while Darwin for his

part established an extensive network of contacts that involved breeders who provided him

with valuable information for his studies (Secord 1985).

Darwin first made use of the concept of selection in his Notebook C that covers the

period from February to July 1838, a few months before he read Malthus. After reading the

pamphlets written by animal breeders John Sebright and John Wilkinson, who were

explicit about the nature and power of artificial selection, Darwin realized that sustained

selection for small changes could be taking place. It was especially Sebright who men-

tioned natural selection, although by another name, and discussed the analogy between that

and artificial selection. Darwin’s notes written on his personal copy of the Sebright

pamphlet indicate that he paid special attention to these facts. It seems that Darwin read

these pamphlets several times and that they stimulated him to seek for a mechanism in

nature equivalent to the sustained gradual picking employed by breeders. Darwin also

joined several pigeon breeding clubs to see for himself how far selective breeding could go

in producing new and interesting varieties. Hence, he realized that there were some vital

clues about transmutation in artificial selection. And as soon as he read Malthus’ essay,

Darwin conceived of the mechanism by which a similar process—natural selection—might

be operating in nature (Ruse 1975a; Evans 1984; Cornell 1984).

Darwin’s analogy between artificial and natural selection was based on the assertions

that breeders’ selection resulted in modifications in the domesticated organisms that were

permanent and that had not existed in their wild ancestors. He devoted the first chapter of

the Origin, entitled Variation under Domestication, to convince his readers that selection

was efficacious and that it could produce new varieties which did not exist in the past

(Largent 2009, pp. 17–24). We can see here how Darwin used artificial selection, a process

he knew and could observe, as a proxy for natural selection, a process that might be

operating on its own. This is a stunning example of creative thinking. Let us turn our

attention to another such example.

3.3 The Analogy of the Division of Labor and the Principle of Divergence:

A Clever Solution

Darwin initially assumed that natural selection made every species perfectly adapted for

the place it occupied. He later made use of the developmental concepts and the general-

izations of Karl Ernst von Baer and Henri Milne-Edwards. Von Baer suggested that animal

life developed based on a progression through four fundamental arrangements of organic

parts, called archetypes. In other words, during development, species diverged from a

common pattern to a more special one (Ospovat 1981, pp. 117–124; Richards 1992, pp.

55–61). Milne-Edwards argued that the diverging paths of development suggested by von

Baer corresponded to the branching series of organisms in natural classification. Hence, it

was the process of development that revealed natural affinities or relatedness with the

greatest certainty, which would best be represented with a branching arrangement (Ospovat

1981, pp. 124–129; Richards 1992, pp. 134–136). These ideas posed problems to Darwin

because during the time he wrote the transmutation notebooks (1837–1839) (Ospovat 1981,

p. 151) and even after the publication of the Origin (1859) (Richards 1992, pp. 152–166),

he considered embryonic development as a process of recapitulation, the idea that

embryological development reenacts evolutionary change (it should be noted though that

there is some disagreement on this, see Bowler 1975; Gould 1977, 70 pp; Mayr 1982, 475 pp).

In a creative leap, Darwin came up with the idea of the principle of divergence that
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incorporated the views of von Baer and Milne-Edwards and at the same time was com-

patible with the idea of natural selection.

The core concept in this principle was the ecological division of labor, formulated shortly

after November 1854. By that time Darwin had started tabulating data from various sources

and then drawing conclusions from and establishing hypotheses to be tested against that

data. It seems that it was from these processes that the principle of divergence originated.

Most importantly, by November 1854 Darwin had already invoked the concept of the

division of labor, the key concept of the principle of divergence (Kohn 1985, pp. 259–250;

Kohn 2009, p. 105). The principle of divergence was an important innovation that Darwin

needed to explain how natural selection could give rise to the various branches of the tree of

life. Darwin wrote:

Here, then, we see in man’s productions the action of what may be called the

principle of divergence, causing differences, at first barely appreciable, steadily to

increase, and the breeds to diverge in character both from each other and from their

common parent. But how, it may be asked, can any analogous principle apply in

nature? I believe it can and does apply most efficiently, from the simple circumstance

that the more diversified the descendants from any one species become in structure,

constitution, and habits, by so much will they be better enabled to seize on many and

widely diversified places in the polity of nature, and so be enabled to increase in

numbers (Darwin 1859/1964, 112 pp).

In short, according to the principle of divergence, natural selection could continue to

work indefinitely and to make better adapted forms by increasing ecological specialization

in groups, the members of which would eventually diverge from the initial form. Thus,

natural selection would automatically increase the ecological division of labor among

animals found in competitive situations, by favoring those individuals most able to exploit

new niches. In this sense, relative adaptation became a necessary implication of the

principle of divergence (Ospovat 1981, pp. 205–207). Interestingly enough, although the

idea of the division of labor was used by the political economists of that time, Darwin cited

the zoologist Milne-Edwards instead, probably in an attempt to provide scientific foun-

dations for his theory (Schweber 1980; Desmond and Moore 1994, pp. 420–421). How-

ever, it has been suggested that Darwin’s use of this term is closer to that of Adam Smith

than to that of Milne-Edwards (Kohn 2009, 88 pp).

Returning to artificial and natural selection discussed in the previous section, it should be

noted that they are different in one very important aspect. Artificial selection requires an

intelligent external selector who picks variants according to particular aims or goals. No

such selector exists in the process of natural selection, which is the outcome of an unme-

diated process of struggle among variants. Hence, in this view the analogy between artificial

and natural selection is weak. But according to Darwin, divergence arises from competition

between individuals of the same species that takes place simultaneously with competition

between individuals of different species. In this view, it is the latter that plays the role of the

intelligent selector of artificial selection and that makes natural selection strongly analogous

to artificial selection. Individuals of the same species interact with each other but also with

others from different species. In the long run, those individuals of a species that can compete

more effectively with the individuals of other species, will be those that will live and

reproduce and that will eventually be ‘naturally selected’ (Kohn 2009, pp. 93–94).

So, we see from this account of the history of the development of evolution by natural

selection some highly creative thinking both in the selection of evidence and in its

application in the development of Darwin’s explanation of how evolution occurs. It is also

Charles Darwin and Evolution: Illustrating Human Aspects of Science 645

123



useful to consider that many others had access to much of the same information as did

Darwin, yet only he and Alfred Russel Wallace put the facts together in a similar fashion.

Darwin’s supporter Thomas Huxley, when reading the Origin remarked, ‘‘How extremely

stupid [of me] not to have thought of that’’ (Browne 2006, p. 94), illustrating the idio-

syncratic role of the individual in reaching a particular conclusion.

4 Social Influences on the Publication and the Development of Darwin’s Theory

It may be thought that the personality and intellectual skills of the scientist are the major

elements associated with a great scientific achievement but these elements tell only part of

the story. Science as an enterprise lies within the greater human social system. What kind

of research is performed and what is discouraged or even prohibited is best understood by

considering human institutions and constructs such as religion and politics along with

cultural and social priorities (McComas 2004). Unfortunately, this aspect of the nature of

science is rarely communicated to students. Again, we can turn to Darwin for illustrations

of the social influences on science. In developing his theory, Darwin was influenced by a

number of scholars (Lamarck, Paley, Lyell and Humboldt for example). But Darwin

anticipated that his theory would receive severe criticism, as he had seen the reaction to

previously published theories of evolution, namely those of Lamarck, and of Chambers, in

his Vestiges of the Natural History of Creation published in 1844, for which he knew that

they were based mostly on speculation rather than on scientific evidence. As a conse-

quence, he was hesitant to publish his own theory. When he decided that he would, he

developed it in a particular way in order to be in compliance with the scientific standards of

his time. Hence, it seems that there were two types of influences involved: influences on

the timing of publication of his theory and influences on the methodological grounds of its

development.

4.1 Social Influences on the Publication of Darwin’s Theory of Evolution by Natural

Selection

Darwin began consideration of the mechanism responsible for evolutionary change as early

as 1839. However, he hesitated to proceed to publication because he feared the reaction of

religious people, who might have considered his theory as an attack on the established

beliefs of the time. His views would seem to challenge everything that had previously been

thought about humanity’s place in nature, as humans were considered just another living

species. Darwin was also afraid that he might hurt the feelings of his wife Emma

Wedgwood whom she married in 1839. Emma was deeply religious, firmly believing in

resurrection and salvation. Hence, since Darwin’s scientific findings on the origin of

humanity and Emma’s own devout Christian beliefs were potentially in conflict, she was

afraid that his ideas would keep them apart in the life to come after death (Desmond and

Moore 1994, pp. 280–281; Browne 2003a, pp. 396–399). In 1844, Darwin wrote an essay

of his theory, that itself was an enlarged version of a sketch he had written in 1842. Darwin

gave Emma the essay and a letter in which he instructed her to publish it in the event of his

sudden death. Initially, he seemed to prefer giving up credit for his ideas during his lifetime

than to hurt Emma’s feelings or even worse be the cause of any social ostracism (Browne

2003a, pp. 446–447). Another reason for not publishing his theory seems to have been the

generally negative public reaction to the publication of the Vestiges of the Natural History
of Creation, anonymously published by Robert Chambers, that same year. For Darwin the
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reading of the Vestiges was a traumatic shock as he considered that the text expressed

views close to his own. He was upset to hear that Joseph Hooker, with whom Darwin had

shared his own theory, had enjoyed reading the book and considered that it brought

together many different facts in a useful fashion. But what is more important is that the

Vestiges caused a scandal in Victorian England as it was the first time that a book initiated

a widespread discussion of evolutionary issues. What followed made Darwin anxious and

uncomfortable about the prospect of publishing his own evolutionary views (Browne

2003a, pp. 461–465; for a full account see Secord 2000).

It is interesting that quite different views exist among historians, and his biographers, on

why Darwin delayed the publication of his theory. In one view, Darwin was somewhat

frightened to publish, concerned about offending the leading scientific figures of his day,

such as Sedgwick and Whewell. Moreover, it seems that he did not expect the delay to be

so long and planned to work on various other projects related to his species theory (Ruse

2009, pp. 7–9). In another view, the delay was due to a major scientific problem that he had

to resolve: he remained concerned about what he saw as limited variability within indi-

vidual species that, in turn, would result in weak natural selection. To explore the issue of

variation he turned his attention to the study of the barnacles a project that took him several

years but was essential for his theory (Kohn 2009, p. 102). There is evidence that Darwin

did not intentionally keep his theory secret for 20 years but shared it with many people and

that he just did not publish it because he was busy (van Wyhe 2007).

It is important to note that the theory Darwin initially had in mind was quite different

from the one published in 1859. Darwin held some natural theological assumptions which

influenced his theory, such as that adaptation was perfect, that nature was a harmonious

system and that change served to maintain this harmony (Ospovat 1981, pp. 2–3). There

were several shifts in emphasis from Darwin’s initial assumptions, which remained much

the same in the Sketch of 1842 and the Essay of 1844 (Darwin 1909), to the theory

presented in the Origin (Ospovat 1981, pp. 208–209; Hodge and Kohn 1985). Although

over that 20 year period Darwin accumulated evidence that may have influenced a change

in his initial views, a reason for the shift from his initial natural theological assumptions

might also have been the death of his daughter Annie in 1851, at age 10. This event caused

him terrible pain and marked a new beginning for him, as it seems to have destroyed his

belief in a moral and just universe (Desmond and Moore 1994, pp. 385–387; Keynes 2001,

269 pp, 341; Browne 2003a, 503 pp; Spencer 2009, pp. 63–71). However, Darwin did not

experience an instant loss of faith but rather went through fluctuations of belief that were

also influenced by his social circle that included people who could lead a moral life without

embracing Christianity, and of course his own understanding of the world with natural

selection producing suffering that was inconsistent with a benevolent God (Brooke 2009a,

pp. 199–202; b, pp. 272–274). All this may have gradually made him more determined to

proceed to the publication of his theory.

However, the incident that eventually forced Darwin to proceed to publication was the

receipt in 1858 of a letter from Alfred Russel Wallace. Wallace knew that Darwin was

interested in the question of how species originated, and wrote to him in order to share his

own views on the matter, asking him to review it. While Wallace’s essay did not employ

Darwin’s term ‘‘natural selection’’, it did outline the mechanics of an evolutionary

divergence of species from others due to environmental pressures. In this sense, it seemed

the same as Darwin’s theory, although it was strikingly different in some aspects (Hull

2005). Darwin was frustrated but his priority was saved when Lyell and Hooker arranged

for a joint presentation in the Linnaean Society of both the Darwin and Wallace papers.

Wallace found out about this several months later, and sent Darwin a letter of approval that
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arrived early in 1859 (Desmond and Moore 1994, pp. 467–472; Browne 2003b, pp. 14–23,

33–53). Having Lyell and Hooker ensuring his priority is unquestionably another indica-

tion of the influence of social factors on science: Wallace was far away and could not

easily advocate for his own views and also did not have such eminent supporters as did

Darwin. It should be noted that Darwin’s priority in the discovery of the theory of natural

selection was effectively certified when he sent an abstract of his theory to the American

botanist Asa Gray as early as September 1857 (Ospovat 1981, p. 188; Glick and Kohn

1996, pp. 152–155; Kohn 2009, p. 106).

4.2 Social Influences on Methodological Grounds: Establishing Natural Selection

as a True Cause

Darwin wanted to convince his readers that his theory was scientifically acceptable by the

then acceptable standards of method. Hence, he had to take into account the philosophy of

science in England at that time. Its two major representatives were John Herschel and

William Whewell. John Herschel was an astronomer who extended his reputation into

philosophy with his book Preliminary Discourse on the Study of Natural Philosophy,

published in 1831. He thought that inductive generalizations should be carried up to

universal laws from which particular propositions could then be deduced to account for

particular circumstances. He considered laws as the distinctive feature of scientific sys-

tems, and argued that the best kind of fundamental law was quantitative, like the law of

gravitation (Ruse 1975b; Hull 2009). Herschel believed that the aim of science was to find

the laws of nature and then to identify the true causes (verae causae) that guided the

workings of these laws. Hence, as a Victorian scientist Darwin needed to make reference to

a true cause and thus provide explanations based on that. This should be accomplished by

three steps: (1) establish the existence of a cause by studying it in action, (2) show that the

cause is competent to produce the phenomena to be explained and (3) show that the cause

is indeed responsible for these phenomena (Ruse 1975b, 2000, 5 pp; Grene and Depew

2004, 169 pp, 200; Hull 2009). William Whewell whose major work on the philosophy of

science, The Philosophy of the Inductive Sciences, was published in 1840, adopted and

further emphasized the vera causa ideal (Ruse 1975b).

So, what influence did the Herschel-Whewell philosophies of science have on Darwin?

It has been suggested that they are important to understand Malthus’ contribution to natural

selection. Malthus provided Darwin with quantitative laws, the best kind of laws according

to Herschel and Whewell, leading deductively to the idea of the struggle for existence on

which Darwin could then base the process of natural selection. Consequently, Darwin felt

able to regard natural selection as a possible mechanism of evolution in the light of the

Herschel-Whewell philosophies (Ruse 1975b; see also Desmond and Moore 1994, pp.

264–265). Then Darwin tried to show that natural selection was a true cause. Darwin

established the existence and competence of natural selection mostly based on the analogy

from artificial selection whereas its responsibility was based on the fact that it seemed more

probable than any other theory in explaining several kinds of facts about species like their

adaptations or their geographical distribution (Hodge 1977, 1992; but see also Waters

2009). However, the notion of competence is ambiguous. Darwin aimed to show that

natural selection was competent to produce new species, even if it had never been observed

to do so. This was done through a series of thought experiments which were imaginative

narratives that tested the explanatory potential of natural selection (Hull 2009; Lennox

2005). Darwin tried to develop his theory in such a way so that it would be acceptable as a

scientific theory in the spirit of the time. He thought he would diminish the criticism he
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expected he would receive if he managed to show that his theory was based on the same

principles or ideas like the established scientific theories of his time, e.g. Newtonian

physics. This is of course what a scientist must do. However, in this case the aim was more

than doing science properly; Darwin also wanted to put emphasis on the fact that he took

into account the scientific standards of his time and eventually arranged the chapters of the

Origin in such a way so that this would be apparent.

The important NOS story here is that social forces inevitably play a role in the lives and

work of scientists. Darwin was a product of his times and, as such, was concerned that his

discovery of evolution by natural selection would be seen as ‘‘godless’’. In fact, even today

Darwin’s great contribution to science is rejected by some because it does not demand a

Creator. Of course, those with a firm grounding in philosophy understand that while

evolution by natural selection does not require a Creator, it does not reject one either.

Darwin’s delay in reporting natural selection was due in part to his demand of accumu-

lating enough evidence but also to his desire not to cause emotional pain to his wife. He

was also concerned that he might be roundly criticized for being wrong or even incom-

plete, as was the author of Vestiges. This is in part why he tried to establish that natural

selection was a true cause. The lack of desire to enter the fray in defense of his ideas

dogged Darwin for his entire life; he rarely engaged personally in any intellectual battles,

leaving those skirmishes to others such as Huxley who is often called Darwin’s Bulldog.

For a time he was willing to leave natural selection alone until another all-too-personal

force, that of ensuring priority, was visited upon him in the form of competition from

Wallace. When it became clear that Darwin’s cherished ideas had been coincidently dis-

covered unknowingly by another scientist, Darwin chose to publish rather quickly.

5 Darwin’s Subjectivity: The Mechanism of Inheritance and the Origin of Variation

An aspect of science rarely shared with students is that in the pursuit of scientific

understanding there will likely be subjective elements and bias in the conduct of research.

Two scientists looking at the same data may perceive and respond to such evidence in

different ways because of their personal and team-resident prior experiences and expec-

tations (McComas 2004). This does not make science less rigorous or useful since ulti-

mately the results will have to be discussed and defended before the larger scientific

community. However, the initial discovery and analysis are ultimately personal and

uniquely subjective events. The prior insights that some scientists bring to the process of

investigation explain why particular individuals make monumental breakthroughs while

others do not. Scientists recognize the role and challenges of subjectivity. Ideas and

conclusions must be reviewed by other experts through the publication peer review system.

These processes ensure that the important and inevitable subjective elements in science

may be tempered by external checks and balances. The coincident discovery of evolution

by natural selection by Darwin and Wallace is a good example of the role of prior

experiences. Both scientists brought years of experiences as field naturalists to the moment

of discovery, making them uniquely ready to see a new story in the data presented that no

one else appreciated at the time. But the most illustrative example of subjectivity in

Darwin’s case was his insistence in his theory for the origin of variation.

The theory of natural selection presupposes the existence of a significant amount of

variation. Selection can take place only if several variants exist so that there may be some

individuals that can compete with others, and eventually survive and reproduce. Darwin

devoted three chapters in the Origin to variation (Darwin 1859/1964) and he discussed
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inheritance in these chapters (see Olby 2009 for a relevant discussion). He was certain that

the necessary amounts of variation existed in nature but he was unable to provide an

explanation for the source of this variation. He declared his ignorance of such an expla-

nation early in the Origin but insisted that heredity was an important element of evolution

by natural selection:

The laws governing inheritance are quite unknown; no one can say why the same

peculiarity in different individuals of the same species, and in individuals of different

species, is sometimes inherited and sometimes not so; why the child often reverts in

certain characters to its grandfather or grandmother or other much more remote

ancestor; why a peculiarity is often transmitted from one sex to both sexes or to one sex

alone, more commonly but not exclusively to the like sex (Darwin 1859/1964, 13 pp).

Darwin knew that the lack of a mechanism of heredity was detrimental to natural

selection so in 1868 he proposed his ‘Provisional Hypothesis of Pangenesis’ in his book

entitled Variation of Animal and Plants under Domestication. According to this hypoth-

esis, the units of the body increased by division, retaining their nature, and ultimately

became converted into the various tissues and substances of the body. These units could

throw off tiny granules, called gemmules, which were dispersed throughout the whole

system and were developed into units similar to those from which they were originally

derived. Darwin regarded variation as the result of the action of changed conditions during

successive generations. More specifically, variation depended either on the reproductive

organs being injuriously affected by changed conditions so that gemmules derived from the

various parts of the body were probably aggregated in an irregular manner, some super-

fluous and others deficient, or on the direct action of changed conditions when certain parts

of the body were directly affected and consequently threw off modified gemmules which

would eventually give rise to a similarly modified structure in the offspring. By the latter

mechanism Darwin proposed that the inheritance of acquired characters was possible

(Darwin 1868, pp. 374–404; Winther 2000; Endersby 2009).

However, it was observed that a part or an organ which had been removed during several

successive generations always eventually reappeared in the offspring. This contradicted

Darwin’s hypothesis. The first attempt to test Darwin’s theory was made by Francis Galton,

his cousin, who in turn had a profound influence on the development of the science of

heredity (Bulmer 1999). Galton tested Pangenesis by performing transfusions of blood

between different strains of rabbits. These experiments were based on the assumption

regarding ‘‘minute granules… that circulate freely throughout the system’’(Darwin 1868,

p. 374), the ‘‘circulation of fluids’’ as well as that ‘‘the gemmules in each organism must be

thoroughly diffused’’ (p. 379). To Galton, the words ‘‘circulate’’ and ‘‘diffused’’ implied a

connection to the circulation of the blood (Galton 1871). Hence, he transfused blood of

other species of rabbit to the blood-vessels of male and female silver grey rabbits which

were afterwards bred. If the hypothesis had been correct, there would be a change in the

colour of the successive generations due to the gemmules transferred during the transfusions

but this did not occur. These negative results seemed to contradict Pangenesis but Darwin

rose to the defence of his idea by objecting to the assumption of the involvement of the

circulation of blood as a part of his hypothesis. Galton admitted that he might have been

wrong because of the misleading use of the words ‘‘circulate’’ and ‘‘diffused’’ (Galton 1871;

Dunn 1991, pp. 37–39; Sturtevant 2001, p. 21).

Darwin protected his idea of pangenesis by stating strongly that Galton did not do a

proper test because he (Galton) made some assumptions not required by Pangenesis. The

illustrative point here is that Pangenesis was an ad hoc hypothesis from the beginning that
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was based on the need for an explanation of heredity but on very little actual evidence. In

this example we see that Darwin defended this hypothesis even in the face of criticism and

weak empirical support. Such an action clearly reveals the subjective side of science.

Science, of course, is a self-correcting enterprise and Pangenesis was quickly dismissed as

one of the very few ideas about which Darwin was mistaken.

6 Conclusions

In this paper aspects of the life and work of Charles Darwin have been examined to highlight

three important and related elements of the nature of science (creativity, social influences

and subjectivity) that should be shared with students. It has not been our hope that these

examples would be provided directly to students (although they could be). Rather, it is our

desire that examples such as these inform teachers to assist them in preparing relevant,

interesting and illustrative anecdotes to share with students during classroom discussions of

evolution (in this case), helping them to understand both the science of evolution, its history

and important explicit lessons regarding the nature of science.

Here we have seen that from a creative perspective Darwin had a number of novel

insights on which he developed his theory. What is important is that the concepts he used

were widely known. However, he was creative enough to combine the evidence on arti-

ficial selection, Malthus’ idea of the struggle for existence, and Smith’s idea of the division

of labor in order to produce the theory of natural selection. More importantly, Darwin did

not just borrow these concepts but re-contextualized them and produced a novel expla-

nation for the origin of species. However, it took him about 20 years before he published

his theory. One reason was that he needed time and effort to resolve some difficult issues,

such as the origin and the amount of the variation available in nature. But there also existed

the fear of social rejection, especially after what followed the publication of the Vestiges.

That Darwin was anxious about what others would have to say is obvious from his attempt

to fulfill the requirements of Herschel and Whewell for a vera causa (true cause), as well as

from the fact that he credited Milne-Edwards and not Adam Smith for the concept of the

division of labor. However, as soon as he received the letter from Wallace, he dropped his

big book (to be called Natural Selection) and rushed to write what he called an abstract of

his theory, published as The Origin of Species. Unfortunately, Darwin lacked a useful

understanding of the mechanism of inheritance but developed one of his own that would

ultimately be shown to be incorrect. He was convinced that the environment directly

affected the reproductive organs of the individuals, thus producing new variation, and

failed to realize that this was not the case in spite of evidence to the contrary. But despite

the difficulties of his theory which he acknowledged in the Origin, he insisted on accepting

the fact of evolution rather than that of creation of species which he initially accepted but

to which he never returned.

These examples not only highlight human aspects of science but also show the

importance of the historical context for the scientific endeavor. The independent devel-

opment of the theory of natural selection by Darwin and Wallace might make one think

that the theory of natural selection would be developed one way or another, either by

Wallace (as it was) or by someone else. However, it seems that the theory of natural

selection was also the product of a unique social and historical context. It seems that

particular characteristics of Victorian society were crucial for the development of this

theory (Radick 2009; but also see Hull 2005). In particular, Darwin’s analogies and

influences were distinct of the Victorian era: Adam Smith and Thomas Malthus were
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political economists that developed their theories in a particular social context; breeding

was a form of Victorian technology; Herschel and Whewell were among the first philos-

ophers of science in a tradition based on Newton’s science; and the Anglican church had a

particular tradition (Natural Theology) that put emphasis on the idea of adaptation on

which Darwin built his theory. Hence, had Darwin lived in another place and time, it is

possible that he might have not developed the theory of evolution by natural selection at

all. In many ways, it is no coincidence that Wallace who developed a similar theory lived

at the same time and in the same culture as did Darwin.

These illustrations represent only some of the important NOS ideas that could be com-

municated to students and do so only in the context of the science of evolutionary biology.

However, these examples suggest another way to use history in order to tell the important

story of the nature of science. As we have suggested, Darwin and evolution can provide source

material to illustrate all aspects of the nature of science that should be shared with students.

With some work on the part of educators, curriculum designers and textbook authors, this

strategy can be applied in other science disciplines and additional scientists. Personalizing

science in this fashion while making the nature of science explicit will go far in helping

students appreciate and understand the most fundamental aspects of the scientific enterprise.
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