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1. Introduction 

As of late, evidence is accumulating that scientific progress has come 
to a halt (Bloom et al. 2020; Chu and Evans 2021; Cui et al. 2022). 
Park et al. (2023) just recently published an article in Nature, provid-
ing convincing empirical evidence that combinatorial novelty of pub-
lications is declining, making publication of atypical papers less likely 
and that science is becoming less disruptive across all major fields. 
Apart from these qualitative concerns, researchers are even debating 
potentially declining (quantitative) productivity levels (given a con-
tinuously growing scientific community) contributing towards regress-
ing progressiveness (Abramo and Angelo 2023; Cauwels and Sornette 
2022; Shkliarevsky 2022)  

Explanations for all kinds of pathologies regarding scientific inquiry 
are debated in the field of science studies. One example is ‘Newton’s 
shoulders of giants’ argument. Future scientific progress is believed to 
build on the previously accumulated knowledge stock, which may be 
pictured as seeing only farther because we are standing on the shoul-
ders of our predecessors’ seminal works. Yet as the accumulated 
knowledge stock grows and most ‘low-hanging fruits’ are yielded, it 
gets harder to climb the shoulders of the giant (or to catch up with the 
contemporary state of research). Over time, achieving scientific prog-
ress thus gets more resource-intensive and complex, which over the 
past decades provoked a shift towards research increasingly being 
conducted in larger teams. (Furman and Stern 2011; Park et al. 2023) 

Jones (2009) described this as the ‘growing knowledge burden’ which 
eventually led to ‘the death of the renaissance man’. Consequently, 
contemporary philosophy of science promotes a perspective of social 
epistemology (rather than individual epistemology) and evaluates the 
epistemic consequences of relations among collaborating scientists and 
the institutional arrangements they are confronted with (Goldman and 
Blanchard 2016)’. Central topics in this area are ‘testimony’, ‘peer dis-
agreement’, ‘group belief and justification’ as well as formal modelling 
of interactions within the epistemic community (Goldman and Blanchard 
2016). 
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From an economist’s point of view, a different aspect in context of 
institutional arrangements and systemic relations comes to mind given 
the above-described change of how science is conducted. The shift 
from a science centered around an individual (or polyhistor) to re-
search in large teams implicates increasing costs of coordination 
caused by an enforced division of labor and specialization. The larger 
the body of accumulated knowledge becomes, the narrower the scope 
of research that a single researcher can oversee if he successfully 
wants to ‘climb the giant’s shoulders’. The narrower the scopes of re-
searcher’s specialties become though, the more they need to be institu-
tionalized in delineated tasks and coordinated (both in research and 
teaching). Today’s science thus requires for an enforced and differently 
organized collaboration among scientists and specialties with an en-
forced institutional division of labor. In economic theory, division of 
labor, specialization and the institutional arrangements regarding the 
management of coordination costs are important determinants of pro-
ductivity levels and (technological) progress. It seems reasonable to 
suppose that this is at least to some extent applicable to scientific insti-
tutions as well. Potentially even, some of the observed pathologies 
could be explained by anomies in division of labor and specialization 
within scientific institutions.  

Surprisingly, however, a thorough analysis of the effect of institu-
tional division of labor on any form of epistemic outcome (qualitative 
or quantitative) is missing so far. Given the good evidence of the ef-
fect of related topics like e.g., interdisciplinary research on scientific 
production and the inconsistencies of the rationality-based theory on 
an efficient cognitive division of labor with empirical evidence in scien-
tometrics’ studies, this research gap needs to be closed. (see ch. 3) 
Thus, this work seeks to answer the research question if whether divi-
sion of labor and specialization are determinants of epistemic outcomes 
that unjustly have been neglected in science studies and bear the 
potential to explain pathologies in the scientific production process? 

The latter research question can be divided into two separate objec-
tives. For one, it will be examined if institutional division of labor and 
specialization are indeed determinants of epistemic outcomes. This 
will be achieved by operationalizing the two phenomena using a new 
dataset and by conducting a thorough descriptive and quantitative 
analysis to identify path dependencies created by initial configurations 
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of DoL and Spec. Secondly, if the latter is the case and DoL and Spec. 
indeed create path dependencies, it will be assessed if their influence 
on scientific productivity is necessarily efficient (as the existing para-
digm within science studies suggests, which supports the idea that the 
self-governing scientific community allocates its cognitive labor effi-
ciently). If this is not the case and structural effects of DoL and Spec. 
on efficiency can be derived, it is concluded that they are neglected 
determinants of epistemic outcomes, which can explain part of the 
pathologies in science observed.  

This work is organized as follows. In chapter 2, the theoretical line 
of thought is presented, reviewing acknowledged determinants of epis-
temic outcomes in the science studies and motivating that DoL and 
Spec. need to be accounted for, because of their potential to explain 
pathologies in science. In chapter 3, a new dataset providing microdata 
of 20 renowned and highly ranked universities for the period 1890 to 
2020 is introduced to identify (university types and) path dependen-
cies created by DoL and Spec. In chapter 4, a state-of-the-art nonpara-
metric conditional framework is employed to examine the (functional 
form of the) effect of DoL and Spec. on scientific productivity of the 
latter universities. Finally, the work closes with a discussion of results 
and conclusions in chapter 6 and 7. 
 



 

 
 



 

2. On the Neglection of Institutional DoL 
and Spec. in the Science Studies 

2.1 Literature Review (Science Studies) 

2.1.1 Epistemic Outcomes 

Before DoL and Spec. can be established as neglected determinants of 
epistemic outcomes, a brief introduction into the factors that are ac-
knowledged and accounted for in the science studies is inadmissible 
(2.1.1). Further, all topics which are to some extent connected to divi-
sion of labor and specialization in context of scientific inquiry e.g., 
studies on cognitive diversity among researchers, are introduced to 
outline the differences of existing studies to this work’s scope and 
perspective (2.1.2). Once the current state of research is outlined, theo-
ries of influential thinkers like Adam Smith and Emile Durkheim and 
their thoughts on DoL and Spec. in context of scientific inquiry will 
be revisited to motivate the institutional perspective supported in this 
work (2.2.1). After establishing that the latter is not accounted for in 
the existing literature (2.2.2), it will be argued that DoL and Spec. 
nonetheless have the potential to explain some of the pathologies (out-
lined in the introductory chapter) and observed in today’s science 
(2.2.3). Consequently, the research question can be based on the idea 
of DoL and Spec. as wrongfully neglected determinants of epistemic 
outcomes. 

The science studies comprise the branches of philosophy, sociology 
and economics of science, as well as the scientometrics (and bibliomet-
rics) literature, which are dedicated towards understanding researchers’ 
motives and behavior, institutional arrangements, communication and 
collaboration (networks) as well as social norms of scientific inquiry 
and how to operationalize them in empirical studies. (Goldman and 
O’Connor 2021) 

In contemporary philosophy of science, the literature on individual 
epistemology has been superseded by the perspective of social epis-



22 Chapter 2 

temology (Mayo-Wilson 2011). The latter is concerned with the as-
sessment of the impact of institutional arrangements on epistemic out-
comes. Those relate to topics such as testimony, peer disagreement, as 
well as group belief and justification (De Ridder 2014). Formal models 
proposed for explanation are the credit economy, where scientists are 
characterized as utility maximizers or are concerned with modelling 
diversity in epistemic communities (e.g., Singer 2019; Hong and Page 
2004; De Langhe 2010). (Goldman and O’Conner 2021) 

The sociology of science, based on the pioneering work of Robert 
K. Merton, is concerned with the relationship between the elements of 
the social and the normative structure of science (Merton 1973e). 
Initially, this concerned such institutions as the peer-review system 
and the role of editors (Merton and Zuckerman 1973a; Storer 1973a), 
behavior patterns and reward systems (e.g., Nobel prizes) (Merton 
1973a; Storer 1973), priority in discovery (e.g., Robert Hooke vs. 
Isaac Newton) (Merton 1973), age structure (Merton 1973a), the im-
portance of multiples (discovery of equal epistemic outcomes in dif-
ferent locations at the same point in time) (Merton 1973b, c), as well as 
the Matthew effect of cumulative advantages (Merton 1973d). Most of 
the topics brought up by Merton are still important in today’s sociology 
of science. Jones and Weinberg (2011) for example modeled the age-
creativity relationship in science, Kwiek (2019) analyzed the Matthew 
effect for the case of project funding in the EU and Romero (2020) 
just recently dealt with the issue of multiples in his work on the repli-
cability crisis in the biomedical sciences (Bechtel 1993), which he 
connects to pathologies between the normative and the reward system 
of science (Storer 1973). 

Another line of seminal works are the laboratory studies conducted 
by Latour and Woolgar (1986) as well as Knorr-Cetina (1984), which 
moved the abstract perspective from (individual epistemology) pro-
moting the genius (polyhistor) pushing the frontier of science on his 
own (from within the ivory tower), to a more realistic1 perspective on 
science by observing the daily work ‘done by a scientist located firmly 
at his laboratory bench (Latour and Woolgar: 27)’. By imitating the 
methodology of anthropologists, they showed the dependence of scien-

 
1  At least more realistic for (post-)modern scientific inquiry outside of the human-
ities. 
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tific facts and norms on the profanity of social interactions and in-
stitutional arrangements (e.g., when local regulations on employment 
law predetermine the available procedures for conservation processes 
(Knorr-Cetina 1984: 72)). The most crucial innovation of the laborato-
ry studies though, supposedly lies in the rational description of scien-
tific inquiry as a production process, where scientists interact in the 
production plant of the laboratory to recombine materials and prefab-
ricated publications to fabricate facts and produce new publication 
output, which is in demand among the scientific community. This way, 
the already established ideas on rewards and recognition could be 
smoothly integrated in what has today developed into science studies, 
which are dominated by economic thought, methodology and termi-
nology.2 (Knorr-Cetina 1984; Latour and Woolgar 1986) 

Indeed, in both sociology of science and social epistemology, scien-
tists are characterized as credit maximizers (for the sake of their own 
career path), which is constitutive for the normative structure of science 
and for an ongoing production of epistemic outcomes. According to 
Latour and Woolgar (1986) we need to differentiate here between 
credit as reward and credit as credibility. The former means the recog-
nition received by peers for previous works, whereas the latter denotes 
the ability of a scientist to actually produce valuable epistemic out-
comes. The authors convincingly argue, that if only reward was con-
sidered as being constitutive for scientific norms and the production of 
epistemic outcomes, we could not understand the efforts scientists put 
into education, skills, moving in location or position as well as net-
working, which often come without recognition at all or delayed re-
wards in later career stages. From a sociological point of view, credi-
bility is thus the factor that allows to relate external factors like re-
wards and recognition from institutions to the ‘substance of scientific 
production (of facts) (Latour and Woolgar 1986: 198)’.3 

On the level of the individual researcher, determinants of epistemic 
outcomes are often embedded in context of the discussion on scientific 

 
2  See Polanyi et al. (2000) for a treatise on economic theory in the ‘republic of 
science’ and Zollman (2018) for a discussion of economic rationality in science. 
3  Or as Paul Samuelson famously stated in a presidential address to fellow econ-
omists: ‘In the long run, the economic scholar works for the only coin worth 
having – our own applause. (Merton 1973a: 339)’ 
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progress. According to Thomas Kuhn (1976), scientific inquiry may 
be divided into two phases, (1) normal science dominated by puzzle-
solving activities and (2) phases of scientific revolutions, where exist-
ing paradigms are substituted by structurally different ones, which 
create a new set of puzzle-solving activities. Lin et al. (2022) have 
argued that since this dichotomy creates a tension, where one must be 
traded for the other, scientists are confronted with different choice 
situations, possibilities to pursue research and career outcomes. The 
characterization of types of researchers is not exclusive to the sociolo-
gy of science but is an important part of the debate on models of di-
versity in epistemic communities promoted in social epistemology 
(See e.g., the characterization of scientists as ‘Mavericks’ and ‘Fol-
lowers’ in Weisberg and Muldoon (2009) or ‘explorer’ and ‘extractor’ 
types in Thoma (2015)). Another issue in context of an individual re-
searcher’s career path is the probability of being involved in different 
scientific communities according to age, how this relates to recogni-
tion and the relationship with academic supervisors (Zeng et al. 2019). 
The latter concerns in particular order of author positioning in papers, 
which varies according to the prevailing culture of a particular field 
(Stephan 2012). 

A considerable share of the literature in the sociology of science is 
concerned with publications, as the primary mean of scientific com-
munication and output. Prestige and authority of journals, the bounda-
ries they define and how the latter are connected e.g., in interdiscipli-
nary research, is debated here (Bechtel 1993). Other fringe topics are, 
e.g., the issue of so-called sleeping beauties, meaning publications, 
which initially receive no or very low attention from peers, yet later 
receive disproportionate amounts of recognition (Lin et al. 2022), as 
well as analysis of publication and citation patterns of Nobel laureates 
(Li et al. 2019). Studies on communication patterns within the scien-
tific community are often operationalized by the so-called bibliometric 
hypothesis (Zitt et al. 2019), which denotes the idea that communica-
tion and collaboration networks can be examined based on informa-
tion retrieved from publications (databases) such as coauthorship, text 
relations and citations. The latter paradigm is dominating the Sciento-
metrics literature, which deals with quantitative analysis of scientific 
indicators, like for example the Science Citation Index (see e.g., Van 
Raan (2019) for a brief introduction). Another important notion in this 
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context is that of so-called invisible colleges, which means the (not 
institutionalized) networks of communication of scientists, constitut-
ing a paradigm of a research domain (Clark 1970). Constitutive ele-
ments of such paradigms are the formation of disciplinary boundaries 
in the sense of the social and communicative isolation of a part of the 
scientific community. (Weingart 1974) 

Normative structure, publication process and invisible colleges are 
embedded in institutional contexts and spark the creation of new ones 
(Clark 1970; Weingart 1974). Scientists operate within such institu-
tions as the university, academic societies and the institutionalized 
structures within them (e.g., academic departments or the laboratory). 
The latter influence opportunities and distribution of funding resources, 
the hierarchies within academic staff (full tenured professor vs. non-
tenured research associate) and with students (Bourdieu 1975), as well 
as trade-offs in the value attached to teaching responsibilities, as op-
posed to gaining recognition and reputation for the affiliated institu-
tion. (Bourdieu 1975; Reif 1961) 

Finally, whereas economic thought plays a remarkably important 
role in all of science studies (scientometrics, philosophy and sociology 
of science), a separate economics of science branch exists, which is 
mainly focused on competitiveness and transdisciplinary aspects of 
the scientific production process such as e.g., knowledge transfer and 
technological progress, industry collaboration and competition with 
non-traditional research organizations, as well as funding and cost eff-
iciency related aspects like R&D spendings (Eaton and Stevens 2020; 
Stephan 2012; Petrella 1992).  

2.1.2 Topics related to DoL and Spec.  

In this subsection, topics of the science studies will be addressed that 
come closest towards a consideration of DoL and Spec. as determi-
nants of epistemic outcomes or are somehow related. One example for 
where division of labor is directly referenced is in the debate on the 
so-called cognitive division of labor. Originally introduced by philos-
opher of science Phillip Kitcher (1990), the evolving literature stream 
promotes a rational choice-based theory, which claims to explain the 
(assumed) efficient allocation of researchers across research issues 
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and methods. Core idea is that there are (well-documented) instances 
in (the history of) science, where researchers reasonably disagree on 
the importance of research issues, the methodologies that should be 
employed, or the theories developed to resolve them. Kitcher argues 
that in such cases (of peer disagreement), it might be desirable and 
also, more importantly, it is de facto the case, that researchers do work 
on all relevant research issues and pursue all promising methodologi-
cal and theoretical paths. Simply put, the scientific community divides 
its cognitive labor efficiently and Kitcher develops a model that allows 
to explain how the latter comes about. Congruent with the economic 
paradigm in the science studies as a whole, Kitcher proposes a rational 
theory-based model, where scientists are characterized as credit maxi-
mizers. Here, credit above all means recognition and rewards in forms 
of promotion, grants and citations linked to the successful pursuit of a 
particular research issue. Given a research issue is promising, in the 
sense of a good availability of methods that will allow to achieve the 
desired epistemic outcome and the latter being valuable to the scien-
tific community (or beyond), the probability for the latter to be pur-
sued by a (truth-seeking) researcher is higher than for a research issue 
that is less relevant and for which the methods available are less prom-
ising. Assuming rational behavior, Kitcher argues that the credit maxi-
mizing scientist will pursue the latter research issue when the expected 
credit is higher than that of the former research issue. In conjunction 
with the priority rule (Streven 2003), which states that the expected 
credit is negatively correlated to the number of scientists working on 
the same research issue, scientists will allocate themselves over all 
issues, methods and theories efficiently. In plain language, Kitcher 
provided a model that validates the idea of the scientist as a credit 
maximizer e.g., promoted by the authors of the laboratory studies, as 
opposed to the (outdated individual epistemological) idea of the scien-
tist as merely interested in truth-seeking. (Kaiser 2023; Kitcher 1990) 

Kitcher’s work started a flourishing literature stream and provoked 
proposals of more sophisticated models, where scientists act as rational 
agents making choices given fixed rules, examining the way cognitive 
labor is distributed. While most of the latter studies focused on the 
evaluation and modelling of cognitive diversity, assessing how dis-
tinct evaluative attitudes lead to different strategies to solve a problem 
(e.g., Alexander et al. 2014; D’Agostino 2009; Muldoon and Weis-
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berg 2011; Muldoon 2013; Pöyhönen 2017; Thoma 2015; Weisberg 
and Muldoon 2009), studies also treated the issue if Kitcher’s model 
relies on a particular understanding of the history of science (Viola 
2015), cases where project selection is subject to imprecise parameters 
(Zhang et al. 2014), the varying objectives of funding practices poten-
tially hindering the assumed self-governing of scientists (Bedessem 
2019), as well as the development of a fragmented knowledge account, 
dealing with how individuals’ beliefs can be reasonably aggregated 
(Habgood-Coote 2019). While those studies represent a lot of interest-
ing and valuable puzzle-solving activities linked to the initial model, 
with a particular emphasis on how cognitive diversity ensures an effi-
cient division of labor within the scientific community, it is quite sur-
prising that no one ever challenged the assumption of Kitcher, that 
cognitive labor is indeed efficiently allocated in science. Until today, 
this is still an uncontested idea (paradigm) in social epistemology. 

Diversity also plays an important role in analyses of specialization 
and interdisciplinarity. Liu et al. (2021) for example argue that the 
knowledge burden, aggravated by the ongoing accumulation of knowl-
edge, forces researchers to focus on their own field, favoring the isola-
tion of fields from one another resulting in highly specialized discipli-
nary silos4. By reconnecting the latter, interdisciplinary collaboration 
is believed to improve the chances to successfully tackle complicated 
research issues (Liu et al. 2021). On the contrary, increased efforts 
necessary for knowledge integration lowering productivity, as well as 
a lack of suited publication venues (, which are mainly disciplinary) 
are considered as potential penalties for conducting interdisciplinary 
research (Leahey et al. 2017). The latter is empirically evaluated by 
examining joint publication of authors from different disciplines, dis-
ciplinary belongings of cited references (e.g., Leahey et al. 2017; Lu 
et al. 2020) or concentration of publications on research domains (e.g., 
López-Illescas 2011), which is operationalized among others by em-
ploying diversity indices (e.g., Zitt et al. 2019).  

Differences in specialization according to discipline are examined 
as well. Leahey and Reikowsky (2008) assessed for the example of 

 
4  Even though seldom, some authors point at disciplines not being as siloed as 
commonly believed when analyzing changes in formation of disciplines over the 
course of extended periods of modern science (e.g., Jacobs 2017).  
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sociology potential trade-offs in between specialization and collabora-
tion. Their results suggest that within sociology, specialization in 
depth is more common than coordination of research with sociologists 
working in the same or different areas of expertise. Further, Pierce 
(1992) for example showed that, as disciplines mature, bibliometric 
features of research articles become increasingly similar, indicating a 
sort of convergence in disciplinary language due to specialization. 
Interdisciplinarity is also approached from a historical case-study per-
spective on the formation of a discipline by recombining institutional-
ly separated research domains (see e.g., Bechtel (1993) for the emer-
gence of cell biology, Ben-David and Collins (1974) for psychology, 
Latour and Woolgar (1986) for neuroendocrinology or Mullins (1974) 
for molecular biology). 

Aspects of division of labor and specialization are further implicitly 
addressed, for example in the laboratory studies. Frequently, remarks 
refer to some form of task division and coordination within (the micro-
level) of a group, project or team. Walsh and Lee (2015) for example 
pointed out that science is increasingly becoming a team activity, 
where the size of teams in some fields may be compared to that of 
medium-sized firms. They further argue that their ‘quasi-firm’-like 
state comes alongside more bureaucratic structuring within the team, 
such as task division, hierarchy, decentralization and standardization. 
These changes in scientific inquiries from an individual endeavor to 
large group and project-based activities is well-reflected by the ongoing 
rise of numbers of authors per paper over the past decades. Also, the 
interdependence within teams varies according to research field, where 
the group size in science and engineering domains is greater than e.g., 
in social sciences and humanities. (Walsh and Lee 2015) Studies on 
division of labor within (micro-level) teams were conducted e.g., by 
Shibayama et al. (2015) for life science research labs, Adams et al. 
(2005) to assess the relationship of team size and received awards, and 
by Walsh et al. (2019) to analyze the relationship of group size with 
retractions of papers. 

Alternatively, team DoL has been assessed based on the biblio-
metric hypothesis using author contributorship statements as e.g., in 
Jabbehdari and Walsh (2017), Larivière et al. (2016), Macaluso et al. 
(2016) and Wuchty et al. (2007) (See section 3.1.2.2 for details). Here, 
the term division of labor is explicitly used for differentiating scien-
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tists’ involvement in the tasks of writing, data collection and perfor-
mance of the actual empirical analysis. The studies suggest that DoL 
within teams is higher in the medical sciences when compared to phys-
ics and the social sciences for example. Further, there seems to be a dif-
ference according to seniority (serving the traditional Mertonian topic 
of the age structure in the science studies) with senior researchers per-
forming more conceptual tasks and younger researchers more tech-
nical ones. Regarding the reward system in science, the studies sug-
gest that first and last-mentioned authors indeed contribute to more 
tasks than middle authors (and thus rightfully receive more credit by 
the scientific community). 

Finally, Häussler and Sauermann (2020), as well as Cummings and 
Kiesler (2014) analyze the interaction of DoL in teams with interdis-
ciplinarity. These studies suggest that team size (, which is correlated 
with higher DoL) is positively correlated with interdisciplinarity of its 
members among others because of emerging topics, such as e.g., ‘com-
putational biology’, requiring for an integration of expertise and knowl-
edge from different research domains.  

2.2 Why DoL and Spec.  
are neglected determinants of epistemic outcomes  

2.2.1 Adam Smith, Emile Durkheim and other thinkers revisited  

The topics outlined in the previous section consider very particular 
aspects of division of labor and specialization. In the literature on 
cognitive division of labor it is discussed whether Kitcher’s model 
indeed concerns division of labor as originally popularized by Adam 
Smith. For one thing, Alexander et al. (2014) explicitly motivate their 
work with the example of the pin factory, then again Muldoon (2013) 
and D’Agostino (2009) claim that the two are entirely different phe-
nomena. Habgood-Coote (2019) in turn, states that cognitive division 
of labor refers to ‘a Smithian phenomenon of scientific competition 
(925p)’ at least assuming a connection between the two. Therefore, in 
this section, the theories of outstanding thinkers on division of labor 
and specialization will be revisited (, with a special emphasis on what 
they had to say about division of labor in scientific contexts) to clarify 
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what DoL and Spec. in context of the scientific production process truly 
means and to identify potential research gaps in the science studies. 

Interestingly, theories on division of labor are as old as scientific 
inquiry itself. Plato’s conception of the ideal state in the Politeia is 
based on an optimally designed division of labor (Schumpeter 1994: 
51p). In fact, division of labor is of major concern in a lot of utopian 
thought, be it in an ideal conception of it in Thomas More’s ‘Utopia’ 
and Bacon’s ‘Republic of Science’ (Bacon 1902) or in advocating for 
its complete abolishment based on the ‘alienation theory’ promoted in 
Marx’s ‘Das Kapital’. The notion of division of labor may sound out-
dated, but it has always been relevant in debates on urbanization 
(Gibbs and Martin 1962), industrial productivity (Smith 1978; West 
1999), management and organizational design (Kamijo and Nakama 
2023; Meier et al. 2019; Raveendran et al. 2016) or even biology (De 
Oliveira and Campos 2019; Rueffler et al. 2012). Another interesting 
question, in particular given the scope of this work, is the one of prior-
ity of discovery when it comes to our understanding of the phenome-
non. Cases are made i.e. for the Muqaddimah of Ibn Khaldun (Al-Hamdi 
2006; Boulakia 1971) and Adam Ferguson’s (1767) An Essay on the 
History of Civil Society, whose teachings have influenced Adam Smith 
(Bücher 1922; Merton 1973c).  

Regardless of whether the first modern account of DoL should be 
attributed to the work of Ibn Khaldun or not, Adam Smith’s case of 
the pin factory is undoubtedly the most influential illustration of divi-
sion of labor. This might partly be explained by its positioning in the 
first chapter of the Wealth of Nations (1804), as paradigmatic publica-
tion shaping the domains of modern economics, partly by its intuitive 
appeal for understanding the relationship of division of labor with 
productivity. What is often ignored in this context is that Smith differ-
entiated the notion of division of labor from specialization. In the for-
mer he saw first and foremost the institutional and organizational dif-
ferentiation of tasks, whereas the latter is the (anthropologically moti-
vated) natural tendency of individuals to specialize in tasks in which 
they have comparative advantages. In the sociological realm, Emile 
Durkheim’s The Division of Labor in Society (1966) is the most influ-
ential work on DoL. Inspired by Darwin’s theory, Durkheim’s main 
concern was to regress solidarity in advanced societies on the inter-
dependencies created by division of labor. His main contribution re-
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garding the effect of division of labor on productivity are certainly his 
examples for abnormal division of labor like e.g., anomic division of 
labor. Durkheim’s abnormal forms were coordinated with Smith’s 
theory by Becker and Murphy (1992), which introduced the notion of 
the coordination costs. While their contribution is certainly not com-
parable in importance with the seminal works of Smith and Durkheim, 
it is the most original one since and seminal insofar as it reintroduced 
the (philosophically derived) old theories in modern formalized eco-
nomic terms.5 One thinker that should certainly be mentioned here as 
well is economist Karl Bücher (1922), who provided the most thorough 
and detailed conceptualization of division of labor, retracing its devel-
opment historically, categorizing and classifying all its types (e.g., 
according to ownership of the productional means within a production 
process (or supply chain)) and integrating division of labor on socie-
tal, firm and household level continuously.  

That Smith and Durkheim put the analysis of division of labor at the 
forefront of their works, making it the basis of their theories, illustrates 
the importance of the phenomena to explain any form of (modern) 
human interaction quite well,6 be it economic or social (if one sees fit 

 
5  Following the above discussed perspective on recognition from peers, it can 
be noted that their article was published in the Quarterly Journal of Economics 
and according to google scholar received over two thousand citations up until 
today. Given the latter, it should be fair to say that their contribution belongs to 
the most important publications on division of labor and specialization in the last 
decades.  
6  Schumpeter (1994) described it in his History of Economic Thought as fol-
lows: ‘The first three chapters of Book I deal with Division of Labor. We are in 
the oldest part of the building, the part already completed in the Draft. […] 
Though, as we know, there is nothing original about it, one feature must be 
mentioned that has not received the attention it deserves: nobody, either before 
or after A. Smith, ever thought of putting such a burden upon division of labor. 
With A. Smith it is practically the only factor in economic progress. Alone it 
accounts ‘for the superior affluence, […] technological progress ‘invention of all 
those machines’ – and even investments – is induced by it and is, in fact, just an 
incident of it. […] Division of labor itself attributed to an inborn propensity to 
truck and its development to the gradual expansion of markets – the extent of the 
market at any point of time determining how far it can go (ch.3) It thus appears 
and grows as an entirely impersonal force, and since it is the great motor of 
progress, this progress too is depersonalized. (182)’ 
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to differentiate the two). On a more ironic note, their works contributed 
to the division of labor in between economics and sociology as sepa-
rated disciplines. Both thinkers, as well as Becker and Murphy (1992) 
applied their ideas to the scientific production context. As opposed to 
the above introduced consideration of the phenomena in today’s science 
studies, those applications concerned above all the scientific produc-
tion process as a whole and the division of it into the basic institutions 
of science. In this context, Smith (1804) wrote that:  

‘In the progress of society, philosophy or speculation becomes, like 
every other employment, the principal or sole trade and occupation 
of a particular class of citizens. Like every other employment too, it 
is subdivided into a great number of different branches, each of 
which affords occupation to a peculiar tribe or class of philosophers; 
and this subdivision of employment in philosophy, as well as in 
every other business, improves dexterity, and saves time. Each indi-
vidual becomes more expert in his own peculiar branch, more work 
is done upon the whole, and the quantity of science is considerably 
increased by it. (17)’ 

Durkheim (1966) equally considered this institutional perspective yet 
from a more pessimistic point of view: 

‘Another illustration of the same phenomenon has often been ob-
served in the history of sciences. Until very recent times, science, 
not being very divided, could be cultivated almost entirely by one 
and the same person. Thus, one had a very lively sense of its unity. 
The particular truths which composed it were neither so numerous 
nor so heterogeneous that one could not easily see the tie which 
bound them in one and the same system. Methods, being them-
selves very general, were little different from one another and one 
could perceive the common trunk from which they imperceptibly 
diverged. But, as specialization is introduced into scientific work, 
each scholar becomes more and more enclosed, not only in a par-
ticular science, but in a special order of problems. (356)’ 

Finally, Becker and Murphy (1992) claim that specialization is consti-
tutive of knowledge growth and illustrate the latter by the differentia-
tion of journals:  
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‘The first three economic journals started in the United States were 
general purpose journals – the Quarterly Journal of Economics in 
1886, the Journal of Political Economy in 1892, and the American 
Economic Review in 1911 – whereas most of the many journals es-
tablished in recent years are highly specialized: the Journal of Ap-
plied Econometrics, the Journal of Legal Studies, and the Journal of 
Economic Demography are a few examples. […] The […] examples 
illustrate that much of the growth in specialization over time has 
been due to an extraordinary growth in knowledge. (1145)’ 

Clearly, as opposed to the perspective of today’s science studies,7 
Smith and Durkheim see the main effects of division of labor and spe-
cialization less in collaboration within micro-entities like e.g., a pro-
ject or a laboratory (, which of course in this form did not even exist 
back then), but much rather in the institutionalization of different 
‘classes’ of philosophers and the common ‘trunk’ of science. Their 
point of departure is science (or philosophy) as a whole and how it is 
institutionally divided by occupational differentiation (, not to say 
‘professions’). Considering the institution of the university, which was 
originally founded based on the idea of supporting all faculties (in the 
European sense of the term), constituting a single scientific production 
process,8 the latter remarks suggest that division of labor and speciali-
zation in science should (at least also) be thought from an institutional 
perspective or in terms of the differentiation of professions within 
science (, as opposed to assuming the existence of pre-existing knowl-
edge domains and how they might or might not be connected to one 
another). 

 
7  Notable exception here is the father of the sociology of science, Robert K. 
Merton, who considered this perspective to be relevant. In his analysis of behavior 
patterns of scientists, he claimed that the increase in: ‘number of scientists has 
been accompanied by more and more specialization of research along the lines 
of both Spencerian and Durkheimian theories of role differentiation (330)’.  
8  Eaton and Stevens (2000) argue for this institutional perspective too, when they 
claim that universities have complex production functions supporting the division 
of labor in between cosmologists, economists and neuroscientists for example. 
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2.2.2 Demarcating institutional DoL and Spec. from  
the topics reviewed in 2.1.2 

Based on the theories of Adam Smith, Emile Durkheim and Becker 
and Murphy, division of labor and specialization can be broken down 
into components (Ervin 1987). Initially, division of labor was under-
stood solely as task division. The latter refers to the division of the 
whole production process into coherent parts. In Smith’s pin factory for 
example, this meant that ‘one draws out the wire, another straights it, 
a third cuts it, a fourth points it (Smith 1804: 13)’ and so on. In most 
cases the institutionalization will provoke some sort of organizational 
separation of the tasks from one another, represented for example in 
different workstations. But this is not necessarily the case. Even in the 
straightforward industrial context of the pin factory, the tasks denote 
the differentiation of functions, which taken together constitute the 
production process. It is the function of the ‘cutting’ and ‘straightening’ 
that is institutionalized (in practice, carried out by different workers 
and, or at separated workstations), not e.g., a workstation of ‘cutting’ 
or department of ‘straightening’.  

Given this functional perspective, task division is not limited to in-
dustrial contexts either. Much rather, it is a continuous phenomenon, 
occurring equally on the aggregated level of societal production pro-
cesses e.g., in occupational differentiation (e.g., priest vs. farmer), in 
context of the firm (operational vs. strategic department) or in micro-
level productional contexts like the household (e.g., care work vs. 
provision of income). Common trait is that the institutionalization of a 
task requires a certain conceptual severability of tasks from one an-
other, a common agreement on the scope of the task and how to 
perform it.9 (Bücher 1922: 326-334; Durkheim 1966: 111-131; Gibbs 
and Poston 1975) 

Task coordination in turn means the (re-)integration of divided 
tasks into a coherent production process. The effort linked to the latter 
are in economic terms described by coordination costs, which are posi-

 
9  Bücher (1922: 309p) categorized the different forms of division of labor and 
(unsuccesfully) tried to establish the usage of different terms like ‘Produktions-
teilung’ (‘division of production’), ‘Arbeitszerlegung’ (‘partitioning of labor’) or 
‘Berufsspaltung’ (division of occupation) according to the specific context in 
which division of labor occurs. 
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tively correlated to the degree of task division. The idea of coordina-
tion costs is based on works on principal-agent conflicts, free-riding 
and difficulties in exchange of information and communication, indi-
cating that high degrees of task division can set incentives e.g., to 
shirk or hold-up other members involved in the production process. 
As opposed to the initial assumption of Smith that task division is ex-
clusively limited by the extent of the market, Becker and Murphy 
(1992) claimed that coordination costs will effectively always limit 
the extent of differentiation since e.g., decision-makers in charge of 
institutionalizing separated tasks, will only promote task division to 
the extent, where the coordination costs level out the productivity 
gains induced by specialization on the task. Whenever this assumption 
is violated, we are confronted with abnormal forms of division of la-
bor. (Becker and Murphy 1992) 

The above-mentioned productivity gains through specialization can 
also be separated in two differentiable aspects. Productivity gains may 
arise through the concentration on a task. This concentration can either 
refer to the choice of an individual or an institution to specialize in a 
particular task. For the individual, this choice may best be represented 
by the choice of an occupation or field of study, whereas an institution 
e.g., a company might concentrate the resources over which it deposes 
on producing goods for a particular market segment. It is assumed and 
supposed that individuals and institutes will concentrate on tasks in 
which they have comparative advantages in comparison with peers, 
e.g., because of intrinsic interest, talent, or better basic prerequisites. 
Specialization concentration is thus a natural mechanism, by which 
individuals and institutions allocate themselves to tasks where they 
have comparative advantages, which results in productivity gains as 
opposed to a state where individuals and institutions do not concentrate 
on tasks (or cannot concentrate, because tasks are not divided). (Becker 
and Murphy 1992; Bücher 1922: 319-320; Smith 1804: 18-21) 

Finally, specialization will also enhance productivity through what 
could be described as the gravitational force of specialization. The 
focus on a narrowed task (, as opposed to the whole production pro-
cess) frees resources e.g., time to improve skills, develop a deeper un-
derstanding of the task and come up with more productive processes 
and technologies to perform it. The latter is believed to induce addi-
tional productivity gains and in the Smithian rationale technological 
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progress in general (Schumpeter 1994: 182). Also, by isolating indi-
viduals or institutions within the scope of a narrowed task, they are 
forced to project the freed resources along the vertical dimension of a 
production process. Therefore, a mechanism is instated where concen-
tration on a task provokes specializing in depth, which in turn sets an 
incentive for further task division. Since the latter of course will en-
able further specialization concentration, I will refer to this phenome-
non as specialization gravity, that is the gravitational force of speciali-
zation pulling individuals and institutions towards narrower and nar-
rower tasks. (Becker and Murphy 1992; Bücher 1922: 313-314, 322-
323; Smith 1804: 18-21)  

In conjunction with the remarks in the previous sections on science 
theory, we can derive the equivalents of task division and coordina-
tion, as well as specialization concentration and gravity for the case of 
the scientific production process. Of course, task division occurs on 
different levels of aggregation in science. Task division occurs on the 
micro-level of the lab or team (e.g., functional differentiation in author 
contributorship) and the macro-level of scientific communication 
(e.g., functional differentiation of journals or academic societies), 
which were previously introduced and are sufficiently considered in 
the science studies. Incorporating a historical perspective, institution-
alized differentiation of tasks though mainly occurred on the intra-
institutional (meso-)level of the university. The university professor 
represents the institutionalization of functional task differentiation by 
demarcating domains of research expertise and teaching responsibili-
ties. The latter differentiation of professions or professorships (and 
their ongoing subdivisions, likely reflected by the denomination of 
professorial chairs and academic departments) is the stable driver of 
institutional division of labor in the scientific production process as 
described for example by Smith, when he thinks of classes of philoso-
phers and Durkheim’s perspective on the scholar enclosed in his spe-
cial order of problems (see section 2.2.1). It existed long before science 
was conducted in large teams or its (every day) communication be-
came globalized and up until today determines the way curricula are 
shaped and areas of research covered. 

In accordance with the remarks of Becker and Murphy (1992), this 
functional differentiation provokes rising coordination costs. Given 
that an area of research covered by a professor is institutionally divided 
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by his successors, research issues located at the boundary of those 
subtasks do not disappear. Much rather the latter requires for coordi-
nation in form of collaboration, knowledge exchange and integration. 
One example for such integration efforts in science are academic socie-
ties and the organization of scientific conferences, which facilitate 
such boundary transactions (Cohen 2021). Scientific task coordination 
thus refers to all efforts dedicated towards the coordination of the 
functionally differentiated professions and the integration of their 
knowledge domains (either in research or teaching). Task coordination 
may occur on the macro-level of communication in form of interdisci-
plinary journals or collections of papers, as well as on the micro-level 
of the lab, where research requires the coordination of tasks like con-
ducting experiments, writing or operational procurement. On the meso-
level, institutionalization of projects, institutes, chairs or departments 
dedicated to boundary-spanning research, linking institutionally sepa-
rated research areas to one another, document efforts for task coordi-
nation. 

Specialization concentration in turn denotes the allocation of scien-
tists across functionally differentiated areas of research. On the macro-
level this means the numbers of publications according to journals, as 
well as the number of journals according to subject area, research field 
and discipline. On the micro-level, this concerns the relationship of 
number of technicians vs. doctors in a lab. On the meso-level, concen-
tration means the allocation of academic staff across different fields of 
research. On all levels, this allocation process is influenced by scien-
tists’ interests, their prior choice in field of study or the focal point of 
their PhD. Further, this as well concerns the concentration of academic 
staff resources according to academic departments e.g., when poly-
technic universities focus on areas of research within engineering 
fields for example.  

Finally, specialization gravity denotes the mechanism resulting 
from concentration on research domains provoking the demarcation of 
increasingly narrower scopes of research in newly institutionalized 
tasks. On the macro-level, this is reflected by the increasingly narrower 
domains of journals as documented by Becker and Murphy (1992) 
(see section 2.2.1), whereas the shift towards team-based science is 
itself an example for specialization on narrowed (, in this case tech-
nical) tasks. On the meso-level, the latter is reflected by the increasing 
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number of departments and chairs established within disciplines, dedi-
cated to narrower and narrower subject areas over the course of time. 
Finally, an overview of the latter application of the components of DoL 
and Spec. on the scientific production process is provided in table 1. 

Tab. 1: Theory of division of labor and specialization applied  
to scientific production 

 Division of Labor Specialization 

 Task Division Task Coordination Concentration Gravity 

Regular 
(economic, 
societal) 

Institution-
alization of 
functional 
differentia-
tion of tasks 

Coordination of 
institutionally 
differentiated tasks 
through commu-
nication, collab-
oration and 
integration of 
information 

Specialization in 
a task according 
to interest, talent 
and opportunity 

Deepened 
understanding, 
improved skill, 
and develop-
ment of tech-
nologies by 
focus on 
narrowed task 

Scientific 

Research 
domains  
(and technical 
tasks) institu-
tionalized 

Coordination of 
research domains 
through boundary-
spanning  

Concentration 
(by choice of 
field of study, 
PhD program) 
of academic 
staff according 
to research 
domain 

Pushing the 
knowledge 
frontier by 
focus on 
narrowed 
research  

Macro in e.g., academic societies, journals 

Meso In e.g., departments, professorial chairs 

Micro within e.g., teams, laboratories 

Assigning the topics covered in the science studies to this scheme, it 
can be concluded that a thorough consideration of DoL and Spec. on 
the meso-level of the institution as determinant of epistemic outcomes 
is missing thus far. The author contributorship literature for example 
concerns task division within teams on the micro-level, whereas the 
literature on diversity and interdisciplinarity is concerned with task 
coordination (and to some extent concentration of resources) on the 
macro-level of scientific communication. The debate on cognitive 



 Chapter 2.2 39 

 

division of labor in turn concerns the specialization concentration 
holistically from an abstract and exclusively theoretical point of view. 
To summarize, the existing studies are concerned either with the ag-
gregated macro-level of scientific communication, specific micro-
productional contexts like interaction within a team or a researcher’s 
choice of method or research issue. In conjunction with the statements 
of Smith, Durkheim, as well as Becker and Murphy, we conclude that 
a consideration of division of labor and specialization on the level of 
the institution is missing, and that the latter poses a research gap in the 
science studies.  

2.2.3 Potential of institutional DoL and Spec.  
to explain pathologies in science 

First argument in favor of closing this research gap and accounting for 
institutional DoL and Spec. as determinant of epistemic outcomes, is 
its proximity to the topics, theories and methodologies employed in 
the science studies (Kaiser 2023). Indeed, it is odd that the terminology 
of division of labor plays an important role in the debate on cognitive 
division of labor, suggesting that there is at least a tacit knowledge on 
its importance, yet the institutional perspective by thinkers like Smith 
or Durkheim is not accounted for (Kaiser 2023). Another peculiar 
circumstance is that the whole science studies (, not only the branch of 
economics of science) are to an astonishing extent permeated by eco-
nomic thought. In context of the sociology of science, Jansen (1995) 
highlighted the underlying assumption of the autonomy and self-
government of science, which is expressed by the employment of 
functional or quasi-economic models of science. Now while it may be 
argued that Kitcher’s rational choice-based approach is as much typi-
cally philosophical as it is economic, it was already lined out in the 
section above, that authors like Polanyi et al. (2000) and Zollman 
(2018) agree on the importance of economic rationality and theory in 
science. De Langhe and Greiff (2009) as well as Mäki (2005) called 
these approaches ‘invisible hand models (290)’, directly referring to 
Smith (yet not to DoL and Spec). Goldman and Shaked (1991) even 
explicitly argued in favor of extending ‘the economics paradigm to 
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certain problems in epistemology and the philosophy of science (31)’. 
(Kaiser 2023) 

Also, studies in scientometrics frequently involve some kind of 
performance measurement e.g., in university rankings, supporting an 
efficiency paradigm employing econometric methods. Clearly, institu-
tional division of labor and specialization would fit in there quite well 
as a further determinant of epistemic outcomes. Judging by the different 
topical focal points in philosophy, sociology and economics of science 
one could make a case that the neglection of institutional DoL and Spec. 
is caused by institutional DoL and Spec. itself. Even though economic 
thought is dominating the discussions, knowledge integration does ap-
parently not go far enough for philosophers of science to acknowledge 
that what they are dealing with in Kitcher’s model is not division of 
labor in an original Smithian sense. Further, insights from scientomet-
rics like e.g. skewed distribution of citations, and sociology of science 
e.g., Merton’s Matthew effect, are on closer inspection good examples 
for ‘market failures’ not accounted for by Kitcher’s rationality-based 
model. Yet they play no role in the cognitive division of labor litera-
ture. It can thus be concluded that institutional DoL and Spec. deserve 
a closer look, simply because of their topical and theoretical proximity 
to the science studies’ paradigms. (Kaiser 2023; Weingart 1974) 

Second argument in favor of adopting an institutional perspective 
concerns the nature of knowledge coordination. The latter is not lim-
ited to knowledge integration within or in between publications (on 
the output side), but also concerns collaboration of researchers within 
or in between institutions (on the input-side). Certainly, communica-
tion networks in science, where authors cite documents from distinct 
disciplines or fields and form ‘invisible colleges’ are one legitimate, 
acknowledged and valuable form of research coordination (Zitt et al. 
2019) When it comes to knowledge coordination from (allegedly) 
distant research domains, institutional coordination of researchers 
from different fields might be required (e.g., within a joint department, 
laboratory or project) rather than just recombining content from dif-
ferent disciplinary publications. (Crow and Dabars 2017; Moschini 
et al. 2020; Walsh and Lee 2015) 

The literature on interdisciplinarity might thus as well benefit from 
the consideration of meso-level institutional division of labor. Calls 
for the promotion of interdisciplinarity may fall short whenever insti-
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tutional knowledge coordination is not sufficiently accounted for and 
the lack of research coordination is determined on grounds of e.g., low 
bibliometric diversity. Interdisciplinary departments need not neces-
sarily publish only on boundary-spanning topics or in interdisciplinary 
journals but may on some occasions produce highly disciplinary pub-
lication output. On the flip side, in extreme cases, publications classi-
fied as interdisciplinary (e.g., according to categorization schemes of 
publication databases) could possibly stem from researchers affiliated 
with highly disciplinary departments working on highly disciplinary 
research issues loosely connected by a paper’s interdisciplinary topic 
(Bammer 2017).  

Apart from complementing the bibliometric perspective, thinking 
about scientific collaboration in terms of meso-level division of labor 
and specialization might also be much more concrete than thinking 
about it in terms of disciplinarity. It is easier to implement and opera-
tionalize than interdisciplinarity with its vague concepts, which are 
known to be quite fuzzy and its terminology (inter-, multi-, trans-, pluri-
disciplinarity) often used inconsistently (Jacobs 2017). In addition, the 
definition of disciplines is mostly arbitrary (bibliometric based) and 
not granular enough to get a grasp on the development of task differ-
entiation and coordination as well as specialization depth and how the 
latter have evolved over the course of time. Schumpeter (1994: 20) 
noted in this context that division of labor has created large numbers 
of specialties and applied fields, which appear and disappear, vary in 
importance and have overlapping boundaries. Such changes, as well 
as the dynamics over the course of time, may best be evaluated em-
ploying an institutional perspective (Bechtel 1993; Walsh et al. 2019). 
Given the arguments outlined above, it might thus be reasonable to 
complement the rich literature focusing on collaboration and coordina-
tion on the output side with an analysis of coordination on the input 
side of the scientific production process.  

Finally, apart from the aggregated level of the discipline, the exist-
ing literature is concentrated on the micro-level analysis of coordina-
tion within units like teams or laboratories. Since DoL and Spec. were, 
in the previous section, defined as continuous phenomena, they are 
simultaneously applicable to coordination at different levels of granu-
larity. Accounting for the meso-level of research institutions by inte-
grating research integration and coordination within universities or the 
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academic department allows for a synthesis by integrating the topics 
of interdisciplinarity and diversity with the division of labor in teams, 
building a bridge between micro and macro-level, as well as input and 
output perspective.  

Third and final argument in favor of accounting for the institutional 
perspective is that the theory on DoL and Spec. provided in the previ-
ous section bears the potential for explaining pathologies in science 
e.g., the declining progress of research in some fields addressed in the 
introductory sections (Morris 2020; Walsh et al. 2019). From a theo-
retical point of view, we know that division of labor and specialization 
are important determinants of productivity of any production process. 
Further we know that those productivity gains are counterbalanced by 
increasing efforts necessary for the coordination of institutionally dif-
ferentiated tasks. Again, according to Becker and Murphy (1992) the 
decision-makers will only permit labor to be divided to the extent 
where its productivity gains are leveled out by the coordination costs. 
In a way, this is compatible with the idea promoted in the science 
studies of an efficient cognitive division of labor. It may be reasonably 
questioned though, whether in all scientific institutions, e.g., universi-
ties, such a decision-maker, which actively monitors and controls for 
coordination costs, really exists. Indeed, in particular for the European, 
Humboldtian university model, which grew organically over the course 
of the last centuries, it might be questionable to assume such a central-
ized decision-making entity. Finally, given the insights from sociology 
of science, which describe all sorts of ‘market failures’ applicable to 
the rationality-based models promoted to explain the scientific pro-
duction process, assuming an optimal extent of task division by de-
fault, without actual empirical validation, is simply not satisfying. 

Another issue is that the causes of specialization concentration 
suggested by economic theory are incompatible with the assumptions 
of the model on cognitive division of labor. If individuals indeed tend 
to specialize in tasks, in which they are particularly gifted or interested 
in, this should equally apply to the choice of research issues and 
methodologies. One could even make the case that this form of spe-
cialization (concentration) sets in long before a scientist is even con-
fronted with the choice situation described in Kitcher’s model. Sup-
posing that information on expected credit when pursuing a particular 
research question or method is available, one might nonetheless de-
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cide against the one that maximizes credit, because it simply not suits 
his interests, or he lacks the necessary skills to employ the methodolo-
gy (Merton and Zuckerman 1973a). One can easily imagine a junior 
faculty member, who e.g., specialized as a postgraduate student in 
qualitative methods, now confronted with the choice of pursuing a 
research question using either a quantitative or a qualitative approach. 
Even though in his area of research, qualitative methods might be the 
most frequently used and in this particular instance more credit could 
be gained from choosing the quantitative approach, he might nonethe-
less stick with the qualitative one. Even without validating the latter 
empirically, this line of thought has a certain intuitive appeal. Such 
path dependencies are completely ignored in the literature on cogni-
tive division of labor. Equally, scientists’ choices are also bound to the 
scope of research of the academic department or professorial chair 
they are affiliated with, their equipment or even their location when 
research projects require access to local facilities or natural sites 
(Knorr-Cetina 1984; Latour and Woolgar 1986). The mobility in be-
tween those institutional units is also known to be limited and depends 
on factors like endowment with resources, which are completely inde-
pendent of expected credit. (Ben-David and Collins 1974)  

Also, the theoretical insights on the gravitational force of speciali-
zation might provide an interesting perspective on the issue of the 
increasing knowledge burden. Simply put, one may ask if it is really 
just the accumulation of knowledge that forces researchers to focus on 
narrower research domains to ensure innovative research, or if the 
rationale is not actually the other way around and it is the gravitational 
force of specialization (, which adds towards) increasing the knowl-
edge burden. Research output need not necessarily be specialized in 
depth to be disruptive, but could also be innovative due to horizontal 
knowledge integration from different research domains.10 Taking into 

 
10  Taking into account the literature on groundbreaking discoveries and for-
mation of new research fields in the history of science, combinatorial novelty is 
a successful strategy for creating disruptive, innovative research (Bechtel 1993). 
On the contrary, Schumpeter (1994) pointed out that ‘cross-fertilization might 
easily result in cross-sterilization (24)’ whenever the latter is pursued at the cost 
of narrow specialization where needed. Arguably though, in today’s science 
there is no shortage of institutions and (academic staff) resources and such a 
trade-off need not necessarily arise.  



44 Chapter 2 

account that the gravitational force of specialization promotes the 
former and increases the coordination costs linked to the latter (through 
increased institutionally differentiated tasks), one could argue that the 
knowledge burden (is not a destiny, because all low-hanging fruits are 
already yielded, but) to some extent poses a manageable problem 
within our sphere of influence.  

Even though this is not the focus in this work, it might be worth-
while to turn to teaching activities in scientific institutions for a mo-
ment. Assuming that at least partly (over the course of the last dec-
ades), scientists are working in more differentiated tasks which are 
more specialized in depth, this should to some extent be reflected by 
the content of courses, curricula and programs also becoming increas-
ingly fragmented and specialized in depth. Here too the question arises 
if knowledge coordination in between the courses is controlled for by 
scientific institutions or if this relies entirely on students’ shoulders. If 
the latter is the case, then the ‘knowledge burden’ on students’ shoul-
ders would increase over time and this is not entirely due to accumula-
tion of the knowledge stock but also due to the institutional setting.  

Clearly also, this can be reconnected to the issue of interdiscipli-
narity. Interdisciplinary programs have become highly popular over 
the last years, yet their value is still regularly doubted (Häussler and 
Sauermann 2020). Applying the institutional perspective of DoL and 
Spec. here as well, we might want to question if interdisciplinary pro-
grams are coordinated in the same way as publications are (from the 
output side) or if they are constructed inherently interdisciplinary by 
academic staff integrating their knowledge domains (from the input 
side) to provide a coherent set of courses constituting a kind of coher-
ent ‘teaching production process’. Supposing the latter is not always 
the case, the knowledge burden on students’ shoulders should in inter-
disciplinary programs be even higher than in disciplinary ones.  

All-things-considered, institutional (meso-level) DoL and Spec. 
should be examined as potential determinants of epistemic outcomes, 
because they are well-suited for explaining pathologies in science, 
bear the potential to complement and connect existing (bibliometric) 
perspectives on diversity and interdisciplinarity, as well as their prox-
imity to the economic thought permeating the science studies.  
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2.3 Research Question and Outline of the Empirical Analysis 

To summarize, the introductory section served to motivate the accu-
mulating empirical evidence pointing at a declining quality of epis-
temic outcomes, represented for example in decreasing disruptiveness 
and novelty of publications, likely caused by increasing coordination 
costs (‘increasing knowledge burden’). Based on a literature review on 
the science studies, acknowledged determinants of epistemic outcomes 
were introduced, which are known to affect the scientific production 
process (in general) and might be able to explain the observed pathol-
ogies. The latter revealed that an economic rationale and here in par-
ticular rationality-based theories dominate the discussion, which char-
acterize science as a self-governed sphere, constituted by scientists’ 
motive to receive reward and gain credit. In the cognitive division of 
labor debate for example, it is presupposed that scientists anticipate 
the expected reward of pursuing a research issue or employing a 
method and since they seek to maximize the latter, an efficient alloca-
tion and coordination of scientists and research is secured. Since the 
empirically observed pathologies of the scientific production process 
conflict with the rational theory-based paradigm in the science studies, 
the need for considering alternative explanations was outlined. Since 
empirical evidence points at rising costs in coordinating specialized 
research and given the economic rationale permeating the science 
studies, it was natural to consider the economic theory on division of 
labor and specialization to analyze pathologies of the scientific pro-
duction process. Even though the latter bears interesting implications 
for understanding allocation and coordination of scientists and re-
search and the terminology (as in cognitive division of labor) as well 
as related topics such as diversity and interdisciplinarity are to some 
extent part of the science studies’ literature, a thorough discussion of 
division of labor and specialization in its original sense as popularized 
by thinkers like Adam Smith, Emile Durkheim, Karl Bücher or Becker 
and Murphy is missing thus far. This particularly concerns division of 
labor and specialization on the meso-level of the institution, which in 
comparison to considerations of specialization on the aggregate macro-
level of scientific communication and task allocation within teams on 
the micro-level, has thus far not been accounted for at all. 
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This work seeks to close the above motivated research gap by ac-
counting for institutional DoL and Spec. and pursuing the following 
research question: 

RQ: Are institutional DoL and Spec. determinants of epistemic out-
comes which can explain pathologies in the scientific production 
process? 

To answer this research question, an empirical validation of the theo-
retical arguments provided in favor of considering DoL and Spec. as 
important determinants of epistemic outcomes, is needed. Thus, the 
first research objective in this work is to measure DoL and Spec. (input-
based) on the meso-level of the institution. To achieve this, a new data 
set, which allows to operationalize the four components of DoL and 
Spec., based on institutional data collected for 20 excellent universi-
ties over the period 1890 to 1920, is introduced (see ch. 3). In case 
institutional DoL and Spec. indeed influence the scientific production 
process, the theoretically introduced mechanisms linked to the inter-
action of task division, specialization concentration and gravity need 
to be confirmed. This will at first be evaluated by a thorough descrip-
tive analysis, exploring the rich insights provided by the new data set 
over the course of time and on different levels of granularity within 
individual institutions. To affirm the latter quantitatively, a hierar-
chical cluster analysis is employed to segregate different university 
types and a correlation analysis is used to assess whether significant 
path dependencies are induced within the latter by initial configura-
tions of DoL and Spec. 

The second research objective builds on the former and seeks to 
evaluate the rationality-based idea of an efficient allocation of cogni-
tive labor as suggested in the science studies. Therefore, in chapter 4, 
a conditional nonparametric efficiency framework is employed (see 
ch. 4), which allows to measure efficiency and model the relationship 
of the latter with the four components of DoL and Spec. In case that 
sufficient evidence is found that DoL or Spec. create path-dependencies 
within institutions, and it can further be shown that the latter influence 
efficiency, which can be functionally modelled in accordance with 
theoretical expectations, it follows that DoL and Spec. are determi-
nants of epistemic outcomes. Further, it can be concluded that since the 
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degree of DoL and Spec. is not necessarily efficient, the rationality-
based paradigm in the science studies focused on the motives of re-
ward and credit need to be augmented with a more solid perspective 
accounting for institutional prerequisites. 
 



 

 
 



 

3. Introducing a New Dataset to Measure 
Institutional DoL and Spec. 

(Dataset Construction and  

Descriptive Empirical Analysis) 

3.1 Empirical operationalization of the institutional  
DoL and Spec. concept  

3.1.1 The need to limit the empirical analysis to engineering  
and natural sciences 

Given the aim of this work is to establish division of labor and spe-
cialization as determinants of epistemic outcomes by empirically ana-
lyzing their impact on efficiency, a few conceptual notes are in order. 
An empirical analysis of the influence of DoL and Spec. on efficiency 
requires a quantitative perspective on epistemic outcomes, meaning 
that here a logically necessary connection between quantity of outputs 
of the scientific production process (e.g., publications) and epistemic 
outcomes in general is assumed.  

From a layman’s perspective, epistemic outcomes might intuitively 
be linked to some sort of notion of scientific progress. Epistemic out-
comes could indeed be understood as the products of scientific inqui-
ries, expected to be transmittable to advancements in society, health or 
technology (Jansen 1995). Such naive accounts of scientific progress 
often build on the idea that (as a result of the scientific production 
process) true theories are proposed and accepted. A more sophisticated 
version of the latter can be rediscovered in Popper’s truthlikeness ac-
count, where scientific progress is defined as the substitution of prop-
ositions with propositions that are more truthlike (Popper 2002). Al-
though this is still an influential account of scientific progress today, 
alternative or complementary accounts are available. The noetic ac-
count for example suggests that scientific progress occurs whenever 
our ability to predict or understand a particular phenomenon is im-
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proved. Another account was proposed by Bird (2007), who argues 
that scientific progress is the accumulation of new knowledge to what 
is already known, with the notion of knowledge being among others 
defined by internal and external epistemic justification like e.g., reli-
ability and sensitivity of results. (Dellsen et al. 2015) 

The most influential alternative to the account of Popper is the anti-
realist account proposed by Thomas Kuhn. According to the latter, 
scientific problems can be divided into empirical and conceptual prob-
lems, which are defined by the dominant research tradition at a certain 
time within a given discipline. Scientific progress is fulfilled when 
number and importance of problems within a research tradition de-
creases (Kuhn 1976). Here, the truthlikeness of those problems is of no 
concern. Indeed, even if it later turned out that due to a wrong theory, 
a discipline worked on a spurious problem, they (believed to have) 
solved, this would still constitute scientific progress according to the 
latter account. (Dellsen et al. 2015) 

While it is unclear whether a necessary connection of scientific 
progress (as a quality of epistemic outcomes) and quantity of scientific 
output exists in case of the noetic and truthlikeness account,11 a con-
nection between the latter and the accounts of Bird and Kuhn is clear-
ly given. Even if not every single paper’s content must contribute to-
wards knowledge accumulation, higher quantities of publications are 
expected to contribute towards epistemic justification like reliability 
of results e.g., when reproductions of experiments are published. In the 
problem-solving account, the connection is even clearer. Assuming that 
on average, a publication within a part of the scientific community 
does not contribute more new problems to a field than it contributes 
towards solving a field’s problems, scientific progress according to 
this account is logically connected to the quantities of scientific output 
like for example the number of publications. 

Since all four accounts are acknowledged explanations for scien-
tific progress and for two of them, a necessary connection between 
quantity of scientific outputs and progress exists, it is uncritical to 

 
11  Even though there might be no necessary condition of quantity of scientific 
outputs and progress in those two accounts, a higher number of e.g., publications 
should in general contribute towards substitution of theories with more truthlike 
ones or better understanding and modeling of phenomena of interest respectively. 
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assume that the impact of DoL and Spec. on (quantitatively assessed) 
efficiency in producing scientific outputs is sufficient for establishing 
an influence of the latter on epistemic outcomes in general.  

A distinct issue though is if there might not be a different goodness 
of fit according to epistemic branches of science. Arguably, a reduc-
tion in importance and numbers of problems is well-proxied by an 
accumulation of publications in e.g., natural sciences, engineering as 
well as medical and life sciences.12 The low rates of rejection by jour-
nals in these disciplines (see Merton and Zuckerman 1973) support the 
idea that in the latter disciplines increased quantities are more valuable 
than in other epistemic branches. On the contrary, in the humanities 
one could object to the above made assumption that a publication on 
average contributes more towards solving a field’s problems. For one, 
it is unclear whether in the different subbranches of humanities a finite 
field of problems indeed exists (or if the latter are rather infinite). Sec-
ond, it is not trivial to come up with problems exclusively dealt with in 
the humanities, which can be conclusively solved at all. In accordance 
with the line of thought in this work, one could very well argue that a 
result of the institutionalization of division of labor over the course of 
modern science is that solvable and unsolvable problems originally 
jointly treated within a philosophical faculty (European) were segre-
gated first into a mathematical-natural and a philosophical section of 
the same faculty and today are completely institutionally isolated in 
separated faculties and departments. Consequently, the idea of con-
tributing continuously (through Kuhnian-like puzzle-solving activi-
ties) towards a better understanding of phenomena or reduction of 
limited problems might simply not be applicable at all to the humani-
ties, since all the problems which could be tackled this way, were out-
sourced to other epistemic branches. 

A different case could be made for the numbers of publications 
produced in formal sciences like e.g., mathematics, statistics and 

 
12  There are also more pragmatic considerations regarding the availability of 
consistent data for and comparability of scientific outputs. Publication databases 
like e.g., Scopus and Web of Science have only just recently made an effort to 
integrate more books and book chapters, which are an important publication 
type next to the traditional peer-reviewed journal article in the social sciences 
and humanities. (Bonaccorsi et al. 2017; López-Illescas 2011; Van Raan 2019) 
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logics. Instead of contributing towards problem-solving within their 
discipline, their institutionalized task is above all realized in collabora-
tions with other empirical sciences (Rousseau et al. 2019), and less 
with boundary transactions (Cohen 2021). Finally, among the empiri-
cal sciences, the social sciences might take the position of a hybrid in 
between humanities and other empirical sciences when it comes to 
definition of a set of problems and extent of solvability. While e.g., in 
economics, puzzle-solving activities exist like e.g., economic forecast-
ing, which may be better understood and improved with increasing 
number of publications on the topic, all social sciences are confronted 
with renewing sets of problems and a quite limited longevity of para-
digms since the social environment is continuously evolving (Stephan 
2012).13 It might thus be impossible to confidently state that any abso-
lute number of publications produced in the social sciences are ‘enough’ 
to reduce importance and number of problems at hand. We thus follow 
the line of thought in e.g., Stephan (2012) and Bornmann and Mutz 
(2014), which equally argued against a comparability of social sciences 
with other empirical sciences. 

Consequently, when comparing scientific institutions’ performance 
based on quantitative inputs and outputs it is deemed a better fit to 
limit the scope of the latter to the empirical sciences (, excluding so-
cial sciences) instead of limiting the latter to one of the other sciences 
or examining performance based on all sciences, whose production 
processes are hardly comparable. It is believed that this limitation 
produces the least conceptual and methodological trouble. The dataset 
introduced in this chapter thus exclusively considers disciplines in the 
natural sciences, medical and life sciences as well as engineering. 
Humanities, formal and social sciences are not considered. 

 
13  Or as Schumpeter described it in the History of Economic Analysis (1994): 
‘Scientific analysis is not simply a logically consistent process that starts with 
some primitive notions and then adds to the stock in a straight-line fashion. It is 
not simply progressive discovery of an objective reality – as is, for example, dis-
covery in the basin of the Congo. Rather it is an incessant struggle with creations 
of our own and our predecessors’ minds and it ‘progresses’ if at all, in a criss-
cross fashion, not as logic, but as the impact of new ideas or observations or 
needs, and also as the bents and temperaments of new men, dictate (3).’ 



 Chapter 3.1 53 

 

3.1.2 Available perspectives and data sets  

3.1.2.1 Aggregate institutional level (input-based) 

Before the construction of the data set is explained in the upcoming 
sections, a summary of available perspectives and data sets is presented 
to motivate the need for a new data set. While it was established in the 
previous chapter that division of labor and specialization are neglected 
determinants of epistemic outcomes in the science studies, more or less 
closely related topics exist (and were also addressed), which might use 
datasets that are suited for pursuing the research issue of this work. The 
brief literature review provided in this section is thus supposed to con-
vincingly show that data and analyzes thus far performed on an aggre-
gated institutional level are not granular enough to allow for an opera-
tionalization of the components of institutional division of labor and spe-
cialization conceptually defined in the previous chapter, nor do they deal 
with the two phenomena as understood in this work. In the upcoming 
section, this will be repeated for the case of datasets and analyzes based 
on the ‘bibliometric hypothesis’ with special emphasis on why it is not 
adequate to examine DoL and Spec. from an output-based perspective. 

As already addressed, division of labor within teams has been ana-
lyzed before. Walsh and Lee (2015) for example employed a survey-
based approach to examine the interdependence of tasks in teams and 
analyzed to what extent team members had one person jobs like e.g. 
specialized technicians in laboratories. They find significant field dif-
ferences with higher task interdependency in physics than e.g., biology 
with a higher probability for internal division of labor with increasing 
project size.  

A quantitative, institutional-data based approach was for example 
employed by Lepori et al. (2019), which analyzed subject composition 
of universities, calculating a Herfindahl-index for the distribution of 
students by field, employing the field of education and training classi-
fication. The analysis was based on micro-data from the ETER pro-
ject, which contains information on a set of 3,474 European HEIs over 
the period 2011 to 2020. The latter contains numbers of academic, 
instructional, research and public service staff, information on funding 
as well as share of students in education, humanities and arts and so-
cial sciences and is the only data set that contains information on the 
micro level for European HEI (Bruni et al. 2021). Catalano et al. (2017) 
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also used the ETER data to study heterogeneity in between different 
countries’ higher education systems by analyzing their subject mix 
based on student numbers.  

Daraio et al. (2015a) related the subject mix to universities’ effi-
ciency, adopting a cross-country perspective for modeling production 
trade-offs between the Humboldt (teaching and research) and sole 
research model using the EUMIDA dataset based on the Aquameth 
project (Bonaccorsi and Daraio 2007). The latter contains micro data 
for individual universities of 11 European countries (based on census 
information) for the period 1994 to 2005 (Daraio et al. 2011). Accord-
ing to the authors the analysis based on the latter provides a better 
generalizability of results when compared with the rich literature of 
other country-level studies either performed based on a small set of 
countries or observations according to the authors. They find a signifi-
cant impact of scale and specialization (in terms of subject mix) on the 
Humboldt model yet not on the research model. Another country-level 
study employing micro-level data (from the ETER project) is provided 
by Bruni et al. (2021), which combine a cluster and efficiency analysis 
approach to examine the heterogeneity of national higher education 
systems. The results suggest that specialization either in research or 
teaching is more efficient than balancing both.  

3.1.2.2 Bibliometric (output-based) 

In this section, the studies are presented, which treat topics related to 
division of labor (in teams) and specialization based on the biblio-
metric hypothesis. As in the review on analyses incorporating institu-
tional data, here as well accounting for specialization through the sub-
ject mix plays an important role. Pastor and Serrano (2016) for exam-
ple, measured efficiency of universities on country-level for the period 
2008 to 2012 and considered the disciplinary composition of institu-
tions derived from information of the Scimago Journal and Country Rank 
database. The authors calculated Data Envelopment Analysis (DEA) 
based efficiency scores for a publication and a quality (citation) model 
for different disciplines e.g., humanities, medical and life sciences, 
natural sciences etc., to construct an aggregated efficiency measure. 
The study suggests that when disciplinary composition and quality of 
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research is accounted for, the mean inefficiency obtained declines 
significantly. In context of performance measurement, López-Illescas 
et al. (2011) criticized university rankings for combining research ac-
tivities from different disciplines and aggregate them to the whole 
university. They examine differences in disciplinary specialization for 
multiple bibliometric indicators for the case of 50 Spanish universities 
from 2003 to 2008 by calculating them according to the 27 classifica-
tions for publications in the Scopus database. The findings suggest 
that a university’s overall score in those rankings can be dominated by 
the results of one or two disciplines only. 

Liu et al. (2021) in turn analyzed if interdisciplinary collaboration 
research is more disruptive than monodisciplinary research. In their 
framework, interdisciplinary collaboration is measured by coauthor-
ship of authors stemming from at least two disciplines, which was 
categorized based on the department and school affiliations provided 
in the analyzed papers. Leahey et al. (2017) targeted a similar research 
question, analyzing interdisciplinarity based on information retrieved 
from 32,000 articles of 900 research-center based scientists, whether 
spanning disciplines is credited or penalized by the scientific commu-
nity, because it promises more disruptive results yet might also be 
confusing to place (in disciplinary journals). They find evidence for 
both and suggest characterizing interdisciplinary research as high-risk, 
high-reward endeavor. Bongioanni et al. (2014) provide a literature 
review for analysis of disciplinary structure of country-level scientific 
production and investigate the dynamics of the latter for European 
countries over the period 1996 to 2011 by examining multiple biblio-
metric indicators according to disciplinary classification in 27 Scopus 
subject categories. They find a convergence toward the average Euro-
pean disciplinary profile in general and departure of some countries 
from the latter, which initially constituted it. 

Leydesdorff et al. (2019) provide an overview of operationalization 
of interdisciplinarity in the bibliometrics literature using diversity 
measures such as the Simpson diversity index (in economics more 
commonly known as Herfindahl-index) or the Rao-Stirling-index. The 
authors modify the latter to better account for variety, balance and dis-
parity (to get a grasp on different aspects of interdisciplinary collabo-
ration) and apply their new index to the aggregated citation patterns of 
11,487 journals contained in the Journal Citation Report 2016 of the 
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Science Citation Index and the Social Sciences Citation Index. The 
authors suggest that their interdisciplinarity index provides improved 
results by differentiating knowledge diffusion (cited impact) and knowl-
edge integration (citing references). 

Daraio et al. (2018) adopt an actor network theory perspective, 
where they define papers as nodes and citations as links in scientific 
communication networks. The nodes in turn represent the scientific 
production process of a particular research domain and the links, the 
interdependencies between them. Their findings suggest strong ties of 
collaborations in between institutions belonging to a given geopoliti-
cal and cultural area (e.g., US, UK, Canada and Australia) and differ-
ent results for cross-disciplinary interactions of different countries.  

Another topic in scientometrics and bibliometric analysis is divi-
sion of labor within teams. Larivière et al. (2016) used contributorship 
data extracted from PLOS one articles to study to what extent authors 
share responsibility of contributions. Simply put, the authors studied 
task division on the level of production of the individual paper, e.g., 
which author performed data collection and analyses and did all authors 
contribute towards writing and so on. The results suggest that differ-
ences for the latter exist according to fields. In biomedical research 
and clinical medicine for example, scientists rarely (in 10% of all cases) 
contribute to the five tasks defined, whereas in mathematics and phys-
ics for example in about 25% of all publications, authors contributed 
to all tasks. The authors suggest that this is only partly explained by 
the theoretical nature of the latter two favoring lower collaboration 
levels, since in physics a high division of labor is required. They then 
argue that the Mertonian ideal of scientific communalism might be 
better realized in physics with its egalitarian nature favoring the prac-
tice of indicating equal author contributions when specifying contribu-
torship. Häussler and Sauermann (2020) also perform an analysis in-
corporating contributorship statements within scientific teams and find 
a correlation between the latter and interdisciplinarity measured based 
on domains of expertise on level of individual authors derived from 
article field classifications. Further, Lu et al. (2019) investigated the 
topic by analyzing co-contributorship based on performing one-mode 
projection of author-task bipartite networks obtained from 138,787 ar-
ticles published in PLOS journals. Their findings suggest different types 
of contributors (specialists, team-players and versatiles), which can be 
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assigned to certain characteristics of researchers, like e.g., academic 
positions. Finally, Walsh et al. (2019) analyzed interdisciplinarity of 
teams and suggest a positive relationship of interdisciplinarity of teams 
with retractions of publications.  

A third major topic in bibliometrics and scientometrics studies is 
field normalization. Given that in most cases institutional data on dif-
fering input levels according to fields is not available, the heterogenei-
ty introduced by judging performance based only on bibliometric in-
formation (output) is accounted for by normalization of citation counts. 
(See Waltman and Van Eck (2019) for an introduction, where they 
address the issue of defining and demarcating a field) Other fringe 
topics loosely connected with DoL and Spec. examined based on the 
bibliometric hypothesis are the conditions and probabilities for topic 
switching (e.g., Zeng et al. 2019), analysis of combinatorial novelty 
and disruptiveness based on semantic analysis (e.g., Lin et al. 2022) as 
well as science mapping. The latter as e.g., pursued by Leydesdorff 
and Milojevic (2012) is built on co-occurrence count data employed to 
map subject terms, documents and journals and is believed to be use-
ful for a better understanding of the dynamics of science and for better 
informed decisions on funding allocation. 

3.1.3 Justifying the need for a new data set on  
intra-institutional level (input-based) 

The studies based on aggregated macro-level institutional data and the 
bibliometric hypothesis presented in the previous two sections deal 
with (related) topics of division of labor and specialization in different 
ways. Analyses taking the institutional perspective cover topics such 
as the survey-based analysis of division of labor within scientific 
teams, or quantitative analysis of subject mix (, operationalized with 
diversity indices) and HEI’s efficiency by employing microdata from 
recently enforced collection initiatives such as the ETER or Aquameth 
project. While data from the latter refers to the individual institution, 
the majority of analyses of subject mix, which is conceptually compa-
rable to the here promoted specialization concentration component, 
are conducted on aggregated country-level and concern the last two to 
three decades (, for which microdata was collected). 
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Studies performed based on the bibliometric hypothesis exist in 
larger quantities, are more diverse and not limited to the latter time 
frame. Division of labor within teams is based on authorship contribu-
torship data, whereas subject mix is, analogously to the institutional 
perspective, operationalized by a set of acknowledged diversity mea-
sures. Here though, the subject mix is not determined based on student 
numbers, but on topics of publications, journals, author affiliations or 
classification schemes of popular bibliometric databases like e.g., Cla-
rivate Analytics’ Web of Science or Elsevier’s Scopus. While some 
studies on aggregated country-level do exist, bibliometric studies op-
erate on average on a higher level of granularity by examining jour-
nals, publications and the links between publications through citations. 
Major topics that deviate from the institutional perspective are the 
analysis of interdisciplinarity, comparison of production according to 
field, field-normalization of citation count and (network) analysis of 
scientific collaboration through communication. 

In table 2, an overview of the empirical literature addressing topics 
related to division of labor and specialization in context of perfor-
mance measurement in science is provided. A broad range of studies 
based on bibliometric data exists on the macro-level of the scientific 
community, the institutional level and the level of the individual or 
team. The dominating topics most closely linked to division of labor 
and specialization are the analysis of the impact of subject mix, disci-
plinarity and author contributorship on performance or production. 
Turning to the institutional perspective, we can obtain that a variety of 
studies exist on the level of the scientific community yet applications 
on institutional and team-level are rather scarce.  

The very limited availability of studies based on intra-institutional 
data sets corresponds to the neglection of institutional DoL and Spec. 
established in the previous chapter. Indeed, the issue of the dominat-
ing output-perspective, basing analyses mostly on bibliometric infor-
mation is well documented in the scientometrics literature. Bornmann 
et al. (2023) just recently emphasized that in performance measure-
ment of universities the availability of institutional data is too restricted. 
The authors propose to derive a suitable input indicator based on unique 
author affiliations in publications and perform a two-stage DEA ap-
proach for 3,100 universities worldwide. Arguably though, the derived 
input indicator can hardly be considered as truly institutional since it 
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still relies on compilation and quality of bibliometric data and thus too 
implicitly builds on the bibliometric hypothesis. 

Tab. 2: Literature review on available perspectives and data sets – 
summary table 

 institutional data bibliometric data 

Macro-level 
(country-level, 
communication 
and collabora-
tion networks) 

Subject mix:  
 Catalano et al. 2017  
 Daraio et al. 2015a 

Heterogeneity of HEI systems: 
 Bruni et al. 2020 

Interdisciplinarity:  
 Daraio et al. 2018;  
 Leydesdorff et al. 2019 

Subject Mix:  
 Pastor and Serrano 2016 
 Bongioanni et al. 2014  

(see for further literature) 

Science Mapping:  
 Leydesdorff and Milojevic 

(2012) 

Semantic Analysis:  
 Lin et al. 2022 

Meso-level 
(universities, 
research 
organization) 

Subject mix:  
 Lepori et al. (2019) 

Interdisciplinarity:  
 Liu et al. 2021 
 Leahey et al. 2017 
 Walsh et al. 2019 

Subject Mix:  
 López-Illescas 2011 

Field-normalization:  
 Waltman and van Eck 2019 

(see for further literature) 

Micro-level 
(team / 
individual) 

Survey on DoL:  
 Walsh and Lee (2015) 
 Lee et al. (2015) 

Author contributorship DoL:  
 Larivière et al. 2016  
 Häussler and Sauermann 

2020 
 Lu et al. 2019  

Topic Switching:  
 Zeng et al. 2019 
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The need for a strengthened intra-institutional perspective comple-
menting the studies based on bibliometric information is further also 
due to the limits of bibliometric approaches in general and when deal-
ing with aspects of DoL and Spec., be it in form of subject mix or inter-
disciplinarity. Regarding the former, Lepori et al. (2019) argued that 
bibliometric indicators cannot be used as reliable measures for alloca-
tion of resources, because effectively resources are never considered 
and suggested ‘scale-free’ indicators like mean-normalized citation 
scores are shown to be in reality size-dependent. The authors suggest 
that bibliometric based studies might provide robust results for identi-
fying low performance but are less reliable when discrimination of top 
performance is of interest. Regarding the latter, Zitt et al. (2019) 
pointed out that the rich conceptualizations of disciplinarity in sociol-
ogy do not bear information on how to operationalize field delinea-
tion. Interdisciplinarity measures based on bibliometric data though 
are highly dependent on the approach employed to separate disciplines 
or fields from one another (Rousseau et al. 2019).  

Results of interdisciplinary collaboration, building on classification 
schemes which define disciplinarity based on information from (pub-
lication and journal) output might indeed not be very informative since 
they convey no information on collaboration occurring on the (institu-
tional) input side. Simply put, if e.g., a professorial chair or depart-
ment is installed that combines two areas of research recently isolated 
from one another, this might signal some kind of interdisciplinary 
coordination of research. The produced results could nonetheless be 
strictly disciplinary. In this context, López-Illescas (2011) highlighted 
that when assessing performance of different research groups, results 
of bibliometric analysis need to be treated with care since there is no 
necessary connection of a discipline’s name and a department name. 
On the contrary, given the latter area of research grows big enough, it 
might eventually receive its own category in a bibliometric classifica-
tion scheme, being considered disciplinary regardless of whether co-
ordination of research within institutions is really disciplinary. So, 
thinking about collaboration and coordination from the output side 
will necessarily hide the dynamical changes in institutionalization of 
research domains (Leahey and Reikowsky 2008), and the instability of 
specialty fields over the course of time (Parsons and Platt 1990).  
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The need for the construction of a new institutional data set that al-
lows the measurement of DoL and Spec. on the meso-level is thus 
founded on four arguments. For one, DoL and Spec. are understudied 
on the level of the institution and availability of microdata is restricted 
to a short time period, which will not suffice to get a grasp on major 
dynamics of DoL and Spec. Secondly, in the rare cases where an insti-
tutional perspective is adopted, it still relies on the bibliometric hy-
pothesis instead of using empirically observed institutional data, 
which is a problem frequently addressed in the scientometrics litera-
ture. And finally, third, the latter either lack granularity when e.g., 
interdisciplinarity is analyzed or concern only the specialization con-
centration component when the subject mix is accounted for. Conse-
quently, a new dataset was constructed that will be presented in the 
upcoming sections. To the best of our knowledge14, this is the first 
dataset that allows for an operationalization (of all four components) 
of DoL and Spec. on intra-institutional level based on empirically ob-
served institutional data.  

3.1.4 The ‘Denomination Hypothesis’ 

Before a dataset can be compiled, it needs to be clarified what kind of 
data conveys information on task division and coordination, as well as 
specialization concentration and depth on an intra-institutional level. 
In this section, the denomination hypothesis will be motivated, mean-
ing that in the here introduced dataset the institutionalized research 
domains in form of professorial denominations, derived from designa-
tions of professorial chairs and academic departments, serve as infor-
mational nucleus to make judgments on DoL and Spec. Certainly, the 
reader may wonder what the potential benefit of substituting the above 
criticized bibliometric hypothesis with a different denomination hypoth-
esis could be. Also, it could be doubted if such a denomination suffi-
ciently demarcates a research domain granularly enough or if profes-
 
14  Apart from own research on existing databases, we were in contact with Daniel 
Wagner-Schuster from the ETER project, Steven Brint and David Frank from the 
University of California, Stefan Brings from DESTATIS (among many others). 
All contacts affirmed that intra-institutional microdata of universities over a 
longer time period does not exist and encouraged the collection of a new dataset. 
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sorial denominations are not already sufficiently accounted for by 
bibliometric classification schemes. Some might even question if they 
convey meaningful information at all and argue that their only rele-
vance is signaling expertise for laymen outside of academia.  

Regarding the latter, rich evidence in the sociology of science ex-
ists, which either explicitly or implicitly assumes institutionalized 
denominations to be meaningful in differentiating research domains 
for people within academia. In their seminal work on the ‘Laboratory 
Life’, Latour and Woolgar (1986) describe the interactions observed 
in a laboratory from their perspective as sociologists:  

‘Although our observer shares the same broad cultural knowledge 
as scientists, he has never seen a laboratory before and has no knowl-
edge of the particular field within which laboratory members are 
working. He is enough of an insider to understand the general pur-
pose of walls, chairs, coats and so on, but not enough to know what 
terms like TRF, Hemoglobin, and “buffer” mean. Even without knowl-
edge of these terms however, he can not fail to note the striking 
distinction between two areas of the laboratory. […] Individuals 
referred to as doctors read and write in offices in section A while 
other staff, known as technicians, spend most of their time handling 
equipment in section B. Each of sections A and B can be further 
subdivided. Section B appears to comprise two quite separate wings: 
in the wing referred to by participants as the “physiology side” there 
are both animals and apparatus: in the “chemistry side” there are no 
animals. The people from one wing rarely go into the other. (45)’  

Given their methodology, adopting the perspective of anthropologists, 
they (pretend to) empirically observe the laboratory with a bare mini-
mum of knowledge about the research process in the natural sciences. 
Under those requirements, it is striking how their very first observa-
tions consider and differentiate the division of labor in teams as de-
scribed in the sections above from the institutionalized task division 
promoted in this work. Further, for the description of the latter they 
are instantly falling back on the (denomination-like) terms ‘physiolo-
gy side’ and ‘chemistry side’ to delineate two supposedly different 
institutionalized (and in this case also organizationally or spatially sep-
arated) tasks of the production process they observe in the laboratory.  

Also, we too find evidence here that those two sides, which are de-
lineated from one another by the denominations, ‘physiology’ and 
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‘chemistry’ and by the characteristic of a low interpersonal exchange, 
are in some form coordinated by their belonging to one laboratory. 
The latter is also described by a particular denomination, which the 
authors later describe as important tool for the defining the laborato-
ry’s research domain in institutional contexts:  

‘Our observer noticed that when asked by a total stranger, members 
of the laboratory replied that they worked (or were) “in neuroendo-
crinology” They went on to explain that neuroendocrinology was 
the result of a hybridization which had taken place in the 1940s be-
tween neurology, described as the science of the hormonal system. 
It occurred to our observer that such location in a ‘field’ facilitated 
the correspondence between a particular group, network, or laboratory 
and a complex mixture of beliefs, habits, systematized knowledge, 
exemplary achievements, experimental practices, oral traditions, 
and craft skills. Although referred to as the “culture” in anthropol-
ogy, this latter set of attributes is commonly subsumed under the term 
paradigm when applied to people calling themselves scientists (54)’ 

Indeed, in his Homo Academicus (1988) Bourdieu argues that while 
the border between institutionalized and less objective characteristics 
(e.g., prestige) is relatively fluent, the degree of objectification in aca-
demia starts with the titles put forward when introducing one’s own 
person. The latter need not be limited of course to a denomination 
defining a research domain but also include the affiliation to a (re-
nowned) institution, positions of power (dean) or (specific) academic 
titles.  

Assuming that professorial denominations are meaningful, the ques-
tion remains why an analysis of e.g., subject mix or interdisciplinarity 
based on the latter should be considered an improvement in compari-
son to analysis based on the bibliometric hypothesis. Bechtel (1993) 
argues that when social institutions are ignored in science studies, 
operative units of science get confused with globally defined areas of 
knowledge such as physics or biology, whereas the latter is divided in 
a variety of smaller units, which come in different sizes and with dif-
ferent scopes of research. In principle, two biologists could share as 
little in social connection and cognitive labor as a literature professor 
and a biologist. The authors thus argue that when intra- and interdisci-
plinary work is to be assessed, a more granular perspective is neces-
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sary, and they suggest that the most specific unit features are institu-
tionalized at the level of the laboratory or academic department.15 De-
partments define the demarcation of a research domain through insti-
tutionalization of e.g., the awarding of degrees and defining the scope 
knowledge future researchers in this area must have. In terms of the 
designation of the latter, scientists identify themselves as e.g., ‘anato-
mists’, ‘biochemist’ or ‘cell biologist’. (Bechtel 1993) 

This process of institutionalization of a research domain goes be-
yond the mere choice of a topic that is interesting to do research on. 
Indeed, the institutionalization is decisive for the viability of scientific 
paradigms. Clark (1974) convincingly argued that the sociological 
paradigm of Emile Durkheim lacked the institutionalization in profes-
sorial chairs (in French universities) and thus vanished quickly be-
cause it depended exclusively on the continuation of the tradition by 
his scholars (or the viability of their invisible college). In this context, 
Clark explicitly highlights that the importance of institutionalization is 
linked to the differentiation following division of labor favored by 
growing numbers of scientists.16 

In accordance with the latter, Cohen (2021) argues that e.g., a de-
nomination like ‘physics’ denotes a category defining knowledge about 
particular aspects of nature parallelly to a group of people in academia 
called ‘physicists’, which have authority over the latter knowledge 
domain and are interested in maintaining both formal and informal 
boundaries of the category. One of the formal aspects of boundaries 
are e.g., job titles, which legitimize academic expertise in a certain 
area. The author argues that such boundaries are productive insofar as 
e.g., in ‘physics’ the development of specialties in which physical 
knowledge can advance and new ‘physicists’ can be trained. On the 
contrary, boundaries might hinder productivity whenever they only 
serve the purpose of consolidating existing power structures and im-
pede the pursuit of promising collaboration forms. (Cohen 2021) 

 
15  In context of European institutions, the most specific unit (apart from the 
laboratory or institute in the natural sciences) is the professorial chair. 
16  Clark (1974) further states that this increased differentiation allows for more 
specialization, which is coordinated at e.g., conferences or through invisible col-
leges. This understanding of institutionalization of differentiation as division of 
labor is consistent with the notion developed in the theoretical part of this work. 
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A clear advantage of basing any form of DoL and Spec. measure 
on professorial denominations is that they reflect this institutionaliza-
tion process whereas e.g., interdisciplinarity measures based on biblio-
metric data disregard the latter (by adopting an output-based per-
spective). Therefore, the latter could signal coordination of research in 
cases, where in reality no true knowledge integration happened. Rous-
seau et al. (2019) argue that an ideal situation for studying interdisci-
plinarity would be if scientists classified themselves in scientific fields 
(according to a classification scheme). Arguably, professorial denom-
inations are exactly that, only without the limits imposed by arbitrarily 
predefining a classification scheme.  

Further, denominations contain not only information on institution-
alized task differentiation and coordination, but also on specialization 
depth. Comparing it to the categories defined e.g., in the Web of Sci-
ence scheme, a denomination could be as specialized as an individual 
subject area, span over (parts of) a research field or even (in earlier 
times) a whole discipline. Also, and this is a major advantage of using 
professorial denominations instead of exogenously defined categories, 
they could also delineate a research domain that is narrower than the 
scope of a subject area. Additionally, and this is a particularly desir-
able property, denominations could shed light on novel combinations 
of existing denominations, thus providing information on the institu-
tionalization of coordination of usually separated domains. As a con-
sequence, professorial denominations might better reflect dynamics of 
task differentiation, coordination and the gravity of specialization over 
the course of time. 

Historically, the institutionalization of a research domain was often 
linked to the patronage of some peerless scientist. As described by 
Merton (1973), the hierarchy of specialties can be expressed by de-
nominations first installed by peerless scientists and is not necessarily 
limited to three levels (e.g., subject, field, discipline):  

‘Accordingly, these peerless scientists are typically included also in 
the next highest ranks of eponymy, in which they are credited with 
having a fathered a new science or a new branch of science. Of the 
illustrious Fathers of this or that science (or of this or that specialty), 
there is an end, but an end not easily reached. Consider only these 
few, culled from a list many times this length: Morgagni, the Father 
of Pathology, Cuvier, the Father of Paleontology, […] and of course 
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Comte, the Father of Sociology. In a science as farflung and differ-
entiated as chemistry, there is room for several paternities. If Robert 
Boyle is the undisputed father of Chemistry […] then Priestly is the 
Father of Pneumatic Chemistry, […] and the nonpareil Willard 
Gibbs, the Father of Physical Chemistry. […] Once established, this 
eponymous pattern is stepped up to extremes. Each new specialty 
has its own parent, whose identity is often known only to those at 
work within the specialty. (298 pp)’ 

According to Parsons and Platt (1990) this patronage was enforced by 
the European professorial chair system dominating the beginnings of 
modern science, where one professor was usually in charge (of the 
boundaries) of one research domain. The introduction of the department 
system is considered a key innovation of US institutions, which helped 
relieve this patronage, sparked renegotiations of entrenched bounda-
ries and facilitated the institutionalization of coordination and collabo-
ration within a research domain. They further argue that the estab-
lishment of the university profession coincided with a first preliminary 
systematization of denominations, which we might consider to be dis-
ciplines or even broader epistemic branches like e.g., humanities and 
natural sciences. The authors attribute the compartmentalization of the 
latter in differentiated tasks like e.g., ‘physics’, ‘chemistry’ and ‘biol-
ogy’ as process of ongoing specialization. (Parsons and Platt 1990)  

A detailed description of the institutionalization process can be 
found in the work of Mullins (1974). He describes the development of 
a paradigm into an institutionalized specialty for the example of ‘mo-
lecular biology’. One key aspect of this process is the installation of 
new departments and the rebranding of existing ‘biology’ departments 
in ‘molecular biology’. In accordance with the remarks of Parsons and 
Platt (1990), this process was facilitated by the decentralized and 
competitive organization of US universities.  

Given the here presented statements of outstanding sociologists of 
science on the importance of institutionalization of research domains 
defined by denominations, it can securely be claimed that the profes-
sorial denomination (, derived from the designation of a professorial 
chair or academic department) conveys meaningful information on the 
differentiation of institutionalized tasks, their coordination, as well as 
their specialization depth in the scientific production process. Since 
specialization concentration is defined as the concentration of quanti-
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ties of academic staff on the differentiated tasks, this component of 
DoL and Spec. can be operationalized when numbers of academic staff 
according to denominations are documented.  

3.2 Sources, Dataset Compilation and Construction of Variables 

3.2.1 Sources 

Data from two different sources was used to operationalize the denom-
ination hypothesis motivated above. The first source is the Minerva – 
Jahrbuch der gelehrten Welt, a collection of yearbooks listing general 
information and information on professorial staff, available at the Ba-
varian State Library (Bayrische Staatsbibliothek) in Munich (Kukula 
1891-1930; Oestreich and Degener 1952; Schuder 1956-1969). The lat-
ter was issued first in 1891 and discontinued with final issue (nr. 35) 
in 1970. In the first years, the yearbook for the whole world was is-
sued annually (up until 1921) and then appeared approximately every 
two years until 1928. The last issues (33-35) appeared in 1938, from 
1952-1956 and 1966-1970 separately for European and non-European 
higher education institutions.  

In figure 1, an example entry for two universities listed in the last 
issue is given. Each entry starts with a brief introduction into the insti-
tution’s history and occasionally information on its organizational 
structure and curricula, people in charge of university management, 
staff and student numbers and funding are provided. Availability of 
the supplementary information varies largely across the issues and re-
gion. So, for example information on student numbers and funding was 
relatively regularly available for German institutions in the first issues, 
but in the last issues not available at all for US American universities. 
The latter equally concerns universities’ organizational structure. 
Whereas in earlier periods, information on the assignments of profes-
sors according to schools, departments, institutes, clinics and laborato-
ries was frequently completely available, this is rarely the case for 
later issues. The growing size and number of issues for one point in 
time and the change of frequency of publication indicate that collect-
ing full information on all universities worldwide eventually over-
extended the capacity of the editors.  
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The idea of the Minerva collection is to provide a reference work that 
allows researchers to identify peers working on similar or related topics 
to their own research. Therefore, the listing of professors and profes-
sorial denomination (alongside contact details) is at heart of the publi-
cation. Arguably, since this publication was aimed at researchers for 
identifying specialties of peers and coordination of their research (or 
at least correspondence and exchange of ideas with them), it should be 
seen as empirical validation for the theoretical remarks on why a pro-
fessorial denomination conveys information on division of labor and 
specialization. Listings of all university professors are completely 
available in all issues and for all (established institutions used in this 
work) the professors are assigned a denomination demarcating topics 
they are researching on. As indicated in figure 1, professors are further 
divided in full, associate and assistant professors (and equivalents in 
the respective country’s university system, e.g., ordentlich-öffentlich, 
außerordentlich, außerplanmäßig in the German system or senior lec-
turers in the UK system). 

Since the Minerva publication was discontinued in 1970, a second 
source had to be used to extract the data on professorial denomina-
tions. For all institutions considered, professorial denominations were 
collected using digitalized academic calendars or bulletins, course cat-
alogues (Vorlesungsverzeichnisse) or comparable documents individ-
ually requested at the universities’ administrations, libraries or archives 
whenever available. In figure 2, the example of the MIT bulletin of 
1975 to 1976 and the course catalogue of the LMU Munich of 1975 
are given. As can easily be obtained, even though there are substantial 
differences between the publication types and the information they 
provide, the nucleus of (name of) professor and professorial denomi-
nation is given and further listed according to tenure status. 

As pointed out in section 3.1.1, the documentation of professorial 
denominations is limited to natural sciences and engineering disci-
plines for theoretical reasons. In practice, distinguishing between de-
nominations of natural sciences and engineering disciplines and de-
nominations of formal and social sciences, as well as humanities was 
in the majority of cases intuitively possible (as opposed to the coding 
according to Web of Science subject categories, see section 3.2.3). In 
some cases, where denominations referred to technical terms unknown 
to us, a quick google search would enlighten whether there was a con-
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nection to the natural sciences and engineering disciplines or not. In 
cases, where the topics a denomination demarcates had a connection 
to the latter, but also to the other epistemic branches, it was docu-
mented as well. Given the scope of this work is to examine the coor-
dination of research (also on the aggregate level of the discipline) this 
should come across as a natural choice. 

3.2.2 Compilation 

In this section, the choice of the time period considered as well as 
sampling of institutions will be motivated. First, the time frame con-
sidered is determined. Clearly, the degree of division of labor and spe-
cialization does not change quickly. Much rather, tenured professors 
supposedly keep their denomination for a lifetime. Changes will only 
occur very gradually, when the latter are given emeritus status or new 
positions are created and e.g., assistant professors specialize in new 
areas of research. Possibly, the latter rationale can be rediscovered by 
the movement from annual issues to issues in decade interval towards 
the end of the Minerva publication. The slow rate with which major 
changes among the professorial staff occurred might not have justified 
the workload linked to annual updates.  

Also, since the manual documentation of denominations is very 
labor-intensive, limiting the documentations to fewer, spread apart 
periods will free resources to cover a larger span in time. In this work, 
the time period 1890 to 2020 will thus be covered in a decade-interval. 

This time period is believed to represent the development of science 
as we understand it today or as Leydesdorff (2021: 3) summarized it:  

‘this […] period (1870-1910) […] the scientific-technical revolu-
tion … cannot be understood in terms of specific innovations – as is 
the case of the Industrial Revolution, which may be adequately char-
acterized by a handful of key inventions – but must be understood 
rather in its totality as a mode of production into which science and 
exhaustive engineering investigations have been integrated as part 
of ordinary functioning. The key innovation is not to be found in 
chemistry, electronics, automatic machinery, aeronautics, atomic 
physics, or any of the products of these science-technologies, but 
rather in the transformation of science itself into capital.’ 
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The decades 1930 to 1940 and 1940 to 1950 are not considered in the 
sample. For the latter decade, no Minerva publication was issued. The 
issue of the former period was published in the ‘Third Reich’ and the 
data collection on foreign universities is incomplete and cannot be 
proven to be reliable. Further, ethical concerns would arise with the 
documentation of natural sciences’ denominations of the German in-
stitutions, which were both politically and due to their research activi-
ties involved in the atrocities committed by the Nazi regime. Some-
times professorial denominations like ‘race hygiene’ i.e., would give 
away the connection to the Nazi ideology, sometimes professors would 
hold (back then) commonly used professorial denominations like ‘hy-
giene’ and nonetheless conduct research on ‘eugenics’ and be heavily 
involved as NSDAP party member (see e.g., the role of Fritz Lenz in 
science landscape of the third Reich in Weber (1989), who is listed in 
issue 32 in the entry of the LMU Munich). Since a clear differentia-
tion was not possible, we decided to exclude the data from issue 32 
(1936) completely from the sample. 

Secondly, the choice of institutions needs to be motivated. Given 
the theoretical remarks of chapter 2, it should be clear that while peer 
review and publication, as well as citation (and consequently recogni-
tion) bear information on the quality of a piece of research, this infor-
mation is by no means perfect and probably biased by e.g., the Matthew 
effect. A second measure (, apart from limiting the data collection to 
natural sciences and engineering disciplines) put in place to ensure 
that the conditional efficiency analysis, conducted in the next chapter, 
actually contains information on the impact of DoL and Spec. on pro-
gressiveness (not mere quantitative productivity), is to limit the insti-
tutions, for which denominations are documented to the ones, for 
which we assume that scientific progress has already been achieved. 

Regardless of all the flaws linked to university rankings as a fair 
measure of research or teaching quality (see 3.1.2.2 for details) they 
are a suitable tool for such an initial limitation of potential institutions. 
Since they measure performance based on the bibliometric hypothesis, 
they allow us to construct a sample of universities for which it is al-
ready known that they are good at producing large numbers of publi-
cation output. Also, the performance measurement in university rank-
ings is partially built on quality criteria like e.g., survey data and the 
number of Nobel prizes received. And finally, third, they allow us to 
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balance the bias towards European institutions, that would be intro-
duced if we took data availability as primary criterion for selection. 
Since the issues of the Minerva collection employed were produced in 
the German empire, Weimar republic and the Federal Republic of Ger-
many, data availability for institutions within the publication is biased 
towards German and European universities. Also, of course in the late 
19th century, European universities were most certainly among the 
most renowned and longest established institutions in science, whereas 
universities in other parts of the world were not yet or just recently 
founded. Limiting the data acquisition process to top ranked universi-
ties will thus make sure that (European) universities that are consid-
ered have preserved their role as contributing towards scientific prog-
ress over time. (Daraio and Bonaccorsi 2016) 

In summary, there are two criteria determining the sample of institu-
tions. For one, when a university was founded before and established 
long enough to have a significant number of professors and denomina-
tions documented in the Minerva publication (forward-induced quality 
bias). And secondly, if it does count as an excellent institution today 
(backwards-induced quality bias). It should be critically noted that the 
intersections of the two criteria also introduce a bias towards institu-
tions that are US American, Continental European or located in other 
English-native speaking countries (Australia and New Zealand). Then 
in turn, the development of division of labor and specialization needs 
to be assessed for institutions that operate at similar financial and infra-
structural conditions over the whole period considered and this might 
indeed be best given for universities located in developed western 
societies, which were first in enforcing policies for general education 
of societies planting the seed for modern (higher) education institu-
tions’ success (Parsons and Platt 1990). 

Therefore, the data collection process was initially limited to univer-
sities appearing simultaneously in the top 100 ranking of three most 
popular university rankings (Times Higher Education (THE), Shanghai 
Ranking, QS ranking). Since the choice of indicators in university 
rankings is rightfully criticized as arbitrary, we chose to consider the 
intersection of all three rankings, since they employ slightly different 
criteria (e.g., knowledge transfer in the THE, research focus in the 
Shanghai and teaching quality in the QS ranking) to sort out universi-
ties, which only rank highly because they perform well in particular 
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categories (Van Raan 2019). The remaining institutions were limited 
to a sample for which an entry of the university was available before 
190017 in the Minerva publication.18 (Daraio et al. 2015a) 

Effectively, the sample was initially limited to 62 universities. For 
the latter, academic calendars, course catalogues and archival material 
was requested at university libraries, archives and administrations. In 
total, 51 institutions took action upon the initial request. The two most 
frequent reasons declared for not being able to provide the requested 
data is that the university does not keep track of (historical) records of 
their academic staff (e.g., University of Edinburgh) or that it would be 
too labor-intensive to provide the requested resources (e.g., University 
of Basel). Some institutions were not willing to provide the data re-
ferring to their duty of disclosure by law being exceeded (e.g., Univer-
sity of Sheffield, referring to the UK Freedom of Information Act), 
whereas others would have only made the data available as a payable 
service (e.g., University of Freiburg). Another very common problem 
was that the organizational structure of a university proved to be in-
compatible with the other institutions (multi-institutional system of the 
university of Paris and London or the Humboldt university in Berlin, 
which was completely reorganized after the German reunification).  

Indeed, the data collection process for later decades turned out to 
be extremely difficult and labor intensive for European universities (, 
for which good data availability in the Minerva publication was al-
ready secured), which seemingly put less emphasis on centralized 
units governing their institution. On the contrary, some US American 
institutions (, e.g. Harvard university archives) were able to redirect 

 
17  Note that the University of California system is the exception from this rule. 
Since they are branches of the UoC system initially concentrated at fewer loca-
tions (and since the data was made available to us), the UoC – Davis, UoC – Los 
Angeles and UoC – San Diego were also considered in the sample.  
18  In this first period, the data source is the Minerva publication of 1899 (issue 9) 
to allow the inclusion of institutions that were founded before the 1890s yet not 
available in issues 1-8. For all remaining periods, the issue that laid closest to the 
middle of each decade was chosen (1900-1910: issue 15 (1905), 1910-1920: 23 
(1913), 1920-1930: 28 (1926), 1950-1960: 34 (1956) and 1960-1970: 35 (1966)). 
The latter scheme was equally applied to the academic calendars and course 
catalogues used to extract the data for the period 1970 to 2020. 
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and complete the request within a few workdays, providing digitalized 
academic calendars for the whole period with full availability of data.  

Admittedly, the latter is of course only anecdotic evidence. None-
theless, it points at a certain capacity of some institutions to monitor 
their task coordination and specialization in certain domains (since they 
collected data and could make it accessible), whereas other institutions 
apparently do not consider this to be an important part of university 
governance. Eventually, 24 institutions completed the request and pro-
vided data sources that enabled an extraction of professorial numbers and 
denominations. Four of the latter had to be excluded from the sample, 
because the documents did not allow an unambiguous assignment of 
professors to denominations, or because of the language barrier (e.g., 
University of Gent, which documented its denominations in Dutch). 

For the remaining 20 universities, the distribution of the 10,167 
manual entries documented is given according to institution and period 
in table 3. The final sample consists of 11 US American, three German, 
two Swiss, and single institutions from UK, Sweden, New Zealand and 
Australia respectively. Interestingly, even though initially we feared a 
European bias in the sample due to the good availability of data for 
European institutions in the Minerva publication, in the end US Ameri-
can institutions make up for more than half of the universities considered.  

Nonetheless, given the comparatively small number of observations, 
the sample still offers a certain (even though unbalanced diversity) in 
characteristics.  

Indeed, it can be differentiated in between technical and all-sciences 
universities, institutions located in English-native and non-English-native 
speaking countries, as well as according to region (North American, 
European and Oceanian). The European institutions stem from four dif-
ferent countries with different educational systems. Also, it can be dif-
ferentiated among the US institutions in between private institutions 
(Caltech, Stanford, MIT), private Ivy League members (Harvard, Colum-
bia) and state universities (, also sometimes referred to as public Ivy’s) 
like the University of California and the University of Texas (with the 
University of Washington as aspiring candidate). While the effects of 
DoL and Spec. obtained for the latter sample certainly cannot be seen as 
representative for the whole scientific community, one could argue, given 
the diversity of the above-mentioned characteristics, that it is at least re-
presentative for most types of excellent (or highly ranked) universities. 
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Tab. 3: Denominations documented according to  
institution and period 

institution inc 18
90

 

19
00

 

19
10

 

19
20

 

19
50

 

19
60

 

19
70

 

19
80

 

19
90

 

20
00

 

20
10

 

CALTECH CAL . . . 14 49 54 46 45 46 49 49

Columbia University  COL 31 57 65 87 96 70 . . . . 6

ETH Zürich ETH 31 34 36 35 64 102 . . . 154 55

Georg-August  
Universität Göttingen 

GAU . 33 36 38 64 96 104 159 196 180 . 

Harvard University HAR 47 75 77 98 119 86 70 67 69 89 . 

LMU Munich LMU 44 42 49 84 82 120 121 160 206 263 . 

Massachusetts Inst. 
of Tech. 

MIT 25 35 37 66 62 47 55 54 70 85 41

RFW Bonn RFW 22 24 24 41 65 105 114 182 257 289 . 

Stanford University STA . 19 36 30 42 64 26 24 27 28 29

Universität Zürich UZH 40 23 33 32 48 67 78 112 131 150 . 

University of  
Auckland 

AUC . . 3 3 12 19 27 23 54 32 37

UoC – Berkeley UCB 22 56 66 73 82 72 24 30 26 27 23

UoC – Davis UCD . . . . 26 39 39 . 64 58 . 

UoC – Los Angeles UCL . . . . 44 31 . 35 33 46 48

UoC - San Diego UCS . . . . . 15 38 41 35 42 . 

University of Leeds LEE . 28 28 28 55 55 53 . . 177 . 

University of Sydney UOS 20 35 37 19 39 57 49 47 89 107 . 

University of Texas  
- Austin 

UTA 8 17 . 19 20 21 . . 19 18 19

Univ. of Washington 
- Seattle 

UOW . 12 18 18 73 62 64 61 66 66 58

Uppsala Universitet UPP . 20 26 28 27 51 . . 105 115 . 
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3.2.3 Denomination harmonization and matching  
according to WoS scheme 

Before the actual variables for division of labor and specialization 
could be constructed, some further work on the raw denomination 
documented was necessary. First, the denominations had to be harmo-
nized by translating all entries in (German) into the English language. 
With technical terms this was often very intuitive, yet occasionally 
denominations referred to very particular topics not trivial to translate. 
In the latter cases, the online bilingual concordance service of ‘Linguee’ 
(www.linguee.de) was used to achieve a proper translation of the de-
nomination. As opposed to traditional translation services, ‘Linguee’ 
provides translations based on documents available on the internet, 
where the term of interest is used in context. In most unclear cases, 
this turned out to be very effective, because ‘Linguee’ referenced doc-
uments from the university to which the denomination belongs, where 
the institution itself would provide their own translation of the denom-
ination. This harmonization process led to narrowing down the 10,167 
entries initially documented to 2,549 denominations, which are se-
mantically unique, either recombining existing topics or demarcating a 
specific topic differentiable from that of other denominations.  

Second, in order to achieve a good compatibility of the data set with 
existing databases and studies based on the bibliometric hypothesis, 
the denominations were coded according to a Web of Science classifi-
cation scheme (CWTS 2024), which allows to categorize publications 
and journals on three different levels of granularity (discipline, research 
field and subject area). By choosing this scheme, an analytical, internal 
perspective of science is taken over, thinking about research domains 
in terms of today’s output as opposed to adopting a classification 
scheme based on sociological, historical or psychological perspectives 
on scientific inquiry (Bornmann and Mutz 2014). In total, the WoS 
classification system consists of 7 disciplines, 35 fields of research 
and 250 separated subject areas. After excluding all fields of research, 
which are not element of the definition of natural sciences and engi-
neering disciplines provided in section 3.1.1, 3 disciplines, 18 fields of 
research and 166 subject areas remained, which are given in table 4. 
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Tab. 4: Web of Science categorization scheme limited to  
epistemic branches as specified in section 3.1.1 

discipline disc research field refi

subject 
area 
(nr.)

Multidiscipli
nary (misc.)

I . . .

Engineering 
Sciences

E Civil Engineering and Construction E01 2

E Electrical Engineering and Telecomm. E02 6

E Energy Science and Technology E03 4

E General and Industrial Engineering E04 4

E Instruments and Instrumentation E05 2

E Mechanical Engineering and Aerospace E06 5

Medical and 
Life Sciences

M Health Sciences M01 9

M Agriculture and Food Science M02 8

M Basic Life Sciences M03 10

M Biological Sciences M04 12

M Basic Medical Sciences M05 4

M Biomedical Sciences M06 12

M Clinical Medicine M07 34

Natural 
Sciences

N Astronomy and Astrophysics N01 1

N Chemistry and Chemical Engineering N01 12

N Physics and Materials Science N02 17

N Earth Sciences and Technology N03 13

N Environmental Sciences and Technology N04 10

See digital Annex DS1 for full scheme including all sciences and subject areas 

In practice, coding the individual denominations according to this 
scheme was less trivial than translating the denominations. A lot of the 
individual subject areas in the WoS classification do overlap (Rous-
seau et al. 2019) and for some denominations it took substantial effort 
and research on websites of institutes or departments to properly link a 
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denomination to one or more of the 166 available options for subject 
areas. Assigning those denominations manually to subject areas guar-
antees for a high quality and consistency of the scheme. 

While most denominations were attributable to one (e.g., ‘Hemo-
staseology’  Hematology (M0713)) or two subject areas (e.g. ‘Immu-
nological Molecular Biology’  Biochemistry and Molecular Biology 
(M0302), Immunology (M0602)), others were attributable to multiple 
subject areas (e.g., ‘Pharmacognosy and Analytic Pharmaceutical 
Chemistry and Anorganic Pharmaceutical Chemistry’  Medicinal 
Chemistry (M0501), Pharmacology and Pharmacy (M0608), Analyti-
cal Chemistry (N0102), Inorganic and Nuclear Chemistry (N0104)).  

The different subject areas attributable could either belong to one 
research field and discipline (‘Accident Medicine and Occupational 
Medicine’  Clinical Medicine (FIELD)), connect different research 
fields within a discipline (‘Applied Genetics and Agronomy’  Agri-
culture and Food Sciences, Basic Life Sciences (FIELD)  Medical 
and Life Sciences (DISC)) or even span over different disciplines 
(‘Engineering Science and Geophysics’  General and Industrial En-
gineering, Earth Sciences and Technology (FIELD)  Engineering 
Sciences, Natural Sciences (DISC)). The categorization of denomina-
tions according to fields and disciplines has been carried out entirely 
according to logic of the WoS scheme (, which of course is one of 
many possible ways to classify scientific activities). Consequently, the 
only subjective component involved in the categorization process was 
the assignment of subject areas, which may be retraced by looking at 
the full dataset containing the individual entries (sheet ‘acc’), the se-
mantically different denominations (sheet ‘den’) and the coding scheme 
(sheet ‘cod’) in the digital Annex DS2. 

3.2.4 Variables 

The categorization of the denominations according to the WoS scheme 
is also valuable for measuring the effects of DoL and Spec. on differ-
ent levels of granularity. The latter falls in line with the idea promoted 
in section 2.2.3, to accommodate the sometimes very generally issued 
calls for inter- or transdisciplinarity by providing a more granular and 
concrete perspective on coordination of research activities. 
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One of the more concrete definitions of disciplinarity, multi-, pluri- 
and interdisciplinarity stems from the OECD (Apostel et al. 1972). In 
conjunction with the classification of denomination according to the 
WoS scheme, the latter can be applied to determine a denomination’s 
inherent degree of disciplinarity. The latter measure may then be com-
pared to the variables operationalized to determine division of labor 
and specialization to make a judgment on whether debates on discipli-
narity would benefit from the more granular perspective.  

Effectively, we considered a denomination to be disciplinary when 
it covers one subject area of a particular research field and discipline. 
A denomination is classified as interdisciplinary when it is attributable 
to subject areas belonging to at least two different disciplines in the 
WoS scheme (e.g., Engineering Sciences and Natural Sciences) The 
operationalization of the categories multi- and pluridisciplinary is 
slightly tailored to the available data yet oriented at the definition pro-
vided by Apostel et al. (1972). There, pluridisciplinarity is defined as 
‘Juxtaposition of disciplines more or less related, e.g. mathematics + 
physics (25)’. We can rediscover this information on the more granular 
level of subject areas and research fields, where e.g., the two different 
research fields ‘Mathematics’ and ‘Physics and Materials Science’ 
belong to the same discipline ‘Natural Sciences’. Denominations are 
here considered ‘pluridisciplinary’ whenever they are attributable to 
different subject areas belonging to the same discipline.  

Multidisciplinarity in turn was defined as ‘Juxtaposition of various 
disciplines, sometimes with no apparent connection to one another (25)’ 
Now of course, on level of individual denominations we may rarely 
ever encounter the latter. Thus, denominations were only considered 
multidisciplinary in case they were assigned to the subject area multi-
disciplinary (miscellaneous), which signals that they cover different 
topics, subjects and fields yet the denomination was too broad to assign 
individual subject categories. This only concerns a small portion within 
the sample (29 of the 2,459 denominations) and includes denomination 
like ‘Applied Science’, ‘Natural Sciences’ and ‘Science’ for example. 
The resulting four categorical variables of disciplinarity defined for 
individual denominations are by design more granular and informative 
than e.g., disciplinarity measures derived from affiliations in biblio-
metric databases and thus might indeed allow to enlighten the rela-
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tionship of disciplinarity with the continuous variables of the DoL and 
Spec. components. 

In table 5, the operationalization of the (theoretically derived) com-
ponents of DoL and Spec. in continuous variables is given according 
to different levels of granularity. Regarding the operationalization of 
task division, two options were considered. As defined in section 2.2.2 
task division means the institutionalization of a separable part of the 
production process into a differentiated task. So technically, task divi-
sion could be operationalized by the sheer number of denominations, 
which reflects the division of the (teaching and research) production 
process of a university into different institutionalized tasks. On the con-
trary and in accordance with Adam Smith’s idea of DoL being limited 
by the extent of the market, using the sheer number of denominations 
would neglect the size differences between institutions, which may 
only be able to institutionalize new tasks whenever sufficient numbers 
of professors are available.  

Tab. 5: Operationalization of the components of DoL and Spec.  
in data set variables 

Division of Labor Specialization 

Task Division Task Coordination Concentration Gravity 

Discipline  
Nr. of disci-

plines covered 
(weighted) 

Nr. of 
professors Individual specialization of  

denom
ination (w

eighted) 

Research 
Field 

 
Nr. of research 
fields covered 

(weighted) 

Nr. of 
professors

Subject 
Area 

 
Nr. of subject 
areas covered 

(weighted) 

Nr. of 
professors

Denomi-
nation 

Nr. of  
professors /  

denomination 

Nr. of topics 
covered 

(weighted) 

Nr. of 
professors

Thus, task division here is defined by the number of professors divided 
by the number of denominations. A value of one would then return a 



84 Chapter 3 

size-normalized fully institutionalized task division, where on average 
a professor holds a denomination. Higher values in turn, point at a 
lower degree of institutionalized differentiation of tasks. Presumably, 
the latter signals that task division is not organized by institutionaliz-
ing it, but occurs e.g., rather team-based within larger departments, to 
which more professors are assigned sharing one common denomina-
tion. It should be noted though that while the measures employed here 
certainly to some extent convey information on organizational differ-
ences with low values for task division (=1) pointing at a university 
system operating with professorial chairs and higher values suggesting 
a departmental based organization, the primary concern here is the 
institutionalization of different tasks. Technically speaking, it is logi-
cally possible that multiple professors of an institution at a point of 
time share the same denomination, yet are organized in different depart-
ments, institutes, laboratories or even chairs. There is neither a logical 
necessity for them to cooperate, nor to (locally) cooperate at all, at 
least from all we know from the data. The main information conveyed 
and the primary interest within this work concerns the extent of the 
institutionalization of the differentiation of tasks. 

As established in the theoretical line of thought, scientists choose to 
specialize in different research domains and universities allocate their 
professorial staff differently according to more labor-intensive research 
projects resulting in denominations with higher and lower numbers of 
professors assigned to them. The specialization concentration measure 
should thus allow to analyze (in-)equalities in distributions of profes-
sors according to the different institutionalized denominations. Fur-
ther, the latter should be analyzed on the aggregated levels of the WoS 
categories to identify the domains an institution specializes in. For the 
descriptive analysis, the specialization concentration measure is ana-
lyzed by plotting the number of professors according to category of 
interest. Later, for the cluster and efficiency analysis, the qualitative 
information will be reduced to quantitative information only, by em-
ploying concentration measures (see 3.3.2). 

In the theoretical remarks on specialization in section 2.2.2, a second 
component apart from the concentration on certain research domains 
alluding to the qualitative depth of specialization was defined. This 
gravity of specialization measure is operationalized by assigning each 
denomination a value of 1 if it demarcates a research topic, which is 
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roughly equivalent to a subject area, a value of 2 if it demarcates a 
sub-topic that is fully contained within a subject area (and does not 
entirely cover the scope of the subject area) or a value of 1 if the de-
nomination is as general as a research field or even discipline ( 0). 
Some denominations though cover more than one topic belonging 
either to one or more subject areas. ‘Ophthalmology and Otology’ for 
example covers two topics attributable to two different subject areas 
‘Ophthalmology’ and ‘Otorhinolaryngology’. It is evident that the 
degree of depth clearly differs for the two topics. The topic ‘Ophthal-
mology’ is identical to the subject category whereas ‘Otology’ 
demarcates a narrower scope than ‘Otorhinolaryngology’. Whenever 
more than one topic is covered, each topic is assigned an individual 
value and the geometric mean is calculated for the denomination. 

The latter could either be aggregated to the level of an institution at 
a point of time, a particular time period or an institution over the 
whole period. Of course, calculating geometric means for the latter 
needs to be normalized for the weight of an individual denomination 
within the considered aggregated level. So, in case the number of topics 
covered is calculated for an institution and a certain time period, the 
value of each denomination is weighted by the share of the sum of 
professors associated with the denomination relative to the sum of 
professors of an observation at the time period considered. Analogous-
ly, when the number of topics covered is calculated for the overall 
institution over the whole period, the value of topics covered for each 
denomination is weighted by the sum of professors associated with the 
denomination relative to the sum of professors of the institution over 
the whole period considered. The latter rationale was equally applied 
on level of subject areas, research fields and disciplines as well as 
applied to the specialization gravity variable.  

Finally, the operationalization of the second component of division 
of labor, the task coordination variable, needs to be introduced. Analo-
gously to the specialization concentration measure task coordination 
can be considered on different levels of granularity. Here, instead of 
the denomination the most granular information is assumed to be con-
veyed by the number of different topics a denomination coordinates. 
The latter could then belong to one or more different subject areas, 
research fields or disciplines a denomination coordinates. Here again, 
the aggregation to institutional level or time period is achieved for 
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each variable by weighting the individual denominations by the share 
of associated professors relative to the category of interest.  

3.3 Data 

3.3.1 Descriptive statistics  

3.3.1.1 Full sample (zooming out) 

In this section, a thorough descriptive analysis of the above introduced 
dataset is performed. For the 2,549 different denominations, docu-
mented in 10,167 individual entries, a total of 46,294 professors was 
counted. In figure 3 the development of sum of professors, professorial 
types and denominations over time is given. The year 2010 is not con-
sidered here because of the many missing observation in particular 
among European institutions (see table 3). 

Clearly, an increasing trend in number of professors can be obtained 
over the considered period. For the period before the second world 
war (1890 to 1920) the absolute sum of professors and denominations 
moderately increased. When looking at the ratio of professors per de-
nomination, we can obtain that they moderately increased for this pre-
war period. When looking at the period 1950 to 2000 we can obtain a 
substantial shift in both patterns with enormous growth rates in overall 
number of professors, whereas the number of denominations follows a 
moderate growth path leading to significant increases in numbers of 
professors per denomination. 

In the two graphs on the right-hand side, the numbers for the dif-
ferent professorial types are given. It should be noted that in the final 
Minerva publication used to document the data for the period 1960 to 
1970 (Issue 35: 1966), for some institutions the differentiation be-
tween full, associate and assistant professors was not given. Therefore, 
all professors of those institutions had to be treated like full profes-
sors, which explains the gap in the trends for the different professorial 
types obtainable for the 1960s. Taking the latter into account, we may 
obtain a rather stagnating and saturating trend for increase in numbers 
of associate and assistant professors. The overall increase in professo-
rial staff numbers is thus mainly caused by substantial increases in 
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tenured positions. When relating the numbers of associate and assis-
tant professors to the development of numbers of denominations we 
can even see a declining trend from 1970 on.  

Fig. 3: Development of sum of professors, professorial types and  
denominations over time 
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Overall, this suggests that there exists a structural break between scien-
tific activity conducted before and after the second world war, reflected 
by the professorial staff numbers and the institutionalization of divi-
sion of labor and specialization within the sample (Parsons and Platt 
1990). Indeed, when analyzing cited references, Bornmann and Mutz 
(2014) find a relatively constant linear increase of 2 to 3 percent for 
the period between the two world wars and growth rates of about 8 to 
10 percent afterwards. While the growth rates of cited references can-
not be compared to the increase of professorial staff in this dataset, the 
structural change in size between pre- and post-war science is well-
proxied by the development of professorial staff numbers in the sample.  

In figure 4, sum of professors and denominations as well as the ra-
tios are given for the different locations of the institutions according to 
pre-war and post-war period. While in the pre-war science the ratio of 
sum of professors per denomination is relatively equal for European, 
US American and Oceanian institutions, ranging from 1.26 to 1.64, 
the ratios reveal substantial differences in the post-war period. While 
the ratio only moderately increased from 1.33 to 2.11 professors per 
denomination for European institutions, it went up by a factor of 6 for 
US American universities (1.64 to 9.84) and over 4 for Oceanian insti-
tutions (1.26 to 5.41). It should be kept in mind though that the latter 
region is only represented by two institutions in the sample and its 
results should thus be interpreted carefully (University of Auckland, 
University of Sydney). 

These findings coincide with the description of the differences be-
tween US American and German universities by Parsons and Platt 
(1990), which highlighted the substitution of the professorial chair 
system with the department system as the major innovation of the 
American university, building the organizational subunit of the facul-
ties of arts and sciences or the professional schools where multiple full 
professors of the same subject area form a collegial body. The latter is 
reflected here by the upscaling in numbers of professors in US institu-
tions, which seem to be decoupled from the number of denominations. 
For European institutions in turn, where the professorial chair system 
prevailed (, even though other forms of organizational and institution-
alized bodies like projects, institutes, laboratories or affiliations with 
research organizations of course gained in importance), we can obtain 
that the growth in numbers of professors in the post-war period nearly  
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Fig. 4: Professorial staff, denominations and professors per  
denominations according to location for pre-war (top) and  

post-war science (bottom) 
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led to a proportional increase in numbers of denominations. When 
looking at the absolute numbers, this picture is confirmed. In absolute 
terms, the number of institutionalized tasks increased nearly by the 
factor 5 for European institutions yet only by factor 4 for US institu-
tions regardless of the enormous growth in absolute numbers of uni-
versity professors for the latter. 

On the aggregated level of the location and for the rough division 
in pre- and post-war period, we can thus conclude for this sample that 
task division among professors is fully institutionalized in the pre-war 
period and still very differentiated in the post-war period for European 
institutions, whereas task division for the non-European institutions in 
the post-war period seems to be less institutionalized, supposedly 
more team- or department based.  

In figure 5 the development of task coordination and specialization 
gravity is depicted for both full and sum of all professors. For all vari-
ables we find the trends to largely coincide for the latter, suggesting 
that the differences obtained in the development of numbers in be-
tween full, associate and assistant professors cannot be transferred to 
the division of labor and specialization variables.  

In the upper left graph, we find that the number of topics and sub-
ject areas covered follows a U-shaped curve. Indeed, in the pre-war 
period the mean number of topics and subject areas covered by a de-
nomination, drops from above 1.3 in 1890 to below 1.2 in 1920. Even 
though, the decades of 1930 and 1940 are missing because of ethical 
considerations as outlined in section 3.2.2, this decreasing trend none-
theless continues up until the 1950s before the variables start to in-
crease substantially for the remaining post-war period, rising up above 
1.3 again in 2000. Interestingly, in the post-war period we can obtain a 
moderate decoupling in the number of topics and subject areas covered, 
where in particular for the last decades individual topics are assignable 
to more subject areas on average. The latter can be explained by the 
increasing importance of departments, whose denomination might de-
marcate one topic which spans over multiple subject areas of a research 
field. 

This idea is confirmed by the depiction of the different levels of 
granularity of the task coordination variable in the lower left graph. 
Indeed, by looking at the nearly continuously downwards shifted trend 
for subject areas covered when looking at the level of the research field  
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Fig. 5: Development of task coordination and specialization gravity 
variables for full and sum of professors over time 
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or discipline, two things can be noted. For one, if we were to project 
the number of topics covered into the lower left graph, we would find 
that while it develops parallelly with the subject areas in the pre-war 
period, it would in the post-war period lie in between subject areas 
and research fields attributable, confirming the idea of the department 
denomination’s topics to be defined more general unifying multiple 
subject areas or larger parts of a research field. A second interesting 
finding here is that moving from the most granular levels of topics and 
subject areas to the aggregated level of the discipline, we can obtain 
that the information contained in the development of the trend seems 
to fade out or become less clear with increasing level of abstraction. 
The latter of course supports the idea that thinking about scientific 
coordination and cooperation in terms of interdisciplinarity might miss 
out on a lot of coordinative actions performed on more granular levels 
of interaction. Indeed, if we only considered the trend in development 
of disciplinarity of denominations for making a judgment on task co-
ordination, we would probably conclude that (, after a steep move to-
wards disciplinarity at the beginning of the 20th century) there is a 
moderately increasing trend towards more interdisciplinarity. Most 
certainly though, we would have missed the u-shaped trend obtainable 
on the more granular levels.  

In the two graphs on the right-hand side, the trend of specialization 
gravity is plotted against the task coordination variables on level of 
the topics and on the level of the discipline. In general, the depth of an 
individual denomination’s specialization is more volatile for the full 
sample when compared to the development of the task division or task 
coordination variables. In the pre-war period we can obtain high values 
for specialization depth, which seem to be relatively constant. In the 
post-war period, specialization depth seems to decrease until the 1960s 
before it stabilizes and increases again for the later decades. Interest-
ingly, the trend for specialization depth falls in line with the trend of 
disciplines attributable in the post-war period and with the trend of 
topics covered in the pre-war period. The latter suggests that for this 
sample, in the post-war period we find that denominations demarcate 
slightly more ‘interdisciplinary’ yet less specialized research domains, 
whereas in the pre-war period they demarcate rather ‘disciplinary’ and 
highly specialized topics.  
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Clearly, this in opposition to the theoretically outlined idea of a 
lack of controlling coordination costs in scientific institutions. Indeed, 
task division and specialization gravity increase in the later sample 
periods, but task coordination equally increases on all different levels 
of granularity. This suggests that increased division of labor and spe-
cialization is kept in check by greater efforts of task coordination at 
least by the here considered universities. When looking at the trend 
over time for the full sample, a self-reinforcing effect of specialization 
gravity over time thus cannot be obtained. 

In figure 6, the mean values for the task coordination and speciali-
zation gravity variables are given according to locations for pre-war 
and post-war science. In the pre-war science, the highest values for 
task coordination can be found among the European universities in the 
sample, which e.g., on average cover 1.3 topics and subject areas per 
denomination. 

This is also reflected on the level of research field and discipline, 
where European institutions coordinate more when compared to US 
peers. While the denominations in the two Oceanian institutions cover 
less topics and subject areas, they coordinate slightly more research 
fields and substantially more in between disciplines than their European 
counterparts. When looking at the results for the post-war period, the 
structural differences found for pre-war and post-war period seem to 
be mainly caused by changes in US American institutions. While the 
European values for task coordination on the different levels of granu-
larity remain relatively stable over the course of time, with a moderate 
decrease in number of topics covered and minor increases in subject 
areas and research fields attributable, we find substantial shifts in the 
patterns for non-European universities. Task coordination in US Ameri-
can institutions significantly increases on all aggregation levels, even 
surpassing the European institutions when it comes to connecting dif-
ferent disciplines in denominations. Oceanian universities on the other 
hand, operate at lower levels of task coordination in the post-war than 
in the pre-war period. 

When looking at the lower graphs, where the specialization gravity 
variable is plotted against the topics covered, we see that this differ-
ence obtained in between European and US institutions in the post-war 
period does equally apply to specialization depth. On average in the 
post-war period the specialization depth of a denomination in non-Euro-  
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Fig. 6: Task coordination and specialization gravity according to 
location for pre-war (left) and post-war science (right) 
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pean institutions corresponds nearly exactly to the scope of a subject 
area. On the contrary, nearly every second denomination in a European 
institution demarcates a research topic that is narrower and fully nested 
in a subject area. When contrasted with the pre-war period, we can ob-
tain that specialization depth of denominations in European institu-
tions increased, whereas it decreased for US American and Oceanian 
universities.  

The latter is particularly interesting, because task coordination 
mainly increased for US institutions yet nearly stayed the same for 
European institutions. Further, the task division variable suggests that 
European universities continued to differentiate tasks in the post-war 
period. Altogether, over time, European universities’ denominations 
became more specialized in depth, continued to differentiate in tasks, 
while efforts for task coordination remained stable. Whereas we can-
not find a lack of controlling coordination costs for the full sample, 
this might nonetheless be the case for the European institutions. 

This picture is further confirmed by the opposite trends obtainable 
for the non-European institutions, in particular US universities. The 
latter are found with higher values for task division, which suggests 
less differentiation or institutionalization of tasks, moving towards 
organizing division of labor rather in departments or teams. In addi-
tion, the efforts for task coordination increased, whereas specialization 
in depth decreased, which suggests that coordination costs are kept in 
check over the here considered time period. 

Finally, specialization concentration will be assessed by looking at 
the concentration of professors on different research domains. In table 6, 
a summary of the distribution of professors, DoL and Spec. variables is 
given according to disciplinarity and disciplines attributable (See Annex 
S1 for the full table, where information on numbers of individual pro-
fessorial types, DoL and Spec. variables is provided according to time, 
location and institution). For the full sample, three-quarter of all pro-
fessors is associated with one of the 1,086 disciplinary denominations. 
Overall, about 10 percent of sample professors work disciplinarily in 
the engineering sciences, 41 percent in the medical and life sciences 
and finally, about 23 percent in the natural sciences. About 10 percent 
of sample professors are associated with a denomination that is inter-
disciplinary, with the combinations of the disciplines originally con-
sidered being most pronounced making up about 5 percent of the pro-  
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fessors in the sample. Finally, about 14 percent of sample professors 
are linked to denominations categorized as pluridisciplinary. The latter 
category is mainly constituted by denominations, which connect dif-
ferent research fields in the medical and life sciences. 

When looking at the ratio of sum of professors to full professors, 
we find that among the disciplinary denominations, medical and life 
sciences have higher shares of associate and assistant professors (1.60) 
followed by the engineering sciences (1.42). Among the pluridiscipli-
nary denominations this is the other way around. In both cases, the 
natural sciences have the least associate and assistant professors rela-
tive to full professors in the sample. Regarding task division (sum of 
professors per denomination) we can obtain that disciplinary denomi-
nations seem to be more institutionalized (2.46) whereas inter- (2.71), 
multi- (3.81) and pluridisciplinary (2.47) denominations come along 
greater numbers of professors. The different variables employed to 
measure task coordination also vary across different disciplines and 
degree of disciplinarity. While the number of topics covered is rela-
tively moderate and comparable for disciplinary denominations, it is 
absolutely higher for pluridisciplinary denominations and varies, with 
pluridisciplinary engineering sciences denominations covering more 
than two topics per denomination on average. Interestingly though, the 
latter cannot be transferred to the level of the subject areas covered, 
which are highest for the medical and life sciences (2.17). The number 
of subject areas coordinated lies close to two for inter- and pluridisci-
plinary combinations, which suggests that multi-, inter- or pluridisci-
plinarity above all means the coordination of two manageable subject 
areas (as opposed to e.g., integrating a broad range of different research 
domains). For the integration of different research fields differences 
between pluri- and interdisciplinary denominations are obtainable. 
When compared to interdisciplinary denominations, we find that pluri-
disciplinary denominations are more likely to integrate subject areas 
belonging to the same research field (as opposed to subject areas of 
different research fields within the same discipline). This suggests a 
tendency for collaboration due to proximity, which is reasonable when 
we assume that coordination costs in between subject areas within a 
research field should be lower than coordination costs of subject areas 
lying in different research fields even when they belong to the same 
discipline.  
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Interestingly, the specialization depth is relatively equal for disci-
plinary, inter- and pluridisciplinary denominations. Among the latter 
though moderate differences exist with pluridisciplinary denomina-
tions of the medical and life sciences demarcating the narrowest scope 
of research. Finally, the mean number of appearances of denominations 
of particular categories is given in the last column. As expected, strictly 
disciplinary denominations have the highest probability of appearing 
on multiple different occasions with about 6 repetitions, whereas on 
average the same inter- or pluridisciplinary denomination appears about 
twice in the whole sample. The latter could of course belong to the 
same institution at a different point in time. The highest uniqueness of 
denominations is to be found in engineering sciences, where a disci-
plinary or pluridisciplinary denomination is instantiated no more than 
4 or 1.5 times in the full sample respectively. 

In table 7, disciplinarity, disciplinary combination and research field 
is given for the largest denominations which account for half of all 
sample professors. In this subsample, the most concentrated denomina-
tions belong to the field ‘Clinical Medicine (11.95%)’. Other densely 
concentrated denominations can be found in the research fields ‘Physics 
and Materials Science (5.61%)’, ‘Chemistry and Chemical Engineer-
ing (4.94%)’, ‘Biomedical Sciences (4.49%)’ as well as ‘Biological 
Sciences (4.42%)’. We can further obtain that ‘big’ denominations are 
above all disciplinary with few interdisciplinary denominations, for 
which use cases of the connections between the research fields can 
easily be imagined. In the whole sample no pluridisciplinary denomina-
tion exists, which accounts for a share of professors large enough to 
belong to this subsample. Given that the share of professors assigned 
to pluridisciplinary denominations in the whole sample is higher than 
its interdisciplinary counterpart for example and considering that the 
pluridisciplinary denominations are mainly concentrated in the ‘Medical 
and Life Sciences’ discipline, this is a quite surprising finding. It cer-
tainly points at a concentration of resources in disciplinary denomina-
tions and a greater differentiation or diversity of resources when it comes 
to deviating (re-)combinations of neighboring subject areas. The slight-
ly lower shares of full professors, as well as the higher ratio of sum of 
professors per denomination when compared to the ratio of full profes-
sor per denomination support this claim, confirming that associate and 
assistant positions are more likely to be allocated to ‘big’ denominations. 
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Tab. 8: DEN, S_all, S_full, R_sum / full, R_sum /den, R_full / den, 
TOPICS, SPEC and INST. for 50th percentile of sample professors 

according to disciplinarity and (harmonized) denomination 

S_all
[%]

S_full 

[%]
R_all / 

full
R_all / 

den
R_full / 

den
INST

Disciplinary 44.76 41.64 1.87 9.49 5.09 83.96

Anatomy 0.82 0.81 1.65 3.63 2.19 104.00

Anesthesiology 0.75 0.52 2.35 6.92 2.94 50.00

Astronomy 1.14 1.41 1.33 5.28 3.98 99.00

Biochemistry 0.95 1.00 1.55 5.29 3.41 82.00

Biology 2.22 2.40 1.51 14.56 9.61 70.00

Botany 0.85 0.94 1.48 4.37 2.96 89.00

Chemical Engineering 1.34 1.40 1.57 10.27 6.53 60.00

Chemistry 3.59 3.83 1.54 10.70 6.97 154.00

Civil Engineering 1.68 1.42 1.93 10.43 5.39 74.00

Electrical Engineering 2.85 2.93 1.59 14.83 9.32 88.00

Geography 1.11 1.13 1.60 5.77 3.60 88.00

Geology 1.10 1.18 1.53 4.55 2.97 111.00

Geophysics 0.62 0.67 1.51 4.72 3.12 60.00

Internal Medicine 1.88 1.26 2.45 16.94 6.90 51.00

Mechanical Engineering 3.00 2.82 1.74 16.74 9.65 82.00

Medicine 3.20 2.12 2.47 26.16 10.59 56.00

Nursing 0.92 0.46 3.25 15.11 4.64 28.00

Obstetrics and Gynecology 1.01 0.70 2.35 4.36 1.86 106.00

Pathology 1.26 1.02 2.02 7.40 3.65 78.00

Pediatrics 1.77 1.34 2.16 9.34 4.33 87.00

Pharmacology 0.78 0.78 1.63 4.77 2.93 75.00

Pharmacy 0.78 0.72 1.77 7.64 4.32 47.00

Physics 5.61 6.21 1.48 15.67 10.62 164.00

Physiology 1.06 1.08 1.60 4.35 2.71 112.00

Radiology 1.04 0.72 2.38 11.68 4.90 41.00

Surgery 2.07 1.41 2.40 8.55 3.57 111.00

Zoology 1.34 1.35 1.63 6.16 3.79 100.00

Interdisciplinary 4.39 4.66 1.55 29.33 18.95 13.50

Aeronautics & Astronautics 0.76 0.78 1.58 19.28 12.22 18.00

Chemistry & Biochemistry 0.75 0.91 1.35 42.75 31.75 8.00

Civil and Environmental Engineering 0.77 0.81 1.56 23.53 15.07 15.00

Computer Science & Engineering 0.68 0.66 1.70 31.20 18.40 10.00

Electrical and Computer Engineering 0.80 0.77 1.71 46.00 26.88 8.00

Materials Science & Materials Engin. 0.63 0.73 1.41 13.23 9.36 22.00

Multidisciplinary (miscellaneous) 0.92 0.80 1.87 28.00 15.00 15.00

Biological Sciences 0.92 0.80 1.87 28.00 15.00 15.00

Sample 50.07 47.10 1.81 13.53 7.83 69.50
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When taking a look at table 8, where the actual denominations are 
listed that account for 50 percent of the share of professors, it becomes 
clear that those ‘big’ denominations largely correspond to the layman’s 
understanding of natural sciences’ disciplines or what could be regarded 
as a typical way to define school subjects (e.g., ‘Biology’, ‘Chemistry’ 
and ‘Physics’). The latter is not surprising, given that in earlier sample 
periods, task division meant exactly the differentiation in those sub-
jects. In addition, the latter today still sometimes serve as denomina-
tions for larger departments, demarcating for example the scope of 
PhD student programs. 

Overall, half of the sample professors are concentrated on 34 de-
nominations, corresponding to only 1.33% of all semantically differ-
ent denominations documented. The latter are instantiated 2,363 times 
for different institutions and points in time, making up for about a quar-
ter of all entries (10,167). The biggest denominations in the sample 
are ‘Physics (5.61%)’, ‘Chemistry (3.59%)’ and ‘Medicine (3.20%)’. 
When taken together ‘Medicine’ and ‘Internal Medicine’ would even 
rank second, accounting for 5.08 percent of sample professors.19  

This table also illustrates quite well, why the dataset might on the 
aggregated level bear information on the organizational structure of 
universities (e.g., department or professorial chair organization) yet 
the individual denomination exclusively contains information on the 
institutionalized pursuit of a particular research domain. During the 
documentation process outlined in section 3.2.1, all of the here listed 
disciplinary denominations appeared in earlier and later periods as 
denomination of professors assigned a professorial chair or affiliated 
to a department. This can be retraced by looking at the high absolute 
number of instantiations in conjunction with the mixed ratios of sum 
of professors per denomination. When turning to the denominations 
categorized as interdisciplinary20, big enough to appear in this sub-

 
19  ‘Internal Medicine’ and ‘Medicine’ were not reduced to a single denomination 
due to simultaneous appearances in institutions at one point in time, signaling a 
different scope of research. 
20  When coding the denominations according to the WoS scheme, ‘Electrical 
Engineering and Computer Engineering’ for example was attributable to the 
research field ‘Electrical Engineering and Telecommunications’ as well as ‘Com-
puter Sciences’, with the former belonging to the discipline ‘Engineering Sciences’ 
and the latter to ‘Natural Sciences’. Consequently, the denomination is catego-
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sample, we might suspect that those are mainly organized in large (en-
gineering) departments since the number of instantiations is low and 
the ratio of sum of professors per denomination is (, except for ‘Mate-
rials Science and Materials Engineering’) comparatively high. 

Since, given a denomination, it is not possible to differentiate a priori 
or necessarily between department or chair system (especially when 
shares of professorial types are not available), the denominations re-
veal a sort-of continuous quality, making them a suitable tool for 
comparisons of universities with different organizational designs. 

3.3.1.2 Institution-specific (zooming in) 

In this section, the general trends according to locations will be com-
plemented by looking at the institution-specific variables. In figure 7, 
the number of denominations and professors per denomination are 
given as absolute numbers as well as relative shares for each institu-
tion according to time period. At first glance, we are able to attribute a 
large portion of the size differences obtained between US institutions 
and the rest of the sample institutions to the state university systems of 
the University of California and the University of Washington at 
Seattle. The accumulated sum of professors is comparatively high for 
the latter, driven above all by the observation for 2010. The latter also 
does not fit the institution’s relative development over the course of 
time, potentially qualifying as an outlier observation (This will be 
addressed in context of the data employed in the quantitative empirical 
analysis in section 4.2.1.3). Interestingly, the size difference for US 
and European institutions does mainly concern the latter state univer-
sities and the non-German European institutions. The German univer-
sities and the other US institutions seem to be quite comparable in 
absolute numbers of professors accumulated over the here considered 
period. 
  

 
rized as interdisciplinary regardless of a certain intuitively presumed proximity 
of the two topics covered by the denomination. 
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When looking at the relative shares according to decade, we find that 
those institutions maintain fairly equal shares in each period over the 
whole time considered, whereas the growth of the large state universi-
ties at first sets in in the post-war period. Overall, even though this 
could not have been influenced anyway, the panel of distributions of 
professors according to institutions is quite balanced with the notable 
exception of the decade 2010 to 2020, for which as previously noted 
no source for European institutions were available. Here, in particular 
the share of the Columbia University is odd given its huge proportion 
in the pre-war period. Certainly, the observation of the Columbia Uni-
versity in 2010 also qualifies as potential outlier observation, which 
will later be addressed.  

In the lower panels, institution-specific development of denomina-
tions per professor (, or inverted task division) is provided. Here we 
can clearly differentiate in between pre-war and post-war period, as 
well as rediscover the substantial differences in between European and 
US American institutions. Apart from the California Institute of Tech-
nology and the Harvard University the values for inverted task divi-
sion approximate 0 for US American institutions in the post-war period, 
contrasting sharply with the accumulation of values analogous to their 
European peers in the pre-war period. Interestingly, when looking at 
the institution-specific data we can obtain that the German institutions 
are subject to a scaled-down version of reduction in denominations per 
professors, whereas the other European institutions (e.g., the UZH) re-
veal a constant steadily high differentiation in all periods considered. 

In figure 8, institutional means for task coordination and specializa-
tion gravity variable are given. Here, the mean values were calculated 
employing the variables for each denomination weighted by its profes-
sorial share relative to the number of professors of the overall institu-
tion. As opposed to the discussion of the institution-specific (inverted) 
task division variable, the differences between European and US 
American institutions in degree of specialization depth seem to hold 
for all institutions. Over the whole period considered, the European 
universities dominate their US peers, with the University of California 
– Davis being the only one that comes close to the least specialized 
European with the LMU Munich. 
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Fig. 8: Institution-specific mean values for task coordination and  
specialization gravity 

 

 

The results for the task coordination variable in turn seem to suggest 
that the gap in between subject areas, research fields and disciplines 
coordinated is not strictly divided in European and US institutions. 
The Harvard University and the institutions of the University of Cali-
fornia (, except for the UCS) for example, reveal higher values for 
number of topics and seem to coordinate research rather on the level 
of the subject area, whereas other US peers like e.g., the Caltech or the 
Columbia university seem to coordinate research equally on the dif-
ferent levels of granularity.  

In figure 9, the institution-specific shares of disciplines, inter-, 
multi- and pluridisciplinary denominations are given. First, it needs to 
be emphasized that the disciplinary profiles are varying substantially on  
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the level of the individual institution. If indeed, performance measure-
ment of universities, e.g., university rankings, were to incorporate 
institutional data in the future, this needs to be considered. One inter-
esting finding here is that the German institutions and the Swiss uni-
versity of Zurich have no significant share of disciplinary denomina-
tions attributable to the engineering sciences. For the LMU Munich 
and the University of Zurich, this could be explained by the very re-
nowned Technical University of Munich and ETH Zurich being located 
nearby. Indeed, the latter of course being a part of the sample here as 
well, reveals a comparatively high concentration in engineering sciences. 
Supposedly, a scaled-down version of this case could be made for the 
Harvard University and the MIT as well, with the former having a rela-
tively low share of engineering sciences when compared to US peers 
and the latter having the strongest concentration on engineering in the 
sample. 

Most universities in the sample have their strongest concentration 
in the medical and life sciences. The remaining institutions, among 
other the polytechnic universities are dominated by denominations 
attributable to the natural sciences. Regardless of the composition of 
the disciplinary denominations we find a certain corridor of discipli-
narity ranging from 65 to 85 percent with only few institutions deviat-
ing with higher (e.g., Caltech) or lower (e.g., UCL) shares of discipli-
nary denominations. The shares of multi-, pluri- and interdisciplinarity 
are unevenly distributed though, pointing at a substitution effect of 
coordinative denominations on institutional level. 

In figure 10, the institution-specific shares of research fields attri-
butable to disciplinary denominations is given. Here we can obtain that 
the universities with a large share of denominations belonging to the 
Medical and Life Sciences nearly all have a large share of denomina-
tions in the field ‘Clinical Medicine’. Interestingly, smaller to medium 
shares of denominations in the Medical and Life Sciences as found for 
all polytechnic universities and the University of Texas at Austin 
come along no denomination in the field of ‘Clinical Medicine’. Ob-
viously, this points at a clinic affiliation being an important determi-
nant of the share of denominations in the Medical and Life Sciences 
and also predicts the size of the shares of denominations dedicated to 
the fields ‘Biomedical Sciences’ and ‘Basic Medical Sciences’ for 
example. 
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When looking at the disciplinary profiles, polytechnic universities 
seemed to be quite comparable to one another and differentiable from 
their all-sciences counterparts. Here, on the level of the research field 
though, a more nuanced picture is provided. Indeed, polytechnic uni-
versities seem to have pronounced concentrations of professorial re-
sources on varying fields. The Caltech for example has a large share 
of professors in the field of ‘Astronomy and Astrophysics’, for which 
the shares of the ETH and MIT rather fall in line with their all-
sciences counterparts. The ETH has a large concentration in ‘Agricul-
ture and Food Science’, while the MIT specializes more in ‘Mechan-
ical Engineering’ and ‘Electrical Engineering’ when compared to its 
technical peers. On the contrary, common denominators of the tech-
nical institutions are relatively large shares in the fields ‘Physics and 
Materials Science’ as well as ‘Chemistry and Chemical Engineering’. 

Further, while the disciplinary profiles of the institutions of the Uni-
versity of California (with the exception of the UCS) seemed roughly 
comparable to other all-sciences peers, their research field profile sug-
gests a significantly larger heterogeneity. The UCB for example shows 
a quite equal distribution of professors according to fields, whereas 
the UCD exhibits an emphasis on ‘Agriculture and Food Science’ and 
the UCL on ‘Biomedical Sciences’. The UCS in turn, seems to deviate 
significantly from the other institutions of the University of California 
with particularly pronounced concentrations in ‘Biological Sciences’ 
and ‘Earth Sciences and Technology’. When looking at the individual 
denominations of the UCS we find that the denominations contribut-
ing to the concentration in ‘Biological Sciences’ are e.g. ‘Marine Biol-
ogy and Geology’, ‘Marine Geophysics’ and ‘Biological Oceanogra-
phy’ or ‘Physical Oceanography’. A quick look at the history of the 
University of California – San Diego reveals that the institution was 
founded near the preexisting renowned Scripps institution of Oceano-
graphy. Broadly speaking, the enduring concentration of professors on 
those research fields over the course of the whole period is explained 
by institutional prerequisites. This points at a certain profanity of spe-
cialization concentration processes, confirming the idea that concen-
tration on a research domain relies on factors linked to interests, talent 
and opportunities, given certain institutional prerequisites, already 
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highlighted as major argument against the idea of an efficient cogni-
tive division of labor.21  

3.3.2 Identifying university types (cluster analysis) 

The descriptive analysis of the previous sections will be complemented 
by a correlation analysis to provide statistical evidence for whether DoL 
and Spec. indeed create path dependencies over the course of time. 
Next to the institution-specific differences highlighted, the descriptive 
analysis also suggests structural differences according to size and lo-
cation, but also in disciplinary profiles, pointing at an existence of 
certain institutional types, which are not sufficiently accounted for by 
the broad categories of e.g., ‘all sciences vs. polytechnic university’. 

Thus, before the correlation analysis is performed, a hierarchical 
cluster analysis is employed to segregate university types. This may as 
well be considered as a form of cross validating the remarks made in 
the descriptive analysis. Further, in case the identified clusters reflect 
to some extent our theoretical expectations, it also affirms the idea of 
the denomination hypothesis since the DoL and Spec. variables at least 
convey information we deem to be meaningful given our theoretical 
understanding of institutional differences. 

Before the institutions can be clustered according to DoL and Spec., 
task coordination and specialization concentration need to be reduced 
to single indicators. In addition, the information of specialization con-

 
21  Indeed, during the documentation process a lot of such allegedly profane 
institutional constraints appeared to be the reason for concentration in certain 
research domains. The LMU Munich for example had a considerable number of 
denominations linked to the subject area forestry in the sample periods 1890 to 
1980, which suddenly disappeared in the last two periods. The latter provoked 
brief research on the issue, which revealed that the LMU’s professors initially 
chose to specialize in forestry, because Duke Maximilian Joseph I gifted the Ba-
varian state forest to the university. Because of the institutional requirement to 
manage the forest, a concentration in this subject area was established. When the 
Technical University Munich took over those management tasks and the forest 
was transferred to the latter in 1999, the LMU’s concentration on the subject area 
forestry disappears. (See https://www.lmu.de/de/die-lmu/foerdern-und-unterstuetzen/
stiftungen-lmu/leistet/der-universitaetswald/historie/index.html) 
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centration, which was mainly explored graphically in the descriptive 
analysis, now needs to be operationalized quantitatively. To achieve 
the latter, we employ the Herfindahl-index (, alternatively known as 
Hirschman-Herfindahl or the reciprocal of the Simpson-diversity index) 
to quantify the absolute concentration of professorial shares according 
to the different levels of granularity (Tabner 2007). The concentration 
measure is defined as (Tabner 2007): 

2
1

n
H ii

C c


 , (1) 

with / n
i i i ic P P  , where iP  stands for the number of professors shar-

ing a common denomination, subject area, research field or discipline 
and n

i iP  is the sum of professors for an institution in a certain period. 
In case of maximum concentration, the Herfindahl-index takes a value 
of 1. (Tabner 2007)  

Here, a single-dimensional, absolute concentration measure is em-
ployed instead of using e.g., a Rao-Stirling diversity or Gini index,22 
because it suits the theoretical motivation of the specialization concen-
tration variable best. Given two institutions, which have equally large 
absolute shares of professors devoted to e.g., two research fields with 
one of the institutions also having a marginal share of professors asso-
ciated with a third research field, the Gini index would return substan-
tially different values, whereas the Herfindahl index would basically 
remain the same for the two universities. The latter is certainly the 
more desirable property for quantifying the specialization concentra-
tion component, since what we are trying to understand here is whether 
an institution concentrates significant absolute resources on selected 
e.g., denominations, not how equally the professors at a university are 

 
22  In bibliometric analysis different indices have been employed to measure 
(publication) specialization. Lopez-Illescas et al. (2011) and Daraio et al. (2015) 
used a Gini index to categorize whole institutions as generalist vs. specialist by 
looking at the disciplinary specialization based on the equality of distribution of 
publications across a finite number of disciplines. Rafols and Meyer (2010) and 
Leydesdorff and Rafols (2011) used a multi-component indicator with the Rao-
Stirling-index to measure ’Interdisciplinarity’ of publications. Moschini et al. 
(2020) applied the Herfindahl-index to measure ‘Multidisciplinarity’ of publica-
tions based on categorization according to subject areas. 
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distributed across all research domains. Also, by design employing the 
Gini index on the most granular level of the denomination would re-
quire accounting for institutional shares of all 2,549 denominations. In 
case denominations with no share were excluded, the number of de-
nominations of an institution would influence the results and conse-
quently an undesirable logical connection to the task division variable 
would be introduced. 

Prior to performing the cluster analysis, the dimension of the set of 
variables will be reduced by performing a factor analysis. By design 
and judging from the trends obtained in the descriptive analysis, the 
task coordination and specialization concentration variables should be 
strongly correlated on the different levels of granularity. To maintain 
the differing information conveyed on the different levels of granulari-
ty, without assigning disproportionately high weights to the task co-
ordination and specialization concentration components in cluster, cor-
relation and efficiency analysis, factor loading seems to be preferable 
over preselecting individual variables e.g., on the most granular or 
most aggregated level or employing all variables.  

The segregation of the university types in clusters should be based 
on time-independent information to identify characteristics that are 
institution-inherent and not part of general trends within science or the 
scientific community. Consequently, the values for all variables are 
aggregated to the institutional level for the whole period, by weighting 
all values of denominations assigned to an institution i with the num-
ber of assigned professors relative to the sum of professors associated 
with the institution over the whole sample period. 

Ideally, the results of the factor analysis confirm that the variables 
of the task coordination and specialization concentration component 
are suited for factor loading, whereas the individual components in 
which division of labor and specialization were divided based on the 
theoretical remarks in section 2.2.2 should be graded as not suitable 
for factor loading (, or else one could argue in favor of one indicator 
for e.g., division of labor incorporating both the information for task 
division and coordination). Indeed, for division of labor the latter can 
be confirmed. The Kaiser-Meyer-Olkin criterion suggests a value of 
0.64 for overall sampling adequacy of all division of labor variables 
with a value of 0.52 for task division. When task coordination is con-
sidered exclusively, the overall value slightly increases (0.65), even 



 Chapter 3.3 115 

 

though the individual values suggest excluding disciplinary task coor-
dination (0.46). Thus, we conclude that a vertical integration of the dif-
ferent levels of granularity of task coordination into a factor variable 
is sound, yet we refrain from constructing a joint division of labor fac-
tor, given the low KMO criterion when simultaneously accounting for 
task division.  

When limited to task coordination on the level of the denomination, 
subject area and research field, the KMO increases to a reasonable 
value of 0.76 with highly significant positive correlations of the three 
task coordination variables (0.86*** for topics and subject areas, 
0.87*** for topics and fields and 0.93*** for subject areas and fields). 
In table 9 and 10, the results of the factor loading procedure for task 
coordination are given. 

Tab. 9: (Unrotated) principal component analysis for  
the task coordination variables 

Obs. = 20 Eigenvalue Difference Proportion Cumulative 

Factor 1 2.621 2.656 1.034 1.034 

Factor 2 -0.035 0.016 -0.014 1.020 

Factor 3 -0.050 . -0.020 1 

Tab. 10: KMO-criterion, factor loadings, unique variances and 
predicted scores for the task coordination factor 

Obs. = 20 
KMO  

(0.761) 
Rotated Factor 
Loadings (F1) 

Unique 
Variances

Scoring 
coeff. 

Task Coord. - Topics 0.837 0.894 0.201 0.172 

Task Coord. – Subject Areas 0.956 0.956 0.086 0.434 

Task Coord. – Research Field 0.953 0.953 0.092 0.400 

For the two specialization variables a different picture emerges. In 
general, the values for the KMO-criterion are lower than for the task 
coordination components. The configuration with all components yields 
a KMO value of only 0.57 with the individual value for research fields 
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lying only at 0.33, which suggests excluding the concentration mea-
sure on field level. If focusing only on specialization concentration 
variables, the KMO lies even lower at 0.55. In the latter case though, 
the value for the research field slightly increases to 0.42. Also, while 
the concentration measures on level of topics and subject areas corre-
late positively (0.97***), the latter correlate negatively with the two 
concentration measures on the aggregate level (-0.04 for subject areas 
with fields, -0.51** with disciplines) and the specialization gravity 
variable (-0.77***). In conjunction with the low value of the individual 
KMO criterion of the concentration measure for research fields, the 
negative correlation of denominations and subject areas with research 
fields and disciplines could indicate that there is a shift (or potentially 
even a trade-off) in concentration on granular versus aggregated levels.  

Also, here on the aggregated institutional level, the KMO criterion 
would not advise against constructing a single factor variable for spe-
cialization. On the contrary, the construction of the specialization 
gravity variable is theoretically independent from the numbers of pro-
fessors concentrated on disciplines and its operationalization with the 
Herfindahl-index. In addition, the low individual KMO value for re-
search fields indicates that here on the aggregated institutional level, 
the information conveyed on the aggregated levels of fields and disci-
plines should be interpreted carefully.23 In accordance with the proce-
dure employed for the factor loading of the two DoL components, we 
thus decided against loading the two specialization components into a 
joint factor. In table 11 and 12, the results of the factor loading proce-
dure for specialization concentration are given. 

 
23  Indeed, when the factor analysis is performed for time-specific observations 
according to institutions (n = 169) for the efficiency analysis in section 4.2.2, the 
specialization concentration factor can be based on the three most granular levels 
of topics, subject areas and fields just like the task coordination factor. That both 
factors can be based on the three most granular levels provides a more coherent 
picture and points at a lower reliability of the results on the aggregated institu-
tional level where only one observation for each institution (n = 20) is available.  
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Tab. 11: (Unrotated) principal component analysis for  
specialization concentration variables 

Obs. = 20 Eigenvalue Difference Proportion Cumulative 

Factor 1 2.229 2.152 0.985 0.985 

Factor 2 0.077 0.121 0.034 1.019 

Factor 3 -0.044 . -0.019 1 

Tab. 12: KMO-criterion, factor loadings, unique variances and 
predicted scores the specialization concentration factor 

  
Rotated Factor 

Loadings 
 Scoring coeff. 

Obs. = 20 
KMO  

(0.5725) 
(F1) (F2) 

Unique 
Var. 

(F1) (F2) 

Topics 0.541 0.941 0.292 0.029 0.123 2.331 

Subject Areas 0.549 0.967 0.135 0.046 0.863 -2.202 

Disciplines 0.728 -0.480 -0.389 0.619 0.029 -0.161 

In figure 11, the dendrogram of the wards-linkage hierarchical cluster 
analysis24 employing the task division and specialization gravity vari-
able as well as the factors and remaining individual variables for task 
coordination and specialization concentration is given. Judging based 
on the dissimilarity measure the configurations of DoL and Spec. of 
the sample institutions may reasonably be segregated in two to four 
different clusters.  

 
24  Employing a hierarchical cluster analysis instead of e.g., a k-means based ap-
proach is a natural choice here, given the low number of observations enabling a 
meaningful and easy to interpret graphical inspection of proximities with a dendro-
gram. Since there are no special requirements for employing a particular dis-
tance measure, wards-linkage was chosen in accordance with the majority of 
applications in the literature. 
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Fig. 11: Dendrogram of hierarchical cluster analysis according to 
DoL and Spec. variables 

 

Indeed, some theoretically expected differences as well as the obser-
vations of the descriptive analysis are affirmed by the cluster analysis 
results. Assuming two clusters, we can segregate the US state univer-
sity systems from the rest of the sample. Supposedly, the differences 
in DoL and Spec. are here also linked to differences in size. Interest-
ingly, the Stanford university belongs to this cluster as well, nested in 
its Californian peers of the University of California system. On the 
contrary, potential similarities among Californian institutions should 
not be overestimated in importance since the Caltech belongs to a dif-
ferent cluster. Generally, though, a clear distance of US public institu-
tions to US private and non-US institutions can be obtained.  

If we were to define four clusters, the two resulting clusters on the 
left-hand side of the dendrogram affirm the idea of structural differ-
ences between European and non-European institutions. Indeed, the 
dissimilarity measure reveals the lowest dissimilarity for all seven 
European universities when compared to the dissimilarities obtainable 
within the other three clusters constituted by non-European institu-
tions. The expected differences within the European institutions are 
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reflected by the order within the cluster, where e.g., the Swiss and 
German institutions are grouped. Yet in comparison with the non-
European institutions, the dissimilarity of the latter seems to be insig-
nificant suggesting a surprisingly high homogeneity of European 
institutions. This is an interesting finding, because following the 
literature one would intuitively suspect the dissimilarity in DoL and 
Spec. to be higher in between the comparatively smaller ETH as a 
polytechnic university and the LMU as a larger all-sciences university 
than the dissimilarity between the former with other US technical 
institutions. Further, the universities in the European cluster belong to 
four different countries, where in particular the University of Leeds as 
UK institution was expected to reveal a greater proximity to Oceanian 
and US American institutions than its Continental European peers.  

Even though the dissimilarities in between the institutions of the 
second cluster are higher, their order and configuration fall in line 
with theoretical expectations. First, we find that the two Oceanian 
institutions are grouped together with the private Ivy’s, suggesting a 
certain proximity towards the US system (, which could be explained 
by the historical connection to the British empire or a certain proximity 
and greater exchange of professorial staff due to the English language), 
which could not be obtained for the University of Leeds. Secondly, 
the two technical institutions of the US, the Caltech and the MIT show 
a certain expected proximity. And third, the longest established US 
institutions with the Harvard University and the Columbia university 
are positioned on the left end of the cluster revealing the least distance 
to the European cluster. The latter coincides with the theoretical in-
formation retrieved from the Minerva publication, which highlighted a 
close orientation of the latter two institutions towards the German uni-
versity system in the late 19th and early 20th century, with the Colum-
bia university having strong ties to the Humboldt university in Berlin 
for example.  

In figure 12, dendrograms for wards-linkage based hierarchical clus-
ter analysis for DoL and Spec. separately, as well as box-whisker plots 
for variables and factors are given. The clear segregation of European, 
private Ivy’s and public state universities seems to be mainly driven by 
differences in task division and task coordination. Some of the patterns, 
like a close proximity of the European institutions can be rediscovered 
for specialization as well. Yet here there are also some deviations observ-  
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Fig. 12a: Dendrogram for DoL cluster analysis and box-whisker plots 
for DoL components and factor variables 
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Fig. 12b: Dendrogram for Spec. cluster analysis and box-whisker 
plots for Spec. components and factor variables 
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able. Indeed, we find a greater proximity of two German institutions 
(RFW and LMU) with the longer established private US universities. 
Further, the results for the cluster analysis focused exclusively on the 
specialization components reveals that apart from the ETH, the tech-
nical institutions show a certain individuality with the MIT being part 
of a small cluster with only two other institutions and the Caltech even 
constituting its own cluster. 

The box whisker plots allow to identify some of the major differ-
ences in patterns according to clusters. First, there is a dominating 
difference in task division, which is ranging from approximating full 
institutionalization (=1) in cluster 1 to large supposedly departmentally 
organized task division in cluster 4. More nuanced differences can be 
obtained for the composition of the task coordination component, where 
we see very homogenous narrow, yet substantially spread apart corri-
dors for task coordination on the different levels of granularity for 
cluster 1. For the remaining clusters in turn the corridors are more 
heterogenous. Also, cluster 2 reveals significantly lower overall values 
for task coordination. When turning to the configuration of the spe-
cialization components, cluster 1 shows a high specialization depth as 
well as the highest disciplinary concentration. Clusters 2 and 3 in turn 
have lower specialization depth yet higher concentration on the level 
of topics, subject area and research fields.  

Overall, there seems to be a certain continuity in task division and 
specialization gravity values shifting from cluster 1 (high task differ-
entiation, high specialization depth) to cluster 4 (low task differentia-
tion, low specialization depth). Apart from these continuous differ-
ences, structural differences exist for task coordination and specializa-
tion concentration. Cluster 2 reveals low overall task coordination, yet 
higher specialization concentration in topics, subject areas and re-
search fields. While the average task coordination seems comparable 
for cluster 1, 3 and 4, the former shows very narrow homogenous cor-
ridors on the different levels of granularity. The latter homogeneity 
found in the European cluster (1) could be explained by the organiza-
tional difference in between European and US American universities 
with the introduction of the department system as highlighted by Par-
sons and Platt (1990). In any case, differences between European and 
other sample institutions are not limited to specific components, but 
much rather exist for all aspects of DoL and Spec. analyzed.  
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3.3.3 Identifying path dependencies of DoL and Spec.  
(correlation analysis) 

Given the segregated institutional types, it can be examined if DoL 
and Spec. create path dependencies within institutions over the course 
of time. From the theoretical remarks on institutional DoL and Spec. 
we would expect such path dependencies to arise, since the gravita-
tional force of specialization should promote further task division in 
dominant areas of research, leading to more concentration on the lat-
ter, which then should again enable more specialization in depth. If 
this mechanism is applicable to the scientific production process, we 
should observe that initial configurations of DoL and Spec. (e.g., a high 
(low) share of concentration in engineering denominations) predict 
today’s configurations of DoL and Spec. (e.g., an even higher (lower) 
share of concentration in engineering). From a methodological point 
of view this may be operationalized by performing a simple correla-
tion analysis. Pairwise Pearson correlation coefficients are calculated 
for all variables DoL and Spec. has been operationalized in, for the 
first and last observation in the sample (FL), as well as pre-war and 
post-war mean values (PP) of an institution. This procedure will also 
be applied to the relative shares of professors according to discipli-
narity, which is particularly suited to analyze the specialization 
concentration component in detail, enabling us to identify disciplines 
(and forms of disciplinarity), which are particularly affected by path 
dependencies.  

If significant, positive correlations are found, it is concluded that 
institutional DoL and Spec. are applicable to the scientific production 
process. This is an important requirement for establishing institutional 
DoL and Spec. as determinants of epistemic outcomes. Given that for 
some institutions first and last observation lie 120 years apart and con-
sidering that only 20 observations at maximum exist for all pairs, stat-
ing only significant correlations as proof can be considered as a con-
servative way to approach this. This particularly concerns the relative 
shares of professors according to disciplinarity, since here a positive 
correlation can only be obtained if the relative proportional concentra-
tion of professorial staff according to discipline has increased. 
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In table 13, results of the correlation analysis for DoL and Spec. vari-
ables for full sample and according to clusters is given.25 In the full 
sample case, significant positive correlations can be found for first and 
last sample observation of specialization concentration on the level of 
the denomination and the subject area, as well as for specialization 
gravity. For pre- and post-war mean, a positive significant effect exists 
for task coordination of subject areas. When looking at the results for 
the individual clusters, we find significant correlations only in cluster 
1 for (PP) task division and concentration on disciplinary level as well 
as on the level of subject areas (FL). It should be kept in mind though 
that for the individually analyzed clusters, the pairwise correlations 
further drop in numbers of observations to 7 institutions for cluster 1, 
6 for cluster 2 and 7 for the clusters 3 and 4. 

In table 14, results of the correlation analysis for disciplinary shares 
for full sample and according to clusters is given. In the full sample 
case, significant positive correlations can be obtained for first and last 
sample observations, shares of disciplinary and pluridisciplinary pro-
fessors. Within the disciplinary shares, correlations are significant for 
the engineering sciences and medical and life sciences. Within the 
pluridisciplinary shares, this seems to particularly concern the medical 
and life sciences. Turning to the pre- and post-war perspective, signifi-
cant correlations can be found for the disciplinary shares of the engi-
neering sciences, medical and life sciences and natural sciences.  

For individual clusters, significant correlations of the (FL) discipli-
nary shares of engineering and medical and life sciences are found for 
cluster 1 and 2. Analogous to the analysis of individual DoL and Spec. 
variables, no significant correlations are detected for the joint sample 
of cluster 3 and 4. The latter could signal an independence from path 
dependencies, or that the combination of the two clusters might mask 
relevant information. Significant correlations of pluridisciplinary shares 
in first and last sample observations are obtained for cluster 1 in the 
engineering sciences and cluster 2 in the medical and life sciences. 
When considering pre- and post-war means instead of first and last 

 
25  Clusters 3 and 4 are considered as one cluster since the latter is only constituted 
by two institutions and the differences obtained between the two clusters based 
on the box-whisker plots are mainly proportional in size (, not structural as it is 
the case with clusters 1 and 2). 
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period observations, the findings for disciplinary shares of cluster 1 
are robust.  

This can be interpreted as such that a university in cluster 1, start-
ing with a larger share in disciplinary engineering in 1890 and for the 
period 1890 to 1920 is more likely to show an even higher proportion-
al concentration in disciplinary engineering in 2020 and for the period 
1950 to 2020 on average. On the contrary, a university in cluster 1, 
with a larger share in disciplinary medical and life sciences in 1890 
and from 1890 to 1920 is likely to have an even higher relative share 
of professors working in the medical and life sciences in 2020 and over 
the whole post-war period considered. In conjunction with the detected 
growth in professorial numbers in section 3.3.1.1, this must not mean 
a reallocation from professorial staff from one discipline to another, 
but much rather suggests a disproportional growth in research do-
mains where the relative concentration was higher in earlier periods.  

To summarize, specialization creates path dependencies within in-
stitutions over the course of time. Empirical evidence for the latter is 
clearest for the European institutions (cluster 1) and sufficient for the 
universities in cluster 2 as well as for the full sample. The latter are 
also the institutions with the best data availability in pre- and post-war 
period making it more likely to obtain significant results for the corre-
lation analysis when compared to the merger of cluster 3 and 4 (, which 
are significantly younger and for which no path dependencies could be 
securely established). 

The moderate correlations obtained for the DoL components point 
at a potential existence of path dependencies created by initial configu-
rations of division of labor. The latter seems to be above all applicable 
to cluster 1. Again, the correlation analysis here is implemented in a 
very strict form, considering pairs of observations of only 6 to 20 insti-
tutions lying 120 years apart. Nonetheless, the mixed results for the DoL 
component, which cannot be supported by a more granular analysis as 
it is the case for Spec. with the correlations of disciplinary profiles, are 
not sufficient to establish that initial configurations of DoL necessarily 
significantly induce path dependencies. On the contrary, given the con-
servative approach and low number of observations chosen, it is most 
certainly not evidence against it either. The latter should be subject to 
future research when micro-data for a larger number of institutions is 
available.  



 

 
 



 

4. Examining the Effect of  
Institutional DoL and Spec. on Universities’ 

Publication Productivity  
(Quantitative Empirical Analysis) 

4.1 Methodology: Conditional efficiency framework 

4.1.1 A brief introduction into non-parametric analysis of 
production efficiency 

The second main goal of this work is to (challenge the idea of an effi-
cient cognitive division of labor and) establish that the way labor is 
divided within the scientific community is not necessarily efficient. To 
provide empirical evidence for the latter claim, the introduced mea-
sures of division of labor and specialization need to be related to a 
measure of efficiency of the scientific production process. As outlined 
in section 2.1, the scientific production process is complex, making an 
operationalization of an efficiency measurement here much more 
complicated than in standard production contexts with a set of limited, 
homogenous and comparable production factors, for which data avail-
ability is not restricted. In the following sections, the choice of a state-
of-the-art conditional nonparametric methodology will be motivated, 
which allows to account for the complexity of the scientific produc-
tion process and the specific requirements linked to the available data. 

Modern economists’ interest in evaluating production efficiency 
dates back as far as to the seminal works of Debreu (1951) and Koop-
mans (1951). In production theory, efficiency is understood as the 
maximum attainable productivity within a given production process 
(Daraio and Simar 2007). Productivity in turn is defined by the ratio 
of (a set of) outputs (produced) to (a set of) inputs employed. The 
maximum attainable productivity can be described by a production 
function modeling the input-output relationship. Ideally, the efficient 
production function can be defined theoretically or is known to the re-
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searcher, whenever production efficiency is evaluated. (Mastromarco 
et al. 2019; Seiford and Thrall 1990) 

Alternatively, if the efficient production function is unknown, it 
may be defined nonparametrically or estimated parametrically using 
e.g., a Stochastic Frontier Analysis approach. The latter though re-
quires for the specification of the functional form of the relationships 
of inputs and outputs. For the scientific production process, making 
any a priori assumptions at all is clearly undesirable though, since we 
neither have any information on the true production function nor on 
the underlying functional form (production, cost, profit or distance 
function). It thus seems reasonable to turn to nonparametric efficiency 
analysis methods.26,

 
27 (Bornmann et al. 2023) 

The idea of measuring technical efficiency nonparametrically was 
introduced in the pioneering work of Farrell (1957), which proposed 
to define observations as inefficient if they operate below a production 
function constructed by the empirically observed observations with 
the highest productivity ratios. This deterministic production function 
envelops all observations, for which efficiency is evaluated, by span-
ning an efficiency frontier across the most productive units within a 
sample, given a specific input or output level. A firm or a decision-
making unit (DMU) is thus efficient if it operates at the highest empiri-
cally observed productivity in converting inputs into outputs, which is 
assumed to be the maximum attainable productivity of a particular 
scale section. (Farrell 1957) 

The degree of inefficiency of the units below the efficient production 
function can be assessed by their distance to the frontier. Different 
methods have been proposed to calculate efficiency estimates using 
different distance functions in a multidimensional space, with the Data 
Envelopment Analysis (DEA) as first introduced by Charnes, Cooper 

 
26  Daraio (2019) argued that the lack of specification of a functional form is a 
clear advantage of nonparametric methods in context of scientific production. 
For one, the relationship of inputs and outputs in research activities on individual 
level is known to be uncertain, lagged, nonlinear, with scientists’ productivity being 
extremely skewed. Further, it is unclear how these factors combine on an institu-
tional level, making a nonparametric approach the best fit.  
27  Further, there are recent examples for nonparametric methods being used to 
assess efficiency of universities. (See e.g., Bornmann et al. 2023, Daraio et al. 2015, 
Daraio et al. 2015a) 
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and Rhodes (1978) being the most frequently used and adapted ap-
proach (Liu et al. 2013). A simple illustration of a one input, one out-
put model under variable returns to scale assumption is provided in 
figure 13. 

Fig. 13: Toy Example – Banker, Charnes Cooper (1984) DEA Model 

 

Own illustration based on Cooper et al. (2007: 90) 

Some of the properties of the DEA approach can be visually inspected 
in the toy example above. In the case of variable returns to scale, the 
production possibility set is defined by the observations T1, T2 and T3 
which envelop the inefficient observation O and constitute the effi-
ciency frontier. The distinct sections of the efficiency frontier describe 
different economies of scale, with the section spanned by T1 and T2 
being substantially steeper than the section spanned by T2 and T3. 
Overall, the empirically defined boundary seems to suggest a produc-
tion process subject to decreasing returns to scale. (Cooper et al. 2007)  

The figure also reveals one of the assumptions embedded in the 
DEA approach, namely the convexity of the attainable set. The radial 
projection of the distance function to the frontier for O results in O1', 
for which no empirical observation is available. Assuming convexity 
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though, all projections to the frontier denote attainable input-output 
combinations in the production possibility set. The convexity assump-
tion thus implicates divisibility, meaning that it is feasible to propor-
tionally reduce the input-output combination for any observed produc-
tion unit without disproportionate productivity losses. (Johnson 2007) 

Finally, the graphical inspection of the toy example allows us to 
obtain two distinct perspectives on the quality of the inefficiency of 
point D. Employing radial distance functions, we can either project O 
along the input dimension to the frontier in O1'INPUT (input-orien-
tation) or alternatively, along the output dimension to the frontier in 
O1'OUTPUT (output-orientation). In the former case, O could become 
technically efficient by saving on approximately 2.5 input units, while 
producing the same number of outputs. In the latter case, O is found to 
be technically inefficient, because given the number of inputs em-
ployed, it should be feasible to produce about three more output units. 
(Cooper et al. 2007)  

In summary, the basic idea of evaluating production efficiency 
nonparametrically is to derive measures of (in-)efficiency by evaluat-
ing the distance of observations with average or low productivity ratios 
towards an efficient production function. As opposed to parametric 
approaches, the latter is constituted by the most productive empirically 
observed observations, which span an efficiency frontier that defines 
the production possibility set deterministically. While the DEA ap-
proach is the most frequently employed approach and is also well-
suited for a comprehensible introduction, there are advanced nonpara-
metric methods available, which will be introduced in the upcoming 
sections.  

4.1.2 Efficiency measurement 

4.1.2.1 FDH model 

In reference to Koopmans (1951) and Debreu (1951), a production 
process in which q outputs are produced employing p inputs can for-
mally be defined by the production set of technically feasible input-
output combinations in the Euclidean space p q

  as (Simar and Wil-
son 2015): 
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 ( , ) | can producep qx y x y   , (1) 

with the boundary (efficient production frontier) denoted by:  

 1( , ) | ( , ) for all 1x y x y        . (2) 

The basic assumptions usually made regarding the attainable produc-
tion set are free disposability, meaning the (logically true) requirement 
that more (input) resources could be employed than necessary:  

( , ) and all ( , ) such that

and , ( , ) ,

x y x y x x

y y x y

    
   

 (3) 

‘no free lunch’, hence the requirement for some of the elements of p to 
be positive:  

( , ) if 0 and 0, 0x y x y y     (4) 

and finally, the assumption that the boundary   is convex for all 
[0,1]  :  

1 1 2 2( , ) ( , ) (1 )( , )x y x y x y     , (5) 

if 1 1( , )x y  and 2 2( , )x y  are elements of the attainable set. (Simar and 
Wilson 2015) 

Technical efficiency, as introduced in the section above may now 
be evaluated oriented in the direction of the input or output space. The 
Debreu-Farrell measure of efficiency ( , )x y  is defined by the mini-
mal contraction in inputs necessary to project an observation ( , )x y  
onto   (Simar and Wilson 2015):  

 ( , ) inf ( , )x y x y    . (6) 

Accordingly, the (output-oriented) Farrell measure of efficiency, where 
the projection of a point onto the frontier is made alongside the maxi-
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mum feasible expansion in the output space, is given by (Simar and 
Wilson 2015): 

 ( , ) sup ( , )x y x y    . (7) 

Given the remarks on the characteristics of the scientific production 
process in section 2.1, the assumptions of free disposability and ‘no 
free lunch’ seem reasonable. It should be unproblematic to assume 
that a fixed number of e.g., publication output could be produced with 
excess (i.e. academic staff or funding) resources available. And even 
though indeed, one could argue that large proportions of citational 
return do not require for extra input (Matthew effect), at least some 
positive input, in the sense of resources for the initial production of 
the cited paper, is necessary.  

The convexity assumption on the other hand is problematic for a 
variety of reasons.28 Regardless of the choice of outputs, we already 
know from the analysis in chapter 4 that the professorial staff (, which 
will be employed as input) differs structurally for what was character-
ized as pre- and post-war science and further differs according to dif-
ferent university types or clusters.29 While the former will be addressed 
by splitting the data in two subsamples and estimating efficiency using 
two distinct attainable sets, a ‘pre- and a post-war frontier’, the issue 
of the different university types remains. Also, the observations within 
the pre-war sample and the post-war sample refer to the same institu-
tion at different points of time. While it is common practice to measure 
a joint frontier for panel data, e.g. to provide more robust measures of 
efficiency, the time frame is usually more moderate.30 This issue par-

 
28  Note that a more thorough discussion of the input and output data employed 
will occur in section 4.2.1, yet a brief discussion of the dataset structure is neces-
sary at this point. 
29  These differences include but are not limited to the access to funding re-
sources, recruiting and number of academic staff, as well as teaching responsi-
bilities, resulting in systematic heterogeneity of professorial staff input (quality) 
according to the university types identified.  
30  See Bornmann et al. (2023) for an example of measuring a joint frontier for 
efficiency measurement of universities over the period 2003 to 2018. In their 
analysis, no interaction of efficiency and time could be obtained.  
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ticularly concerns the post-war sample, which covers the extensive 
period of 1950 to 2020.  

Naturally, over the course of half a decade, the attainable set should 
be affected by major shifts in technology (i.e. the introduction of mod-
ern communication technologies) supposedly favoring production. On 
the contrary, the accumulation of knowledge (‘increasing knowledge 
burden’ argument), could make production of original knowledge 
more resource intensive over the course of time. Assuming convexity 
when benchmarking the observations against one joint frontier is thus 
inadequate, because the empirically unobserved fragments of the con-
structed boundary might not be feasible or at best it remains unclear 
whether those input-output combinations are feasible. To account for 
the uncertainty linked to the specific structure of the dataset at hand, 
the first measure put in place to guarantee for a sound evaluation of 
efficiency is to turn to robust advanced nonparametric methods.  

As opposed to the traditional DEA estimator, the Free Disposal 
Hull (FDH) approach does rely exclusively on the free disposability 
assumption, thus not imposing convexity. Instead of enveloping the data 
with piece-wise linear segments connecting the efficient observations 
that constitute the boundary, the FDH estimator defines a facet ̂ , 
constituted by all input-output combinations, which are not dominated 
by other observations. For the remaining observations, efficiency is 
determined relative to the dominating facet of ̂ . (Daraio and Simar 
2007) 

In the simple one input, one output case, this facet may be imagined 
as the staircase function depicted in figure 14. The dotted line repre-
sents the DEA frontier as described in the section above, the solid line 
demarcates the dominating facet of the FDH estimator. As we can see, 
imposing the convexity assumption, observation F3 is classified as 
inefficient. In case of the FDH approach though, F3 is an efficient ob-
servation belonging to the attainable set, since there is no other obser-
vation available that dominates F3 in the input and output dimension 
simultaneously. Provided that we accept the free disposability as-
sumption as reasonable, this guarantees that for all inefficient observa-
tions it is empirically proven that it is technically feasible to produce 
more output using less input.  
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Fig. 14: Toy Example – DEA versus FDH Model 

 

Own illustration based on Daraio and Simar (2007: 36) 

It is obvious that this advancement comes at the cost of a slower con-
vergence rate. In cases where convexity is a reasonable assumption, 
the DEA estimator will converge faster than the FDH estimator (and 
with a lower number of observations) to the true underlying functional 
form. This is also of practical importance, since the FDH estimator is 
therefore also more prone to the so-called curse of dimensionality, 
which means that in an increased input-output space (multiple inputs 
and multiple outputs), the number of efficient observations tends to 
increase disproportionately. (Simar and Wilson 2015) 

Technically, for an observed sample 1{( , )}n
n i i iX Y  , the FDH 

estimator of   is constituted by the union of all orthants (positive in x 
and negative in y) with their vertex at the empirical observations and 
can be denoted by (Simar and Wilson 2015): 

 ˆ ( ) ( , ) | , , ( , )p q
FDH n i i i i nx y y Y x X X Y 

      . (8) 

To obtain the Farrell-Debreu and the (output-oriented) Farrell measure 
of efficiency the FDH estimator can simply be plugged in equations 
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(6) and (7) respectively. The output oriented FDH efficiency is thus 
given by (Simar and Wilson 2015): 

 ˆ ˆ( , ) sup ( , ) ( )FDH FDH nx y x y      (9) 

4.1.2.2 Directional distance functions 

The actual projection of inefficient observations to the respective at-
tainable set is operationalized using distance functions. In the standard 
DEA model this is usually done employing radial distance functions, 
which allow for the calculation of either the input-oriented or output-
oriented efficiency estimates. In some use cases it might be desirable 
though to employ a more flexible way of measuring efficiency, e.g., 
projecting the inefficient points in the dimension of selected inputs or 
outputs or to account for non-discretionary inputs and outputs, outside 
of the sphere of influence of the decision-maker. 

Chambers et al. (1996) proposed to use a directional vector 
( , ) 0x vd d d   instead of radial distance functions to project ineffi-

cient observations onto the attainable set, which in the FDH can be 
denoted as (Daraio et al. 2020; Simar and Wilson 2015): 

 
( , , )

ˆsup 0 ( , ) ( ) .

FDH x y

FDH x FDH y FDH n

x y d d

x d y d



       
 (10) 

Note that a distance of ( , , ) 0FDH x yx y d d   means that an observation 
is efficient and constitutes the efficient hull. Given its additive nature, 
directional distances allow for an efficiency measurement with nega-
tive or zero values in inputs and outputs (, as opposed to the traditional 
DEA, which can only handle positive integers). (Daraio et al. 2020) 

While this might not seem useful at first sight, given that it is hard 
to imagine zero values in a production process (, let alone negative 
values), this property can be beneficial to tackle the above addressed 
issue of the curse of dimensionality. In case of a moderate information 
loss, variables employed in the efficiency model may be implemented 
as factor variables, which of course contain negative values by defini-
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tion. This will be particularly useful when external factors are intro-
duced into the model (in section 4.2.2). Analogously to the procedure 
in the cluster analysis in the previous chapter, the different variants for 
task coordination and concentration may be reduced to one factor vari-
able to restrict the analysis to a reasonable number of different models 
with a maximum of four variables (one input, one output, one or two 
external factors) producing considerate numbers of efficient observa-
tions. (Daraio et al. 2015) 

Another interesting property of directional distances is that they are a 
generalized version of the radial distance functions. By setting vector yd  
to zero, input-oriented efficiency is measured. By setting vector xd  to 
zero, output-oriented efficiency is measured. And in case a compari-
son with radial DEA efficiency estimates is of interest, the original 
Farrell measure of efficiency can be rediscovered by 1 ( , 0, )x y y  
(Simar and Vanhems 2012) 

In this work, an output-oriented specification of directional dis-
tances will be used 0 and .x yd d Y   It seems appropriate to assume 
that decision-makers (here: universities) are more interested in maxi-
mizing their scientific output given their input resources at hand than 
saving on academic staff input while keeping similar levels of output. 
Arguably, the latter could be interesting in cases where efficiency is 
not directed at research activity, but rather at an analysis of teaching 
efficiency. Regardless of this rationale, the output-orientation is also 
the common choice for efficiency analysis of universities in the litera-
ture (e.g. Daraio et al. 2015 and Daraio et al. 2015a). 

4.1.3 Accounting for extreme observations and external factors 

4.1.3.1 Partial frontiers 

The FDH approach allows us to benchmark observations only against 
empirically observed units, thus eliminating the risk of defining areas 
in the attainable set as feasible, which in reality are not feasible, or for 
which there is simply no information on feasibility. Nonetheless, this 
does not prevent that observations of universities from later periods 
(of the post-war sample) could be benchmarked against a frontier con-
stituted by observations of earlier periods (of the post-war sample), or 
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the other way around. If indeed, there would exist substantial shifts in 
technology31, enabling a much higher productivity today and e.g. an 
observation of 2010 serves as dominating unit of all observations from 
1960, the upwards shifted attainable set would make the universities 
appear a lot less efficient in earlier periods than they would be if they 
were benchmarked against a boundary constituted only by observations 
of 1960 (, defining their ‘own’ technology so to speak). Supposedly 
one would intuitively argue that such a comparison is unfair and sub-
sequently this might distort the obtained effects of the influence of 
division of labor and specialization on productivity, which is of course 
our primary interest. Even though it can be shown that this issue is 
subordinate because of the specific relationship of size with institu-
tional types and period (see 4.3), it might in any case be useful to 
methodologically take precautions against (different kinds of) outlier 
observations potentially distorting the shape of the efficient boundary. 

Robust nonparametric estimators have first been proposed by 
Cazals et al. (2002), Aragon et al. (2005), Daouia and Simar (2007) 
for radial measures and have been extended to directional distance 
functions by Simar and Vanhems (2012). The idea of robust measures 
is to disclose some particularly productive sample observations as 
superefficient. A small quantity of observations, which constitute the 
original full frontier are now permitted to lie beyond the efficient 
boundary. The resulting partial frontier, against which the inefficient 
observations are now benchmarked, is more robust in the sense of 
being less sensitive to outlier observations influencing the attainable 
set. (Daraio et al. 2020) 

In the simple one input, one output case portrayed in figure 15, we 
can see that the productivity ratio of S deviates substantially from the 
productivity ratios of the remaining sample observations. Supposedly, 
the high productivity of S is caused by a measurement error or is due 
to reasons not disclosed to the researcher, making it a bad fit for the 

 
31  Shifts in technology need not be restricted to technological progress. Shifts in 
the attainable set could also be due to changing publication habits (, prioritizing 
for example the publication of multiple short peer-reviewed journal articles over 
one enlarged thesis), different levels of non-professorial academic staff, or dis-
proportional funding due to political emphasis on scientific activity in certain 
limited periods and research fields (Bonaccorsi et al. 2017). 
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comparison group of decision-makers under evaluation. In the toy 
example, if S is permitted to lie beyond the frontier, a partial frontier 
(dotted line) results that seems to provide a more reasonable bench-
mark for evaluating efficiency. The new partial frontier seems to be a 
better fit for enveloping the inefficient observations, accounting better 
for what seems to be a production context subject to increasing returns 
to scale by revealing the varying feasibility of output quantities given 
different input levels. 

Fig. 15: Toy Example - FDH versus Orderalpha Model 

 

Own illustration based on Daraio and Simar (2007: 38) 

In order to implement the partial frontier approach, Cazals et al. (2002) 
proposed to adopt a probabilistic formulation of the nonparametric 
estimators. The probability of finding a unit ( , )X Y  that dominates the 
observation ( , )x y  can be denoted by the joint probability ( , )XYH x y   
Pr( , )X x Y y  , where the joint distribution of ( , )X Y  has support 
over  32, which is given by (Simar and Vanhems 2012): 

 
32  Note that all equations refer to the FDH estimator FDH  introduced in sec-
tion 4.1.2.1. For a better overview, subscripts are left out of the equations. 
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 ( , ) ( , ) 0p q
XYx y H x y    . (11) 

Simar and Vanhems (2012) define this for directional distance func-
tions as:  

 ( , , ) sup 0 ( , ) 0x y XY x yx y d d H x d y d         (12) 

Two variants for robust frontiers have been proposed, the order-m and 
the order- quantile frontier. In the former case, the percentage of 
points classified as superefficient is (iteratively) trimmed by m units 
randomly drawn from the sample to calculate an average maximal 
value of outputs (or minimum value of inputs), which define the 
boundary. In the order- quantile frontier approach the probability of 
obtaining observations below the efficient boundary is fixed at the 
(1 )  percentile. For the sake of a good comparison of the different 
models assessed in this work (pre-war and post-war frontier, with and 
without DoL and Spec. external variables) avoiding an iterative ap-
proximation of the frontier seems desirable. (Daraio and Simar 2007; 
Daraio and Simar 2014) 

For any [0,1]   in the above specified output-oriented one input, 
one output model, the directional distance of order- corresponds to 
(Daraio et al. 2020):  

 |( , 0, ) sup ( ) 1a Y Xx y Y S y x       , (13) 

with the conditional survival function of givenY X x  defined by 

| ( | ) Pr( | )Y XS y x Y y X x   . For any  < 1, the -quantile of the 
conditional distribution of the output of observations with lower input 
employment than x serves as the efficient boundary for observation 
( , )x y . Subsequently, the order- quantile frontier can be defined as 
(Daraio et al. 2020):  

( ) ( , | 0, )a x y x y Y   , (14) 

where for large values of y (in the support of |Y XS ) it could result that 
( , | 0, ) 0x y Y  , meaning that the observation lies beyond the effi-
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cient partial boundary and is classified as superefficient. In case of 
1  , we rediscover the original FDH estimator. (Daraio et al. 2020) 

4.1.3.2 Conditional frontiers 

Finally, in this section the introduction of external factors into the ef-
ficiency model will be explained. First, it should be pointed out that 
neither division of labor nor specialization or the four components by 
which the two phenomena are operationalized (task division, task co-
ordination, concentration, specialization gravity) can be considered 
external to the production process in the sense of a shock or non-
discretionary effects of stochastic nature. 

Clearly though, they can neither be considered an input or output of 
the scientific production process. In addition, given the lack of institu-
tions controlling coordination costs in science, and the here established 
self-reinforcing character of DoL and Spec., in this work the hypothesis 
is supported that they are not controlled and disposed like a production 
factor by a decision-maker.33 Consequently, the effects of DoL and 
Spec. will be introduced into the efficiency model as external factors. 

Given the probabilistic notion of the production process introduced 
in the previous section, we may accordingly define the attainable set 
Ψ𝒵 of universities facing heterogeneity factors Z   𝒵 

r   that may 
influence the production process (here: DoL and Spec.), with the joint 
support of ( , )X Y  given Z z  by (Daraio et al. 2020): 

       Ψ𝒵  ( , ) | can produce ifp qx y x y Z z    

 |( , ) | ( , | ) 0p q
XY Zx y H x y z    (15) 

The external factors may affect the efficiency of an observation either 
by affecting the probability of reaching the attainable set, by affecting 
the attainable set itself or by affecting both (Daraio et al. 2020). The 
possibility that the external conditions may affect Ψ𝒵 itself, is the pri-
mary reason why the so-called two-stage approach, where in a first step 

 
33  Be it the self-governed scientific community or a centralized university or 
faculty administration for that matter. 
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a nonparametric efficiency analysis is conducted and in a second step 
covariates are regressed on the yielded efficiency estimates (using a 
censored or truncated regression model), is seen as invalid (see Simar 
and Wilson (2011) for a discussion of this issue). The latter approach 
is only a valid option in cases, where it can be proven that the so-
called separability condition holds, that is that Ψ𝒵  Ψ for all z 𝒵.  

Indeed, it might be hard to come up with empirical examples of ex-
ternal factors that, in case they have an impact on the production pro-
cess, strictly influence only inefficient observations. The theoretical 
remarks on division of labor and specialization suggest that in this 
work the separability condition is violated. There is no evidence sup-
porting the idea that the effect of division of labor or specialization is 
restricted to inefficient universities’ productivity. Conversely, in ac-
cordance with the Smithian idea of DoL driving technological prog-
ress, we may much rather expect the productivity of peers to be de-
termined to some extent by their degree of division of labor. This is 
particularly true for the pre-war sample, which may also be seen as a 
growth phase of modern science (and some relatively young US insti-
tutions) where task division and gravity of specialization should be 
subject to the still limited extent of the scientific ‘market’. 

The directional distance function conditioned on Z is given by 
(Daraio et al. 2020): 

 |( , | 0, , ) sup 0 | ( , | ) 0XY Zx y Y z H x y Y z      , (16) 

where | ( , | )XY ZH x y z  is a nonparametric estimator, applying Kernel 
smoothing techniques over the neighborhood of z for iZ , since ob-
served values iZ z  may not be continuously available. The localized 
analog of | ( , | )XY ZH x y z  can be defined as (Daraio et al. 2020): 

1
, |

1

( , ) ( , )
ˆ ( , | )

( , )

n
i i h ii

n XY Z n
h ii

X x Y y K Z z
H x y Z z

K Z z





 
  


, (17) 

where ( , )h iK Z z  is a Kernel function with compact support34 and h is 
a bandwidth vector, to be individually determined for each factor of z. 
 
34  In this work Epanechnikov Kernel functions are employed.  
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It is evident that bandwidths selection for the different components of z 
is crucial since the smoothing of Z can hardly be evaluated a posteriori 
(, as opposed to the fitted functions of the effect of Z on the efficiency 
estimates, which can be supported by visual inspection, scatter plots 
etc.). (Daraio et al. 2020) 

Initially, a least squares cross validation (LSCV) approach tradi-
tionally employed in nonparametric regression literature was proposed 
by Bădin et al. (2010) to determine appropriate bandwidth. Later the 
approach was amended to incorporate the conditional distribution 
function into the bandwidth selection process, adapting the selection 
process proposed by Li et al. (2013). Here, the implementation of the 
latter approach by Bădin et al. (2019) is used to generate cross valida-
tion plots and choose appropriate bandwidths for all considered exter-
nal factors based on two criteria, (1) to minimize the LSCV criterion 
by choosing bandwidths at local minima or locations with sharp in-
creases while (2) simultaneously minimizing the number of efficient 
observations in the conditional models. (Daraio et al. 2020) 

Finally, we can extend the conditional model to the order- case by 
plugging in the nonparametric estimator | ( , | )XY ZH x y z  in equation (15) 
and define the order- conditional directional distance model as (Daraio 
et al. 2015):  

 |( , | 0, , ) sup 0 | ( , | ) 1XY Zx y Y z H x y Y z         (18) 

Calculations in this work have been performed by adapting the codes 
provided in Bădin et al. (2019) and Daraio et al. (2020) using the 
software MATLAB (version R2023b 23.2.0) provided by The 
MathWorks Inc. A general introduction into nonparametric efficiency 
analysis based on DEA and FDH estimators can be found in Cooper et 
al. (2007) and Daraio and Simar (2007) respectively. A more detailed 
introduction into the different models, variants and their properties can 
be found in Cazals et al. (2002) for order- quantile frontiers, Daraio 
and Simar (2014) for directional distance functions and Daraio et al. 
(2020) for conditional frontiers. 
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4.1.4 Interpreting the effect of DoL and Spec. on the  
efficiency measure 

The interpretation of the effects of the external factors incorporated in 
the conditional efficiency models is based on the methodology pro-
posed in Bădin et al. (2012) and Bădin et al. (2014). In order to distill 
the effect of Z on efficiency the relationship of conditional to uncondi-
tional efficiency measure is of interest (Bădin et al. 2012):  

( , | 0, , )
( , | 0, , )

( , | 0, )

x y Y z
R x y Y z

x y Y








 , (19) 

where for an observation ( , )X Y   Ψ𝒵 producing under Z z , the ran-
dom variable is given by ( , | )R X Y Z z   and the conditional expec-
tation is defined by (Bădin et al. 2012): 

( )z P   𝔼 ( ( , | ))R X Y Z z  , (20) 

with ( ) ( ) for 1z zP P    . (Bădin et al. 2012) 
For all ( , | 0, , ) 1R x y Y z   we obtain an unfavorable and for all 
( , | 0, , ) 1R x y Y z   a favorable effect of z on the production process. 

Ratios above one result when the distance of an observation to the 
frontier under the condition of z is larger than its distance in the un-
conditional case. Accordingly, a value below one means that in the 
conditional case an observation moved closer to its boundary relative 
to the distance to the frontier where z is not accounted for (, with a 
ratio of 0 being the extreme case where accounting for z makes an 
observation move onto the frontier). In case of ( , | 0, , ) 1R x y Y z   we 
find no effect of z on the efficiency estimate of the evaluated obser-
vation, hence the distance to the attainable set in the conditional and 
unconditional case are identical. (Bădin et al. 2012; Bădin et al. 2014) 

Technically, where local ratios are above one, z acts as an additional 
undesirable output to be produced. A favorable effect in turn corre-
sponds to the external factor acting as an additional input that is freely 
available. When describing the ratios as a function of z in an output-
oriented framework, the interaction of z with the input thus needs to 
be accounted for. Ideally, there is no interaction between size and the 
external factor. Such ‘partial separability’ may not always be the case, 
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so the effect of z on the ratios should be compared with the effect of 
size on the ratios to eliminate the possibility that the effect of the ex-
ternal factor can partially or fully be reduced to a size effect. In case 
of the variables employed to measure DoL and Spec. this seems espe-
cially important. By construction, the considered components are to a 
certain extent size dependent. This particularly concerns task division 
(, defined as number of professors per denomination). (Bădin et al. 2012; 
Bădin et al. 2014) 

Arguably though, the perspective on the interaction of z with the 
input (size) must be a different one in this work since DoL and Spec. 
are part of the mechanism constitutive of size effects. From the theo-
retical remarks we know that they are explanatory factors of econo-
mies of scale. So instead of looking for partial separability, we may 
rather want to obtain an interaction with size and this interaction to be 
consistent with the theoretical understanding developed in the prior 
chapters. If e.g., a strictly positive effect of size and task division for 
the pre-war period is found, this would in principle be a consistent 
finding. Ideally, the effect of task division should reveal a clear, more 
robust pattern of the effect than the ratios as a function of the input. If 
the latter is not the case, it needs to be concluded that other factors 
relating to size explain the (favorable effect of size) better than task 
division. The interpretation of the effect of task division then needs to 
be limited to observations operating at input levels independent of the 
ratios. (Bădin et al. 2012; Bădin et al. 2014) 

Bădin et al. (2012) suggest using two-dimensional scatter plots for 
inspecting the marginal effect of z on the efficiency ratios. Further, we 
may analyze the latter according to different levels of  in order to 
differentiate between the effect of z on the attainable set and its effect 
on the inefficiency distribution. This is useful to validate or reject the 
above addressed (full) separability condition and learn more about the 
role of z in the production process. In case the separability condition 
holds, we should find an effect of z on the inefficiency distribution yet 
no effect on the boundary.35 To implement the latter the authors pro-
pose to look at the marginal effects on the full frontier and a robust 
frontier (, where  lies close to one, permitting a few outlier observa-

 
35  In principle, the above introduced methodology could then be complemented 
by a parametric truncated regression analysis.  
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tions beyond the attainable set) as well as specifying a percentile by  
(e.g., 50th percentile) that constructs a boundary on the middle of the 
distribution of the inefficiencies. The latter allows to unhinge the ef-
fect z exclusively has on the inefficiency distribution. The interaction 
with the input can be implemented using three- and two-dimensional 
scatter plots for full frontier, robust frontier and the boundary of the 
inefficiency distribution. (Bădin et al. 2012; Bădin et al. 2014) 

Note that in the here employed nonparametric set-up, there is no 
testing for significance required (, or useful). In case we find local 
effects of Z on the efficiency ratios (for full / robust frontier and / or 
partial frontier given they are independent of the input), this is suffi-
cient proof that DoL and Spec. influence efficiency and thus epistemic 
outcomes.36 (In case we find a random distribution of the ratios close 
or equal to 1, an influence on efficiency and thus epistemic outcomes 
cannot be claimed) In case the local analysis of ratios reveals con-
sistent patterns for the analyzed components, it is possible to go one 
step further and make propositions regarding the nature of the influ-
ence of DoL and Spec. on epistemic outcomes.  

To assess the patterns of the analyzed components, the marginal 
analysis of the ratios will be complemented by fitting local linear kernel 
smoothing regression lines for all components of DoL and Spec. For 
the full frontier case, the local linear regression function is given by 
(Li and Racine 2023):  
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with 1 1( ) ( )n
i is z Z K u     and 2

2 1( ) ( )n
i is z Z K u     capturing 

the local behavior of the observations, h being the bandwidth parame-
ter of Gaussian Kernel function37 (Li and Racine 2023): 

 
36  Thus far it has only been established that division of labor and specialization 
create path dependencies within universities. Proof that DoL and Spec. influence 
epistemic outcomes will thus be provided in case we find an effect on the effi-
ciency ratios. 
37  There is no requirement for a specific Kernel function here. 
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where ( ) ( / )iK u K z Z h  . Since the choice of the bandwidth param-
eter is uncritical here (as opposed to the bandwidth selection process 
in the conditional frontier model), h will be specified according to 
Scott’s and Silverman’s rule of thumb respectively. Deviations of the 
regression lines fitted according to the two plug-in rules should give 
us an intuitive understanding of the nonlinear relationship of the vari-
ables, reveal heteroskedasticity within the data structure and allow for 
a good comparability of the fitted effects in the different model set-
ups. (Li and Racine 2023) 

Finally, to allow for a joint interpretation of the individual compo-
nents of DoL (task division and task coordination) and Spec. (concen-
tration and gravity), the plots for the marginal effects will be backed 
by 3D surfaces fitted using Gaussian Processes Regression (GPR). 
The latter method is well-suited for modelling non-linear relationships 
in cases where the number of observations is restricted. GPR nonparam-
etrically models the interactions of the variables as probability distri-
butions over all possible functional forms. All interactions were mod-
elled in identical set-ups, using squared exponentials as covariance 
function. As dependent variable, z-scores of the efficiency ratios were 
employed and all observations lying more than two standard devia-
tions outside of the two considered independent components were 
eliminated to facilitate generating a smooth interaction based on a 
dense core of observations. For a more detailed introduction into GPR, 
see Schulz et al. (2018) or Wang (2023).38 

 
38  Mean Squared Errors (MSE), Rooted Mean Squared Errors (RMSE) and 
R-squared estimates are provided along each plot created using GPR. Please keep 
in mind though that there is a trade-off in providing a model that is suited for 
visual inspection and one that is suited for inference. Here GPR is exclusively 
employed to facilitate the visual interpretation of the interacting effects. Error values 
approximating zero and an R-squared approximating one could easily be obtained 
by tuning the parameters of the model accordingly (, resulting in comparable over-
all patterns, yet at the cost of a crinkly surface with local minima and maxima). 
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4.2 Data 

4.2.1 Efficiency model 

4.2.1.1 Input data  

In the scientometrics field, performance measurement of HEI (e.g., 
university rankings) often relies on the number of publications and 
citations according to institutions. Bornmann et al. (2023) have just 
recently pointed out that the information conveyed by the latter is lim-
ited whenever the amount of available resources is not accounted for. 
Simply put, instead of judging the performance of a university by its 
publication and citation output, the authors advocate to evaluate per-
formance based on publication or citation productivity instead. (Born-
mann et al. 2023)  

Needless to say, that there are of course examples in the literature, 
where performance measurement in the higher education sector has 
been conducted considering resource input. But just like pointed out in 
section 3.1.3, where the need for a new institutional data set to mea-
sure DoL and Spec. was motivated, the input data employed in these 
studies is either not directly observed (e.g., Bornmann et al. 2023; 
Pastor and Serrano 2016), not differentiated according to academic 
function (e.g., Lepori et al. 2019, Daraio et al. 2015), or derived from 
the publication output (e.g., López-Illescas et al. 2011; Moed et al. 
2011). In addition, even if micro-level data of universities was used 
(e.g., Herberholz and Wigger 2021; Daraio et al. 2015a), the analysis 
was limited to recent years or comparability of independently collected 
sources (Daraio 2019). Another benefit of the new data set is thus that 
it allows to analyze the efficiency of universities using empirically 
observed institutional input data for an enlarged time period. 

In previous chapters, the idea has been discussed that this dataset 
allows to fill the gap between division of labor in scientific teams on 
the micro-level and specialization on the aggregated level of broadly 
defined epistemic branches or the overall institution (e.g., polytechnic 
universities) on the macro-level. The latter is achieved by taking into 
account the professorial denominations as informative intermediate 
medium that enables a sufficiently granular analysis of division of labor 
within institutions, yet beyond the scope of e.g., the individual labora-
tory. Analogously, instead of the denominations, the number of pro-
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fessorial staff can be used as an input for an efficiency model measur-
ing universities’ publication and citational productivity.  

The rationale behind this idea is twofold. Given the data at hand, 
there are characteristics of the scientific production process we can 
account for (DoL, Spec. and size) and certain aspects which are known 
to be determinants of epistemic outcomes (e.g., funding, administra-
tive staff, other academic staff, teaching requirements etc.)39 yet for 
which data over the here considered period is not available nor com-
parable. While the methodology introduced in the previous section 
allows the isolation of the impact of external factors on efficiency, it 
does not enable an all-things considered judgment on why an individ-
ual university is inefficient at a particular point in time. Since the pur-
pose of this work though is neither to provide a complete model of the 
scientific production process, nor to construct an alternative ranking 
method that allows for a fair judgment of efficiency,40 we can natural-
ly limit the interpretation of the results towards the impact of DoL and 
Spec. on the efficiency of the (sub-)samples.  

Consequently, instead of adopting a total factor productivity per-
spective in the efficiency model (, which would be the requirement for 
a performance evaluation taking all inputs affiliated with the produc-
tion process into account), a partial productivity model can be esti-
mated using the number of professorial staff as sole input. Arguably, it 
may even be desirable to reduce the inputs of the efficiency model to 
just one factor.  

For one, additional input factors considered in the literature, e.g., 
total academic staff or capital endowment are subject to severe heter-
ogeneity in quality, which is not limited to, but particularly affects the 
different university types and the time period considered in this work. 
Heterogeneity in quality could result from the work of e.g., a nuclear 
physicist in 2010 requiring for disproportionally higher funding to 
achieve the same amount of epistemic outcomes when compared to a 
predecessor in 1960. Even in case a variable for capital endowment 

 
39  Lepori et al. (2019) for example showed for a sample of European and US 
universities that there exists a super-linear scaling relationship between universi-
ties’ revenues and volume of publications and (field-normalized) citations.  
40  If the latter is of interest, see Daraio et al. (2015) for an approach that allows 
to ‘whiten’ the efficiency score from the influence of external effects. 
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was available and adjusted for purchasing power parity, incorporating 
it as an input into the model would disregard that scientific production 
might get increasingly more resource-intensive with ongoing knowl-
edge accumulation. This idea previously introduced as the ‘knowledge 
burden’ is i.e. expressed by the enormous amount of capital necessary 
to build up and operate facilities like particle accelerators to push the 
knowledge boundary further or the previously addressed shift towards 
team-science.  

Secondly, taking the idea of this work seriously, a large portion of 
the heterogeneity in additional input factors can be explained by divi-
sion of labor and specialization. In a model, where a university spe-
cializes in particle physics (more than its competitors), incorporating 
capital endowment as an input variable would distort its efficiency 
estimate. While cost efficiency might be of interest in some cases, it is 
not the primary concern in this work and any effect of the external 
factors considered on efficiency would then relate to an undifferen-
tiable measure of efficiency, which is partially constructed based on 
information on costs and partially on allocation efficiency. In other 
words, considering additional input variables might not be very in-
formative when evaluating efficiency on institutional level since it 
neglects that the micro-production processes of e.g. ‘nuclear physics’ 
and ‘occupational medicine’ have totally different requirements for 
capital endowment. This equally concerns the number of administra-
tive and other academic staff necessary to operate e.g., a molecular 
biology laboratory as opposed to a chemical laboratory. Acknowledg-
ing the latter, it will provide a more informative picture to permit un-
observed heterogeneity in an efficiency model for which we have a 
clear concept of what it measures.41 In a second step then, the above 
introduced methodology can be employed to distill the effect of the 
explanatory factors of interest, explaining a limited part of the hetero-
geneity (, but not all of it).  

 
41  Certainly, one may object that the latter quality differences are not always 
primarily caused by DoL and Spec, which would be the prerequisite for ruling 
out that the later observed effects are too to some extent determined by other 
factors, not directly accounted for in this framework. When limits of this work 
are discussed in chapter 5, this issue will be addressed. 
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In accordance with the remarks on the scientific production pro-
cess, the professorial staff is a suitable choice for the sole input. Uni-
versity professors are in charge of the micro-level production process, 
managing the scientific production within teams (Lee et al. 2015; 
Häussler and Sauermann 2020), or organizing the laboratory life 
(Latour and Woolgar 1986; Knorr-Cetina 1984). Further, they are the 
entities interacting on the meso-level of the institution, allocating the 
cognitive labor and therefore determining the produced output. Even 
though their role changed and adapted over time, the latter is true for 
the whole period of modern science, making the professor the nucleus 
of institutionalized science, constitutive of universities as an organiza-
tion. (Parsons and Platt 1990) 

Parsons and Platt (1990) highlighted the role of the university pro-
fessor as most important depositor of value commitments and influ-
ence in the academic system. Their privileged position allows them to 
dispose over their own research and teaching activities, while at the 
same time exerting influence on reputation and governing of the insti-
tution they are affiliated with by e.g., participating in new appoint-
ments or the design of curricula. This confirms the idea of the professor 
as a decision-maker of an isolated production process on the micro-
level, while functioning as an input on the meso-level, where he is one 
of many actors within the institution. The second role resonates with 
the idea of the self-governing scientific community, in particular the 
appointment of new professors according to priorly demarcated de-
nominations, which directly influences task differentiation. (Parsons 
and Platt 1990)  

The authors further suggested that there are different perceptions of 
responsibility and pressure and different levels of influence between 
tenured full or associate professors and the temporarily employed as-
sistant professors. Since the role of the latter is expected to differ ac-
cording to university system and research field though, here the total 
number of professors (sum of full, associate and assistant professors 
and their equivalents in different university systems respectively) will 
be used as input in all efficiency models. This builds on the assump-
tion that granted that there are significant differences in influence be-
tween different professorial types, all university professors are as-
sumed to have sufficient impact on the production process by taking 
part in hiring and fundraising activities, determine task division and 



 Chapter 4.2 153 

 

specialization, as well as choice of research activities. (Parsons and 
Platt 1990) 

4.2.1.2 (Publication and citation) output data 

The choice of the outputs is built on the literature review on the science 
studies in section 2.1. In this work, a publication productivity model 
(PPM) will be calculated using the number of natural sciences publi-
cations attributable to an affiliation and a citation productivity model 
(CPM) using the number of natural sciences citations attributable to an 
affiliation as outputs.  

As already established in previous chapters, publications and cita-
tions are acknowledged indicators of scientific performance. Sociolo-
gists of science define publications as main product of scientific activ-
ity in all disciplines. The authors of the laboratory studies, putting 
themselves in the position of ‘anthropologists’ of the scientific pro-
duction process emphasized the strange importance of producing a 
piece of paper, which is seemingly unrelated to complex interactions 
and operations performed using costly substances, materials and in-
struments (Knorr-Cetina 1984; Latour and Woolgar 1986). Given their 
insights in the laboratory, Latour and Woolgar (1986) even proposed 
to ‘consider papers as objects in much the same way as manufactured 
goods (71)’. And indeed, it is certainly not controversial to argue that 
in science the publication is the closest equivalent to produce yielded 
in other production contexts and therefore qualifies as output in the 
first (PP) efficiency model.  

In science studies and scientometrics, the importance of the publi-
cation has in recent years been pushed back by the analysis of cita-
tions. Indicators based on citations regularly serve as a criterion in 
university rankings, determine funding or hiring opportunities of scien-
tists and have eventually superseded peer-review as primary quality 
criterion in science. While the paramount importance of citations is 
critically discussed, there is a broad consensus that the attention a pub-
lication receives and the impact it has on future research (referencing 
the latter) to some extent reflects the quality or impact of research. 
(Bornmann and Haunschild 2019; Wang et al. 2013)  

Clearly though, an ‘anthropologist’ studying the activities in a lab-
oratory could not directly observe the production of citations. While 
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he might observe a researcher utilize resources and engage in activities 
to promote his work e.g., by attending conferences, bringing it to the 
attention of peers in his field, this by no means guarantees that a pub-
lication is highly cited. On the contrary, a publication could receive 
outstanding attention, because of prior merits of the author (Matthew 
effect), only loosely corresponding to the resources employed to pro-
duce the publication. The correspondence of scientific production ac-
tivity with citations is thus a lot less direct and more abstract than in 
case of publications. This raises the question whether citations can be 
considered as an output of scientific production and whether an effi-
ciency model with citations as output meets all production theoretic 
demands. 

Given the advanced nonparametric methodology applied, the latter 
should be uncritical, because the free disposability assumption equally 
holds for both publications and citations. It is possible for an institu-
tion to employ more professorial staff input yet produce the same 
number of (publications or) citations as before. The ‘no free lunch’ 
requirement is an interesting case, because at extreme occasions the 
input necessary to produce citational output could be fully reduced to 
the input used to produce the initial publication. The issue of cumula-
tive advantage, also known as the Matthew effect, has been introduced 
in previous sections and while it concerns both publications and cita-
tions, the distribution of the latter might be more vulnerable to it, re-
sulting in skewed distributions. A Nobel prize winner for example 
could publish a paper and employ zero resources linked to promoting 
the publication or convincing others in the field of its importance and 
nonetheless receive a substantial number of citations. Of course, tech-
nically, the ‘no free lunch’ requirement is nonetheless always fulfilled 
since receiving citations at least requires the initial production of the 
publication and consequently also requires a (non-zero) input.  

Acknowledging that the productional dependency of professorial 
staff input and citations is more abstract than with publications, cita-
tions can nonetheless be considered an output of the scientific produc-
tion process. Employing citations as an output in an efficiency model 
can be compared to other cases of production efficiency analysis, where 
the outputs employed contain information that goes beyond the mere 
amount of goods produced. Consider for example the incorporation of 
farm gross results in agricultural production efficiency analysis. In-
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stead of employing physical produce as an output, agricultural econo-
mists traditionally use farm gross results when assessing technical 
efficiency of farms or farming sectors (Liu et al. 2013). Just like farm 
gross results correspond to the value of the physical produce sold, 
citation output can be understood as the publication output valuated by 
the (demand of the) scientific community. The number of citations 
thus serve as output in the second citation productivity (CP) efficiency 
model. 

While both outputs might not be perfect proxies for what we intui-
tively understand as scientific progress, they are carriers of epistemic 
outcomes, contribute towards the accumulation of knowledge and 
puzzle-solving activities. Or as van Raan (2019) put it:  

‘But work of at least some importance provokes reactions from col-
leagues. They are the invisible college by which research results are 
discussed, and they play their role as members of this invisible col-
lege by referring in their own work to earlier work of other scien-
tists. Scientific performance relates to the quality of the contribu-
tion in terms of increasing our knowledge (scientific progress) as 
perceived by other knowledgeable researchers (peer review), quan-
tified and archived by citations. (243)’ 

As established in section 3.1.1, the latter understanding of progress in 
science might be best applicable to the branches of natural sciences 
and engineering, where the connection of quantity of research with 
quality of research is (by its empirical design) more pronounced than 
in the social sciences or humanities.  

Before sources and sampling of the outputs are addressed, a few 
words on potential alternatives are in order. Daraio et al. (2015) dif-
ferentiate between printed and non-printed outputs of research, which 
have impacts on either scientific-scholarly, economic and technologi-
cal or social level. While citations and publications count to the printed 
outputs, the authors mention datasets, products or artwork as examples 
for non-printed outputs of research. A third output belonging to the 
former category are patent applications, which recently received sig-
nificant attention. Patent applications deserve special attention here, 
because in the literature a potential substitution effect of patents and 
publications is discussed for the engineering sciences. 
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In this work patents are not considered though, because estimating 
a third model using only patents as sole output would require focusing 
exclusively on engineering denominations, for which not enough ob-
servations exist to generate an own subsample. Measuring the perfor-
mance of the latter together with all-sciences universities with a small 
share of engineering departments or chairs respectively would create 
upward biases for polytechnic universities. In simpler terms, patent 
numbers depend on (specialization) concentration in a particular field.42 

While it is justified to neglect patent applications as an additional 
output, it would have been desirable to include the number of students 
enrolled as second output into additional models accounting for both 
research activity and teaching. Previous studies that considered num-
bers of students in their model (e.g., Catalano et al. 2019; Daraio et al. 
2015a; Daraio et al. 2015c) have claimed a trade-off between focusing 
on research activity and fulfilling teaching requirements. Certainly, it 
would have been informative to compare the efficiency models using 
one research output with models considering enrolled students as ad-
ditional teaching activity output.43 Even when left out of the efficiency 
models, student numbers could have been examined as additional ex-
ternal factor to illuminate possible interactions e.g., of teaching re-
sponsibilities and task division. Undeniably, not accounting for the 
number of students is a weakness of this analysis and needs to be criti-
cally addressed when discussing the results and potential tracks for 
future research.  

Although detailed information on the bibliometric perspective on 
performance measurement is provided in section 3.1.2.2, some infor-
mation on the properties of publications and citations should be exam-
ined prior to a careful implementation. In general, an issue related to 
publication databases is incomplete coverage. Here, the documenta-
tion of publications and citations in the pre-war period is expected to 
be less complete than the documentation in the post-war period. Also, 
 
42  Supposing the substitution effects of patents and publications are comparable 
for the engineering departments of the universities, the effect of patents could 
partially be captured by the specialization concentration variable. 
43  Unfortunately, the sources used to construct the data set did not contain reliable 
data on enrolled students. While a few entries of the Minerva publication indeed 
provided numbers of students, surprisingly this was not the case for the academic 
calendars and course catalogues used to cover the period 1970 to 2020. 
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it is well-known that publication databases only just recently started to 
catch up on the integration of monographs for example (Bonaccorsi 
et al. 2017). This problem is further enhanced by the shift of publica-
tion habits over the course of time, supposedly substituting enlarged 
monographs with more frequent publication of shorter notes and papers. 
The latter is further aggravated by the circumstance that publication 
habits are potentially unevenly distributed across the university systems 
and regions considered in the analysis. Finally, completeness of cover-
age also differs according to database and disciplines. (Bornmann and 
Mutz 2014) 

Some of these issues are alleviated by the scope of the analysis be-
ing limited to the branch of natural sciences and the estimation of effi-
ciency models according to separated pre-war and post-war samples. 
Here in the post-war period, we expect that regardless of university 
type (region, or language) the vast majority of relevant findings with 
sufficient impact were published in article form (, not monographs), 
fully available in publication databases. Even if some monographs 
attracted substantial attention (, let’s say as standard works or intro-
ductory textbooks), groundbreaking findings were most certainly pub-
lished in research articles before, as soon as the empirical results were 
considered final.44 Securing priority and striving for the related credit 
is an important and well-understood mechanism within the scientific 
community (see 2.1.1). In conjunction with the requirement for a good 
comparability of the output numbers across the institutions, the publi-
cation numbers employed as outputs are not based on all documents 
affiliated with a university (e.g., books, book chapters, editorials or 
conference papers) but limited exclusively to the number of research 
articles. (Van Raan 2019) 

Another issue relating to using publications and citations for per-
formance measurement are lagged impact of publications. Van Raan 
(2019) calls it the delay problem, that even though peers might be 
 
44  Since monographs might be crucial elements of theory building and the ‘prog-
ress’ in the humanities and social sciences, this argument is only valid for the 
natural sciences disciplines. One may for example consider the work of Michel 
Foucault, consisting of both monographs as well as journal articles, amounting 
to a total of 1,349,822 citations according to google scholar. (Of course, though, 
monographs of Foucault are supposedly completely covered in all relevant pub-
lication databases.)  



158 Chapter 4 

aware of new publications containing relevant findings, it takes them 
some time to incorporate them into their own work which creates a 
delay between awareness and bibliometric notification (the actual ref-
erencing of a work). Chu and Evans (2021) obtained a median time of 
9 years for top-tier publications to catch up to the most cited of a field. 
Further, dissemination time is substantially shorter in large fields, 
where promising articles tend to shoot to the top fast (Chu and Evans 
2021). Most authors in turn propose that the average peer review time 
cycle is no more than three to four years and choose i.e. 4-year win-
dows for citation analysis (Bongioanni et al. 2014; Van Raan 2019).  

Effectively, it is unclear whether time-lags are a fundamental prob-
lem in citation analysis or not. Nonetheless, rare cases of the so-called 
sleeping beauties are well-documented. Sleeping beauties suffer from 
an absence of recognition for several years before they get rediscov-
ered and suddenly generate substantial recognition within the commu-
nity. While the latter might indeed cause serious issues in bibliometric 
studies (, especially when focusing on individual scientists’ perfor-
mance), in this work the problem is restricted to the last decade of the 
sample (2010 to 2020). For articles published e.g. in 2020, it is possible 
that they gain disproportionately more citations in the upcoming years 
than publications of earlier periods. For the remaining periods all con-
sidered publications should approximate their maximum potential in 
recognition (and only gain proportionately if they are for example 
seminal works, which are relevant up until today and still get regularly 
cited). (Van Raan 2019) 

We follow the approach of Lin et al. (2022), which used the num-
ber of papers accumulated over the course of a decade. This fits the 
input data used in this work and should further also account for lagged 
publication and outlier years (in particular of the pre-war period, 
where the absolute number of publications or citations of a young uni-
versity could be close to zero). Finally, all problems linked to the per-
formance measurement (arising at a statistically low aggregation level) 
when individual researchers’ performance is examined (using citation-
based measures e.g., the h-index), are of no concern in our setup since 
efficiency is assessed on aggregated institutional level.  

The output data is built on 2,681,761 publications with a total of 
148,576,471 received citations and stems from Elsevier’s Scopus data-
base (https://www.scopus.com). Initially launched in 2004, Scopus ended 
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the monopoly of Clarivate Analytics’ Web of Science (WoS) and de-
veloped to an equally high-quality database now interchangeably used 
with WoS in Scientometrics’ studies (Van Raan 2019). For each univer-
sity, the sum of natural sciences’ paper publications and linked cita-
tions affiliated with a university is extracted according to each decade. 
The Scopus database offers two options to choose which documents 
belong to an institution. The option ‘affiliation only’ contains publica-
tions that are directly associated with the institutional profile. The 
alternative ‘documents, whole institution’ additionally considers pub-
lications from affiliations contained within its hierarchy. For the ex-
ample of the LMU Munich the number of documents of the whole 
institution amounts to 214,449, whereas 186,808 documents are listed 
under the affiliation only option. In its affiliation hierarchy, we find a 
number of specialized research centers (e.g., Munich Center for Inte-
grated Protein Science), clusters (e.g., Munich Cluster for Systems Neu-
rology), affiliated schools of the Max-Planck society (e.g., Max Planck 
Research School for Molecular Life Sciences) and the LMU clinic., 
the clinic alone is involved in publication of 70,088 documents.45  

While in the latter example, institutionally separated research or-
ganizations only contribute a small share to the overall number of 
publications (13,301 in total) we advocate to integrate them in this 
work in the performance analysis of universities. It has previously 
been pointed out that university rankings lack a consideration of the 
circumstance that in the continental European research landscape, a lot 
of resource-intensive science is conducted in research organizations 
(e.g., belonging to the Max-Planck society) that even though affiliated 
with universities are treated as separate organizations (, with own aca-
demic and administrative staff and funding resources not belonging to 
the university). In the here employed model though, professorial staff 
input is considered. Since professors working in clinics or research 
societies are necessarily linked to the universities (, because of the uni-
 
45  Note that the gap of ‘affiliation only’ and ‘whole institution’ documents is 
smaller than the number of publications affiliated with the LMU clinic. 
Seemingly, a lot of publications are co-authored by authors associated with the 
clinic and authors associated with the university. Analogously, some of the 
authors could be affiliated with clinic and university (e.g., full professors with 
teaching responsibilities), while there is only a small number of research staff 
affiliated exclusively with the clinic.  
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versities’ monopoly for issuing the title professor), numbers and denom-
inations were equally documented for the input data.46 The heterogenei-
ty in other academic staff, administrative staff and funding resources 
is simultaneously treated like the heterogeneity between professors 
working in different research fields. The inclusion of affiliated institu-
tions is thus uncritical and might help mitigate the supposed spread in 
performance between European and other sample institutions. 

The number of documents was limited to the following Scopus sub-
ject areas belonging to domains of engineering and natural sciences: 
Physics and Astronomy, Engineering, Biochemistry, Genetics and 
Molecular Biology, Materials Science, Chemistry, Medicine, Earth and 
Planetary Sciences, Chemical Engineering, Neuroscience, Energy, 
Environmental Science, Immunology and Microbiology, Agricultural 
and Biological Sciences, Pharmacology, Toxicology and Pharmaceu-
tics, Health Professions, Nursing, Veterinary Sciences, Dentistry and 
Multidisciplinary.47 In accordance with the definition of the term multi-
disciplinary in chapter 2, the subject area refers to journals publishing 
articles on different topics within a discipline or field like i.e. Nature 
and Science (Rousseau et al. 2019). Since papers published in these 
journals belong to the natural sciences, they should principally be con-
sidered. In case of the LMU Munich Multidisciplinary articles make 
up for about two percent of the publication output, making it desirable 
to include the category into the analysis. 

Technically though, there might be articles belonging to the category 
Multidisciplinary, which span over multiple research fields in the so-
cial sciences for example, having no connection to the natural sciences 
at all. In addition, the content of the articles belonging to the category 
need not be inherently multidisciplinary (Moschini et al. 2020). An 

 
46  The data sources used to document denominations and numbers of professors 
explicitly contained additional information if a professor was associated with a 
particular department or institute of a clinic or chaired the clinical department. 
47  Consequently, the categories Social Sciences, Arts and Humanities, Economics, 
Econometrics and Finance, Business, Management and Accounting, Decision 
Sciences, Psychology, Mathematics and Computer Science are not included. 
Since the operator ‘limit to’ was used (instead of ‘exclude’) articles i.e. belonging 
to the latter two categories might still be accounted for when they are simultane-
ously listed in the category Engineering for example, signaling that the content 
of the article is not restricted to the formal sciences branch. 
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‘eye-test’ for a variety of universities confirmed though that most pub-
lications affiliated with this category are primarily connected to the 
natural sciences. Further, the categories affiliated with an article are 
not exclusive, but multiple categories can be linked to a paper in case 
the content matches a particular subject area. So, limiting the publica-
tions of e.g., the LMU Munich to the Multidisciplinary category re-
turns other subject categories the papers are affiliated with as well. Of 
the 3,945 Multidisciplinary articles over the whole period recorded, 
1,041 where also affiliated with another category. Of the latter, only 4 
publications were affiliated with categories not included in the natural 
sciences branch (e.g., Arts and Humanities). Given the focus of this 
work on coordination of subject areas and research fields (, potentially 
resulting in more Multidisciplinary produce), papers belonging to the 
Multidisciplinary subject area are thus included in the output data set.  

4.2.1.3 Outliers 

As detailed in the methodology section, the partial frontier approach 
allows to construct frontiers that are robust towards the inclusion of 
outliers. In this work, outliers could stem from two different sources. 
There could be outliers due to data collection errors in the input data 
set or the Scopus database employed for publication and citation out-
put. As a result, there could be measurement errors resulting from 
incompatibility of the two different data sources, when for example 
the output values are correct, and the institutional data is flawed or the 
other way around. This in turn could result in distorted productivity 
ratios dominating the attainable sets. Secondly, as pointed out earlier, 
using the partial frontier approach is also employed to account for 
potential conceptual outliers, meaning to prohibit the comparison of 
observations with observations operating under different conditions or 
a different technology.  

As opposed to the latter issue, data collection and measurement er-
rors can in the one input, one output case also be addressed using con-
servative methods for outlier detection. Since this is not the case for 
the conceptual outliers, it might be reasonable to get rid of any mea-
surement and data collection errors prior to conducting the actual effi-
ciency analysis and thus kind of ‘reserving’ the capacity of the partial 
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frontier approach for the detection of conceptual outliers. In figure 16, 
the ratios of publications and citations to professorial staff input are 
given for each institution at a point in time t (from earliest (left) to 
latest (right) period) according to clusters. 

It is easy to obtain that professorial productivity in generating 
publications and citations increased for institutions over the course of 
time. This might be related to the increasing size over the considered 
period, as well as the heterogeneity in endowment with non-profes-
sorial staff, which we cannot account for. Both partial productivity of 
publications and citations follow similar trends for each institution, 
with the latter pattern revealing more steep inclines and some abrupt 
changes, capturing the expected cumulative advantages (Matthew 
effect) linked to receiving citations. Interestingly, we can obtain that 
citation productivity peeks in the decade 2000 to 2010 and slightly 
declines for the last sample period in the institutions, for which the 
period 2010 to 2020 is available. This supports the idea of the 
importance of late recognition of publications (sleeping beauties) and 
is opposed to the idea that most citations are received by a paper within 
three years of publication.  

On average, for the full sample, a professor is involved in the pro-
duction of 51 publications generating 2,569 citations per decade. These 
numbers are in line with findings of previous studies and seem realis-
tic for professors working in the natural sciences branch and for the 
sample of excellent universities (Bornmann and Mutz 2014). (See 
table 15 for descriptive statistics of inputs, outputs and productivity 
ratios of the full sample) 

Tab. 15: Descriptive statistics of inputs, outputs and productivity 
ratios of the full sample 

Obs. = 169 Mean Std. Dev. Min Max 

Sum of Professors (Nr.) 273.67 300.22 3 2,575 

Publications (Nr.) 15,868 24,524 3 128,406 

Citations (Nr.) 879,150 1,617,768 2 12,188,913 

Publication Productivity 50.65 114.21 0.14 1,173 

Citation Productivity 2,569 5,820 0.07 44,569 
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The accumulated productivity ratios give us an intuitive understanding 
of the productivity development of an institution over the course of 
time, with institutions like Harvard seemingly continuously increasing 
their productivity levels, while e.g., the German institutions reveal 
constant productivity rates in the post-war period. 

Regarding publication productivity, ratios of the observations of 
the Columbia university (660) and ETH Zurich in 2010 (1173) and the 
Harvard university in 2000 (443) (last bars in the chart) do not match 
with productivity ratios of peers in 2010 and 2000 respectively. In 
addition, the values of the former two (, in particular the ETH Zurich) 
do not fit their intra-institutional productivity development pattern, 
suggesting that here there is indeed an incompatibility of input and 
output data. Looking at the citation productivity ratios this picture is 
confirmed (COL 2010: 27,557, ETH 2010: 44,569, HAR 2000: 42,031). 
For all three observations the publication and citation productivity 
value lie beyond the range of three standard deviations outside of the 
sample mean with 393 publications and 20,032 citations per professor 
and decade respectively. Consequently, they are classified as outliers 
and excluded from the efficiency analysis. (While the latter numbers 
for the threshold are certainly high, given adequate endowment with 
staff, resources and international collaborations, they should still be 
attainable.48) 

As an alternative, two standard deviations outside of the mean 
could be chosen as a commonly used threshold (279 publications and 
14,211 citations per professor and decade respectively). Applying the 
latter, the citation productivity values of Caltech in 2000 and Harvard 
in 1990 would be classified as outliers as well. Looking at both charts 
(bars second to the last), an outlier role could indeed be supposed for 
citation productivity yet not for publication productivity. This suggests 
that here we might obtain one of the issues related to using citation 
numbers for performance measurement. For the Harvard university, for 
which an outstanding reputation (even when compared to other excel-
lent universities) can be assumed, we might observe the institutional 
equivalent to the Matthew effect, while the last sample observation of 

 
48  Keep in mind that while we are relating the number of publications to the 
professorial staff input this does not mean that all publications are necessarily 
co-authored by them.  
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the Caltech might be subject to the delay-problem distorting its pattern 
of citation productivity development. In any case, since the publica-
tion productivity pattern seems normal for both observations, they 
cannot be classified as measurement or data collection errors and are 
thus included in the efficiency analysis. 

Although all other observations lie within these thresholds, there are 
some remaining observations which could also be considered as odd 
either regarding conspicuously low productivity ratios or not fitting 
the intra-institutional pattern. This concerns for example the ratio of 
the University of Sydney in 2000 (192 and 9,200) or the University of 
Washington in general, which abruptly increases at one point and after-
wards, as opposed to the overall pattern of all institutions, decreases 
again in productivity. While those values might be odd, there could be 
structural issues we have no information on, causing those pattern 
shifts. Given they are within the commonly employed standard devia-
tion range for outlier classification, these observations are not excluded 
as outliers and regularly enter the efficiency analysis.  

4.2.2 External factors 

4.2.2.1 DoL – task division and task coord. (factor) 

Choice and calculation of the external factors corresponds largely to 
the remarks in section 4.2.3. The two variables used to portray the 
effect of division of labor on the scientific production process are task 
division and task coordination. Task division is given by the sum of 
professors divided by the number of denominations. The highest task 
division on institutional level is thus returned by a value of one. Given 
a fixed number of professors and presuming that a denomination de-
marcates a professorial chair or department dedicated to an institu-
tionalized task (topic), the tasks linked to a production process of a 
university can only be divided to the extent, where each professor is 
assigned a distinct denomination (task division = 1). 

On the other hand, high values of the task division measure reveal a 
strong prevalence of team science within an institution. Given a fixed 
number of professors, dividing the production process in less denomi-
nations than professors available (low task division on the institutional 
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level), results in greater numbers of professors working on each insti-
tutionalized task (higher division of labor in teams). To summarize, 
values of 1 show maximum feasible task division on institutional level, 
while higher values indicate low task division on institutional level (, 
where task division is shifted to the team or department level). Of 
course, the measure does not account for the absolute number of de-
nominations an institution covers and the concentration of the profes-
sors according to the latter denominations, which will be accounted 
for by the specialization concentration measure in the upcoming sec-
tion.  

The second external factor that will be employed to analyze divi-
sion of labor, is task coordination. As opposed to task division, task 
coordination tries to measure the coordinative quality of a denomina-
tion. In plain language, it measures how big the scope of an institu-
tionalized task is. A denomination dedicated to the task ‘organic and 
inorganic chemistry’ needs to consider a broader area of research than 
‘organic chemistry’ for example. On the level of denominations, the 
measure returns how many topics on average one denomination bridges. 
On the level of the WoS categories it measures how many distinct 
subject areas, research fields and disciplines a denomination within an 
institution on average connects with one another.  

The two measures of division of labor thus measure in how many 
distinct tasks the production process of a university is institutionalized 
in and how well those individual tasks are connected by the domains 
they cover. As outlined in the theoretical part of this work, those ef-
fects are believed to interact with one another and influence efficiency. 
For one, we would expect higher values of task division (more team 
science) to be favorable for efficiency, whereas we would expect low 
values of task division (high task division on institutional level) to be 
favorable only when tasks are also highly coordinated (to keep coordi-
nation costs low).  

Further, we might expect differences according to the time periods 
considered. For pre-war science, the role of task coordination could be 
unclear or less pronounced than in the post-war period. In this (grow-
ing) phase of science we would expect that task division on institu-
tional level is in principle favorable and does not require for a high 
coordination of the newly institutionalized tasks. Given the lower ab-
solute numbers of professors a lot of the coordinative requirements 
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linked to the latter could have been naturally handled by local proxim-
ity or discourse. 

In table 16, the variables available to measure division of labor (and 
spec.) according to different levels of granularity are reproduced. Both 
task division and task coordination could be measured on the level of 
the individual denomination or the levels of the WoS subject area, 
research field and discipline it was assigned to. In the case of task co-
ordination, the indicators of these levels indeed provide qualitatively 
different information. On average, coordination of subject areas could 
be very high, yet the different disciplines the institutionalized tasks are 
attributable to, could still be isolated from one another. On the contra-
ry, some institutionalized tasks could coordinate different disciplines 
very well yet within those disciplines the coordination of subject areas 
could still be low. 

Tab. 16: Replication of Tab 5 in section 3.2.4 with variables 
implemented as external factors printed in bold 

Division of Labor Specialization 

Task Division Task Coordination Concentration Gravity 

Discipline  
[Nr. of disci-

plines covered 
(weighted)] 

[HDISC] Individual specialization of  
denom

ination (w
eighted) 

Research 
Field 

 
Nr. of research 
fields covered 

(weighted) 
HREFI 

Subject 
Area 

 
Nr. of subject 
areas covered 

(weighted) 
HSUBJ 

Denomi-
nation 

Nr. of  
professors /  

denomination 

Nr. of topics 
covered 

(weighted) 
HDENO 

For the task division measure on the other hand, it was established that 
the insights on the aggregated level of the subject area or the discipline 
are rather limited. In accordance with the procedure for conducting the 
cluster analysis, for task coordination a factor variable is constructed 
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loading the information from the different aggregate levels in one joint 
measure of task coordination. 

As opposed to the approach of the cluster analysis, here the values 
are not aggregated to the institutional level for the whole period (, by 
weighting all values of denominations assigned to an institution i with 
the number of assigned professors relative to the sum of professors 
associated with the institution over the whole sample period). Instead, 
they are aggregated to the level of the individual observations (institu-
tion i at point in time t) entering the efficiency analysis. Hence the 
variables are calculated based on the denominations assigned to a uni-
versity i at a certain point in time t, weighted by the sum of professors 
assigned to each denomination relative to the sum of professors as-
signed to i in t. 

On the level of individual observations, the overall Kaiser-Meyer-
Olkin criterion (0.73) suggests that the measures for task coordination 
of the individual denomination, subject area and research field can 
reasonably be loaded into one joint factor. (See table 17 and 18 for the 
results of the factor loading procedure.) 

Tab. 17: (Unrotated) principal component analysis for the task 
coordination variables 

Obs. = 166 Eigenvalue Difference Proportion Cumulative 

Factor 1 2.637 2.644 1.023 1.023 

Factor 2 -0.007 0.046 -0.003 1.021 

Factor 3 -0.053 . -0.021 1.00 

Tab. 18: KMO-criterion, factor loadings, unique variances and 
predicted scores for the task coordination factor 

Obs. = 166 
KMO  

(0.731) 
Rotated Factor 
Loadings (F1) 

Unique 
Variances

Scoring 
coeff. 

Task Coord. – Topics 0.837 0.895 0.198 0.141 

Task Coord. – Subject Areas 0.656 0.972 0.054 0.605 

Task Coord. – Research Field 0.730 0.943 0.111 0.258 
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Even though task coordination on the disciplinary level correlates posi-
tively and significantly with all other variables employed (0.56*** 
with topics, 0.59*** with subject areas and 0.73*** with research fields 
covered), it cannot be loaded into the same factor and thus would have 
to be considered as individual external factor. Presumably, since the 
correlation with the other task coordination variables is fading with 
increasing granularity, the information conveyed by disciplinary coor-
dination is supposedly not accurate enough to fit the factor, contrib-
uting evidence towards the idea that thinking about scientific collabo-
ration in terms of the very broad scope of disciplines might not be the 
best fit.  

To keep the input-output space as small as possible (and limit the 
effect of the curse of dimensionality (Daraio et al. 2015a)) the task 
coordination factor is built on the information conveyed on the level 
of the individual denomination, subject area and research field. In 
table 19, descriptive statistics for task division and task coordination 
(factor) are provided for the full sample. 

Tab. 19: Descriptive statistics for external factors representing DoL in 
the full sample. 

Obs. = 166 Mean Std. Dev. Min Max 

Task Division 5.95 7.98 1 44.40 

f. Task Coordination 0.00 0.98 -1.63 5.09 

For the task coordination (factor) we can obtain that the negative pole 
is deviating less from the mean than its positive counterpart indicating 
that very high task coordination at all levels is more likely than no 
task coordination at all levels. Regarding task division, we can see that 
the extreme poles range from observations which operate at a maxi-
mum task division on institutional level (task division of 1) to univer-
sities where on average 44 professors share the same denomination 
working on one joint institutionalized task (, supposedly as teams in 
large departments). On average 6 professors share the same denomina-
tion, who could either be organized in a large professorial chair or a 
small department. 
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4.2.2.2 Spec. Concentration (factor) and gravity 

In order to measure the influence of specialization on efficiency, two 
variables were defined in section For one, specialization can be thought 
of as the concentration of resources (here: professorial staff) on tasks, 
sort of reflecting topical focuses of an institution. This was operation-
alized by using the Hirschman-Herfindahl index as a measure of abso-
lute concentration of numbers of professors on denominations, subject 
areas, research fields or disciplines according to institution. In accord-
ance with economic theory, we would in principle expect higher con-
centration on tasks to be favorable. The authors of the science studies 
in turn highlight the importance of diversity and combinatorial novel-
ty, indicating that there might exist a trade-off here between efficiency 
gains through concentration versus diversification. 

Secondly, in context of scientific production, another aspect linked 
to specialization is the increasing depth in demarcating tasks from one 
another by focusing on narrower and narrower scopes of research. This 
was operationalized by assigning each individual denomination a value 
according to the specificity of its scope, where 1 is corresponding to a 
subject area in the WoS subject category, 2 is demarcating a narrower 
research topic fully contained by a subject category and 0 signaling that 
a denomination demarcates an area of research that is broader than the 
subject categories it connects. Here again, as opposed to the procedure 
of the cluster analysis, mean values for specialization variables were 
calculated for each observation (institution i at point in time t). In ac-
cordance with economic theory, we would expect a higher depth in 
specialization to be favorable for efficiency. Analogously to task divi-
sion though, specialization depth increases coordination costs. So here 
too, specialization depth might be only favorable to a certain extent, 
where the productivity gains are outweighed by the increased coordi-
nation costs and knowledge burden.  

The procedure for the construction of the specialization concentra-
tion factor variable is identical to the construction of the task coordi-
nation factor introduced in the previous section. In table 20 and 21, the 
results for factor loadings are presented. The overall KMO-criterion 
(0.73) suggests a similar performance of the factor in representing its 
components when compared to the task coordination counterpart. 
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Notably though, here the uniqueness of all three components is 
more pronounced than in the latter case. This particularly concerns 
concentration on the level of the research field, which with a variance 
of 0.96 not shared with the other variables makes it the least influen-
tial component of the factor.  

Tab. 20: (Unrotated) principal component analysis for the Spec. 
Concentration variables 

Obs. = 166 Eigenvalue Difference Proportion Cumulative 

Factor 1 1.377 1.385 1.161 1.161 

Factor 2 -0.008 0.175 -0.007 1.154 

Factor 3 -0.183 . -0.154 1.000 

Tab. 21: KMO-criterion, factor loadings, unique variances and 
predicted scores for the Spec. Concentration factor 

Obs. = 166 
KMO  

(0.731) 
Rotated Factor 
Loadings (F1) 

Unique 
Variances

Scoring 
coeff. 

Spec. Conc. - Topics 0.515 0.819 0.329 0.467 

Spec. Conc. – Subject Areas 0.515 0.815 0.337 0.453 

Spec. Conc. – Research Field 0.854 0.206 0.957 0.050 

Just like in the case of the task coordination factor, concentration on 
the level of the discipline cannot be loaded into this factor and would 
thus have to be considered as own external factor. Here though, we do 
not obtain positive correlations with all concentration measures on the 
other levels. Indeed, we find a low (yet not significant) negative corre-
lation with concentration on subject area level (-0.12) and a moderate 
(significant) negative correlation with concentration on the denomina-
tion level (-0.19**). Since there is a strongly positive significant cor-
relation with concentration on research fields (0.72***), we presume 
that the information on disciplinary concentration is to some extent 
conveyed by the inclusion of the research field level in the factor vari-
able.  
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Potentially though, here two factors, one based on the concentration 
on the granular level (topics and subject area) and one on the broad 
level of disciplinary profiles (research field and discipline) could have 
been used as an alternative instead. Since this is conflicting with the 
aim to restrict the curse of dimensionality, we decided to use only one 
(factor) variable as external factor accounting for specialization con-
centration. In table 22, descriptive statistics for the two specialization 
variables are provided. Here too we can obtain that the extreme poles 
for the concentration measure are skewed towards the maximum sig-
naling that it is more likely that institutions concentrate highly on all 
levels of granularity than not concentrating at all.  

Tab. 22: Descriptive statistics for external factors representing Spec. 
in the full sample 

Obs. = 166 Mean Std. Dev. Min Max 

f. Spec. Concentration 0.00 0.87 -0.96 6.98 

Spec. Gravity 1.13 0.18 0.64 1.60 

Regarding the depth of specialization, we can obtain that on average a 
denomination is slightly more specialized than the WoS subject area it 
was attributed to. In addition, the distribution of the values for Spec.-
Gravity seem to be relatively evenly distributed with a moderate spread.  

4.2.2.3 Bandwidth selection 

As outlined in the methodology section, an appropriate bandwidth 
needs to be specified for each external factor entering the conditional 
models. Bădin et al. (2019) proposed an approach that builds on the 
bandwidth selection process proposed by Li et al. (2013) adapting it 
for the case of conditional distribution functions. (See 4.1.3.2 for de-
tails) Here, their implementation is used to generate cross validation 
plots for each external factor considered in the efficiency analysis 
modeling the least squares cross validation criterion as a function of a 
range of bandwidth values. Even given the cross validation plots, choice  
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Fig. 17: Cross validation plots for PPM (upper) and CPM (lower) 
conditional model with task division as external factor. 
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of bandwidth is not entirely straightforward. Very low or high values, 
which minimize the LSCV criterion could result in under- or over-
smoothing respectively. Looking at the cross validation plots for task 
division in the conditional publication and citation model provided in 
figure 18, it can be obtained that the bandwidth that would minimize 
the LSCV criterion lies relatively close to zero. In order to obtain suit-
able values, the efficiency models were iteratively calculated using 
different values selected in accordance with good empirical practice. 
For all external factors a moderate amount of (two to four) bandwidth 
values were tested, if they either lied at local minima of the LSCV 
criterion or at points before sudden increases. In case of the conditional 
PPM model in figure 17, examples for reasonable values would thus be 
the absolute minimum marked with a red circle and the local minimum 
at 0.44. For the conditional CPM variant, the absolute minimum and 
the two sudden increases in 0.72 and 0.9 were considered as candidates. 
Finally, bandwidth values were then determined by (1) how good a 
bandwidth minimizes the LSCV criterion and simultaneously (2) mini-
mizes the number of efficient observations in the conditional models. 
The latter is of interest, because the analysis of the ratios is mainly 
informative for inefficient observations of the conditional model.  

Here, for the conditional (task division) PP model the latter proce-
dure resulted in the choice of the bandwidth 0.444 (first local mini-
mum). For the CP variant, a bandwidth of 0.715 was selected, which 
corresponds to the first sudden increase in LSCV criterion obtainable in 
the bottom cross validation plot. In table 23, all bandwidths selected 
employing this procedure are reported according to model variant and 
external factor.  
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Tab. 23: Summary of bandwidths selected according to external factor 
and model variant 

 PPM CPM 

 Bandwidth LSCV Bandwidth LSCV 

Task Division 

pre 0.444 0.133 0.715 0.156 

post 5.394 0.143 5.300 0.141 

full 5.379 0.126 5.326 0.125 

Task Coordination 

pre 1.636 0.157 1.090 0.156 

post 1.773 0.147 1.888 0.152 

full 2.179 0.158 4.914 0.167 

Spec. Concentration 

pre 2.000 0.162 2.194 0.164 

post 1.090 0.164 3.970 0.167 

full 2.129 0.166 6.212 0.168 

Spec. Gravity 

pre 0.455 0.170 0.657 0.169 

post 0.970 0.168 0.292 0.162 

full 1.125 0.168 3.687 0.168 

All corresponding cross validation plots are provided in Appendix S2 – S7.  

4.2.3 Descriptive statistics 

Table 23 presented at the end of the previous section also provides an 
overview of all model variants that will be analyzed in the upcoming 
section. An unconditional efficiency measure incorporating publications 
as output will be calculated for pre-war, post-war and full sample. (The 
latter serves for the analysis of the university types or rather university 
clusters, which due to the limited number of observations must be ex-
amined in the full frontier case.) Three order- variants are calculated 
for each unconditional model (FDH frontier (  1), robust frontier ( 
 0.99) and partial frontier (  0.90) of the inefficiency distribution). 
Analogously, the same procedure is repeated incorporating citations as 
output.  

Afterwards, the conditional models were calculated, first incorpo-
rating the four components as external factors individually. Finally, 
conditional models for evaluating the joint effects of DoL and Spec. 
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respectively were calculated employing two external factors (task di-
vision and task coordination; Spec. Conc. and Spec. Grav.). In total, this 
amounts to 54 different sets of efficiency estimates calculated for all 
sample institutions.49 Descriptive statistics will now be provided for 
the pre-war and post-war sample as well as according to clusters. Fur-
ther, we will take a look at mean values of inputs, outputs and external 
factors according to institution.  

Pre-War Sample 

Pre-war sample descriptive statistics for inputs, outputs and external 
factors are provided in table 24. Clearly, the portrayed values convey 
the idea of the growth phase of modern science. We see moderate mean 
values for numbers of professors, publications and citations. Here, on 
average a sample professor produced 5 publications and 27 citations 
each decade (, which today would certainly be considered very low 
values for natural sciences’ departments of ordinary universities). The 
values of the external factors equally reflect the small size of universi-
ties in the pre-war sample. In particular, the value of task division cor-
responds to our theoretical understanding of division of labor.  

Tab. 24: Pre-war sample descriptive statistics 

Obs. = 55 Mean Std. Dev. Min Max 

Sum of Professors (Nr.) 55.78 44.74 3 247 

Publications (Nr.) 247.95 307.35 3 1,319 

Citations (Nr.) 1,491.27 2,332.84 2 13,193 

Task Division 1.39 0.35 1 2.84 

f. Task Coordination -0.07 1.02 -1.58 5.09 

f. Spec. Concentration 0.05 1.06 -0.68 6.98 

Spec. Gravity 1.15 0.12 0.90 1.37 

 
49  Effectively, the number of model variants calculated was substantially higher 
since different efficiency models had to be evaluated in the bandwidth’s selec-
tion procedure. Further, different specifications of 𝛼 had to be tested to find a 
suitable value for the robust frontiers and the frontier of the inefficiency distri-
bution. Finally, for robustness reasons, potential interactions between the DoL 
and Spec. components were tested. 
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Here, the institutionalized division of tasks is close to the maximum 
value (of 1) with the biggest mean ‘team’ size observed for an obser-
vation lying at 2.84 professors per denomination. The mean value for 
task coordination is slightly negative, potentially indicating that given 
the overall small size of the universities in the pre-war period, control-
ling for coordination costs is subordinate to the gains in productivity 
induced by higher institutionalization of task division.  

The specialization concentration measure on the other hand is slightly 
positive on average. Supposedly, diversity of domains requires for suf-
ficient institutional size, forcing a certain concentration of resources 
on domains upon the smaller institutions in the pre-war period. Final-
ly, looking at the specialization depth we can obtain a moderate mean 
value close to 1. Indeed, in the pre-war sample the maximum value for 
specialization gravity lies below 1.5, meaning that even in the most 
specialized institution the average denomination does not demarcate a 
narrower range than a WoS subject area.  

When looking at the mean values according to institutions (see 
table 25), we can further see that comparatively high specialization 
gravity values tend to belong to polytechnic universities (ETH and 
MIT) and larger institutions (LMU and HAR) except for the University 
of Auckland. The latter accounts for extreme values in inputs, outputs 
and external factors (with the maximum values of institutionalized task 
division, specialization concentration and gravity). Further, the Uni-
versity of Auckland has only one appearance in the sample. In con-
junction with the extremely low input values, this should increase the 
probability of the latter serving as its own peer, which would be desir-
able given our aim of only making measuring performance under 
comparable technologies. This will thus be evaluated when interpret-
ing the results of the efficiency estimates. 
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Tab. 25: Pre-war values for inputs, outputs and external factors 
according to institutions 

i X Y_PUB Y_CIT 
task 
div. 

f.task 
coord. 

f.spec. 
conc. 

spec. 
grav. app. 

AUC 3 5 15 1.00 0.92 6.98 1.33 1 

UTA 17 17 76 1.13 0.09 0.91 0.95 3 

CAL 19 308 7441 1.36 0.26 1.25 1.00 1 

UOW 23 92 177 1.41 -0.31 0.55 1.00 3 

UPP 27 53 190 1.09 0.28 -0.14 1.16 3 

LEE 31 165 812 1.12 -0.36 -0.19 1.10 3 

UZH 34 197 1398 1.06 1.94 -0.27 1.31 4 

UOS 35 34 71 1.21 -0.44 -0.09 1.06 4 

ETH 43 109 1643 1.22 0.57 -0.28 1.22 3 

RFW 46 347 489 1.57 -0.12 0.02 1.06 4 

GAU 47 506 2462 1.32 -0.29 -0.37 1.10 3 

STA 50 392 1265 1.80 -1.11 0.38 1.05 3 

MIT 63 211 1798 1.49 -0.72 -0.10 1.29 4 

UCB 74 192 1778 1.32 0.19 -0.47 1.19 4 

LMU 86 264 617 1.51 0.51 -0.29 1.24 4 

HAR 117 755 4729 1.56 -0.59 -0.47 1.25 4 

COL 128 703 2794 1.93 -1.18 -0.31 1.10 4 

Quite surprisingly, we find that regardless of the assumed dominance 
of pre-war science by European institutions, this is not necessarily 
expressed by the size of the institutions. Just like in the post-war period 
the two biggest observations are US institutions with the Harvard 
University and the Columbia University in New York. This might 
indicate, if only concerning sheer size, that the hegemony of European 
institutions in science already began to crumble in the first half of the 
20th century.  

For sure though, it should be noted that the latter two are among the 
oldest institutions in the US. Also, the gap between the largest Euro-
pean institution (LMU Munich) in the sample is still moderate when 
compared to the two. In addition, as was pointed out before we are 
unfortunately not able to consider the numbers of students enrolled, 
which of course could be drivers of institutional size in (then already) 
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huge metropolitan areas like Boston and New York City. Finally, the 
smallest European institution is the Uppsala University, which still 
dominates four other institutions in size, confirming the idea of the 
European institutions being the established and dominating ones in the 
pre-war period.  

Post-war sample 

Post-war sample descriptive statistics for inputs, outputs and external 
factors are provided in table 26. In comparison to the pre-war sample, 
we see the results of the enormous growth in modern science. Mean 
sum of professors here is 385, which is about one hundred professors 
more than the mean value of the biggest pre-war institution. We can 
further note that the spread of minimum and maximum observation of 
number of professors here too lies at a factor of ca. 100, again validat-
ing the idea of splitting the sample in two subsets divided by the event 
of the second world war. 

Tab. 26: Post-war sample descriptive statistics 

Obs. = 111 Mean Std. Dev. Min Max 

Sum of Professors (Nr.) 384.68 316.07 22 2575 

Publications (Nr.) 21,460 24,022 160 111,186 

Citations (Nr.) 1,171,480 1,504,299 2,042 6,688,846 

Task Division 8.21 8.94 1.06 44.40 

f. Task Coordination 0.03 0.96 -1.63 2.88 

f. Spec. Concentration -0.03 0.76 -0.96 4.47 

Spec. Gravity 1.12 0.21 0.64 1.60 

Further, when looking at the partial publication and citation productiv-
ity ratios, we obtain an increase by the factors of about 10 and about 
100 respectively. That citation productivity equals the squared value 
for increase in publication productivity reveals the shift in publication 
behavior and reflects the absolute growth of the scientific community, 
which may recognize a publication and cite it. 
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When looking at the summary statistics for the external factors, we 
may also obtain significant differences to the pre-war period. For one, 
task division has clearly shifted towards task division in teams with an 
average of 8 professors and a maximum of 44 professors sharing an 
identical denomination. In turn, we can obtain that even in the post-
war period there are still observations operating close to maximum 
institutional task division (1.06). For task coordination we find a posi-
tive mean value and a moderate spread supporting the idea that the 
latter is more important in enlarged institutions.  

Accordingly, the specialization concentration value is slightly nega-
tive, supporting the idea that larger institutions enable greater diversity. 
Finally, the value for specialization gravity marginally decreased. This 
is in total opposition to the theoretical remarks, since we would have 
expected the depth of specialization to increase over the course of 
time. It should be noted though that while the mean value decreased, 
the standard deviation and maximum value substantially increased in 
comparison with the pre-war values. This at least supports the idea 
that with time, more specialization depth is feasible. Ideally, we find 
structural differences for the latter when looking at the different insti-
tutions.  

Indeed, looking at the results provided in table 27, we find increases 
in specialization depth for all European institutions when compared to 
the pre-war values. For non-European institutions we can obtain the 
opposite trend. Whereas in the pre-war period high values for speciali-
zation depth could mainly be found in big institutions, in the post-war 
sample it seems to be the other way around with the three largest uni-
versities operating close to a value of 1 and the smallest three (Euro-
pean) institutions nearly approximating the threshold of 1.5. Further, 
whereas in the pre-war sample specialization depth of the universities of 
technology, MIT (1.29) and ETH (1.22) was particularly high, it radi-
cally decreased for the former (0.89) while shooting up for the latter 
(1.54). Presumably, this comparison reveals the effect of the shift from 
the professorial chair system to the department system in the US insti-
tutions after the second world war. 
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Tab. 27: Post-war values for inputs, outputs and external factors 
according to institutions 

i X Y_PUB Y_CIT 
task 
div. 

f.task 
coord. 

f.spec. 
conc. 

spec. 
grav. app. 

UZH 127 10855 525799 1.28 0.55 -0.61 1.48 6 

ETH 128 13732 833525 1.19 0.86 -0.82 1.54 3 

LEE 135 8333 361356 1.80 0.59 -0.73 1.35 4 

UPP 153 13831 701269 1.78 0.22 -0.53 1.36 4 

CAL 172 17289 1004088 3.57 -0.88 0.40 1.05 7 

AUC 198 9261 335174 6.48 -0.69 0.94 0.95 7 

GAU 280 9142 317546 2.05 0.61 -0.71 1.31 6 

UCS 288 24493 1729816 8.05 0.15 1.37 0.90 5 

UOS 302 13278 536502 5.26 -0.75 -0.23 1.10 6 

HAR 320 29120 2225218 4.06 -0.64 -0.13 1.09 5 

RFW 414 9839 315799 2.30 0.43 -0.63 1.28 6 

STA 423 38148 2333598 14.27 -0.15 0.21 0.91 7 

LMU 447 16686 619755 2.76 0.66 -0.52 1.25 6 

MIT 454 30564 1836493 8.13 -0.18 0.55 0.89 7 

UTA 469 22471 963359 24.89 0.06 0.45 0.89 5 

COL 474 5703 170046 5.31 -1.13 -0.33 1.06 2 

UCD 514 18202 934578 10.46 0.20 -0.09 1.27 5 

UCB 601 30479 1809983 20.48 0.40 0.05 0.99 7 

UCL 611 44181 2301450 15.39 1.11 -0.01 0.99 6 

UOW 891 37904 2105974 14.46 -0.53 -0.22 1.07 7 

The latter is confirmed when looking at the values of task division for 
the latter two institutions. While the ETH still operates nearly at the 
maximum of institutional task division (1.28) (, with their professorial 
staff input increased by about three times), the task division value of 
the MIT has risen to about 8 professors per denomination on average, 
which corresponds to a middle-sized department. Supposedly, a lot of 
specialization depth of US institutions has been relocated from the 
institutional to the team-level in the post-war period. 

There is another notable difference when comparing the polytech-
nic universities of pre- and post-war period. While for the ETH we 
find a low value for specialization concentration in the pre-war period 
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and an even lower one in the post-war period, the low concentration 
value for the MIT in the pre-war period shifted to one of the highest in 
the post-war period. The latter could be understood as two different 
strategies of universities. While the ETH used its growth for further 
diversifying in narrower demarcated topics, the MIT focused its re-
sources more on selected subject areas or research fields yet at a lesser 
degree of depth. In comparison, for the California Institute of Tech-
nology we find a comparatively high concentration in both periods 
and stable values for specialization depth. One could argue in favor of 
any one of those three variants and it will be interesting to reconsider 
them when the joint effect of the specialization variables on efficiency 
is assessed.  

Full sample according to university clusters 

Finally, variables according to university clusters are provided in 
table 28. The remarks regarding the differences between European and 
non-European institutions are supported for the full sample results 
according to the three university clusters. Here, we find a structural 
reproduction for the differences outlined in inputs, outputs and exter-
nal factors.  

For one, the significant difference in specialization depth of the Euro-
pean cluster (1) is confirmed. Further we find the institutions of clus-
ter 1 to operate at the highest institutionalized task division (and thus 
at the smallest team size). Interestingly, we do also find the highest 
value of task coordination for cluster 1, challenging the idea motivated 
in this work that task coordination is not sufficiently accounted for by 
the self-governed scientific community. Apparently, institutions oper-
ating at higher institutionalized task division and specialization depth 
do also put more effort into coordinating those tasks. The results of 
the conditional analysis will reveal whether those levels of coordina-
tion are sufficient and if the latter equally applies for all institutions of 
the cluster. 

Analogously to the differentiated strategies of the two universities 
of technology, we find a general trend of the European cluster to di-
versify and specialize in depth, whereas the other clusters concentrate 
their resources more on particular subject areas or research fields, yet 
at a broader scope. Finally, it can be noted that the lowest value for 
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task coordination is not found at the highest but at the medium value 
of task division. It will be interesting to remember this when the joint 
effect of division of labor (accounting for both task division and task 
coordination) on the efficiency ratios is examined. 

Tab. 28: Values for inputs, outputs and external factors according  
to university clusters 

i X Y_PUB Y_CIT 
task 
div. 

f.task 
coord. 

f.spec. 
conc. 

spec. 
grav. 

1 174 7029 295759 1.68 0.50 -0.47 1.28 59 

2 221 12377 710779 4.17 -0.63 0.29 1.07 52 

34 436 24344 1376473 12.22 0.06 0.23 1.01 55 

Full sample descriptive statistics can be retraced in sections 4.2.1-4.2.2, 
where the choice of inputs, outputs and the construction of external 
factors was motivated. 

4.3 Empirical Results 

4.3.1 Pre-war frontier 

4.3.1.1 Efficiency results 

The presentation of the empirical results will be structured in three 
sections dedicated to efficiency estimated under pre-war (4.3.1) and 
post-war (4.3.2) technology, as well as for the full frontier case differ-
entiated according to different university clusters (4.3.3). In each of 
the latter, first efficiency results obtained from the unconditional case 
are discussed, before the influence of DoL and Spec. on the produc-
tion process is addressed. In each of those subsections results for both 
publication productivity model and citation productivity model will be 
presented at the same time to check whether the obtained effects are 
robust for two important outputs of the scientific production process.  

In table 29, mean values of inputs, outputs and efficiency estimates 
for both PP and CP model for the pre-war frontier according to each 
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institution are provided. Also, in the last column the number of obser-
vations of each institution in the pre-war sample is given. As we can 
see, most institutions have observations for either three or all four pe-
riods. The only two observations that appear only once in the pre-war 
sample are the University of Auckland and the California Institute of 
Technology.  

Tab. 29: Pre-war period institutional mean of inputs, outputs  
and efficiency estimates 

i X Yp Yc FDHp FDHc Oa99p Oa99c Oa90p Oa90c APP

AUC 3 5 15 0.00 0.00 0.00 0.00 -0.29 -0.29 1 

UTA 17 17 76 0.05 0.03 0.05 0.03 -0.09 -0.09 3 

CAL 19 308 7441 0.00 0.00 0.00 0.00 -0.38 -2.53 1 

UOW 23 92 177 0.10 0.10 0.10 0.10 -0.08 -0.05 3 

UPP 27 53 190 0.14 0.14 0.14 0.14 -0.02 0.00 3 

LEE 31 165 812 0.17 0.22 0.17 0.22 -0.07 -0.08 3 

UZH 34 197 1398 0.20 0.26 0.20 0.26 -0.12 -0.30 4 

UOS 35 34 71 0.29 0.29 0.29 0.29 0.12 0.11 4 

ETH 43 109 1643 0.42 0.42 0.42 0.42 0.13 -0.14 3 

RFW 46 347 489 0.24 0.48 0.24 0.48 -0.25 0.14 4 

GAU 47 506 2462 0.08 0.51 0.08 0.51 -0.49 -0.43 3 

STA 50 392 1265 0.26 0.56 0.26 0.56 -0.29 0.05 3 

MIT 63 211 1798 0.58 0.79 0.58 0.79 0.13 -0.11 4 

UCB 74 192 1778 0.70 0.99 0.70 0.99 0.25 -0.03 4 

LMU 86 264 617 0.66 1.19 0.66 1.19 0.23 0.48 4 

HAR 117 755 4729 0.34 1.12 0.34 1.12 -0.76 -1.23 4 

COL 128 703 2794 0.28 1.31 0.28 1.31 -0.72 0.01 4 

Since this makes them potentially distorting observations, they are 
interesting examples for what can and what cannot be accounted for 
by the methodology. Both observations are found to be efficient in full 
and robust frontier model of both PP and CP variant. Looking at the 
numbers of inputs and outputs this might seem odd. The University of 
Auckland produced a total number of only 5 publications and 15 cita-
tions respectively, whereas the Caltech accounts for 308 publications 
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and 7,441 citations respectively. Taking the partial productivity ratios 
into account, the University of Auckland would range among the least 
productive in producing publications and average at best in citational 
productivity whereas the Caltech’s partial productivity would certain-
ly be among the best performers.  

Nonetheless, both institutions are classified as efficient, dominating 
units, which constitute the efficient hull. That is because, operating at 
an input level of only 3 professors, there is neither in the input dimen-
sion nor in the output dimension any other empirical observation 
available against which the University of Auckland in this period could 
be compared with. In simpler terms, the institution operates under its 
own technology. The consequence is that it won’t affect the analysis 
of the external factors in the upcoming section.50 Clearly, this is desir-
able since the institution is supposedly just at the beginning of a 
growth phase and drawing valid general conclusions based on its 
current task division level is unlikely at best. 

The efficiency of the Caltech on the other hand accounts for the 
highest citations an institution generated on average in the pre-war 
sample with a very high partial productivity ratio for citation produc-
tivity. Intuitively, we might think that this observation should have 
been classified as an outlier in section 4.2.1.3 (, at least when consid-
ering institutional averages). Even though its citational return is cer-
tainly high, remember that in table 29 institutional mean values are 
given and for the Caltech there is only one observation in the sample. 
(See Appendix S8 for a full table with efficiency estimates of all 55 ob-
servations) Higher values for citations do exist,51 and the latter obser-
vation does not exceed either threshold defined for outlier classifica-
tion. In addition, the partial publication productivity ratio falls in line 
with other institutional mean values like e.g., the Georg-August Uni-
versität Göttingen. All-things-considered, the observation is certainly 
no outlier in the sense of a measurement error.  

 
50  The efficiency ratios calculated to assess the effect of external factors are only 
informative for inefficient observations of the unconditional measure. They may 
nonetheless affect the frontier when a consideration of the external factor helps 
an observation becoming a dominating unit itself.  
51  The Harvard university e.g., produced 13,193 citations in the same period 
(1920) and is also classified as efficient yet at a different input level. 
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On the contrary though, in the methodology section the idea was 
strongly promoted that all observations need to be benchmarked against 
suitable reference technologies. Consequently, the idea of partial fron-
tiers was introduced to permit a certain number of observations to lie 
beyond the boundary, which are then classified as superefficient. Given 
its extraordinarily high citational partial productivity, the Caltech 
could in principle qualify as an observation against which other obser-
vations (i.e. of earlier periods) cannot reasonably be compared. Classi-
fying the latter as superefficient would allow to measure efficiency 
under differently specified technologies (frontiers) and enable us to 
account for potential mismatches in comparison groups when evaluat-
ing the effect of external factors. Looking at the histograms portraying 
the distribution of efficiency values (in figure 18) though, we find that 
in the pre-war sample the robust frontier is identical to the full fron-
tier. Here, there is no conceptual outlier excluded from the boundary. 
Apparently, the chosen percentile for alpha (= 0.99) is not low enough 
to permit observations to lie beyond the pre-war frontier.52 The ineffi-
ciency distribution in turn, portrayed in the lower two figures shifts half 
of the observations beyond the frontier. This seems to be a good fit. 
Looking at table 29 again, in the inefficiency frontier model (alpha = 
0.5) the Caltech is classified as highly superefficient with a value of  
-2.53. Here, the remaining observations are benchmarked against a 
technology that is not constituted by the Caltech (, but by less produc-
tive observations). So, when evaluating the effect of external factors 
on efficiency special attention will be paid to a comparison of the full 
and robust frontier case with the partial frontier case. If we find those 
results to be consistent, then the Caltech observations did not decisive-
ly distort the obtained effect. (We will see that in the post-war and full 
frontier case according to clusters the procedure works equally in case 
of the robust frontier (alpha = 0.9) enabling three different layers of pro-
tection against observations embodying improbable feasibility levels.) 

 
52  In order to guarantee for a good comparability of the effect of the external 
factors on efficiency when comparing pre-war and post-war results, the models 
were always calculated for the full frontier, a robust frontier and an inefficiency 
frontier with the same values for alpha (1, 0.99 and 0.9 respectively). 
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Fig. 18: Densities for PP (left) and CP (right) full (upper), robust 
(middle) and partial (lower) efficiency estimates (pre-war period) 
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Taking a second look at the histograms, we can further obtain that 
citation efficiency is lower than publication efficiency. In the full 
frontier case, the spread of inefficient values in the PP model ranges 
from 0 (efficient) to about one with a relatively high density of above 
0.2 close to the boundary. This means that the least efficient observa-
tions use the same amount of input as a peer which produces about 
248 more paper publication output per decade.53 For the CP model in 
turn, the spread is wider, with the highest inefficiency values approxi-
mating 2.5 (~3000 citations less than technically feasible) and the den-
sity of observations, lying close to the frontier, below 0.2. The greater 
volatility and spread in citational inefficiency confirm the theoretical 
remarks on the properties of citations, which are subject to cumulative 
advantages (Matthew effect) and are less loosely connected to the in-
put of the scientific production process in comparison to publications 
(see section 4.2.1.2).  

The latter is further affirmed by the densities of efficiency values in 
the lower histograms, where the partial frontier is depicted. Here we see 
a relatively even distribution of values beyond and below the boundary 
in the PP model, suggesting that the partial frontier defines a technol-
ogy based on observations operating at the middle of the inefficiency 
distribution. Now, the least efficient observations lack about half of pub-
lications of the sample mean to reach the frontier, which suggests that the 
technologies estimated under full, robust and partial frontier are simi-
lar in shape and proportionately distributed over the output dimension.  

Finally, when looking at the inefficiency frontier estimated in the 
CP model, we find a more skewed distribution of efficiency estimates. 
Here, when the efficiency frontier is constructed at the middle of the 
inefficiency distribution, we find an extreme observation which has a 
nearly 6 times higher citational return when compared to an average 
technology. The latter observation refers to the Harvard university in 
between 1920 and 1930, which produced 13,193 citations with a given 
number of 163 professors. We can also visually inspect the distance of 
the above addressed observation of the Caltech to the inefficiency 

 
53  Remember that here output-oriented efficiency is measured, by setting the 
distance function in the input dimension to zero and the distance function in the 
output dimension to the (pre-war) sample mean of about 248 publications (See 
table 24 for descriptive statistics of the pre-war sample) 
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frontier, which even though slightly deviating from the bulk of obser-
vations lies a lot closer to the frontier when compared to the Harvard 
observation.  

Recapitulated, about one third of observations is producing publi-
cations either efficiently or close to the boundary. The number of in-
efficient observations is higher in the CP model, with about two times 
greater distances of the least productive observations to the frontier. 
The latter is driven by extraordinarily productive observations (e.g., 
Harvard university, 1920s), which are classified as superefficient in the 
partial frontier model, yet not in the robust frontier model. The fading 
densities in the inefficiency dimension portrayed in all histograms 
suggests that most universities considered in the pre-war sample oper-
ates close to the frontier. This is in line with the image of those institu-
tions, which regularly occupy high positions in university rankings. 
The reasonable distributions and the findings validate the idea pro-
moted in the methodology section to find reasonable boundaries for all 
observations with the exception of the robust frontier capturing no 
outliers here. 

4.3.1.2 Effect of DoL and Spec. on pre-war efficiency 

In figure 19, the ratios of conditional to unconditional PP efficiency 
are provided as a function of the inputs X, the external factor Z (here: 
task division) and as a joint effect of X and Z in the three-dimensional 
scatter plots. Again, the latter are differentiated according to the full, 
robust and partial frontier case. The interaction between size and ex-
ternal factor is comparable for all four components of DoL and Spec. 
Further, for the pre-war sample we find no difference in the effects of 
the external factors according to full, robust and partial frontier. This 
means that for the pre-war sample, we can reject the separability con-
dition, meaning that a two-stage analysis, using a truncated regression 
model to examine the effect of external factors on efficiency would 
have not been methodologically sound (Daraio et al. 2018).  

Since the interaction of size and external factor holds for all external 
factors and the effects obtained for the latter are consistent for differ-
ent technologies, the interpretation can be limited here to the example 
of task division, for which the interaction with size is most pronounced  
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(See Appendix S11-S16 for plots of the other external factors). All 
three marginal plots suggest an effect of size and task division on effi-
ciency. Since as discussed in the section above, full frontier and robust 
frontier are identical in the unconditional case, it is not surprising that 
the shapes for the effects of size and task division are similar here as 
well. The effect of size in case of the inefficiency distribution is slightly 
more pronounced with higher values of ratios concentrated in the input 
range of 25 to 100 (professors) yet the overall pattern is consistent for 
all three frontiers. Indeed, the ratios suggest a favorable effect of more 
professorial input on efficiency with an input of 50 (professors) being 
a critical threshold. Observations lying below the latter are found to be 
particularly inefficient.  

This corresponds to the ratios plotted against the values of task di-
vision, which is also found to impact efficiency. In the PP model we 
find a similar pattern for the effect of task division on the efficiency 
ratios, with higher values (, corresponding to more professors per de-
nomination) being favorable for efficiency, whereas moving towards a 
fully institutionalized task division (one professor per denomination) 
decreases inefficiency. It should be noted though, that approximating 
the value 1, this effect gets mitigated a little suggesting that committing 
to a fully institutionalized task division is not necessarily harmful in case 
of the pre-war sample and that the positive effect of team-based science 
requires for a certain minimum team size. Clearly though, we can see 
an interaction of size and task division. In the pre-war period, smaller 
universities profited from greater values in task division, meaning 
employing their scarce professorial input on fewer denominations.  

Looking at the marginal plots of the CP model in figure 20, we can 
see identical patterns for the interaction of task division with size. 
Indeed, in the case of full and robust frontier, we obtain a greater 
vulnerability of citational productivity to size. Here, clearly the size 
effect reveals an even more consistent effect on efficiency when 
compared with the external factor (task division). This indicates that 
the positive effect of size on citational productivity cannot fully be 
reduced to the effect of task division. This is in line with the expected 
cumulative advantages larger institutions might have in generating 
citations. Here the size of the institution might also to some extent 
reflect its capacity to draw attention (and consequently recognition) to 
its publications favoring its efficiency in the CP model. 
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Figures for the nonparametrically fitted regressions of the marginal 
effects, as well as nonparametric fits of the joint effects are provided 
for division of labor and specialization in the PP model case in figure 
21 and 23 as well as in the CP model case in figure 22 and 24 respec-
tively. For the marginal effect fitted for task division we can confirm 
the interpretation of the visual inspection of the ratios. We find a posi-
tive effect for higher values of task division in both models. Interesting-
ly, here in the pre-war case, the supposed positive effect of coordinat-
ing tasks must be rejected. There is a monotonous linear negative ef-
fect of high task coordination on efficiency in the publication model 
and a negative effect of task coordination in the citational model be-
low the sample mean value. Afterwards it seems to be stagnating and 
decreasing eventually for very high values of task coordination. The 
latter though is only backed by one observation of 1.5 for the factor 
variable and should thus be considered as unclear. 

The joint effect depicted in the GPR based surface plot aligns with 
the interpretation of the marginal effects.54 A combination of low values 
for task division in conjunction with a high value of task coordination 
seems particularly unfavorable and the other way around. Indeed, uni-
versities with higher institutionalized task division seem to benefit in 
particular from low values of task coordination. This indicates that in 
pre-war science there is a favorable effect of larger size and more pro-
fessors per denomination that are effectively strictly separated. A pos-
sible explanation for this could be that high task coordination in the pre-
war science period could come about when denominations are covering 
broad research domains (e.g., engineering, biology, medicine, chemis-
try) instead of measuring the coordination of specialized topics or sub-
ject areas. In any case, the results clearly suggest that differentiation is 
beneficial for efficiency in the pre-war period.  

 
  

 
54  Keep in mind that the fitted marginal effects are not just a cross section of the 
surface plots. The joint effect refers to a model estimated incorporating both 
external factors, whereas the marginal effects are based on models incorporating 
each external factor individually. Considering the fitted marginal and joint effects 
thus also serves the purpose of cross validating the patterns of the effects ob-
tained. 
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Looking at the effects of specialization concentration, we find for the 
first-time slight differences for the effects in the PP and CP models. In 
the publication model, we find a slowly increasing negative impact of 
higher concentration, which is stagnating at higher values for the re-
gression fitted using the Scott rule and slightly decreasing for very 
high values when employing the Silverman rule. Since the two regres-
sion lines fitted are deviating for high values of concentration 
according to plug-in rule chosen, we can conclude that in this section 
we are confronted with higher uncertainty in the data. The latter is 
equally applicable for the curve in the CP model. In the CP model we 
obtain a more rapidly increasing negative effect of concentration on 
efficiency until higher values of concentration are attained, where the 
two deviating curves hint at an inverted U-shaped effect. Just like in 
the case of task coordination, this suggests that opposed to the idea 
that more concentration is necessarily more productive like for 
example in the cases perpetuated where polytechnic universities were 
found to be more efficient than all-sciences universities, this cannot be 
confirmed for the pre-war period. 

Finally, the marginal effects of specialization gravity are assessed. 
The pattern obtained here is congruent for both productivity models 
and suggests that deeper specialization in the sense of a denomination 
demarcating narrower scopes of research is favorable to efficiency. 
The joint effect of the two specialization variables reflects the uncer-
tainty addressed for higher values of concentration, where the fitted 
curves where deviating. In particular in the CP model, the joint effect 
is not really smooth and hard to interpret. In the PP model on the other 
hand, the joint effect of specialization supports the idea that lower 
concentration and higher specialization in depth are favorable for effi-
ciency and the other way around. 

Interestingly, marginal and joint effects support the idea that in pre-
war science, universities were more efficient in case their tasks were 
more isolated, scope of research more diverse and those isolated tasks 
specialized more in depth. The positive effect of less institutionalized 
task division and higher values of professors per denomination is not 
necessarily conflicting with the latter, since those numbers are still 
comparatively low ranging from 1 to 3 professors per denomination 
and partially could be due to a generally beneficial size effect. The 
combination of these effects could certainly be pictured by imagining 
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a relatively big all-sciences university with established chairs across 
different research fields, which are comparatively more specialized 
than peers in other institutions. 

4.3.2 Post-war frontier 

4.3.2.1 Efficiency results 

In table 30, the efficiency estimates are provided for the post-war 
frontier. (See Appendix S9 for a full table with efficiency estimates of 
all 111 observations) Regarding the (sample mean) institutional size it 
can be documented that while in the pre-war sample European institu-
tions ranked high to average, they are now clearly dominated by US 
institutions, in particular by institutions belonging to state university 
systems (e.g., University of Washington, University of California) The 
LMU Munich for example moved from the institution with the third 
biggest mean input in the pre-war sample to the eights rank with half 
of professorial staff when compared to the biggest institution of the 
post-war period, the University of Washington at Seattle.  

In general, the mean performance in production and citation effi-
ciency are highly correlated. Indeed, only the University of California 
at San Diego and the Harvard University perform better in citational 
efficiency than publication efficiency in both full and robust frontier 
case. In the partial frontier case, they also reveal the highest values for 
superefficiency together with the Stanford university. Furthermore, in 
the robust frontier case, of which the efficiency estimates are taken for 
the nonparametric fit of marginal and joint effects, the Harvard uni-
versity is the only institution that is classified as an outlier on average 
(not just for a single observation). Since we are looking here at aver-
age scores according to institutions over a period of seven decades, the 
estimates do not just reflect efficiency in a certain period but rather 
reflect continuity in performance (in a sample that is already limited to 
the most productive universities in the world). The results for citational 
efficiency thus suggest an overarching importance of the Harvard uni-
versity for post-war science. 
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Tab. 30: Post-war period institutional mean of inputs, outputs and 
efficiency estimates 

i X Y Y2 FDH FDHc Oa99 Oa99c Oa90p Oa90c APP

UZH 127 10855 525799 0.03 0.05 0.00 0.02 -0.20 -0.20 6 

ETH 128 13732 833525 0.05 0.07 0.02 0.03 -0.24 -0.26 3 

LEE 135 8333 361356 0.07 0.07 0.05 0.06 -0.13 -0.13 4 

UPP 153 13831 701269 0.13 0.14 0.09 0.10 -0.22 -0.21 4 

CAL 172 17289 1004088 0.06 0.07 0.02 0.02 -0.24 -0.28 7 

AUC 198 9261 335174 0.17 0.22 0.13 0.18 -0.05 -0.02 7 

GAU 280 9142 317546 0.36 0.38 0.33 0.34 0.07 0.10 6 

UCS 288 24493 1729816 0.21 0.16 0.16 0.10 -0.21 -0.34 5 

UOS 302 13278 536502 0.37 0.39 0.33 0.34 0.03 0.07 6 

HAR 320 29120 2225218 0.27 0.22 0.20 -0.05 -0.28 -0.66 5 

RFW 414 9839 315799 0.61 0.66 0.56 0.61 0.28 0.34 6 

STA 423 38148 2333598 0.32 0.45 0.19 0.27 -0.49 -0.53 7 

LMU 447 16686 619755 0.62 0.70 0.56 0.64 0.19 0.31 6 

MIT 454 30564 1836493 0.54 0.53 0.40 0.46 -0.11 -0.13 7 

UTA 469 22471 963359 0.57 0.66 0.48 0.58 0.05 0.27 5 

COL 474 5703 170046 0.81 0.83 0.78 0.79 0.45 0.47 2 

UCD 514 18202 934578 0.70 0.73 0.61 0.66 0.16 0.25 5 

UCB 601 30479 1809983 0.74 0.89 0.67 0.78 0.02 0.02 7 

UCL 611 44181 2301450 0.51 0.80 0.37 0.48 -0.51 -0.28 6 

UOW 891 37904 2105974 0.68 1.04 0.58 0.66 -0.24 -0.11 7 

When looking at the distributions of the efficiency estimates accord-
ing to full, robust and partial frontier case given in figure 25, the high 
correlation of publication and citation efficiency is confirmed, and we 
can obtain that the difference obtained in patterns of publication and 
citation efficiency in the pre-war results disappeared. The latter sug-
gests that if we consider the feasibility of attaining certain levels of 
publications and citations by defining suitable boundaries (technolo-
gies) the existing differences in numbers of citations per publication 
are marginalized (The results of publication and citation efficiency 
reveal a similar distribution of efficiency estimates). Since the latter is 
regularly considered as a performance indicator in scientometrics, this 
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is an interesting finding and further highlights the importance of mov-
ing from an exclusive consideration of scientific outputs (‘bibliometric 
hypothesis’) to accounting for institutional inputs.  

Fig. 25: Densities for PP (left) and CP (right) full (upper),  
robust (middle) and partial (lower) efficiency estimates  

(post-war period) 
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The patterns of publication and citation model lie so close to one an-
other that permitting a small number of observations to lie beyond the 
boundary (, moving from full to robust frontier) causes the marginally 
lower citational and marginally higher publication efficiency obtain-
able in the full frontier case to flip over in the robust frontier case. We 
can further see that here in the post-war period the efficiency estimates 
are calculated using three different technologies, because as expected, 
observations are classified as superefficient in the robust frontier case. 
This concerns e.g., recent observations of the Stanford university and 
the MIT in 2010, but also observations of different periods like the 
Harvard University in 1990 or the University of Leeds in 1960. This 
shows that the methodology can get a grasp of conceptual outliers and 
(, perhaps surprisingly) the latter are neither found to be strictly time 
or size dependent validating the idea of measuring a singular joint 
frontier for the post-war period. 

The histograms in the bottom panels are confirmatory of the choice 
of alpha, portraying nearly exactly the middle of the inefficiency dis-
tribution. Further, here the conceptual outliers detected in the robust 
frontier case indeed reveal a significant distance from their peers sig-
naled by the gaps in between the densities depicted in the negative 
dimension. On the contrary, the observations classified as inefficient 
using the robust frontier as benchmark, now shifted beyond the bound-
ary (due to the low alpha value) are grouping relatively dense and close 
to the frontier, which validates that those observations have rightfully 
been considered as regular inefficient observations of the robust fron-
tier case. 

Notably, while the inefficiency spread in publication productivity 
increased from 1 to 1.5 for the least efficient observation, average 
citation productivity moved closer together (decline from 2 to 1.5 of 
least efficient observation). Of course, for the pre-war frontier, where 
a lot of recently founded universities were still at the start of institu-
tional growth, it is reasonable to assume that productivity in acquiring 
recognition could vary. On the contrary though, the pre-war period 
only covers a time period of 40 years, whereas the post-war period ob-
servation spans over 70 years. That indeed, given the latter, the spread 
in citational productivity is nonetheless greater in the pre-war period, 
is an indicator that feasibility depends more on an institution’s size 
and how long it is established than on the point in time it operates at. 
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4.3.2.2 Effect of DoL and Spec. on post-war efficiency 

Just like in the previous section, the analysis of the ratios according to 
full, robust and partial frontier will be examined for the sole example 
of task division. Here, analogous to the pre-war results, the interaction 
of size with the external factors is most pronounced for task division 
and the pattern of the size effect obtained here is similar for all four 
components of DoL and Spec. (See Appendix S17-S22 for plots of the 
other external factors). 

When comparing the interaction of task division and size portrayed 
in figure 26 for PP and figure 27 for CP model with the one in the pre-
war period, we notice that the interaction of size and efficiency is less 
clear. Evidently, observations operating at an input size of 150 to 300 
could profit from increased size. Outside of this range, the interaction 
seems to be rather random.  

For the robust frontier in the CP model, we see that the inefficiency 
estimates around 200 are shifted upwards. Supposedly, a lot of obser-
vations exist that lie in this input range and due to the greater number 
of peers they are more vulnerable towards the inclusion of task divi-
sion in the conditional model. The latter could point at the limits of the 
methodology employed when there is an accumulation of observations 
around a certain input level, where there might be a small portion of 
observations benchmarked against a technology that is not suitable for 
them. On the contrary, the observations concentrated at a particular size 
level could have substantially different levels of e.g., task division, 
explaining that the effect of the external variable is more pronounced 
here. The potential interactions of size with task division and size with 
the remaining external factors will be addressed when limitations of 
the work are discussed in chapter 5. 

When looking at the marginal effects of task division, we find a 
more consistent pattern. Increased values for task division, in particular 
institutions with 10 or more professors working on the same denomi-
nation are unlikely to be highly production or citation efficient respec-
tively. The decreasing trend in inefficiency for higher task division in 
teams is consistent for both PP and CP model as well as the three dif-
ferent technologies that serve as benchmark for the observations. 
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When turning to the fitted effects provided for division of labor in the 
PP and CP model case in figure 28 and 29 respectively, as well as for 
specialization in the PP and CP model case in figure 30 and 31 respec-
tively, we can rediscover that in the regression fitted employing the 
Silverman rule of thumb, full task differentiation (, institutionalized 
task division) is less inefficient than low to medium task division, 
where inefficiency peaks around a value of five professors per denomi-
nation. Alternatively, when employing the Scott rule the fitted effect 
suggests a monotonously increasing efficiency with greater values for 
task division.  

As opposed to the results of the pre-war sample, we find a monoto-
nous positive effect of higher task coordination on efficiency in the 
publication model. In the citational model, the fitted regression indi-
cates no effect of task coordination for low and medium values yet a 
positive effect for very high task coordination on efficiency. When 
looking at the joint effects we can easily obtain that this positive effect 
of task coordination only applies to institutions with highly differen-
tiated tasks and low values for task division. The latter is perfectly in 
line with the theoretical expectation that highly institutionalized task 
division creates higher coordination costs. Institutions addressing 
these coordination costs by investing in higher task coordination are 
found to be more efficient than their differentiating yet not coordinat-
ing peers. Even though the marginal effect of task division and task 
coordination are both a lot less pronounced in the CP model the joint 
effect on efficiency is identical to the one of the publication model, 
which suggests that the joint components of division of labor influ-
ence both epistemic outcomes considered in the post-war period. 

The joint effect for division of labor further suggests that the positive 
effect of task division (in teams) fades for very high values of (20 or 
more) professors per denomination. The latter could be explained by 
the same mechanism applicable to highly institutionalized task divi-
sion, only on the level of the department or team. Here, coordination 
costs might also increase with increasing team size that requires for 
enhanced effort of coordinating subtasks. (See section 2.1.2 for litera-
ture dealing with division of labor in scientific teams.) 

When assessing the marginal effects of (specialization) concentra-
tion in both models, for the first time we obtain two different patterns. 
Whereas in the PP model, the fitted regression suggests an inverted  
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U-shaped effect of concentration on efficiency, in the CP model the 
ratios are distributed rather randomly implicating no effect on effi-
ciency. This is in contrast to the prevailing idea in scientometrics that 
citations must be field-normalized. Granted, here only citations of the 
natural sciences and engineering disciplines are considered, which 
could on the aggregate level of the institution and the course of a de-
cade indeed be less vulnerable to potential distortions according to 
field. Nonetheless, a really profound effect of concentration on cita-
tional productivity cannot be stated for the post-war period.  

Interestingly though, we find an effect of concentration on publica-
tion efficiency, which one could have supposed for recognition instead. 
Here we can confirm the before anticipated threshold for concentra-
tion to be favorable for efficiency. While medium levels of concentra-
tion, which could be interpreted as institutions without a strategical 
orientation towards a certain domain, are detrimental for publication 
efficiency, very low and very high concentration of professorial staff 
on denominations, subject areas and research fields is found to have a 
positive effect on publication efficiency.55  

Finally, specialization gravity also seems to have a different effect 
on PP and CP model. Common denominator of the effect in the two 
models is that it has a rather moderate effect in the range of 0.9 to 1.3. 
Focusing exclusively on this range, we would probably conclude that 
the variable has no effect on efficiency. Considering the tail ends, 
which are consistent for both alternate bandwidths specifications, we 
might get the impression of a negative effect of specialization depths 
on efficiency in the publication model. In any case, the positive effect 
of specializing in depth found in the pre-war model, must be rejected 
for the post-war sample.  

Considering the joint effects of specialization, we can conclude that 
its effect on post-war citation efficiency might indeed be complicated 
to entangle. Here the fitted surface plot suggests a negative impact on 
efficiency for medium specialization gravity in conjunction with me-
dium low concentration. For the PP variant, the joint effect reveals a 
similar pattern, where medium values of concentration in conjunction 

 
55  Please keep in mind when interpreting the inverted U-shaped effect here that 
values approximating zero signal efficiency, whereas higher values indicate in-
efficiency. 
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with medium values of gravity produce the most inefficient ratios. In 
conjunction with the interpretation of the marginal plots, it can be con-
cluded that combining average levels of concentration and gravity en-
hances inefficiency. On the other hand, following any kind of strategy 
by either strongly or not concentrating at all and strongly or not spe-
cializing in depth at least seems less detrimental. Potentially, the effect 
of specialization can further be entangled when considering the effects 
for the different university types analyzed in the upcoming section. 

4.3.3 Full frontier according to university clusters 

4.3.3.1 Efficiency results 

Finally, the results of the mean efficiency estimates (for the full sample 
frontier) according to clusters are provided in table 31. (See Appendix 
S10 for a full table with efficiency estimates of all 166 observations) 
For the whole period we find that in the FDH case (the European) 
cluster 1 is both slightly more efficient than the second cluster in both 
publication and citation productivity. Interestingly, for the whole period 
of 1890 to 2020 the larger institutions bundled in clusters 3 and 4 are 
found to be on average substantially less efficient. This affirms the 
above proposed idea that the positive effect of size obtained in the pre-
war period rather reflects the positive effect of being an established 
institution than a big one. Additionally, it supports the finding for the 
post-war frontier that the positive effect of increased task division 
saturates for very high values.  

Tab. 31: Mean of inputs, outputs and efficiency estimates  
according to cluster 

i X Y Y2 FDH FDHc Oa99 Oa99c Oa90p Oa90c APP

Cluster 1 174 7029 295759 0.27 0.29 0.23 0.25 -0.06 -0.02 59 

Cluster 2 221 12377 710779 0.32 0.32 0.25 0.23 -0.18 -0.27 52 

Cluster 34 436 24344 1376473 0.60 0.75 0.49 0.56 -0.42 -0.44 55 
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Certainly, the most interesting finding here is the difference of the 
results in the FDH case and for the robust frontier. Permitting a small 
amount of very productive observations to lie beyond the frontier, the 
institutions in the second cluster become equally efficient on average 
as their European counterparts. This suggests that except for the larger 
institutions part of state university systems, when considered over the 
whole period of modern science excellent universities are on average 
equally (in-)efficient.  

When looking at the densities of the efficiency estimates portrayed 
in figure 32 for the PP model and figure 33 for the CP model, it be-
comes clear why the European cluster performs very well when a joint 
frontier for the whole period is measured. While the spread in FDH in-  

Fig. 32: Densities of cluster 1 (left), cluster 2 (middle) and  
cluster 3 (right) for full (upper), robust (middle) and partial (lower) 

PP model efficiency estimates 
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Fig. 33: Densities of cluster 1 (left), cluster 2 (middle) and  
cluster 3 (right) for full (upper), robust (middle) and partial (lower) 

CP model efficiency estimates 

   

inefficiency is comparable to the one of the second cluster, the density 
of efficient observations is particularly high. Apparently, when a joint 
frontier for the whole period is estimated, a lot of the smaller European 
institutions are operating under their own technology, shifting their 
mean efficiency upwards. This indicates two things. For one, the idea 
that the methodology can be used to guarantee for universities being 
benchmarked against suitable technologies works out quite fine. The 
latter though means that the comparability of the mean values of clus-
ters is very limited since when disproportionately more institutions in 
one cluster serve as dominating units than in other clusters, the cluster 
mean efficiency needs to be interpreted very carefully. 
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The idea that the methodology can be used to define different tech-
nologies not only for different points in time, but also different univer-
sity types is further affirmed by the histograms at the bottom of the 
panel. When separating the densities according to clusters, we find 
that the partial frontiers reflect a realistically distributed and well-
centered inefficiency distribution for each cluster showing that differ-
ent technologies serve as benchmark according to cluster.  

Finally, the histograms point at some similarities with the results of 
the pre- and post-war frontier. We obtain higher values for supereffi-
ciency in cluster 2 (, where Harvard university and Caltech are located) 
and a wider spread in inefficiency for the citational models when 
compared with their publication model counterpart. 

4.3.3.2 Effect of DoL and Spec. on university types 

The fitted marginal effects according to clusters are provided in figure 34 
for the PP model and in figure 35 for the CP model. Naturally, the ef-
fects for the full sample, not differentiated according to pre- and post-
war sample reflect the combined patterns obtained in the previous 
section resulting in more tailed effects describing the trade-offs of the 
DoL and Spec. components. Further the fitted regressions here differ 
in scale of the external factors, making the differences in between the 
clusters’ division of labor and specialization visible.  
Overall, a lot of the effects are too random to derive functional de-
pendencies that allow to describe the general relationship of the exter-
nal factors and efficiency of the whole period. A few of the effects 
described in the previous sections can be rediscovered e.g. that full 
institutionalized task division (differentiation) is more favorable to 
efficiency than medium low values of task division. Unfortunately, 
given the low number of observations according to cluster an inter-
action with task coordination separated for pre- and post-war frontier 
cannot be provided here. 

It might thus be reasonable to draw the attention of the reader’s eye 
to the effect of specialization gravity, which was found to be favorable 
for pre-war efficiency yet unclear for post-war efficiency. In this clus-
ter specific analysis, the fitted effect for the latter variable returns the 
most pronounced effect, consistent for both PP and CP model. For the  
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(European) cluster 1, the fitted curve suggests a negative effect of 
higher specialization in depth when compared to both other clusters, 
which reveal rather stagnating trends over the two different models. 
This negative effect of specialization model for cluster 1 holds for 
both PP and CP model. In addition, we can see at the scales of the 
specialization gravity variable according to cluster that, whereas clus-
ter 2 operates at a specialization depth ranging from about 0.8 to 1.4 
and clusters 3 and 4 in a range of 0.75 to 1.25, the variable ranges from 
1 to a maximum of 1.6 for cluster 1. In conjunction with the positive 
effect of specialization gravity in the pre-war period, we may conclude 
that the institutions in cluster 1 are overspecialized in depth and might 
seriously benefit from lower values of specialization gravity. Since we 
know that cluster 1 is exclusively constituted by European universities 
this suggests that the professorial chair system sets an incentive for 
ongoing specialization in depth, which was a winning formula in the 
pre-war period, but led to overspecialization in the post-war period 
negatively influencing both its publication and citation efficiency. 
 
 



 

5. Discussion of Results 

The key results of the conditional efficiency framework presented in 
the previous chapter can be summarized as follows: 

1. Efficiency in the pre-war period is found to be more volatile for 
citations than publications, whereas in the post-war period it is the 
other way round. Overall, the high share of dominating units and 
the dense distribution of inefficiency values confirm that the ex-
cellent universities considered here operate close to the efficient 
boundary and their productivities are generally quite comparable. 

2. In pre-war science, we find a positive relationship of efficiency 
with increased task division (less differentiation) yet a negative 
one with task coordination. In post-war science, we find positive 
effects of both higher task division and coordination.  

3. The marginal effects for specialization concentration follow an 
inverted U-shaped form except for the post-war CP model, where 
no clear effect is obtained. For specialization gravity we find a 
positive effect on efficiency in the pre-war period yet an unclear 
(or considering the tail ends supposedly even negative) one in the 
post-war period. 

4. The joint effect for division of labor suggests for both CP and PP 
model for both pre-war and post-war frontier that differentiation 
(low task division value) profits from more coordination. The posi-
tive effect for task coordination vanishes for high values of task 
division (less differentiation, more team-based). The joint effect 
for specialization varies according to model, as well as pre- and 
post-war period. Robust for all models except pre-war publication 
efficiency is that configurations of average concentration and 
average depth are the least efficient. 

5. The graphical inspection of ratios suggests an interaction of DoL 
and Spec. with size, which exists for all models and is most pro-
nounced for task-division. Institutions with an input-size of 25 to 
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100 in the pre-war and 150 to 300 professors in the post-war period 
are most affected by the inclusion of DoL and Spec. in the condi-
tional models. 

6. The analysis according to university types reveals that on average 
efficiency of longer established institutions (cluster 1 and 2) over 
the whole period 1890 to 2020 is nearly identical. Recently estab-
lished larger universities (cluster 3 and 4) are found to be more in-
efficient. Regarding the influence of DoL and Spec. on efficiency 
according to clusters, the clearest effect is found for specialization 
gravity in (European) cluster 1. Here, a negative relationship of 
specialization depth and efficiency is obtained.  

Those findings confirm some of the theoretical expectations derived 
from the theory of division of labor. The task division variable em-
ployed here accounts for both differentiation on the institutional level 
and task division within an institutionalized unit, a denomination de-
marcates. The positive effect of the latter in all models coincides with 
the positive effects of task division in scientific teams obtained in the 
literature. It could be further confirmed that in later periods, for which 
we expect an increased ‘knowledge burden’ and higher coordination 
costs, task coordination has a positive effect on productivity. In addi-
tion, it can be shown that institutions with highly differentiated tasks 
profited from more task coordination in general. The negative effect 
for task coordination in the pre-war period might above all be attribut-
able to the here implemented measure of task coordination, which 
relies on a classification of denominations according to the Web of 
Science subject categories. The latter led to very broadly defined de-
nominations (e.g., ‘natural sciences’ or ‘sciences’) being defined as 
connecting different subject areas, research fields and disciplines. This 
resulted in high values for task coordination in the first sample de-
cades, which are quite comparable to those of the last sample period’s 
denominations (see Fig. 5: 71). Evidently though, those universal de-
nominations can hardly be considered as coordinative. Much rather 
they are relicts of a pre-specialized science, where any form of delinea-
tion or demarcation of specialties led to higher productivity regardless 
of coordination efforts.  

The results for specialization concentration suggest an inverted 
U-shaped relationship with publication efficiency. Effectively, this in-
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dicates that institutions which either concentrate on all granularity 
levels or do not concentrate at all have the highest publication produc-
tivity ratios. This effect is similar yet less robust for pre-war citation 
efficiency. Admittedly, from a theoretical point of view we would have 
rather expected this effect to be the other way around. Assuming that 
citational returns vary according to field (as the field-normalization 
literature suggests), not specializing in one domain at all could miti-
gate the negative effect linked to the citation customs in a particular 
field, whereas high concentration could increase citational return due 
to an outstanding role of the institution in this domain. That this rela-
tionship exists for the PP model yet is unclear for the CP model might 
point at the limits of deriving a functional dependency of concentra-
tion on research domains based on observations of 20 institutions. 

The mechanism attributed to specialization gravity is best repre-
sented by the results for the European institutions. Indeed, it is striking 
that their degree of specialization depth is substantially higher when 
compared to sample peers. This may be explained by European uni-
versities being the oldest, and still operating with the professorial 
chair system, as opposed to the academic department system. Parsons 
and Platt (1990) claimed that the latter was the biggest innovation of 
US universities, which enabled more agile forms of coordination of 
research domains. As predicted, the task division value for European 
universities remained relatively stable over the course of time, which 
means that they invested their growth in size above all in differentia-
tion, supposedly driven by the gravitational force of their high speciali-
zation in depth. Their non-European peers grew equally or even more 
in size and further reveal substantial concentration levels, yet their 
specialization depth remained equal or occasionally even decreased, 
supposedly favoring the less differentiated more team-based task divi-
sion. Future research should thus validate whether the two systems 
indeed provide different prerequisites for handling coordination costs 
by controlling or not controlling the mechanism of concentration lead-
ing to narrower specialization, which in turn sets an incentive for more 
differentiation. 

Policy implications need to build on the finding that the characteri-
zation of the scientific community as efficient self-governed sphere 
needs to be amended by acknowledging institutional prerequisites as 
additional determinants of epistemic outcomes. That the organically 
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grown European (Humboldtian) university is found to be affected 
most by the self-reinforcing mechanism of DoL and Spec. fits the pic-
ture and should provoke an open discussion on how the configurations 
of DoL and Spec. can be optimized in the future given the evidence 
for pathologies due to overspecialization. European HEI policies could 
for example set incentives that professorial resources are invested less 
in differentiation and more in coordination of areas of research in the 
future. This particularly concerns the more granular levels of subject 
areas and research fields, which cannot be sufficiently accounted for 
by broadly defined initiatives for interdisciplinarity. One way to achieve 
this organizationally, is by moving from the professorial chair-based 
system to a department-based system (or a hybrid form), where task 
division is organized collectively instead of being institutionalized. 
Alternatively, a centralized decision-making unit could be installed to 
monitor the coordination costs incurred and to prevent new appoint-
ments from defining narrower research areas (than their predecessors) 
by default. Also, the composition of research areas (based on a re-
quirement analysis of the gaps in the subject areas covered and con-
nected) could be guided by such a centralized unit. This should help 
facilitate collaboration between the institutionalized tasks within the 
department or faculty as a whole and assure that coordination costs are 
kept in check. 

The distributions of the efficiency results for the full, robust and 
partial frontier in both publication and citation productivity models 
suggest that defining joint benchmarks for the pre- and post-war period 
provides meaningful results. This might have been supported by the 
purposefully introduced sampling bias considering only highly ranked 
universities. As expected, efficiency estimates vary moderately within 
the sample, with an outstanding outlier role of only very few institu-
tions (e.g., Harvard university in post-war citation productivity model). 
The efficiency results do also reflect the shift from science being domi-
nated by European institutions in the pre-war period to US institutions 
dominating in the post-war period. This concerns both efficiency and 
sheer size. 

Nonetheless, as already pointed out, a few limitations of this 
approach exist, which need to be addressed at this point. Even though 
the here introduced dataset comprises microdata for 46,394 professors 
based on 10,167 entries, they effectively concern only 20 different in-
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stitutions. Certainly, the number of observations for pre-war (N = 55) 
and post-war (N = 111) period, as well as the number of observations 
for the clusters in the full-frontier analysis (N = 59, 52 and 55 respec-
tively), pose the biggest limitation of this work. Also, even though it 
could be shown that the way the methodology is set up enables to de-
fine very targeted technologies (which mainly vary according to time 
and institutional type through the different size dimension) and thus a 
meaningful benchmark for the joint frontiers spanning over large time 
periods, the interactions of DoL and Spec. components with input size 
point at the limits of the analysis given the restricted sample size. Cer-
tainly, in an ideal world with unlimited access to data one would in-
crease the number of institutions, points in time and define narrower 
time periods for the measurement of joint frontiers. Also, as already 
addressed, employing student numbers to calculate joint research and 
teaching models to investigate the universities’ production process 
would have been desirable. Another issue that was raised above is that 
it cannot be ruled out that some of the effects observed for the compo-
nents of DoL and Spec. in the different models might stem from in-
formation that could not be accounted for due to restricted access to 
data. This above all concerns factors known to influence universities’ 
performance such as financial means and numbers of other academic 
staff, which may explain heterogeneity in professorial staff’s quality 
or productivity levels. The latter seems to be particularly true for the 
effects obtained for task division, which revealed the greatest inter-
action with input size. In particular in the citation productivity model, 
one might question whether it is indeed task division that explains the 
positive effect of size or if it is the other way round and the positive 
effect of size is caused by another factor not accounted for, which is 
reflected by the task division. Finally, for the reasons motivated in 
section 3.1.1, the empirical analysis is limited to engineering and natu-
ral sciences disciplines and thus the conclusions regarding the hypoth-
esis are not valid for social sciences or humanities. 

Regardless of those limitations, we are confident in stating that the 
empirical analysis provides sufficient evidence that DoL and Spec. are 
important determinants of epistemic outcomes. Not only do we find 
local effects of the components considered on efficiency estimates, but 
we find reasonable and consistent relationships in the sense of the 
nonparametric fits either approximating linear or inverted U-shaped 
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functions, which are not random. Both marginal and joint effects ob-
tained, coincide with the theoretical expectations defined in chapter 2 
and are robust for both a model incorporating publications and one 
employing citations as output, which are both considered to be im-
portant epistemic outcomes regularly assessed in all science studies’ 
branches. 
 
 



 

6. Conclusions 

Regarding the research question of this work, it can be concluded that 
institutional division of labor and specialization are neglected deter-
minants of epistemic outcomes, which bear the potential to explain 
pathologies (such as declining productivity levels) within the scientific 
production process. The latter phenomena should be accounted for in 
the science studies to ensure that institutions are designed to promote 
efficient forms of scientific collaboration and mitigate potential path 
dependencies and increasing coordination costs due to an ongoing 
topical concentration and specialization depth. The empirical findings 
of this work cast doubt on the plausibility of the rational theory-based 
models dominating the science studies, which promote the idea of the 
efficiently functioning self-governed scientific community. The results 
rather suggest that the latter is impeded by the institutional arrange-
ments with which scientific institutions are confronted. In particular 
the findings of the descriptive analysis suggest that the here promoted 
idea for specialization concentration (mainly depending on institutional 
prerequisites), have more explanatory power for predicting institutional 
specialization than the credit maximization rationale. Finally, in the 
cluster analysis it was shown that institutional types with the highest 
task differentiation are indeed the ones with the highest specialization 
depth and vice versa.  

The analysis based on the conditional efficiency framework reveals 
that the effect of DoL and Spec. on epistemic outcomes follows func-
tional relationships and structurally differs according to time and uni-
versity type. The effects obtained are consistent with economic theory, 
as we find higher productivity levels for universities that keep their 
coordination costs in check, either by organizing their researchers in 
institutional settings that mitigate coordination costs (lower specializa-
tion depth, academic department) or by promoting coordination efforts 
(higher specialization depth, boundary-spanning chairs). 
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Apart from the latter insights, this work’s contribution to the litera-
ture is threefold:  

I. First, in the theoretical line of thought, it was argued that topics 
concerned with scientific collaboration could benefit from inte-
grating the theory on institutional division of labor and it was 
shown how it can be operationalized in a quantitative empirical 
analysis. An analysis of institutional DoL and Spec. may be seen 
as a more concrete and granular equivalent to the analysis of inter-
disciplinarity, which is often operationalized with indicators based 
on (bibliometric) output data and for which the trends obtained in 
this work deviated from the ones obtained on the more granular 
levels and conveyed less clear information (see 3.3.1.1). Further, 
it closes the research gap documented between the micro-level of 
collaboration e.g., in the laboratory or team and the macro-level 
perspective of the overall institutional specialization or broadly 
defined disciplines.  

II. Second contribution is the here introduced new dataset based on 
documentation of 2,549 semantically distinct denominations in 
10,167 entries representing 46,394 university professors affiliated 
with 20 regularly top-ranked universities. This dataset allows to 
measure division of labor and specialization for the period 1890 to 
2020 (, therefore accounting for a large share of all of modern 
science), employing an institutional, input-based perspective. The 
latter is valuable insofar as it allows to complement studies based 
on the ‘bibliometric hypothesis’ with an institutional perspective, 
as demanded by authors in the science studies (e.g., Bornmann et al. 
2023). The denominations were coded according to the frequently 
employed Web of Science classification scheme to guarantee for a 
good compatibility with existing bibliometric data and to assess 
DoL and Spec. on different levels of granularity. Further, the data-
set may be used to analyze different aspects not covered in this 
work, like for example approaching the denominations from a lin-
guistic perspective or analyzing semantic diversity in this context. 

III. Finally, third, this work employed the advanced nonparametric 
conditional efficiency framework to overcome the issues linked to 
employing traditional efficiency methods like the Data Envelop-
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ment Analysis and the flaws of the so-called two stage approach 
(Simar and Wilson 2011). Applications of the latter are still scarce 
(, supposedly because an implementation in readily available sta-
tistical packages is still missing) and even scarcer in context of 
performance measurement of higher education institutions. Also, 
operationalization of division of labor and specialization in four 
conceptually distinct indicators goes beyond the traditionally em-
ployed diversity measures. 

Taking this work as point of departure, future research could over-
come some of the limits addressed by expanding the dataset and in-
creasing the number of observations in institutions. In order to provide 
targeted policy implications, the scope could for example be limited to 
European institutions for a period concerning only recent years. Fur-
ther, existing micro data e.g., collected in the ETER and Aquameth 
project could be integrated to model the effect of DoL and Spec. on 
scientific productivity more holistically, considering other important 
determinants of epistemic outcomes such as student numbers, funding, 
etc. This way, the science studies might be able to make a huge con-
tribution towards resolving some of the pathologies in science ob-
served and supporting that disruptiveness and innovativeness is main-
tained in the upcoming years. 
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256 Annex 

S2. Cross validation plots of pre-war PPM model for  
task division (upper left), task coordination (upper right),  

Spec. concentration (lower left) and Spec. gravity (lower right) 
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S3. Cross validation plots of pre-war CPM model for  
task division (upper left), task coordination (upper right),  

Spec. concentration (lower left) and Spec. gravity (lower right) 

 
 



258 Annex 

S4. Cross validation plots of post-war PPM model for  
task division (upper left), task coordination (upper right),  

Spec. concentration (lower left) and Spec. gravity (lower right) 
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S5. Cross validation plots of post-war CPM model for  
task division (upper left), task coordination (upper right),  

Spec. concentration (lower left) and Spec. gravity (lower right) 
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S6. Cross validation plots of full frontier PPM model for  
task division (upper left), task coordination (upper right),  

Spec. concentration (lower left) and Spec. gravity (lower right) 
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S7. Cross validation plots of full frontier PPM model for  
task division (upper left), task coordination (upper right),  

Spec. concentration (lower left) and Spec. gravity (lower right) 
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S8. Pre-war frontier values of inputs, outputs and efficiency estimates 

i X Yp Yc FDHp FDHc Oa99p Oa99c Oa90p Oa90c

1890_col 38 173 405 0.34 0.34 0.34 0.34 0.04 0.04

1890_har 66 361 570 0.40 0.84 0.40 0.84 -0.07 0.43

1890_lmu 52 78 62 0.59 0.59 0.59 0.59 0.30 0.28

1890_mit 30 36 1425 0.20 0.20 0.20 0.20 0.00 -0.22

1890_rfw 32 201 334 0.23 0.23 0.23 0.23 -0.07 0.01

1890_ucb 25 7 9 0.11 0.11 0.11 0.11 0.02 0.00

1890_uos 21 12 9 0.04 0.04 0.04 0.04 -0.02 0.00

1890_uta 8 3 2 0.01 0.01 0.01 0.01 -0.20 -0.20

1890_uzh 40 64 454 0.38 0.38 0.38 0.38 0.14 0.02

1900_col 88 517 1962 0.57 1.24 0.57 1.24 -0.19 0.31

1900_eth 43 6 4 0.43 0.43 0.43 0.43 0.22 0.22

1900_gau 40 472 1386 0.00 0.38 0.00 0.38 -0.47 -0.04

1900_har 124 587 1887 0.79 1.88 0.79 1.88 -0.20 0.36

1900_lee 32 65 207 0.23 0.23 0.23 0.23 0.02 0.02

1900_lmu 61 133 143 0.64 0.75 0.64 0.75 0.34 0.38

1900_mit 52 125 565 0.59 0.59 0.59 0.59 0.28 0.18

1900_rfw 31 343 465 0.00 0.22 0.00 0.22 -0.36 -0.04

1900_sta 36 143 407 0.30 0.30 0.30 0.30 0.05 0.04

1900_ucb 68 43 54 0.88 0.88 0.88 0.88 0.57 0.50

1900_uos 44 20 3 0.45 0.45 0.45 0.45 0.22 0.23

1900_uow 14 18 11 0.00 0.00 0.00 0.00 -0.09 -0.09

1900_upp 22 24 32 0.05 0.05 0.05 0.05 -0.04 -0.01

1900_uta 19 3 12 0.05 0.00 0.05 0.00 0.00 -0.01

1900_uzh 26 79 206 0.13 0.13 0.13 0.13 -0.09 -0.04

1910_col 137 862 3675 0.00 2.12 0.00 2.12 -0.78 0.00

1910_eth 42 137 2427 0.41 0.41 0.41 0.41 0.11 -0.32

1910_gau 42 243 845 0.24 0.41 0.24 0.41 0.00 0.00

1910_har 116 753 3264 0.18 1.74 0.18 1.74 -0.59 0.00

1910_lee 32 133 482 0.23 0.23 0.23 0.23 0.00 -0.02

1910_lmu 80 196 436 0.84 1.09 0.84 1.09 0.38 0.66

1910_mit 58 148 503 0.58 0.70 0.58 0.70 0.29 0.29

1910_rfw 36 218 267 0.30 0.30 0.30 0.30 -0.06 0.07

1910_sta 59 315 684 0.47 0.72 0.47 0.72 -0.02 0.30

1910_ucb 99 191 2242 1.02 1.43 1.02 1.43 0.55 0.12
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1910_uos 57 23 86 0.68 0.68 0.68 0.68 0.43 0.30

1910_uow 34 97 150 0.27 0.27 0.27 0.27 0.04 0.05

1910_upp 28 36 184 0.16 0.16 0.16 0.16 0.00 0.00

1910_uzh 36 180 829 0.30 0.30 0.30 0.30 0.00 -0.07

1920_auc 3 5 15 0.00 0.00 0.00 0.00 -0.29 -0.29

1920_cal 19 308 7441 0.00 0.00 0.00 0.00 -0.38 -2.53

1920_col 247 1258 5135 0.22 1.55 0.22 1.55 -1.96 -0.29

1920_eth 43 183 2498 0.43 0.43 0.43 0.43 0.07 -0.30

1920_gau 60 803 5154 0.00 0.74 0.00 0.74 -1.00 -1.27

1920_har 163 1319 13193 0.00 0.00 0.00 0.00 -2.18 -5.70

1920_lee 30 298 1746 0.04 0.20 0.04 0.20 -0.22 -0.23

1920_lmu 149 648 1827 0.56 2.33 0.56 2.33 -0.09 0.59

1920_mit 113 533 4699 0.95 1.69 0.95 1.69 -0.05 -0.69

1920_rfw 84 624 888 0.43 1.17 0.43 1.17 -0.52 0.50

1920_sta 56 719 2703 0.00 0.66 0.00 0.66 -0.90 -0.19

1920_ucb 105 528 4807 0.81 1.54 0.81 1.54 -0.14 -0.76

1920_uos 19 81 184 0.00 0.00 0.00 0.00 -0.16 -0.11

1920_uow 21 161 370 0.04 0.04 0.04 0.04 -0.20 -0.13

1920_upp 31 98 355 0.22 0.22 0.22 0.22 -0.02 0.00

1920_uta 24 46 213 0.09 0.09 0.09 0.09 -0.07 -0.07

1920_uzh 33 465 4104 0.00 0.25 0.00 0.25 -0.55 -1.12

S9. Post-war frontier values of inputs, outputs and efficiency estimates 

i X Yp Yc FDHp FDHc Oa99p Oa99c Oa90p Oa90c

1950_auc 22 160 2042 0.00 0.00 -0.04 -0.04 -0.22 -0.22

1950_cal 134 1857 60129 0.08 0.15 0.05 0.05 -0.01 -0.04

1950_col 753 4337 94345 1.52 1.56 1.47 1.52 0.90 0.94

1950_eth 71 1223 18406 0.04 0.03 0.02 0.02 -0.09 -0.09

1950_gau 106 2194 13789 0.04 0.09 0.02 0.04 -0.05 -0.01

1950_har 394 5255 162627 0.62 0.62 0.58 0.58 0.28 0.30

1950_lee 64 1326 23901 0.03 0.03 0.00 0.00 -0.11 -0.11

1950_lmu 137 2281 15944 0.09 0.17 0.03 0.09 -0.03 0.00

1950_mit 310 3466 132883 0.41 0.41 0.37 0.37 0.24 0.24

1950_rfw 117 1782 8598 0.06 0.12 0.04 0.04 -0.03 0.00

1950_sta 409 1883 49175 0.66 0.66 0.62 0.62 0.43 0.40
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1950_ucb 455 4675 123444 0.78 0.78 0.74 0.74 0.40 0.44

1950_ucd 186 719 10138 0.22 0.19 0.11 0.09 0.05 0.03

1950_ucl 239 2445 48473 0.22 0.22 0.22 0.21 0.12 0.12

1950_uos 245 1119 12324 0.24 0.24 0.24 0.24 0.13 0.13

1950_uow 389 1568 26630 0.61 0.61 0.57 0.57 0.44 0.41

1950_upp 37 925 19014 0.00 0.00 -0.04 -0.01 -0.18 -0.18

1950_uta 174 889 13345 0.18 0.19 0.10 0.09 0.05 0.01

1950_uzh 54 1153 8026 0.00 0.01 0.00 0.00 -0.14 -0.14

1960_auc 95 633 10010 0.08 0.06 0.08 0.04 -0.03 -0.03

1960_cal 195 4091 157707 0.11 0.11 0.11 0.11 0.00 0.00

1960_col 194 7068 245747 0.10 0.10 0.10 0.06 -0.01 0.00

1960_eth 125 1991 42784 0.06 0.14 0.05 0.06 -0.03 -0.02

1960_gau 190 3402 48516 0.13 0.16 0.09 0.09 0.00 0.01

1960_har 189 11481 518526 0.09 0.09 0.05 0.05 -0.08 -0.08

1960_lee 64 2594 53373 0.00 0.01 -0.01 0.00 -0.11 -0.11

1960_lmu 277 4545 68014 0.32 0.32 0.28 0.28 0.16 0.19

1960_mit 553 8442 361970 1.04 1.04 1.00 1.00 0.51 0.56

1960_rfw 195 3117 31599 0.14 0.17 0.11 0.11 0.01 0.02

1960_sta 212 7210 276782 0.15 0.15 0.11 0.11 0.00 0.01

1960_ucb 326 10423 414889 0.45 0.45 0.41 0.41 0.06 0.11

1960_ucd 204 2832 78266 0.16 0.13 0.13 0.13 0.03 0.03

1960_ucl 316 7963 224971 0.42 0.42 0.38 0.38 0.14 0.24

1960_ucs 71 3008 232926 0.00 0.00 -0.02 -0.10 -0.12 -0.18

1960_uos 291 2842 48352 0.36 0.36 0.32 0.32 0.20 0.21

1960_uow 257 5245 153986 0.27 0.27 0.23 0.23 0.11 0.12

1960_upp 54 2424 59360 0.00 0.00 -0.03 -0.03 -0.14 -0.14

1960_uta 124 2917 77479 0.05 0.13 0.00 0.03 -0.06 -0.05

1960_uzh 81 1664 22363 0.04 0.03 0.04 0.03 -0.07 -0.06

1970_auc 139 2182 44649 0.09 0.16 0.04 0.06 -0.02 -0.02

1970_cal 173 6931 370463 0.05 0.05 0.05 0.01 -0.05 -0.07

1970_gau 213 5671 79166 0.15 0.15 0.15 0.15 0.05 0.05

1970_har 301 24876 1305607 0.38 0.38 0.34 0.34 -0.19 -0.19

1970_lee 194 5765 125547 0.10 0.10 0.10 0.10 0.00 0.00

1970_lmu 359 10915 158768 0.53 0.53 0.49 0.49 0.15 0.31



 Annex 265 

 

1970_mit 448 13060 672376 0.76 0.76 0.73 0.73 0.28 0.28

1970_rfw 237 7608 102156 0.22 0.22 0.18 0.18 0.05 0.11

1970_sta 367 15316 772764 0.55 0.55 0.51 0.51 0.08 0.07

1970_ucb 515 15514 727541 0.90 0.94 0.85 0.90 0.29 0.32

1970_ucd 453 9238 241426 0.78 0.78 0.74 0.74 0.30 0.40

1970_ucs 198 11072 501336 0.11 0.11 0.08 0.08 -0.05 -0.05

1970_uos 293 5610 121761 0.36 0.36 0.32 0.32 0.19 0.20

1970_uow 768 14128 570435 1.35 1.60 1.29 1.51 0.79 0.85

1970_uzh 103 6184 116481 0.00 0.08 -0.13 0.00 -0.19 -0.09

1980_auc 228 4209 120159 0.19 0.19 0.19 0.15 0.09 0.09

1980_cal 181 11018 694919 0.07 0.07 0.03 0.03 -0.09 -0.15

1980_gau 377 8658 180611 0.58 0.58 0.54 0.54 0.20 0.29

1980_har 339 37431 2450483 0.26 0.02 0.21 0.00 -0.32 -0.36

1980_lmu 712 16024 338964 1.26 1.45 1.20 1.36 0.66 0.80

1980_mit 491 22506 1204153 0.84 0.88 0.72 0.79 0.15 0.15

1980_rfw 535 8698 154175 0.99 0.99 0.95 0.95 0.49 0.54

1980_sta 405 25900 1534993 0.61 0.65 0.56 0.56 -0.05 -0.08

1980_ucb 622 24015 1270877 0.89 1.02 0.83 1.00 0.41 0.41

1980_ucl 791 32039 1349629 1.08 1.08 0.96 1.04 0.34 0.78

1980_ucs 285 19119 1060414 0.34 0.34 0.30 0.30 -0.13 -0.14

1980_uos 353 9865 268186 0.52 0.52 0.48 0.48 0.14 0.21

1980_uow 1062 24626 1211541 1.79 1.79 1.61 1.67 0.77 1.05

1980_uzh 154 9220 291477 0.00 0.00 0.00 0.00 -0.11 -0.10

1990_auc 231 7182 314576 0.20 0.20 0.16 0.16 0.04 0.04

1990_cal 195 20198 1369484 0.11 0.11 0.07 0.07 -0.28 -0.37

1990_gau 441 13438 499917 0.75 0.75 0.71 0.71 0.26 0.27

1990_har 375 66556 6688846 0.00 0.00 -0.17 -1.23 -1.11 -2.97

1990_lmu 553 25880 1011578 0.80 1.04 0.74 0.95 0.23 0.31

1990_mit 468 32409 2258109 0.50 0.24 0.44 0.20 0.01 -0.02

1990_rfw 680 13705 444648 1.33 1.37 1.20 1.28 0.63 0.71

1990_sta 434 39340 3208990 0.17 0.15 0.15 0.04 -0.21 -0.65

1990_ucb 693 36029 2535642 0.83 0.83 0.71 0.71 0.09 -0.06

1990_ucd 927 28903 1479455 1.43 1.43 1.28 1.36 0.54 0.82

1990_ucl 537 46153 2826218 0.42 0.42 0.30 0.30 -0.32 -0.32
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1990_ucs 468 32897 2584155 0.47 0.24 0.42 0.20 0.01 -0.18

1990_uos 414 18377 762773 0.68 0.68 0.64 0.64 0.10 0.19

1990_uow 392 42264 3067482 0.04 0.04 0.04 0.00 -0.35 -0.54

1990_upp 186 21734 1020180 0.08 0.08 0.04 0.04 -0.30 -0.28

1990_uta 633 20402 959783 1.06 1.25 1.00 1.15 0.46 0.50

1990_uzh 183 17035 846630 0.08 0.08 0.04 0.04 -0.27 -0.27

2000_auc 236 15653 789471 0.21 0.21 0.17 0.17 -0.17 -0.13

2000_cal 154 33846 2469619 0.00 0.00 -0.04 -0.09 -0.58 -0.75

2000_eth 189 37981 2439385 0.05 0.03 0.00 0.00 -0.61 -0.66

2000_gau 355 21487 1083274 0.52 0.52 0.48 0.48 -0.05 -0.02

2000_lee 216 23646 1242604 0.16 0.16 0.12 0.12 -0.31 -0.32

2000_lmu 645 40470 2125263 0.70 0.70 0.58 0.66 -0.05 0.27

2000_mit 463 52213 4078946 0.23 0.23 0.11 0.11 -0.60 -1.04

2000_rfw 720 24123 1153615 0.90 1.12 0.88 1.10 0.50 0.66

2000_sta 477 66201 5250278 0.09 0.27 0.02 0.00 -0.93 -1.74

2000_ucb 766 52128 4216520 0.84 1.02 0.67 0.75 -0.25 -0.86

2000_ucd 801 49320 2863607 0.93 1.11 0.80 0.99 -0.15 -0.03

2000_ucl 862 73770 5252023 0.53 1.23 0.38 0.00 -1.01 -1.74

2000_ucs 420 56368 4270251 0.12 0.12 0.00 0.00 -0.76 -1.15

2000_uos 218 41855 2005616 0.06 0.17 0.00 0.08 -0.57 -0.54

2000_uow 794 69504 5219396 0.58 1.09 0.35 0.03 -0.81 -1.72

2000_upp 336 30239 1706523 0.43 0.47 0.36 0.38 -0.25 -0.25

2000_uta 702 33457 1871792 0.85 0.85 0.73 0.81 0.19 0.43

2000_uzh 187 29876 1869815 0.09 0.09 0.05 0.03 -0.45 -0.54

2010_auc 436 34809 1065309 0.39 0.73 0.33 0.69 -0.07 0.11

2010_cal 169 43085 1906296 0.00 0.04 -0.13 0.00 -0.69 -0.58

2010_mit 442 81850 4147014 0.00 0.17 -0.57 0.06 -1.38 -1.09

2010_sta 660 111186 5242204 0.00 0.74 -0.67 0.01 -2.75 -1.74

2010_ucb 830 70570 3380966 0.53 1.18 0.44 0.92 -0.86 -0.23

2010_ucl 918 102713 4107384 0.39 1.41 0.00 0.98 -2.36 -0.77

2010_uow 2575 107990 4492350 0.15 1.87 0.00 0.65 -2.60 -0.95

2010_uta 713 54691 1894394 0.70 0.88 0.55 0.83 -0.39 0.46
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S10. Full frontier values of inputs, outputs and efficiency estimates 

i X Yp Yc FDHp FDHc Oa99p Oa99c Oa90p Oa90c

1890_col 38 173 405 0.02 0.01 0.01 0.00 -0.01 0.00

1890_har 66 361 570 0.04 0.04 0.04 0.02 -0.01 0.00

1890_lmu 52 78 62 0.05 0.02 0.03 0.01 0.00 0.00

1890_mit 30 36 1425 0.02 0.01 0.01 0.00 0.00 0.00

1890_rfw 32 201 334 0.01 0.01 0.01 0.00 -0.01 0.00

1890_ucb 25 7 9 0.02 0.01 0.01 0.00 -0.02 -0.02

1890_uos 21 12 9 0.01 0.01 0.00 0.00 -0.04 -0.04

1890_uta 8 3 2 0.00 0.00 0.00 0.00 -0.08 -0.08

1890_uzh 40 64 454 0.03 0.01 0.02 0.01 0.00 0.00

1900_col 88 517 1962 0.12 0.07 0.09 0.07 -0.01 0.00

1900_eth 43 6 4 0.03 0.02 0.02 0.01 0.01 0.00

1900_gau 40 472 1386 0.01 0.01 0.00 0.01 -0.02 0.00

1900_har 124 587 1887 0.17 0.19 0.14 0.08 0.00 0.00

1900_lee 32 65 207 0.02 0.01 0.01 0.00 0.00 0.00

1900_lmu 61 133 143 0.05 0.03 0.03 0.02 0.00 0.00

1900_mit 52 125 565 0.05 0.02 0.02 0.01 0.00 0.00

1900_rfw 31 343 465 0.00 0.01 0.00 0.00 -0.02 0.00

1900_sta 36 143 407 0.01 0.01 0.01 0.00 -0.01 0.00

1900_ucb 68 43 54 0.06 0.05 0.05 0.02 0.01 0.00

1900_uos 44 20 3 0.03 0.02 0.03 0.01 0.01 0.00

1900_uow 14 18 11 0.00 0.00 0.00 0.00 -0.06 -0.06

1900_upp 22 24 32 0.01 0.01 0.00 0.00 -0.03 -0.03

1900_uta 19 3 12 0.00 0.00 0.00 0.00 -0.04 -0.04

1900_uzh 26 79 206 0.02 0.01 0.01 0.00 -0.02 -0.02

1910_col 137 862 3675 0.15 0.24 0.12 0.12 0.00 0.00

1910_eth 42 137 2427 0.02 0.02 0.02 0.01 0.00 0.00

1910_gau 42 243 845 0.02 0.02 0.02 0.01 -0.01 0.00

1910_har 116 753 3264 0.16 0.16 0.13 0.07 -0.02 0.00

1910_lee 32 133 482 0.01 0.01 0.01 0.00 -0.01 0.00

1910_lmu 80 196 436 0.09 0.08 0.07 0.06 0.00 0.00

1910_mit 58 148 503 0.05 0.02 0.02 0.01 0.00 0.00

1910_rfw 36 218 267 0.01 0.01 0.01 0.00 -0.01 0.00
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1910_sta 59 315 684 0.04 0.02 0.02 0.02 -0.01 0.00

1910_ucb 99 191 2242 0.15 0.10 0.13 0.07 0.01 0.00

1910_uos 57 23 86 0.06 0.02 0.03 0.01 0.01 0.00

1910_uow 34 97 150 0.01 0.01 0.01 0.00 -0.01 0.00

1910_upp 28 36 184 0.02 0.01 0.01 0.00 -0.01 -0.01

1910_uzh 36 180 829 0.01 0.01 0.01 0.00 -0.01 0.00

1920_auc 3 5 15 0.00 0.00 -0.02 -0.02 -0.10 -0.10

1920_cal 19 308 7441 0.00 0.00 -0.01 -0.01 -0.04 -0.04

1920_col 247 1258 5135 0.34 0.34 0.34 0.34 0.15 0.14

1920_eth 43 183 2498 0.02 0.02 0.02 0.01 0.00 0.00

1920_gau 60 803 5154 0.02 0.02 0.02 0.02 -0.04 -0.01

1920_har 163 1319 13193 0.22 0.28 0.12 0.13 -0.01 0.00

1920_lee 30 298 1746 0.00 0.01 0.00 0.00 -0.02 0.00

1920_lmu 149 648 1827 0.17 0.28 0.16 0.15 0.01 0.01

1920_mit 113 533 4699 0.15 0.15 0.14 0.07 0.00 0.00

1920_rfw 84 624 888 0.11 0.07 0.07 0.07 -0.02 0.00

1920_sta 56 719 2703 0.01 0.02 0.01 0.01 -0.04 0.00

1920_ucb 105 528 4807 0.14 0.12 0.13 0.07 0.00 0.00

1920_uos 19 81 184 0.00 0.00 0.00 0.00 -0.04 -0.04

1920_uow 21 161 370 0.01 0.01 0.00 0.00 -0.04 -0.04

1920_upp 31 98 355 0.01 0.01 0.00 0.00 -0.01 0.00

1920_uta 24 46 213 0.02 0.01 0.01 0.00 -0.03 -0.03

1920_uzh 33 465 4104 0.00 0.00 -0.01 0.00 -0.03 -0.01

1950_auc 22 160 2042 0.01 0.01 0.00 0.00 -0.03 -0.03

1950_cal 134 1857 60129 0.11 0.22 0.08 0.07 -0.07 -0.07

1950_col 753 4337 94345 2.12 2.17 2.05 2.12 1.15 1.18

1950_eth 71 1223 18406 0.06 0.05 0.03 0.03 -0.06 -0.02

1950_gau 106 2194 13789 0.06 0.13 0.03 0.06 -0.10 -0.01

1950_har 394 5255 162627 0.87 0.87 0.82 0.82 0.25 0.25

1950_lee 64 1326 23901 0.04 0.04 0.00 0.00 -0.07 -0.03

1950_lmu 137 2281 15944 0.12 0.24 0.05 0.12 -0.08 -0.01

1950_mit 310 3466 132883 0.57 0.57 0.51 0.51 0.26 0.18

1950_rfw 117 1782 8598 0.08 0.17 0.06 0.06 -0.07 -0.01

1950_sta 409 1883 49175 0.92 0.92 0.87 0.87 0.39 0.34
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1950_ucb 455 4675 123444 1.09 1.09 1.04 1.04 0.42 0.42

1950_ucd 186 719 10138 0.30 0.28 0.16 0.14 0.04 0.01

1950_ucl 239 2445 48473 0.31 0.31 0.31 0.31 0.10 0.10

1950_uos 245 1119 12324 0.35 0.33 0.33 0.33 0.16 0.13

1950_uow 389 1568 26630 0.85 0.85 0.80 0.80 0.39 0.34

1950_upp 37 925 19014 0.00 0.00 -0.03 -0.01 -0.05 -0.02

1950_uta 174 889 13345 0.26 0.28 0.15 0.13 0.02 0.00

1950_uzh 54 1153 8026 0.00 0.01 0.00 0.00 -0.06 -0.01

1960_auc 95 633 10010 0.12 0.09 0.11 0.06 -0.02 -0.01

1960_cal 195 4091 157707 0.15 0.15 0.15 0.15 -0.05 -0.05

1960_col 194 7068 245747 0.15 0.15 0.15 0.09 -0.09 -0.09

1960_eth 125 1991 42784 0.08 0.20 0.07 0.08 -0.08 -0.05

1960_gau 190 3402 48516 0.19 0.24 0.13 0.13 -0.02 0.00

1960_har 189 11481 518526 0.13 0.13 0.07 0.07 -0.30 -0.31

1960_lee 64 2594 53373 0.00 0.01 -0.01 0.00 -0.15 -0.07

1960_lmu 277 4545 68014 0.45 0.45 0.39 0.39 0.17 0.21

1960_mit 553 8442 361970 1.45 1.45 1.39 1.39 0.54 0.55

1960_rfw 195 3117 31599 0.21 0.26 0.15 0.15 0.00 0.02

1960_sta 212 7210 276782 0.21 0.21 0.16 0.16 -0.07 -0.06

1960_ucb 326 10423 414889 0.62 0.62 0.57 0.57 -0.04 -0.04

1960_ucd 204 2832 78266 0.23 0.20 0.18 0.18 0.02 0.02

1960_ucl 316 7963 224971 0.59 0.59 0.53 0.53 0.00 0.08

1960_ucs 71 3008 232926 0.00 0.00 -0.03 -0.15 -0.17 -0.29

1960_uos 291 2842 48352 0.50 0.50 0.44 0.44 0.23 0.24

1960_uow 257 5245 153986 0.37 0.37 0.32 0.32 0.09 0.10

1960_upp 54 2424 59360 0.00 0.00 -0.04 -0.04 -0.15 -0.07

1960_uta 124 2917 77479 0.08 0.19 0.01 0.05 -0.12 -0.09

1960_uzh 81 1664 22363 0.06 0.05 0.05 0.04 -0.09 -0.03

1970_auc 139 2182 44649 0.13 0.24 0.06 0.09 -0.07 -0.05

1970_cal 173 6931 370463 0.07 0.07 0.07 0.01 -0.15 -0.18

1970_gau 213 5671 79166 0.21 0.21 0.21 0.21 0.00 0.05

1970_har 301 24876 1305607 0.53 0.53 0.48 0.48 -0.43 -0.43

1970_lee 194 5765 125547 0.15 0.15 0.15 0.15 -0.07 -0.01

1970_lmu 359 10915 158768 0.74 0.74 0.69 0.69 0.01 0.20
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1970_mit 448 13060 672376 1.07 1.07 1.01 1.01 0.18 0.16

1970_rfw 237 7608 102156 0.30 0.30 0.25 0.25 -0.03 0.07

1970_sta 367 15316 772764 0.77 0.77 0.72 0.72 -0.03 -0.03

1970_ucb 515 15514 727541 1.27 1.31 1.25 1.25 0.29 0.34

1970_ucd 453 9238 241426 1.08 1.08 1.03 1.03 0.28 0.35

1970_ucs 198 11072 501336 0.16 0.16 0.11 0.11 -0.27 -0.29

1970_uos 293 5610 121761 0.50 0.50 0.45 0.45 0.11 0.20

1970_uow 768 14128 570435 2.01 2.23 1.92 2.10 1.06 1.06

1970_uzh 103 6184 116481 0.00 0.12 -0.18 0.00 -0.30 -0.14

1980_auc 228 4209 120159 0.27 0.27 0.27 0.22 0.05 0.04

1980_cal 181 11018 694919 0.10 0.10 0.04 0.04 -0.27 -0.49

1980_gau 377 8658 180611 0.81 0.81 0.75 0.75 0.14 0.18

1980_har 339 37431 2450483 0.39 0.02 0.31 0.00 -0.52 -0.95

1980_lmu 712 16024 338964 1.87 2.02 1.79 1.97 0.85 0.95

1980_mit 491 22506 1204153 1.17 1.22 1.07 1.10 0.08 0.08

1980_rfw 535 8698 154175 1.38 1.38 1.33 1.33 0.48 0.61

1980_sta 405 25900 1534993 0.86 0.91 0.78 0.78 -0.21 -0.23

1980_ucb 622 24015 1270877 1.32 1.53 1.24 1.49 0.41 0.34

1980_ucl 791 32039 1349629 1.51 1.51 1.35 1.45 0.19 0.53

1980_ucs 285 19119 1060414 0.48 0.48 0.42 0.42 -0.33 -0.37

1980_uos 353 9865 268186 0.72 0.72 0.67 0.67 0.05 0.10

1980_uow 1062 24626 1211541 2.49 2.49 2.25 2.37 0.92 1.07

1980_uzh 154 9220 291477 0.00 0.00 0.00 0.00 -0.23 -0.21

1990_auc 231 7182 314576 0.28 0.28 0.22 0.22 -0.02 -0.05

1990_cal 195 20198 1369484 0.15 0.15 0.09 0.09 -0.62 -0.74

1990_gau 441 13438 499917 1.04 1.04 0.99 0.99 0.15 0.25

1990_har 375 66556 6688846 0.00 0.00 -0.24 -1.83 -1.81 -5.30

1990_lmu 553 25880 1011578 1.19 1.45 1.11 1.32 0.28 0.31

1990_mit 468 32409 2258109 0.74 0.34 0.65 0.28 -0.18 -0.64

1990_rfw 680 13705 444648 1.85 1.91 1.68 1.85 0.77 0.81

1990_sta 434 39340 3208990 0.26 0.21 0.21 0.05 -0.63 -1.31

1990_ucb 693 36029 2535642 1.15 1.15 0.99 0.99 -0.08 -0.37

1990_ucd 927 28903 1479455 2.00 2.00 1.84 1.94 0.49 0.67

1990_ucl 537 46153 2826218 0.59 0.59 0.42 0.42 -0.79 -0.89
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1990_ucs 468 32897 2584155 0.71 0.34 0.62 0.28 -0.21 -0.82

1990_uos 414 18377 762773 0.94 0.94 0.89 0.89 0.00 0.03

1990_uow 392 42264 3067482 0.06 0.06 0.06 0.00 -0.83 -1.35

1990_upp 186 21734 1020180 0.12 0.12 0.06 0.06 -0.69 -0.64

1990_uta 633 20402 959783 1.57 1.74 1.49 1.61 0.57 0.57

1990_uzh 183 17035 846630 0.11 0.11 0.05 0.05 -0.54 -0.55

2000_auc 236 15653 789471 0.30 0.30 0.24 0.24 -0.36 -0.37

2000_cal 154 33846 2469619 0.00 0.00 -0.05 -0.13 -1.02 -1.19

2000_eth 189 37981 2439385 0.07 0.04 0.00 0.00 -0.99 -1.15

2000_gau 355 21487 1083274 0.73 0.73 0.67 0.67 -0.22 -0.24

2000_lee 216 23646 1242604 0.22 0.22 0.17 0.17 -0.58 -0.60

2000_lmu 645 40470 2125263 0.98 0.98 0.82 0.92 -0.39 -0.17

2000_mit 463 52213 4078946 0.32 0.32 0.16 0.16 -1.12 -1.97

2000_rfw 720 24123 1153615 1.31 1.68 1.25 1.64 0.42 0.66

2000_sta 477 66201 5250278 0.13 0.37 0.02 0.00 -1.69 -3.46

2000_ucb 766 52128 4216520 1.18 1.42 1.00 1.05 -0.71 -2.14

2000_ucd 801 49320 2863607 1.30 1.55 1.19 1.38 -0.52 -0.42

2000_ucl 862 73770 5252023 0.73 1.77 0.56 0.00 -2.21 -3.47

2000_ucs 420 56368 4270251 0.16 0.16 0.00 0.00 -1.36 -2.21

2000_uos 218 41855 2005616 0.09 0.23 0.00 0.11 -0.94 -0.91

2000_uow 794 69504 5219396 0.85 1.52 0.49 0.04 -1.91 -3.42

2000_upp 336 30239 1706523 0.61 0.66 0.53 0.53 -0.46 -0.48

2000_uta 702 33457 1871792 1.19 1.19 1.02 1.12 0.03 0.04

2000_uzh 187 29876 1869815 0.12 0.12 0.07 0.05 -0.82 -1.00

2010_auc 436 34809 1065309 0.57 1.02 0.49 0.97 -0.34 0.00

2010_cal 169 43085 1906296 0.00 0.05 -0.18 0.00 -1.12 -1.05

2010_mit 442 81850 4147014 0.00 0.24 -0.79 0.08 -2.77 -2.06

2010_sta 660 111186 5242204 0.00 1.03 -0.94 0.01 -4.80 -3.45

2010_ucb 830 70570 3380966 0.78 1.65 0.62 1.28 -1.99 -1.08

2010_ucl 918 102713 4107384 0.59 1.97 0.00 1.46 -4.21 -2.01

2010_uow 2575 107990 4492350 0.22 2.80 0.00 0.97 -4.55 -2.43

2010_uta 713 54691 1894394 0.98 1.23 0.82 1.16 -0.89 0.07
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