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Abstract

How do scientists generate knowledge in groups, and how have they done so in the past?
How do epistemically motivated social interactions influence or even drive this process?
These questions speak to core interests of both history and philosophy of science. Idealised
models and formal arguments have been suggested to illuminate the social epistemology of
science, but their conclusions are not directly applicable to scientific practice. This paper
uses one of these models as a lens and historiographical tool in the examination of actual
scientific collectives. It centres on the analysis of two episodes from the history of photo-
synthesis research of the late nineteenth- to mid-twentieth centuries, which display a wide
and coordinated intellectual diversity similar to Kitcher’s “division of cognitive labour”
(1990). The concept, I argue, captures important aspects of the photosynthesis research
communities, but the underlying process unfolded in ways that differ from the model’s
assumption in interesting ways. The paper unravels how the self-organised interplay of
cooperation and competition, and the dynamics of individual and collective goals within
scientific communities were influential factors in the generation of knowledge. From there,
some thoughts are developed on how historical and philosophical approaches in the analy-
sis of science can productively interact.

Keywords Social epistemology of science - History and philosophy of science - Division
of cognitive labour - History of photosynthesis research

1 Introduction

Science is a collective enterprise: this has long been acknowledged, and most people agree
that traditional epistemologies, which focus on the individual alone, are unable to capture
the dynamics fully. The development of more adequate concepts and approaches, however,
is still a matter of debate. How can we describe the generation of knowledge in scien-
tific collectives, and how do social interactions and the interplay of personal and imper-
sonal epistemic goals influence or even drive this process? These questions speak to core
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interests of both history and philosophy of science and should be part of a broadly con-
ceived social epistemology' of science.

Philosophy of science has addressed the subject from various angles, including the
question of how a scientific collective—and its members—can be said to “know” some-
thing at all (e.g. Andersen and Wagenknecht 2013; Bird 2014; Wray 2002). Another line
of research investigates the impact and importance of collaborative or competitive attitudes
among scientific actors. One of the more popular approaches to this end is the formal mod-
elling of idealised situations and a normative assessment of their outcome (for a recent col-
lection, see Boyer-Kassem et al. 2017). However, given the abstract nature of these models,
it is often unclear, how their conclusions might contribute to the illumination of scien-
tific practice. History of science, on the other hand, has likewise described how scientific
communities were engaged in controversy, competition or collaboration; but most of these
studies have largely ignored philosophical work in this area.

This paper tries to bridge the gap by using one of the philosophical models as a lens and
historiographical tool in order to examine the dynamics of actual scientific collectives. The
paper, thus, is written in the sense of a “philosophical history of science” (Arabatzis 2017),
which uses concepts from philosophy of science in order to enlighten and better under-
stand the course of historical episodes. It centres on the analysis of two examples from
the history of photosynthesis research of the late nineteenth- to mid-twentieth centuries,
which display a wide and coordinated intellectual diversity along the lines of a “division of
cognitive labour” (Kitcher 1990). This concept, I will argue, captures an important aspect
of the photosynthesis research communities, while the process unfolded in ways that differ
from the model in ways that are both interesting and relevant. The paper unravels how the
self-organised interplay of cooperation and competition as well as individual and collective
goals within a scientific community proved conducive to the generation of knowledge. In
effect, the paper demonstrates again, I hope, that there is benefit for history of science by
taking on board the conceptual tools of philosophy; while philosophy of science may—
and perhaps should—feel prompted to elaborate and refine their tools in view of these and
other examples.

2 Scientific Communities and the History of Photosynthesis Research

Today, photosynthesis is known as the process by which solar energy is converted into
energy that can be used in biochemical reactions, notably the reduction of carbon dioxide
to carbohydrates. It is fundamental to life on earth, and the way organisms accomplish this
task has intrigued scientists for a long time (e.g. Myers 1974; Hoxtermann 1992; Govin-
djee and Krogmann 2004; Nickelsen 2015). Organic chemists starting from around 1840
developed the first tentative models of the photosynthetic mechanism, in the sense of a
chemical pathway; but only from the 1920s onwards noticeable progress was achieved, and
it took until around 1960 that an elaborate model on a molecular level was established.
This included a set of two light reactions in two different photochemical systems and,

! One reviewer correctly pointed out that this term is being used in very different ways, ranging from for-
mal, mathematical approaches to testimony and group justification to qualitative analyses of knowledge-
generating activities within the scientific community in general. This paper consciously uses the term in
the latter sense, since I do think that the former, more specific use refers to only one part of what a “social
epistemology of science” should cover.
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linked to these reactions, a light-independent, cyclic pathway of carbon reduction. Almost
immediately, this model became widely accepted, and in the decades that followed work on
extending and refining it dominated the field.

Yet, when we try to understand how the notion of two light reactions was discovered
around 1960, and by whom, we are facing problems. Sometimes, the British biochemist
Robin Hill is credited with having solved the mystery. In 1960, he published a celebrated
paper together with a young scholar from his lab, Fay Bendall: “The Function of the two
cytochrome components in chloroplasts: A working hypothesis” (Hill and Bendall 1960).
The paper suggested how, from the point of view of thermodynamics, an electron transport
chain in photosynthesis that included two light reactions might work; and in some surveys,
it is cited as the origin of today’s scheme.

However, other scientists have been credited with the same thing—for example, the
American general physiologist Robert Emerson, who in 1957 found the “Enhancement
Effect” in photosynthesis. When Emerson illuminated algae cells with two light beams of
different wavelengths, the photosynthesis rate increased disproportionally, which indicated
that two different light reactions were driving the process (Emerson et al. 1957; Emer-
son and Chalmers 1958). Slightly later, in 1960, Emerson’s friend and colleague, Eugene
Rabinowitch, together with Govindjee, a PhD student from the lab, found two different pig-
ment systems in algae cells, which pointed to the existence of two different light reactions
(Govindjee and Rabinowitch 1960; Rabinowitch and Govindjee 1961). Independently, the
Dutch biophysicist Bessel Kok found that one of the pigments in cyanobacteria reacted
antagonistically to light of different wavelengths, which he explained by assuming that
there were two different light reactions (Kok 1957; 1959; Kok and Hoch 1961). Finally,
there was important work done in the groups of Louis N. M. Duysens in Leiden and Horst
Tobias Witt in Berlin. In both places, sophisticated spectroscopic techniques were devel-
oped, and both observed, around 1960, evidence of two light-induced redox reactions in
photosynthesis situated in two different photosystems (e.g. Duysens et al. 1961; Duysens
and Amesz 1962; Witt 1960; Witt et al. 1961a, b). Speaking of Hill as the discoverer of the
two light reaction scheme in photosynthesis is therefore only partially accurate, at best (see
also e.g. Govindjee et al. 2017).

The collective nature of this discovery process is a recurrent pattern in the history of
photosynthesis research. There were many protagonists, but no grand and towering figure;
there were many productive lines of research, but not the one decisive experiment. It seems
that either nobody discovered how photosynthesis worked, or everybody.2 An adequate
description of this type of scientific research therefore requires a focus on the group and its
interactions, in the sense of a “social epistemology of science”, broadly conceived, which
goes beyond the individual and helps us better understand how scientific communities gen-
erate knowledge and attain their epistemic goals.

Philosophers of science have become interested in social aspects of epistemology
since the 1990s, at the latest, and the number of contributions to this field has constantly
increased (for a recent overview, see Goldman and O’Connor 2019). Within this litera-
ture, general questions about the role of trust and testimony have received a lot of inter-
est; and the development of formal, mathematical models with a normative perspective

2 See, e.g., Arabatzis (1996; 2005), for an insightful discussion of the complicated nature of scientific “dis-
coveries”. Arabatzis mostly focuses on the discovery of theoretical entities, such as the electron, which is
difficult enough; speaking of the “discovery” of entire processes, such as the system of light reactions in
photosynthesis, is of course even more problematic.

@ Springer



K. Nickelsen

has taken centre stage (see e.g. recently: Boyer-Kassem et al. 2017). One of the landmark
papers, which became the starting point of a lively debate, was Philipp Kitcher (1990) and
his notion of “division of cognitive labour” in scientific communities (see for an over-
view, Muldoon 2013). In this essay, Kitcher attempted to explain how coordinated diver-
sity emerges in scientific communities, and why it prevails. In the following, I will briefly
sketch the principal idea and (even more briefly) its reception within philosophy; and then
turn to my historical episodes and examine how the model can be used to better understand
some of the practices and action patterns in science.

3 The Division of Cognitive Labour

Kitcher starts from the claim that, under some circumstances, cognitive diversity in a sci-
entific community is good, because it prevents the community from settling too early on
potentially false solutions.® Yet, this diversity may be hard to maintain, because of a con-
flict between individual and collective “rationalities” and “interests” in science, originally
identified by Kuhn (1977). Kitcher relates these rationalities and interests to the “personal”
and “impersonal” epistemic goals that he assumes all members of the community pursue.
If, for example, two methods are available to address a problem, and method, has a higher
chance of success, it seems obvious that everybody will use method,. It is in the scientist’s
individual interest to use the most promising approach, and their personal goal to solve the
problem themselves. It is in the community’s interest, however, to maintain diversity, a
“division of cognitive labour”—the community should “hedge its bets”, as Kitcher calls it,
in order to attain its members’ impersonal goals: a solution of relevant problems, no matter
by whom.

This seems to require the existence of a special type of “altruistically rational agents” in
science, as Kitcher put it, “who are prepared to pursue theories that they regard as inferior
when, by doing so, they will promote achievement of the goals of their own (and their col-
leagues’) impersonal epistemic intentions.” This “raises an even more bloodless ideal of
scientific rationality than that criticised by historians and sociologists of science” (Kitcher
1990, 9, fn. 5). The apparent problem is resolved, Kitcher argues, if we consider that sci-
entists are not only striving for knowledge but also for social reward; and he assumes the
potential reward for each scientist to be inversely proportional to the number of people
using the same approach. If many people are already using method,, competitors have an
incentive to use the less promising method,. The chances of success may be lower; but if
the method succeeds, the reward will be so much higher. This, Kitcher argues, is how the
reward system in science actually works. So, here is an explanation for the existing, and
desirable, division of cognitive labour in scientific communities. It is produced by the sci-
entists” “thirst for fame and fortune” (Kitcher 1990, 16).*

3 Other philosophers at the time shared these concerns. Solomon (1994, 339) even postulated “consensus
is not normatively appropriate unless theories show clear and substantial differences in degree of empirical
success.”

4 Kitcher extends this argument to the problem of theory choice, and although he found this more difficult
to analyse he still found corroboration of the general claim that “psychological factors (and scientific insti-
tutions that exploit those factors) often thought to be detrimental to cognitive progress might turn out to
play a constructive role” (1990, 22).
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This is an attractive approach with a counter-intuitive punch line. It is, however,
based on some very specific assumptions: first, the model assumes a community that
pursues one clearly defined epistemic goal; second, it deals with rational agents who
are able and willing to choose their approaches strategically from a range of equally
available options. Third, it assumes a zero-sum distribution of social reward within a
community: if one scientist gets a large portion of it, there remains less to be shared by
others. None of this is implausible in principle, but it surely is not a standard constella-
tion in science.

In contrast to the qualitative account that I have given here, Kitcher himself translated
his idea into a formal algebra, which he developed further in Kitcher (1993), and which
was widely received in the literature. Michael Strevens (2003), for example, picked up the
observation that individual non-epistemic motives can improve the overall epistemic out-
come, and modelled the effect of different reward systems in science. In line with Kitcher,
Strevens concludes that the priority rule ensures a productive division of labour, and this
he takes to explain both its origin and its continued existence. Michael Weisberg and Ryan
Muldoon (2009) developed hypothetical epistemic landscapes, and investigated the effects
of three research strategies: controllers, followers, and mavericks. The most successful
community, Weisberg and Muldoon conclude from their models, consists of a mixture of
mavericks and followers, where mavericks break new ground, and followers clear up the
details.

All of these examples, which are taken from a growing body of literature in this field,
focus on formal, mathematical problem statements and solutions. They analyse hypo-
thetical scenarios with little or no empirical grounding and derive normative conclusions.
They raise interesting questions and offer impressive responses; but owing to their lack of
engagement with examples, their insights are of doubtful relevance to the analysis of sci-
entific practice. Mavericks may be important figures in an imaginary community; but how
do they fare in real life? Will they ever get their work published? Do we find that scientists
change and adapt their strategies in the face of new circumstances, and should this perhaps
be integrated into the model? There is a lot to be learned from this body of literature; but
there is also a need to bring them into dialogue with the study of actual science, past or
present.

Kitcher (1990) illustrates this problem. One of the (few) examples that he uses is
a search for the structure of a “very important molecule” (VIM), which could either be
achieved by using sophisticated crystallography or, alternatively, by simple toy tinkering.
In Kitcher’s imaginary scenario, all the rational scientists used crystallography, that is, the
most promising approach, and since this was not leading them anywhere, they were still
working on it in 1990. The implication seems to be that some of them should have taken
the irrational route and tinkered with toys, as real scientists so ingeniously did. In the paper,
this is merely referred to anecdotally, as a hypothetical, illustrative example without argu-
mentative weight. Still, if we look at the episode on which this scenario is implicitly based,
the process was very different. James Watson and Francis Crick did not choose toy tinker-
ing in a conscious maverick move; rather, crystallography required skills and expertise that
neither of them had. Moreover, also their model was ultimately based on crystallography
data, which they had stolen from Rosalind Franklin. The story is, hence, a slightly doubtful
illustration of Kitcher’s point: that it may pay off to take the less promising approach.

In the following sections, I will try to use the notion of a “division of cognitive labour”
for an analysis of episodes from the history of science. (And I readily admit that I am
thereby entering territory that Kitcher, Muldoon, and others had never intended to cover.)
It turns out that in the nineteenth- and twentieth-century photosynthesis communities a
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“division of cognitive labour” of sorts can be observed, albeit in a manner that differs in
interesting ways from the idealised model.

4 Photosynthesis Research Around 1900

“If we try to nail down the present state of our scientific views on the assimilation of car-
bon in the chlorophyllous parts of plants, we are forced to confess that [...] in this funda-
mental question of plant physiology we are still at the stage of discussing the possible and
the probable.” This is how the German plant physiologist Johannes Reinke characterised
the state of photosynthesis research in the second half of the nineteenth century (Reinke
1882, 289). The body of knowledge concerning organic reactions in the living organism
was scant and the methods available went hardly beyond input-output measurements. As
late as 1925 the British plant physiologist Walter Stiles maintained, “the nature of the inter-
mediate substance or substances formed in photosynthesis is a subject on which [...] our
real knowledge is practically negligible” (Stiles 1925, 193). The few things that everybody
agreed on are succinctly summarised in the following definition from an encyclopaedia for
the German educated middle class of 1907:

Assimilation in the botanical sense of the word is the formation of carbohydrates
from carbonic acid and water while oxygen is released. This process is limited to the
chlorophyllous assimilation system (assimilation tissue) and requires the involvement
of sunlight. (Anonymous 1907, 890)

This brief statement can be conceived of as an elementary input-output model of the
process (Fig. 1). The starting materials were carbon dioxide and water, the products were
carbohydrates [CH,O], and oxygen [O,]. Important factors on the way from one to the
other included the influence of light and the green pigment chlorophyll [Chl]; and since
photosynthesis stopped as soon as the cell was damaged, the “living cell”, or some aspect
of it, also seemed to be important. But how these elements interacted, and which interme-
diate steps and, presumably, compounds were involved, was very unclear.

From the point of view of chemistry, two key questions had to be answered in this con-
text: (1) How was carbon dioxide, a highly stable compound, chemically reduced in plants?
(2) How were the one-carbon units that (presumably) resulted from the carbon dioxide
reduction joined together to form large molecules such as sugars? Two main answers to
these questions emerged in the second half of the nineteenth century, and the first came
from the German chemist Justus von Liebig (1843). Starting from the observation that
fruits gradually sweeten as they ripen, Liebig surmised that, as a first step in photosyn-
thesis, carbon dioxide was turned into oxalic acid. And oxalic acid would then stepwise
be reduced to tartaric, malic or citric acid, from which eventually (and somehow) carbo-
hydrates were formed. Oxygen, presumably, was released on the way—while Liebig had
a comparatively clear idea of how to answer the first question about the reduction process,

Fig. 1. An elementary input-out-
put model of photosynthesis: the Light CO, H,0 Chl Living Cell
basic consensus from the mid-

nineteenth until the beginning of
the twentieth century. \ J

0, + [CHO],
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he was very vague in responding to the second. This was called out by Adolf von Baeyer
(1870), another German chemist. Baeyer contested the notion of a stepwise reduction pro-
cess, and rather suggested that the first step of photosynthesis was the binding of carbon
dioxide molecules to the chlorophyll. In this state and under the influence of light, the car-
bon dioxide was (somehow) reduced in one large step down to formaldehyde, upon which
oxygen escaped. In subsequent condensation reactions—a class of chemical reactions that
Baeyer had helped to elucidate—the formaldehyde would then produce carbohydrates.

Neither Liebig nor Baeyer had empirical evidence of the process taken from plant cells.
Both started from observations in-vitro and transferred them to photosynthesis by analogy.
It was acknowledged that these inferences were not necessarily reliable; but since noth-
ing better was available at the time, the approach was not only accepted, but also emu-
lated by their chemical colleagues. In fact, over the following decades, the number of
models of the photosynthesis pathway multiplied.” Within the limits of this essay, I will
only mention four additional proposals brought forward by other German chemists at the
time: Emil Erlenmeyer, Erwin Baur, Georg Bredig and Richard Willstitter in collabora-
tion with Arthur Stoll. The chemical details are unimportant for this essay’s focus, but the
main functional components—or “modules”, as one may call them—are given in Fig. 2
(for the papers, see Erlenmeyer 1877; Baur 1913; Bredig 1914a, b; 1915; Willstitter and
Stoll 1918).

These models diverge, but they were not completely disparate. Rather, some of the
“modules” reappeared in different combinations, such as the “formation of a chlorophyll-
carbon dioxide complex”, or the “reducing of carbon dioxide via organic acids”. Perhaps
the most striking case is the “formation of carbohydrates from formaldehyde”: this module,
which explained the polymerisation process, was integrated into all later models despite
the fact that formaldehyde was a cell poison and never detected in plant cells (GraBhoff and
Nickelsen 2011). Similarly widespread became the assumption, first formulated by Erlen-
meyer, that a formic acid derivative and some peroxidic compounds were involved in the
process, the decomposition of which gave rise to the photosynthetic oxygen. Willstitter
and Stoll, for example, ingeniously recombined it with the chlorophyll complex and the
formaldehyde modules, added some hypotheses from their own field of expertise, notably
the enzyme hypothesis, and thus presented a completely new amalgamation of ideas, some
of which had been around for decades.

Thus, by 1918, we have a wide range of options covered within the field. As we see
from the scheme, modules were picked up from earlier suggestions, refined, and comple-
mented with something new. In effect, the situation was close to what Kitcher and others
described as the desirable status quo: a pluralism that, in line with everybody’s impersonal
epistemic goals, increased the chances of the community to hit on something useful. Keep-
ing as many models as possible under discussion, that is, maintaining a broad division of
cognitive labour, was a well-founded strategy if one regarded the model-building process
as a cooperative enterprise of the whole group. At the same time, it was also a reasonable
strategy for individual actors, although nobody deliberately chose an inferior approach in
search of higher reward. At the time, it was impossible to determine whether carbon diox-
ide was reduced through a series of organic acids, or was converted into formaldehyde. The
chemists were working in a situation of high epistemic uncertainty, so that any suggestion,
even an outsider proposal, might prove, in the course of time, to be the better horse to bet

3 See Nickelsen (2015), Ch. 2 for more details.
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Willstitter & Stoll (1918)
- Chl. complex

Bredig (1914) - Formic acid; peroxide
- Water cleavage - Formaldehyde
Baur (1913) - Formic acid - Enzyme for CO, reduction
- Organic acids - (Formaldehyde)
- Formaldehyde - Chl. as catalysing agent
A
Erlenmeyer (1877)
- Formic acid, peroxide
- Formaldehyde
Baeyer (1870)
- Chl. complex
- Formaldehyde
C - CO, reduction in one step
Liebig (1843 2
g (1843) i

- Organic acids
- CO, reduction gradual

f

One-step model

Fig. 2. Photosynthesis models in the decades around 1900 and their “modules”. The arrows from denote the
relationship “modules of model x were integrated into model y”.

on. (Today, we know that the water cleavage hypothesis, brought forward by Bredig and
ignored by almost everybody else, was exactly of this kind).

But it would be wrong to think of these chemists as collaborators in any more literal
sense, or, alternatively, competitors in a race to solve photosynthesis. In fact, none of the
chemists was specifically interested in photosynthesis as such, or studied it for an extended
period at depth and detail. They turned to the issue only in passing and made a limited
contribution, such as one, or very few, rather short papers, and then moved on to other con-
cerns—or, more precisely, returned to their original, main, research goals (see Fig. 3). Bae-
yer, for example, was studying condensation reactions, including the reactions of formal-
dehyde. The formaldehyde model of photosynthesis appeared in his paper to illustrate one
of the types of condensation reactions that Baeyer investigated. This explains, why, even
though the formaldehyde question became the subject of protracted discussion, Baeyer
himself never returned to the issue: he was not particularly invested. Erlenmeyer was work-
ing on the structural elucidation of organic molecules as well as the chemical properties
of double and triple bonds—and he turned to photosynthesis on the way. Baur published a
series of papers on the topic of photolysis, including the photolysis of formaldehyde; and
this led him to think about photosynthesis. Bredig, meanwhile, was interested in the effects
of surface catalysts, such as palladium or platinum, and in the chemistry of formic acid. He
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Investigate photolysis, Agricultural chemistry; enhance
e.g. of formaldehyde crop and develop fertiliser

Investigate plant pigments, e.g. Structures of organic molecules;
chlorophyll, and sugar synthesis double and triple bonds

Find
photosynthesis
model
Willstatter @
and Stoll

Catalysis in chemical reactions; Investigate condensation
investigate salts of formic acid reaction, e.g. of formaldeyde

Fig. 3. The scientists and their individual research goals. Arrows in bold indicate the relationship “X pur-
sues the superordinate goal Y”. The thin arrows indicate that, in the course of pursuing their goals, each of
these chemists temporarily decided to briefly turn to “finding the model of photosynthesis” as an incidental
goal in passing (or, in the case of Liebig as well as Willstitter and Stoll, a sub-goal).

surmised that also chlorophyll acted as a surface catalyst and might reduce carbonates to
formates in photosynthesis.

Willstitter and Stoll, finally, had been working on the chemistry of plant pigments, in
particular chlorophyll, for more than ten years.® Yet, even then, “finding the photosynthesis
model” was not their first and primary goal, as they made clear:

Even though our experiments may contribute to describing more precisely the pro-
cesses of [carbon dioxide] assimilation, at the same time they clearly give a negative
answer to the question as to whether it is already possible to realise this assimilation
outside the living cell. It is too early for experiments of artificial assimilation under
the influence of chlorophyll. This is not really a negative conclusion, it is a positive
finding that ought to inspire and point the way to new work. (Willstitter and Stoll
1918, preface, III-1V.)

As we can take from this paragraph, Willstitter and Stoll originally wanted to realise
artificial photosynthesis: implement the reduction of carbon dioxide to carbohydrates in a
light-driven reaction independent of the plant cell. It was only in order to reach this goal
that Willstétter and Stoll attempted to clarify how the process operated in plants.

It is clear from these examples that the chemists did not strategically choose their
approaches to solve the mystery of photosynthesis. They rather chose to contribute to pho-
tosynthesis because they could do so with the approaches they had—as a spin-off (or by-
product) of their work on other projects. This intellectual opportunism is similar to, but

® They had, e.g., already established that magnesium was an integral part of chlorophyll and had been the
first to find a practicable method for isolating chlorophyll from plants; cf. Willstitter and Stoll (1913).
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still different from the opportunism of research that was discussed e.g. in Knorr-Cetina
(1981, esp. 33-36). In her ethnographic work, Knorr-Cetina observed that scientists often
chose projects that exploited local resources, such as specific laboratory facilities; preferred
analytic methods that were convenient to organise; and created alternative (and sometimes
highly successful) ad-hoc solutions, if some equipment was unavailable. Knorr-Cetina also
found that ideas were sometimes described as the contingent result of occasions that scien-
tists “ran into”. In the photosynthesis case, the opportunism is more on the level of epis-
temic goals. The scientists jumped on the opportunity to use their skills and knowledge to
resolving an important research problem, in this case the functioning of photosynthesis in
green plants, without investing too much.

One may ask why they remained so uncommitted. The answer seems to be pragmatic.
Photosynthesis clearly was an important research problem, but it was also an extremely
complicated one. Building a career on its (bio)chemical investigation was not yet an option
at the time, but it was attractive to make a pass. Each individual scientist only spent mini-
mal time and effort on the issue with the prospect of potential reward, while, at the same
time, they all contributed to the attainment of the impersonal goal of the community
(namely, explaining how photosynthesis worked). In effect, a wide range of possibilities
was developed and constantly refined, for subsequent generations to build on—it resulted,
in other words, in a neat division of cognitive labour.

There is a number of other interesting aspects to this episode—there is, for example, a
pattern of theory change to consider, in the form of a genealogy of modules (see Fig. 2).
One could also examine the chemists’ analogical inferences, a very popular (and not triv-
ial) methodology at the time. But these are leads to pursue elsewhere; instead, I will turn to
the mid-twentieth century and examine photosynthesis research at a more advanced state of
the field.

5 Photosynthesis Research in the 1930s-1950s

By the mid-twentieth century, a considerable body of empirical data on different aspects of
photosynthesis was available, mostly gathered from algae cells, and scientists from various
fields tried hard to make sense of them (on the use of Chlorella green algae as model organ-
ism in photosynthesis, see Zallen 1993; Nickelsen 2017). In fact, photosynthesis research
had emerged as a field with a stable cast of characters: a community, which pursued a
shared epistemic goal—find the mechanism of how carbon dioxide is turned into carbo-
hydrates in photosynthesis. But within these confines, the community was highly diverse.
This is reflected, for example, in one of the first edited volumes on the topic, published in
1949 by the physicist James Franck and the plant physiologist Walter Loomis (Franck and
Loomis 1949). The twenty-two essays collected therein addressed biochemical, biophysi-
cal, cell physiological, microbiological, and photochemical questions, and reported the use
of a wide range of methods, such as manometry, electron microscopy, spectroscopy of vari-
ous kinds, etc. The essays were nevertheless linked through mutual references, and cited
other publications by central figures in the field, even if they were published in journals
from other disciplines.

Since the aim of this paper is to examine how a community’s social and epistemic goals,
choices, and motivations influence the generation of knowledge, let me introduce at least
three exemplary protagonists, how they came to work on the topic, and how their efforts
contributed to the resulting ensemble. There was, for example, the biochemist Robert
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(“Robin”) Hill, who was already mentioned in the introduction (see also Bendall 1994).
During the 1920s, Hill worked in the Cambridge-based Institute for General Biochemis-
try on the reversible oxygenation of haemoglobin, the blood pigment, and on the role of
cytochromes in respiration. Hill closely collaborated on this subject with David Keilin,
who then established the existence of a respiratory electron transport chain that included
cytochromes as vital components (Keilin 1966; for their collaborative work: e.g. Keilin and
Hill 1933; on the institute: Kohler 1982). In the late 1930s, Hill slightly adapted his con-
cepts and methods, and then started to investigate the role of pigments and cytochromes in
photosynthesis. Eventually, he suggested a photosynthetic electron transport chain, analo-
gous to the one that Keilin had found in respiration, which included specific cytochromes
and was driven by two light-induced reactions (Hill and F. Bendall 1960).

Another prominent figure was Robert Emerson, a Harvard-trained general physiologist,
who also started his research career with topics in respiration before he turned to photosyn-
thesis. Emerson became proficient in biophysical manometric techniques in the investiga-
tion of Chlorella, a genus of unicellular green algae. He studied in detail the energy budget
of the process, also known as its maximum quantum yield (Nickelsen and Govindjee 2011;
Nickelsen 2016). And when Emerson explored the effects of different wavelengths in this
context, he found the “Enhancement Effect”, which was mentioned earlier in the intro-
duction, and which became a crucial piece of evidence for the two-light reactions scheme
(Emerson et al. 1957; Emerson and Chalmers 1958).

And there was James Franck, who in 1925 received the Nobel prize for his work in
nuclear physics. Yet, when Franck emigrated from Nazi Germany in 1933, first to Copen-
hagen, then to the United States, he returned to his earlier interest in photochemistry and
in this context came across the photosynthetic pigment chlorophyll (Lemmerich 2007).
Franck was surprised to learn how little was known about the pigment and the process in
general, and decided that the field needed a physicist to resolve the issue. (After all, pho-
tosynthesis was one of the few processes in nature that involved photochemical reactions,
one of his key fields of interest.) Over the next decades, Franck published various theories,
which attempted to clarify the process from a quantum physical point of view, but none
of these was particularly successful (e.g. Franck and Herzfeld 1937; 1941; Franck 1949;
1951; 1958; Franck and Rosenberg 1964).

This limited set of protagonists illustrates a widespread pattern: even the central figures
came to photosynthesis on highly individual “investigative pathways”, to borrow the term
coined by Frederic L. Holmes (2004). This had important consequences for the composi-
tion and orientation of the field. Hill, Franck and others turned to photosynthesis for con-
tingent reasons, and they concerned themselves only with select aspects of the process.
In fact, they studied in photosynthesis the same issues that they had studied before: redox
reactions of pigments, metabolism of green algae, or the physical foundations of photo-
chemistry. They did not choose their approaches in order to solve photosynthesis. Rather,
they chose to work on photosynthesis, first, because it was an interesting problem; and,
second, because one aspect seemed accessible to them, given their respective knowledge
and skills. The latter then naturally defined the scientists’ personal sub-project within the
field. Clearly, they had to adapt their approaches, sometimes quite substantially—Hill, for
example, had to get used to working with plant mesh instead of blood. However, the con-
servative element in their studies is striking (for more details, see Nickelsen 2019).

From these individual pathways and decisions, photosynthesis research emerged as a
field with great internal diversity, while the resulting intellectual landscape was surpris-
ingly well organised, in a broad “division of cognitive labour” that covered many of the
central areas of study. Figure 4 provides a rough (and certainly incomplete) overview: of
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Madison

Photochemistry
Quantum reaction

Berkeley

Chemistry
Radiotracer,
chemosynthesis

Stanford

Quantum physics,
biochemistry
Physical foundations of PS

Cell Physiology,
Physical Chemistry
Efficiency; fluorescence

Cambridge, UK

Biochemistry
Chloroplasts, cytochromes,
electron transfer chain

Biophysics Cell physiology
Spectroscopy Maximum quantum yield

Plant Physiology
PS in higher plants

Microbiology
General nature of the process;

comparative biochemistry

Paris

General Physiology
Reaction kinetics

(St. Louis)

Chemistry, Microbiology
Pigments, membranes etc.

Fig.4. A rough (and incomplete) overview of the places where photosynthesis was studied during the
1950s; the disciplines, to which this research was affiliated; and a simplified description of the main points
of interest.

places, where photosynthesis was investigated in the 1950s; of disciplines, to which this
research was affiliated; and a simplified label of the respective topic of research. The
shared, overarching goal of the community was to find a model of the photosynthesis
mechanism. However, since this in itself was not attainable to any one scientist, the indi-
vidual groups defined sub-goals according to their background and expertise: in Chicago,
where Franck had his laboratory, the physical foundations were investigated; in Urbana-
Champaign, where Emerson worked, the process’s efficiency; in Cambridge, Hill turned
to the redox reactions of pigments, and so forth. These sub-goals were challenging, but
sufficiently realistic; and their attainment would mean both an individual success and an
important step towards reaching the overarching goal.

A large laboratory may have designed its personnel along similarly diverse and inter-
disciplinary lines; but there was no central authority here. The scientists created their own
professional niches, and thereby determined the composition and intellectual orientation
of the group. This self-organised, bottom-up process only comes into view by choosing a
perspective that reaches beyond one or two individual actors. Taking the bird’s eye view
is often criticised in history of science, because we lose so many details and complexities;
but the current example shows that there are also aspects that we would miss if we studied
this development only from the perspective of individual players or institutions. If we want
to understand how a group and its members attain both, personal and impersonal goals, we
need to integrate this higher level as a complement to more in-depth analysis.

At the same time, it is only through in-depth, microhistorical studies that we discern
the many links between the players. The scientists of this community were in constant
exchange through formal and informal meetings as well as lengthy correspondences (many
of which have survived). They negotiated important epistemic goals and methodological
norms, and they shared their data and interpretations even before they were published.’

7 For more details, see Nickelsen (2015, Ch. 7). Most players were highly committed to practices of con-
structive exchange. At the same time, there was a fierce controversy between Emerson (and others) and the
German cell physiologist Otto Warburg on the maximum quantum yield of photosynthesis. Very soon, the
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When around 1950 the community started to grow, the frequency of large conferences
significantly increased, including regular meetings at Gatlinburg, Tennessee, in order to
keep the conversation going (cf. Nickelsen 2019). One has to keep in mind, however, that
even then, according to estimates at the time, there were no more than around one hundred
photosynthesis researchers worldwide. Among physicists in particular, photosynthesis was
regarded as “a completely impossible topic”; it was “too green, too strange and too com-
plicated” to be taken seriously (Witt 1991, 58). This skepticism also explains why so many
protagonists, although they identified as members of the photosynthesis community, also
retained their disciplinary identity as microbiologist, biochemist etc., in terms of institu-
tional affiliation, choice of journals, methodological standards, or key research questions.
The scientists made sure that they not only addressed the other photosynthesis experts, but
also their fellow chemists, physiologists, and microbiologists—the community hedged its
bets, but the players also hedged theirs.

It is from this social and intellectual constellation that the two light reaction-scheme of
photosynthesis emerged; and we are now in a much better position to understand its many
places of origin. The research lines had been in place for some time already. They were
pursued in institutional independence, but the protagonists were in regular exchange. At
some point, around 1960, the theoretical arguments as well as the experimental data con-
verged on the existence of two light reactions; and although the proposal was unexpected
and unorthodox, it was almost immediately accepted. The fact that independent lines of
research came to the same conclusion based on different methodologies made the claim
much more persuasive than any of them would have been on their own. In other words,
the fact that they had reached the finish hand in hand did not diminish the rewards for
the individual scientists but increased them. The value of fostering diversity was acknowl-
edged already at the time, for example, at a large conference on “Light and Life” of 1960,
where many of the protagonists were present. The introductory speaker, Cornelis B. van
Niel, a renowned microbiologist who had made important contributions to photosynthesis
research, observed that scientists had “a habit of defending what they like to do as the best
possible approach”:

On the other hand, it has also been defended [...] that science is the search for unity
[...]. While there is every reason to emphasize unity perhaps more, this is not a good
justification for eliminating variety. (van Niel 1961, 315)

In photosynthesis studies, variety by then had clearly proven its value.

6 Division of Cognitive Labour in Photosynthesis Research

I started this essay from the observation that the history of photosynthesis research is the
history of a field that had many protagonists but not the one leading figure and the one
crucial experiment. An adequate understanding of how this community, and the individ-
ual scientists within, attained their epistemic goals, therefore requires a somewhat coarse-
grained, middle-range perspective, where individuals and their goals and actions are still

Footnote 7 (continued)

latter was almost completely isolated, and fighting against Warburg’s stubborn lack of compromise only
strengthened the ties among other people in the field (see Nickelsen and Govindjee 2011).
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important, but equal weight is put on the network and the interrelations. One of the philo-
sophical concepts developed to analyse such communities is Philipp Kitcher’s (1990) idea
of a “division of cognitive labour”. When I used this concept as a lens and filter, compara-
ble intellectual “divisions” became in fact discernible. In the case of the nineteenth-century
chemists, a variety of models of the pathway emerged in the form of a recombination and
refinement of explanatory modules. In the twentieth century episode, a variety of discipli-
nary and methodical approaches were used, each of which addressed specific aspects of
photosynthesis, while the group fostered regular exchange in order to bring the perspec-
tives together.

The phenomenon as such, it seems, is similar, but in both cases the processes differed
from Kitcher’s model assumption. First, not the methods, but the problems were chosen.
Liebig, Baeyer and Erlenmeyer originally pursued other research questions, but at some
point realised that with their conceptual tools they could also contribute, if only in passing,
to the explanation of photosynthesis. Scientists often are not even in a position to select
their approaches strategically.® Franck may have wanted to work with algae cells instead of
equations but the necessary techniques were unavailable to him. Instead, he contributed to
photosynthesis research from his own disciplinary perspective; and the fact that he could
use the skills and knowledge that he had, was the main reason, I claimed, that Franck, and
so many others, came to work on photosynthesis in the first place—out of a research oppor-
tunism, of sorts. Second, the photosynthesis community was not stable and homogeneous
in terms of personal and impersonal goals but heterogeneous, unstable, and in constant
change. Especially in the twentieth century, the scientists did not find ready-made tasks
to work on but instead built individual “research niches” for themselves. Before Hill had
moved from respiration to photosynthesis studies, nobody had thought about investigating
the role of pigments in the process and exploring the possibility of an electron transport
chain. Hill and others defined sub-goals that they were able to pursue with their own exper-
tise, while all of them were also committed to a shared goal: explaining photosynthesis.
The resulting interaction of personal and impersonal goals shaped the photosynthesis com-
munity and its work during these years.

However, third, it was not a competitive race that unfolded, but a largely cooperative
pattern of action. People generously shared data and interpretations, even before they were
published, and constructively criticised each other—not because they were altruistic, but
because the problem was so complicated that they needed each other’s help. Emerson was
excellent in handling manometry and Chlorella algae, but he depended on others, such as
Franck, for a deeper understanding of the photochemical reactions. The resulting pattern of
exchange and cooperation was conducive to the generation of knowledge within the com-
munity; but it also improved everybody’s individual chances to succeed. Fourth, the result-
ant process of coordination and mutual adjustment also enabled the scientists to take part
in the success of others. In the example of the two light reaction scheme, various independ-
ent groups of scientists reached the goal almost simultaneously, but not head to head but
hand in hand. Their findings were complementary and corroborated each other, so that all
of them were credited in a non-zero-sum distribution of reward (or, to put it differently, a
distribution that granted everybody a large share, given that the result was so robust).

All of this diverges substantially from the (hypothetical) assumptions and (normative)
conclusions of Kitcher’s model. This is unsurprising, since this model, as well as others

8 This was acknowledged from the start and dropped in subsequent models, such as Muldoon (2017).
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of its kind, never intended to be empirically adequate. It still proved useful as a conceptual
tool in my “philosophical history” of photosynthesis research, and, on this measure, served
its purpose. However, if these models were construed not only as the basis of formal argu-
ments but as reflecting patterns of scientific practice, albeit on an abstract level, one might
feel prompted to revisit them. One could, for example, define case distinctions of how intel-
lectual division within a community plays out in different situations and what it refers to:
techniques, conceptual approaches, etc. It might also be worthwhile to distinguish between
patterns in different stages of a field’s development. In the periods that I studied the search
for the biochemical and biophysical mechanism of photosynthesis was still comparatively
young. It is interesting to compare these episodes to Melinda Fagan’s (2010) observation of
a late twentieth-century scientific community in search of hematopoietic stem cells (HSC).
Several independent groups participated and, like the photosynthesis community, carefully
coordinated their efforts. Each group committed to a slightly different technique, shared
their data with others, and discussed preliminary results at regular meetings. In contrast to
the photosynthesis community, however, the target was clearly defined and the number of
approaches limited. Soon enough, one particular institution, the Weissman Laboratory at
Stanford, developed into a centre of stem cell research and became large enough to accom-
modate a wide diversity of projects and approaches, which, at least to a certain extent, were
subject to central planning. All of this indicates a level of maturity and diversification,
which photosynthesis research would only arrive at in the late 1960s. Maybe it is worth
investigating these changes over time in more detail and integrate them into philosophical
models.

Hasok Chang (2011) once suggested that instead of thinking about philosophy as “gen-
eral” and history as “particular”, and then try to draw inferences from one to the other, we
rather should think of philosophical concepts as “abstract” and historical episodes as “‘con-
crete”, where neither is primary but both illuminate each other. In this sense, one could
use the (inevitable) differences between models and examples as starting points to reassess
and refine existing model suggestions, then examine yet other examples and see whether
or not they fit the scheme. And from this back and forth, which is at the core of an inte-
grated History and Philosophy of Science, we would probably learn a lot about patterns of
intellectual diversity and social interactions and their effects on the generation of scientific
knowledge in groups.
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