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Abstract We investigated the interdisciplinary ‘pillars’

of scientific knowledge on which the emerging field of

sustainability science is founded, using a bibliometric

approach and data from the Web of Science database. To

find this scientific basis, we first located publications that

represent a relevant part of sustainability science and then

extracted the set of best cited publications, which we called

the highly cited knowledge base (HCKB). To find the

research orientation in this set, we inspected the occurrence

of fields and contrasted this with the occurrence of fields in

other publication sets relevant to sustainability science. We

also created a network of co-cited HCKB publications

using the seed set citations, extracted communities or

clusters in this network and visualised the result. Addi-

tionally, we inspected the most cited publications in these

HCKB clusters. We found that themes related to the three

pillars of sustainable development (environment, economy

and sociology) are all present in the HCKB, although social

science (not including economics) is less visible. Finally,

we found increasing diversity of fields and clusters in the

citations of the seed set, indicating that the field of sus-

tainability science is not yet moving into a more transdis-

ciplinary state.

Keywords Sustainability science � Knowledge base �
Bibliometric analysis � Network visualisation � Clustering �
Trends � Transdisciplinarity

Introduction

Sustainable development is a complex, multifaceted topic

that has political, environmental, economical and socio-

logical aspects. Although all these aspects are necessary for

any successful approach, it is also clear that scientific

research (both fundamental and applied) has an important

role to play as well (Dodds 1997; Kates et al. 2001; Clark

and Dickson 2003; Clark 2007). Recently, this resulted in

an interdisciplinary science field, ‘sustainability science’,

which organises and supports scientific research into spe-

cific, focused topics, while also encouraging and promoting

the integration of these individual results in a larger context

(Komiyama and Takeuchi 2006; Keitsch 2010).

The inherent interdisciplinary character of sustainability

science and the many publications on sustainable devel-

opment topics that have been published over the years

make it interesting to investigate on what ‘pillars’ of sci-

entific knowledge this research is based. In bibliometric

terms, we understand this as the set of publications which

are cited by publications that we consider to represent

sustainability science. We call this cited set the ‘knowledge

base’ (Braam et al. 1991) of sustainability science. So, in

this publication, we present a bibliometric analysis of the

knowledge base of scientific publications from peer-

reviewed journals that signal a strong relation with sus-

tainable development or sustainability, and that we can,

thus, consider to be a representative sample of sustain-

ability science. We want to answer a number of questions

with our investigation of this knowledge base. First, we

want to get a general impression of the research topics in

the knowledge base, which we refer to as the research

focus of this set. Second, we are interested in the clusters of

related publications that exist in the knowledge base, as

well as the different research foci in these clusters. Finally,
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we want to know if the interdisciplinary character of sus-

tainability science (as seen through the knowledge base) is

changing over time. We think this investigation is inter-

esting for at least three reasons. First, it will show what

scientific results have been used to support sustainability

science, so we can get an impression of the original

research context in which these publications have been

written (as opposed to the research focus in which they are

used). Second, it provides a basis for the monitoring of

changes in the use of the knowledge base, which may hint

at changes in the field of sustainability science. Finally, our

efforts could be used as the basis for a ‘compass’ (Lee

1993) to guide sustainable development initiatives in a

policy context; for example, to find experts on particular

topics or organisations within a network of excellence.

In this paper, we often use the term ‘research focus’ to

indicate the combination of topics that differentiates one

set of publications from other sets. The research focus of a

set of publications is part of a larger context, which we call

the ‘common ground’ (Stalnaker 2002) of a field: the

presumed background knowledge required to understand a

publication or (by extension) to participate in a particular

area or field. For example, a publication can refer to con-

cepts that are not explicitly explained in the publications,

but are still required to be understood in order to grasp the

message of the publication. So, common ground is an

intangible thing. However, tangible aspects of it are present

in the network of topics present in a set of publications. We

can even find it in expectations regarding the format of

titles (Buter and van Raan 2011). As we note in Buter

(2012, p. 29), common ground can also be revealed by

‘exemplars’ like the highly cited publications, as well as

words, important authors and organisations. In this paper,

we will use a combination of citations, words and field

names in order to get an impression of what the research

focus of a set of related publications is.

To investigate the knowledge base, we first have to

operationalise sustainable development in terms of scien-

tific publications. The multifaceted nature makes this dif-

ficult and there will be many difficult corner cases. For

example, take research into new building materials. Such

materials could be lighter, yet isolate better and use fewer

toxic materials in their production chains. Clearly, such

materials would be a good fit for sustainable urban devel-

opment projects. However, whether research into such

materials should be labelled as research relevant to sus-

tainable development in general is a matter of discussion.

The basic research into the development of these materials

was probably not done with the (specific) intent to use it in

sustainable development projects. We do not think we can

resolve this. So, we opt for a more pragmatic approach

instead, partially based on Clark and Dickson (2003), who

point out that many interactions between science and

sustainable development are problem-driven (ibid,

p. 8059). Hence, we will use as a representative sample of

sustainability science those publications explicitly labelled

so by their authors. Since a title of a publication is the most

important instrument for stating the intent of a publication

and it is constructed to attract the attention of readers

(Buter and van Raan 2011; Soler 2007; Noyons 1999), we

consider a title as the most important carrier for intended

purpose, stronger even than an abstract. Thus, we will use

as the representative set of sustainability science those

publications with a word starting with ‘sustainab’ in their

title.

After we selected these publications, we could collect

the cited publications. For a number of reasons however,

we do not want to use all cited publications. One reason is

that the role of citations varies: for example, some are

included for social or political reasons, while others are

there to indicate a relation based on content. Also, self-

citations1 may be included to self-promote research and not

necessarily to indicate a direct connection to the research

present in the citing publication (de Solla Price 1981). For

a comprehensive overview of the different opinions on the

role of citations, we refer to Moed (2005, p. 194). In

addition, since one publication usually cites more than one

other paper, a knowledge base is usually (much) larger than

the set of citing publications. Moreover, many publications

in a knowledge base are cited only once or twice. Thus, we

focus on the subset of highly cited publications. As already

noted by Small (1978), such highly cited publications can

be considered as ‘exemplars’, ‘pointers to’ or ‘hubs’ of

knowledge. Even more so, Peters et al. (1995) showed that

not only is there a link between the (highly) cited publi-

cation and the citing publications, but also that the citing

publications are content-wise related to each other if they

share references to such highly cited publications. As a

result, we think that such a highly cited set of publications

is a good representation of the research focus of sustain-

ability science.

Many authors have expanded on the diverse challenges

within sustainable development. Some have taken a sys-

temic approach from an educational perspective, such as

Elliot (2006). Others have taken a specific part of sus-

tainable development, like environment and economics,

and expanded on that (Pearce et al. 1990). With respect to

the interactions between sustainable development and sci-

ence, many have taken an abstract, qualitative approach.

Komiyama and Takeuchi (2006), for example, used their

extensive experience to differentiate between three levels

(‘global’, ‘social’ and ‘human’) and used this to classify

problems in sustainability, not only at these three levels,

1 A self-citation is a citation to a publication with at least one author

that is also the author of the citing publication.
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but also where these levels interact. Clark and Dickson

(2003) used their knowledge of the field to emphasise the

pragmatic character of sustainability science, the interac-

tion between scholars and practitioners, and the associated

challenges and complexities. Kates et al. (2001) stressed

the interaction between nature and society and proposed a

set of research questions which can be addressed by sus-

tainability science. Kajikawa (2008) held an interesting

middle ground, and combined a qualitative and quantitative

analysis to arrive at a research framework for sustainability

science. Our paper also features such a quantitatively dri-

ven approach: we apply a well-tested combination of

citation analysis and topical analysis, using clustering and

mapping. Our approach was pioneered by Braam et al.

(1991) and used in practice by, for example, Noyons et al.

(1999). Kajikawa et al. (2007) used a similar approach to

analyse publications that have words starting with ‘sustai-

nab’ in their title or abstract. Still, our approach differs on

important points, as will be explained in the next section. In

addition, our focus is on the analysis of the highly cited

knowledge base (HCKB) and not on the representative

sample of sustainability science publications itself. Still,

we will briefly compare and contrast their results in our

conclusions.

Materials and methods

The data for our analyses were extracted from the Web of

Science (WOS)2, a bibliographic database that covers a

large part of the global output published in peer-reviewed

science journals. The database contains important elements

of publications, such as the title, abstract, affiliations,

keywords and journal title. Additionally, it contains the

citations of publications, many of which are to publications

that are also in the WOS. Our institute (CWTS, Leiden

University, Leiden, the Netherlands) has used the WOS to

create a system that is fully dedicated to bibliometric

analyses and indicator calculation. We have added many

corrections to its parent (the WOS), such as affiliation and

author names, and we also make use of a substantially

improved publication identification algorithm. As a result,

the CWTS database is better suited for advanced biblio-

metric analyses.

We already outlined our approach for finding publica-

tions that we consider as representative for sustainability

science, as well as the core of its knowledge base, but we

will repeat it here in more detail. A basic idea is that the

title is a very important instrument to signal the intended

purpose of a publication. Hence, we collected publications

from the WOS published between 1999 and 2008 that have

words in their title which start with ‘sustainab’ and, thus,

have a high chance that they are dealing with topics on

sustainability or sustainable development. We call this

collection of publications the seed set. Note that this set is

not the complete set of sustainability science, but, like

Kajikawa et al. (2007), we assume that it is a good repre-

sentation of sustainability publications. Still, ‘sustainable’

and ‘sustainability’ can have different connotations in

different contexts and we cannot be certain that this

approach only finds those related to topics on sustainable

development. However, if a particular connotation has

enough cited publications, then this should become visible

in the knowledge base as a disparate set of publications in

our analyses. After having created the seed set, we then

collected publications cited by those in the seed set. This is

the knowledge base of the seed set, which we call the ‘seed

knowledge base’, containing all cited publications of the

seed set (i.e. the citing publications). For reasons we noted

above (different grounds to cite, sparsity of a knowledge

base), we focused on a core of highly cited publications

using two citation thresholds: one for the number of times a

publication is cited locally by the seed set and another to

express how many times the publication is cited in general

by the WOS.

To arrive at the proper general citation threshold, we

have to take into account that sustainability research cites

papers from many fields and that this creates a bibliometric

problem: since there are large differences in the lengths of

the reference lists in different fields, there are also large

differences in the expected number of citations for publi-

cations in the fields. As a result, we cannot use an absolute

minimum number of citations to express ‘highly cited’ in

general. Instead, we must use a field-normalised citation

indicator. Our institute has much experience with such

indicators and, therefore, we chose the field-normalised

citation measure CPP/FCSm.3, which was developed and

used by the CWTS in most of its bibliometric studies

(Moed et al. 1995; Van Raan 1996). We calculated CPP/

FCSm values for the period 1999–2008. A value of 1.0 for

the CPP/FCSm means that a publication is cited precisely

2 The WOS database has been licensed by the CWTS from its

producer, Thomson Scientific.

3 CPP is the average number of citations per publication, without

self-citations, in any set of publications (e.g. the publications of a

research group or the publications in a specific set). FCS (field citation

score) is the average number of citations per publication, again

without self-citations, for a whole field, worldwide. It acts as an

international reference level and, in the impact calculations, it is used

as a normalisation for CPP, yielding the field-specific impact indicator

CPP/FCSm. Almost always, a research group or any other larger set

of publications covers more than one field and, therefore, we use the

average FCSm. For the calculation of the FCSm, the same publication

and citation-counting parameters (e.g. time window, article types) are

used as in the case of CPP. For the calculation of this indicator, the

WOS journal subject categories (JSCs) are used as proxies for fields.
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at the average of the field, and, thus, publications that have

a value larger than 1.0 are cited above average. However,

what value can be considered as the threshold between well

cited and highly cited is a more difficult question. In the

past, we have experimented with the distribution function

of the CPP/FCSm values in a set (Buter et al. 2010a), but it

remains difficult to arrive at a completely objective

approach. Therefore, we used our experience in the appli-

cation of bibliometric indicators in research performance

assessment studies to settle on the following: at least five

citations from the seed set and a CPP/FCSm larger than

1.5.4 Applying these two thresholds to the seed knowledge

base resulted in a subset of highly cited publications of the

seed knowledge base, which we call the HCKB.

Our HCKB approach differs from the approach taken by

Kajikawa et al. (2007), who analysed the maximally con-

nected component within their seed set, i.e. the largest set

of publications linked by citation. The advantage of our

approach is that we can extract unlinked clusters of cited

publications that are still highly relevant for research

covered by the seed set. However, we can expect the

HCKB to be strongly connected, due to the high minimal

degree of the papers.5

We found it interesting to include in some of our anal-

yses the set of all publications from the period 1999–2008

that cite publications in the HCKB. This set has overlap

with the seed set, but is a not a super set of the seed set

because some publications in the seed set do not cite any

publications in the HCKB (we will return to this issue

below). However, the set of all publications citing the

HCKB can be considered as part of the larger research

environment of the seed set, as it shares the interest in the

HCKB. In our analyses below, we sometimes refer to this

set as the ‘all-citing set’. Another set we used in some of

our analyses is the knowledge base of the set publications

from the period 1999–2008 published in journals that have

a word in their title starting with ‘sustainab’. Currently, the

WOS covers twelve such journals,6 with a total of 3,556

publications up to 2008. The journal that appeared first in

the WOS is the Journal of Sustainable Agriculture,

appearing in 1991 and having 970 publications up to 2008

in the WOS. The other journals appeared later, mostly from

1999 and onwards. Due to the focus of these journals, we

can assume that their publications are related to sustain-

ability science. However, as opposed to our seed set, cru-

cial contributions to sustainability science that appeared

outside these journals (most notably from prestigious,

multidisciplinary outlets such as Science, Nature and

PNAS7) are not covered in this set. To get at the core of the

knowledge base of this set, we required at least two citing

publications from the journals, and since this already

reduced the number of knowledge base publications con-

siderably, we did not require an additional minimum value

for the CPP/FCSm to represent the global impact. We call

the resulting set of cited publications the ‘journals’

knowledge base’ (JKB).

We created in Fig. 1 a schematic overview of the dif-

ferent publication sets used in this paper. The size of the

ellipses do not precisely represent the size of the sets, as we

merely wanted to express how the sets overlap. The outer

set is the whole database (the WOS) and all other sets are

subsets of the WOS. As we see in the figure, the seed

knowledge base partially overlaps with the seed set itself,

because there are some highly cited publications that have

a word starting with ‘sustainab’ in their title. Additionally,

the seed set overlaps with the set of publications in the

sustainability journals, as well as the JKB. The figure also

shows that the HCKB is a complete subset of the seed

knowledge base and partially overlaps with the JKB.

We investigated the structure of the HCKB by visual-

ising and partitioning the networks of papers in the HCKB.

For this, we used the open-source networking tool ‘Gephi’

(Bastian et al. 2009). This tool allows the investigation and

manipulation of large graphs and contains functionality for

spatialising, filtering, navigating, manipulating, partition-

ing and clustering. The Gephi tool uses the ‘Louvain’

algorithm by Blondel et al. (2008) to partition networks.

This algorithm is designed to quickly find partitions in

large, weighted networks and has been tested on algorithms

with over one hundred million nodes. The partitioning is

done in two phases. At the start, all nodes are in their own

community. The first phase then iteratively assigns nodes

to the community of their next neighbour (according to

some random ordering of the nodes) if the gain of modu-

larity function is positive; otherwise, it leaves the node in

its original community. The second phase uses the com-

munities found in the first phase and builds a network from

these communities. Then, the first phase can be reapplied to

4 Since a CPP/FCSm value of 1.0 means that the impact is precisely

the field average, a value of 1.5 indicates a 50 % higher number of

citations than the average. Based on our experience with performing

bibliometric analyses, we know that a value of 1.5 can be used to

identify highly cited publications.
5 At least five citations from within the seed set corresponds to a

degree of at least five.
6 At the time of our analysis, these were (in alphabetical order):

Agronomy for Sustainable Development; Environmental Progress &
Sustainable Energy; International Journal of Agricultural Sustain-
ability; International Journal of Sustainable Development and World
Ecology; International Journal of Sustainable Transportation; Jour-
nal of Renewable and Sustainable Energy; Journal of Sustainable
Agriculture; Journal of Sustainable Tourism; Proceedings of the
Institution of Civil Engineers: Engineering Sustainability; Renewable
& Sustainable Energy Reviews; Sustainability Science; and Sustain-
able Development.

7 Proceedings of the National Academy of Sciences of the United

States of America.
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this new network. The algorithm stops if no changes are

made in the community structure. The final result is said to

have a ‘maximum of modularity’ (ibid, p. 4). To lay out the

network, we used a combination of the layout algorithm by

Hu (2005), which is good at quickly structuring related

communities, and the Force Atlas algorithm by Bastian

et al. (2009), which is good at spreading out these com-

munities over a larger area, without distorting the general

community layout created by the first algorithm. For more

information on these algorithms, we refer to their papers.

Note that we do not strive for accuracy in our efforts to

partition and lay out the network, but are interested in the

communities and their relative distance to get an impres-

sion of the HCKB.

To create the clusters and the visualisation, we used the

co-citation network of the HCKB on the seed set, i.e. the

network of HCKB publications created by the reference

lists of the publications in the seed set. Two publications

are co-cited if there is one publication that cites them both,

while two publications are bibliographically coupled if

they share at least one citation to a paper. A co-citation

network represents the organisation of a knowledge base by

its use of the citing papers, while a bibliographically cou-

pled network represents the organisation of a set of pub-

lications by way of how they use their (shared) knowledge

base. Co-citation and bibliographically coupled networks

can also be used to get an impression of the coherence of a

set, by looking at how strongly the network is connected: if

there are many unconnected components in the network,

then we consider the network to be loosely coupled.

As noted above, in our calculation of the CPP/FCSm, we

use the Journal Subject Categories (JSCs) in the WOS as

proxies for science fields. JSCs are certainly not perfect

with respect to the delineation of related research, and they

provide a rather high-level classification to represent the

whole of science.8 Nevertheless, they are a readily avail-

able categorisation of related publications, their definition

is standardised in a transparent way, they are stable over

time and their use is consistent with our use of the CPP/

FCSm.

One way to get an impression of the research orientation

in the HCKB is by comparing it with the other sets. For

this, we use both fields and clusters, as they capture the

research context of the publications in different ways:

fields are more general and high level, while clusters are

more local, because (in our case) clusters are based on the

use of publications in reference lists. To compare the

research focus in these subdivisions of publications (fields

and clusters), we plotted the share of publications as a

graph (see, for example, Fig. 3). This approach was also

used in Noyons and van Raan (1998) to compare the shift

in cognitive orientation in the research area of ‘optimisa-

tion’. A spike in this graph implies that there is an orien-

tation on a specific field or cluster in one set that is not

present in the base set (the HCKB, in our case) and a valley

implies that the HCKB focuses on research not represented

in the other set.

To assess the content of the publications in the clusters,

we used frequently occurring noun phrases (NPs) from

titles and abstracts. Noun phrases consist of a noun and its

accompanying modifiers, like ‘red ball’ or ‘complex

algorithm’. However, not all frequent phrases are infor-

mative: a general phrase like ‘paper’ occurs frequently in

many publications but does not, in general, convey much

information. Added to that, even specific phrases are not

always useful: they could be part of the jargon in some

research area and used in many publications of that area

and, thus, be as non-informative as ‘paper’ is in general.

So, to identify research topics in a cluster, we should prefer

frequent, informative phrases. To find such phrases, we

used the following approach. First, we applied a standard

list of ‘non-informative’ phrases9 that we have developed

over the years, including phrases such as ‘paper’, ‘result’

and ‘improved method’. Then, for the remaining NPs, we

calculated the relative occurrence: piðNPÞ ¼ niðNPÞ=
P

i niðNPÞ; where niðNPÞ is the number of publications for

some NP in cluster i. We used this to calculate a Shannon

entropy value: �
P

piðNPÞ lnðpiðNPÞÞ: If an entropy value

for some NP is low, then the NP is in for some cluster and

is a probably an informative phrase describing research

Fig. 1 A schematic overview of the different sets of publications

used in the article: the WOS, containing the seed set, the knowledge

base of this set (‘seed set knowledge base’), its subset the HCKB, the

all-citing set (‘all publications citing the HCKB’), the set of

publications from the ‘sustainable’ journals (‘publications in sustain-

able development journals’) and the knowledge base from this set

(JKB)

8 At the time we conducted our analyses, there were 246 JSCs.
9 This is a list composed by us on the basis of the results of many

CWTS studies with NPs from scientific publications; it can be

requested for research purposes from the first author of this

publication.
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specific to that cluster (Quinlan 1993; Buter and Noyons

2005; Buter et al. 2010a).

We use interdisciplinarity and transdisciplinarity to refer

to different states in the development of a scientific field

(Gibbons et al. 1994; van den Besselaar and Heimeriks

2001; Buter 2012). This development starts with a multi-

disciplinary approach in which different contributions from

fields address a single topic, but without exhibiting inte-

gration beyond that. Then, an interdisciplinary approach

differentiates from the former by the development of

concepts and methods particular to the topics being

addressed, as well as an increasing overlap between the

different contributions (for example, manifested by citing

the same basic literature). Still, interdisciplinary research

maintains strong links to the originating disciplines.

Finally, a transdisciplinary state is reached when the

approach has become integrated, up to a point that the

research is more or less self-sustained and newly developed

shared concepts and knowledge has become the basis for

further research. To measure changes in the interdisci-

plinary character of sustainability science, we can look at

the distribution of references over fields and clusters over

time. We also used the Shannon entropy to capture this

distribution in a single metric, similar to the approach in

Buter and Noyons (2005), Rafols and Meyer (2010) and

Buter et al. (2010b), and also bears relation to that of

Larivière and Gingras (2010). We consider a research area

to become transdisciplinary if its researchers start to merge

concepts and methods from different disciplines into new

concepts and methods. If a research area is successful in

becoming transdisciplinary, then it should become less and

less dependent on other fields, i.e. extract less and less

knowledge from other fields and, thus, show an increas-

ingly lower diversity value. In other words, the research in

a transdisciplinary area becomes increasingly self-sup-

porting and specialised. Thus, this would correspond to

lower diversity values for the reference lists of the citing

publications.

Results and discussion

General

We start with some general results. In Table 1, we show

the number of (WOS-covered) publications (P) in our seed

set, broken down by year, as well as the indexed growth

(year 1999 = 100). The table shows that the number of

publications that have words starting with ‘sustainab’ in

their title is steadily growing, from 674 publications in

1999 to nearly triple that amount (1,835 publications,

272 %) in 2008. In total, the seed set contains 10,594

publications.

The seed set publications cite 66,294 different publica-

tions. As noted before, many publications are cited only

once or twice by the seed set: 55,013 are cited only once,

11,281 publications are cited at least twice and only 1,379

are cited by five or more.10 After calculating the field-

normalised impact of the publications, we found that 1,038

publications are cited by more than five seed publications

and also have a CPP/FCSm value above 1.5. This set is the

HCKB. We did not restrict the publications in the HCKB to

the period 1999–2008, because important, highly cited

papers may be published before 1999. Figure 2 displays the

number of HCKB publications broken down by year and

shows that most of the 1,308 cited publications were

published between 1994 and 2004. This is not surprising,

because authors prefer to cite recent work and the seed set

contains publications from the period 1999–2008. We

consider the peak in 2000 followed by a sharp decline 2001

a database artefact and do not attach any significant

meaning to it. So, the smoothed version of the distribution

probably shows a more accurate distribution.

One way to measure the coherence of the HCKB is by

looking at the number of seed publications that share a

reference to a publication in the HCKB, i.e. how many seed

publications are bibliographically coupled if we use the

HCKB to create the couplings. As it turns out, 29 % (3,063

out of 10,594) of the publications in the seed set share one

or more references to HCKB publications, which is com-

parable to the percentage of papers in the maximum con-

nected component of Kajikawa et al. (2007). Still, this

number appears to be small, but if we take into account that

only 42 % (4,484 out of 10,594) of the seed set publica-

tions are bibliographically coupled in general, i.e. by using

Table 1 The number of publications (P) per year containing a word

starting with ‘sustainab’ in their title and the indexed growth (year

1999 = 100)

Year P Growth

1999 674 100

2000 789 117

2001 751 111

2002 787 117

2003 946 140

2004 965 143

2005 1,192 177

2006 1,245 185

2007 1,410 209

2008 1,835 272

Total 10,594

10 Note that we only indicate the number of citations from the seed

set; the number of citations from all WOS-covered publications may

be larger.
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the whole WOS instead of the HCKB to create the cou-

plings, we see that the seed set is already a loosely coupled

network of publications. Then, if we take the subset of

bibliographically coupled seed publications, the HCKB

couples over two-thirds (68 %, 3,063 out of 4,484), a much

higher share than the 29 % of the total number of seed set

publications. To us, this reinforces that the HCKB is a valid

representation of the core of the scientific basis of sus-

tainability research.

Fields

Table 2 shows the prevalent fields (in terms of the JSCs of

the WOS) in the HCKB, and the corresponding number of

papers for those fields in other sets11: the seed set, the set of

all publications citing the HCKB (‘all-citing’) and the JKB.

At the top of Table 2, we find fields related to economical

and environmental research. Further down, we also find

agriculture, chemistry and (ranked thirteenth) sociology.

Also, we see that the JKB is much more focused on Energy

& Fuels, Agronomy, Soil Science and Plant Sciences than

the HCKB. Additionally, the focus on environment and

ecology appears to be larger in the all-citing set than in the

HCKB.

To further investigate these differences, we created

Fig. 3. The figure shows the share of fields in the different

sets in the same order as in Table 2, with labels attached to

some of the most important outliers (spikes as well as

valleys). The large spikes confirm the focus in the JKB on

the fields Energy & Fuels, Agronomy, Soil Science and

Plant Sciences. Most likely, these spikes represent the

specialisation of the sustainability journals at the basis of

this set, such as the Journal of Sustainable Agriculture and

Renewable & Sustainable Energy Reviews. Less apparent

in Table 2 but now better visible is the valley labelled

Economics, meaning that this research is more specific to

the HCKB than to other sets (even the seed set). Ecology,

on the other hand, has a higher relative coverage (about

15 %) in the set of all publications citing the HCKB (the

all-citing set), and shows an interesting spread of coverage

in the other sets, notably the seed set, with a coverage of

about 7 %. The fourth field, Environmental Studies, is

Fig. 2 The number of HCKB publications per year and a smoothed

version of the distribution

Table 2 The twenty most frequently occurring science fields in the

HCKB, together with the corresponding number of publications in the

seed set, the set of all publications citing the HCKB and the JKB

# Field nHCKB nseed nall-citing nJKB

1 Environmental Sciences 228 2,003 12,523 435

2 Economics 200 757 9,808 160

3 Ecology 194 890 15,336 300

4 Environmental Studies 183 1,400 5,579 243

5 Agriculture Multidisciplinary 86 513 2,000 202

6 Multidisciplinary Sciences 86 254 1,721 69

7 Planning & Development 82 621 2,918 83

8 Management 79 271 8,781 34

9 Business 75 174 6,629 15

10 Geography 40 528 2,564 32

11 Energy & Fuels 40 453 1,620 634

12 Engineering Environmental 34 722 1,937 56

13 Sociology 33 203 2,716 62

14 Forestry 30 397 2,757 15

15 Biodiversity Conservation 25 77 3,253 18

16 Urban Studies 22 357 1,405 23

17 Agronomy 22 252 2,204 332

18 Fisheries 18 120 1,876 0

19 Engineering Chemical 17 327 1,937 85

20 Marine & Freshwater Biology 17 164 4,231 3

21 Social Sciences Mathematical

Methods

16 17 1,027 2

22 Soil Science 16 124 3,436 236

23 Water Resources 15 569 1,856 52

24 Operations Research &

Management Science

15 91 1,686 21

25 Psychology Multidisciplinary 14 46 2,263 7

26 Social Sciences

Interdisciplinary

13 100 1,135 7

27 Statistics & Probability 12 9 604 1

28 Chemistry Multidisciplinary 12 229 2,740 8

29 Public Environmental &

Occupational Health

12 226 2,364 2

30 Plant Sciences 12 141 4,626 127

31 Construction & Building

Technology

11 184 184 15

11 In Fig. 1, we also show the ‘seed set knowledge base’ and

‘publications in sustainable development journals’, but we find both

these sets less relevant for our investigation: the first because it is too

wide and the second set because we want to focus on the knowledge

base of sustainability science and have used the publications in

sustainable development journals only to obtain the JKB.
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covered better than Ecology in the seed set, but worse in

the all-citing set. Management is another field that is

covered more in the all-citing set, but much less in the seed

set, while Engineering Environmental and Marine &

Freshwater Biology is covered better by the seed set. The

Multidisciplinary Sciences, which covers journals like

Science and Nature, have (as could be expected) a higher

coverage in the HCKB than in the seed set and the all-

citing set (Nature and Science publications are often highly

cited). However, the JKB also shows a rather low coverage

of publications in Multidisciplinary Sciences. We think that

this can mean two things. First, the high coverage of the

fields we mentioned above could overwhelm the ratio of

publications from Multidisciplinary Sciences. Alterna-

tively, it may mean that such papers have a less prominent

role in the JKB, perhaps because those publications are

more focused and more ‘normal’ science in the sense of

Kuhn.12

Some fields are not in the top most common fields in the

HCKB, but are covered well by other sets. For instance, the

fields Thermodynamics (#9 with 149 publications) and

Mechanics (#11 with 92 publications) are covered well by

the JKB. This is understandable, because one of the twelve

journals at the basis of the JKB is Renewable & Sustain-

able Energy Reviews. Also, we find Psychology ranked

14th in the all-citing set, with 2,719 publications; however,

it has no prominent coverage in the other sets. From this,

we may hypothesise that psychologists are interested in

sustainability issues (such as topics on human behaviour),

so they cite the HCKB, but that psychology is not strongly

represented in the scientific basis of sustainability research,

otherwise it would have had a stronger position in the

HCKB. Thus, the difference in field coverage for the var-

ious sets is understandable from the content and orientation

of the publications on which the sets are based. We think

that this confirms that the HCKB represents the broad

disciplinary range of sustainability research rather well.

Clusters

We move on to the analysis of the clusters in the HCKB.

Using the Louvain algorithm described above, we find that

Fig. 3 Relative publication

counts from Table 2, same rank

numbers (#) as in Table 2. Some

important outliers have been

labelled with the field to which

they belong

12 In Kuhn (1970), a distinction is made between phases of ‘paradigm

shifts’ and ‘normal science’. The former is a phase in which large

changes in the understanding of particular topics results in a quick

build-up of publications, while the latter is the phase between such

changes, in which most scientific publications are produced.
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the HCKB can be divided into 12 communities or clusters.

We list these clusters in Table 3, together with the number

of publications that make up the cluster, the number of

citations from the seed set and the all-citing set, as well as

the overlap with publications in the JKB to indicate where

the HCKB and the JKB share research themes. The last

column contains the most informative NPs. We extracted

these NPs from the titles and abstracts of the clustered

papers using the methodology described above for the

selection of informative NPs, using an entropy value of less

than 0.8 and at least four occurrences.13 Clusters 6 and 10

did not yield any informative NPs and, for these clusters,

we manually selected the NPs shown in Table 3. The

descriptive label in the third column is our interpretation of

these NPs and the most dominant journals and fields in the

cluster. The table illustrates how the research foci in the

clusters differ. Based on these clusters and their descrip-

tions, we note that prevalent ones in the HCKB are a

combination of economical and ecological themes, while

the core social themes appear limited to the cluster that we

labelled Rural and urban studies (3). This prevalence is in

line with what we found when inspecting the most fields in

Table 2. The largest clusters are Ecosystems and diversity

(4) and Ecological economics and policy (7), which both

represent about 20 % of the HCKB publications. The

largest overlap with the JKB publications is (not surpris-

ingly) with Agricultural aspects (9), but there is also sig-

nificant overlap with the two largest clusters. We will get

back to differences between sets below, when we introduce

Fig. 5. We can also see differences in age of the cited and

citing publications: the average age in the Econometrics

cluster for example is 1991, well below the average of

1997; and while most of the citing publications are from

2004, we see that those for the Green chemistry and

engineering are slightly younger. We think this means that

the former cluster consists mostly of classics14, while the

latter is more representative of current, ‘normal’ science.

In Fig. 4, we show a visualisation of the co-citation

network of the HCKB and the clusters in a two-dimen-

sional map, based on the co-citation of HCKB publications

in the seed set. The size of the nodes is relative to the CPP/

FCSm value of their corresponding publications. We

indicated each cluster with a different colour and labelled

these clusters using the cluster number from Table 3.

Additionally, an edge that connects a node in one cluster

with a node in another cluster has a colour that is a mix of

the two colours of the nodes. This, for example, results in

the brown area between the yellow cluster Australian

agricultural research (11) on the top left and the red cluster

Ecological economics and policy (7) in the middle. The

hub (connecting node) between these two clusters is King

et al. (2000), which is a review on sustainability indicator

development and use in Australia in relation to agricultural

production systems, and is, thus, clearly a link between the

Australian research context of the yellow cluster and the

larger environment of sustainable agriculture that is rep-

resented by the red cluster. The blue cluster, Green

chemistry and engineering (8), has an elongated shape,

occupying an area from top to bottom: at the top, the focus

is on ‘green energy’, moving through ‘green engineering’

in the middle, until we reach ‘green chemistry’ at the

bottom. The green cluster, Business and management (5)

on the right, contains the largest nodes, indicative for the

largest CPP/FCSm values. The largest, Baron and Kenny

(1986), is a true classic on the distinction between mod-

erators and mediators in psychology, and it is not surprising

that this publication also has many connections with the

purple cluster, Rural and urban studies (3) at the top of the

visualisation, which represents a large part of the social

science publications in the HCKB. The cluster with the

largest number of Nature and Science publications how-

ever, is Ecosystems and diversity (4) and not Business and

management (5).

Both Table 3 and Fig. 4 show a number of (to us)

unexpected clusters: Polymer science (6),Membranes and

purification (10) and Health programs (12). All these

clusters have only a small number of publications (3, 4 and

17, respectively). In the visualisation of Fig. 4, clusters 10

and 12 are clearly separated from the core of the field, but

cluster 6 is hidden among the nodes of the red cluster,

Business and management (7). Still, the themes of these

three clusters, represented by the NPs in Table 3, appear to

make sense in the context of sustainability science. In fact,

Kajikawa et al. (2007) feature a Health cluster that has a

similar research focus as Health programs. Figure 4 shows

that the cluster Econometrics (1) is also separated from the

core of the network of papers. It is attached mostly to the

cluster Business and Management through publications on

public debt and government spending. This is probably due

to a particular connotation of the word ‘sustainable’, in the

context of public spending. In addition, the cluster repre-

sents a body of mostly theoretical and rather old (as can be

seen in Table 3) work, clearly not written with the intent

for use in a sustainability science context.

These outliers and a cluster such as Australian agricul-

tural research, which represents the interest of a research

community in a particular geographical context, affirms that

the clusters are a result of the use of the HCKB publications

by the seed set. In other words, the context which we have

visualised in Fig. 4 is the context of use, which is mostly

13 These numbers were a result of a limited number of experiments

with different values for these parameters.
14 These are relatively old publications that are used to indicate the

general research background of a publication, instead of being

relevant to the topics discussed in the citing publications.
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different from the research context in which the HCKB

publications have been published. This also becomes

apparent when we look at Fig. 5, which shows a ‘spectral’

analysis similar to Figure 3, but instead of fields, we now

compare the (relative) number of publications in the HCKB

clusters with the number of citing publications from the

seed set and the all-citing set, as well as the number of JKB

publications in the cluster. The figure illustrates, for

Table 3 Clusters of the HCKB

# Label P % Cseed Call OJKB YHCKB Yseed NPs

1 Econometrics 30 2.9 66 5,092 0 1991.2 2004.8 Unit root, deficit

2 Forests and conservation 93 9.0 316 10,449 18 1996.6 2004.3 Forest, ecosystem, landscape, tree, fire

3 Rural and urban studies 130 12.6 543 9,021 32 1997.1 2004.8 Behavior, consumption, city, politics

4 Ecosystems and diversity 212 20.6 967 37,104 52 1997.9 2004.7 Ecosystem, species, fishery, resilience

5 Business and

management

108 10.5 396 29,507 17 1994.9 2004.4 Firm, organization, resource based view,

competitive advantage

6 Polymer science 3 0.3 12 47 0 1997.0 2004.7 Resin, linseed oil, hydroxyethyl

7 Ecological economics

and policy

198 19.2 846 7,906 65 1997.4 2004.7 Energy, economy, natural capital, ecological

footprint

8 Green chemistry and

engineering

52 5.0 212 8,759 15 2000.3 2005.7 Energy, industry, biomass, ionic liquid

9 Agricultural aspects 139 13.5 576 6,459 73 1997.9 2004.8 Sustainable agriculture, farm, sustainability

indicator

10 Membranes and

purification

4 0.4 10 402 0 2000.0 2006.8 Membrane bioreactor, domestic wastewater

11 Australian agricultural

research

45 4.4 92 1,415 5 2000.4 2003.5 Pasture, water, sustainable grazing system,

persistence

12 Health programs 17 1.7 53 612 0 1998.8 2005.7 Organization, community, program, intervention

Total or average 1,037 100 4,089 116,773 277 1997.5 2004.9

The columns indicate, from left to right, the cluster number #; the name of the cluster (Label); the absolute (P) and relative (%) number of

publications; the number of citations to the HCKB cluster from the seed set (Cseed) and the all-citing set (Call); the overlap (OJKB) between the

HCKB cluster and publications in the JKB; the average year of publication in the cluster (YHCKB) and the average year of the citing seed

publication (Yseed); and, finally, the most informative NPs for that cluster

Fig. 4 A visualisation of the co-citation network of the HCKB, using

the seed set to create the co-citation links. The colours of the nodes

indicate the different communities or clusters in the HCKB, while the

colours of the edges are a combination of the colours of the connected

nodes. The clusters have also been labelled with their corresponding

identifier from Table 3. The size of the nodes is relative to the CPP/

FCSm value of their corresponding publications (Colour figure

online)
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example, that the interest in papers from the Business and

management (5) cluster is largest from the all-citing set of

publications and that this set also has a relatively high

interest in the Econometrics publications, which we found

to be separated from the core of the network, above. The

unexpected clusters Polymer science (6) and Membranes

and purification (10) do not have any overlap with the JKB

publications, but are used mostly by, respectively, the all-

citing set and the seed set. Also, although the focus of the

Australian agriculture research (11) cluster is clearly

similar to parts of the JKB, the corresponding publications

do not appear as much in the JKB. The most used journal in

this cluster is, for example, the Australian Journal of

Experimental Agriculture, which has no direct connection

with sustainability research in its title.

Since the HCKB is made up of highly cited publications

that can be thought of as exemplars of larger bodies of

knowledge, it is interesting to look at what exemplars

(publications) in clusters are used most by the seed set. This

will give us an impression of what the pillars of sustainability

research look like. We do this by showing two results: in

Table 4, the overall best cited publications (in the seed set)

and in Table 5, the best cited publications published after

1999. This separation is useful because the second table does

not contain true (old) classics. To prevent the tables

becoming too large, we only list the single most cited pub-

lication of a cluster. In Table 4, we again see that the titles of

the cited publications are in line with the research focus. But

we also note that their focus appears to be fundamental in

character, by which we mean they deal with basic concepts

and definitions instead of case studies. In addition, we

immediately spot a true classic in the Econometrics cluster,

published in 1986. Not all publications are classics or fun-

damental though: cluster 11, for example, features a case

study published in 2003 that reported on experiments ‘‘to

develop more profitable and sustainable pasture systems’’

Michalk et al. (2003, p. 861). Turning to Table 5, we see that

there is a general shift from concepts and definitions toward

reviews and publications on tools and frameworks. There are

additional case studies as well for clusters 5 and 10. What we

learn from both tables is that the knowledge base, indeed,

consists of pillars and that the generality of these papers

mostly correlates with the age of the publications.

Diversity

One of the things we learn from the results above is that the

HCKB represents the interdisciplinarity character of

Fig. 5 Share of the publications

in the clusters from the HCKB

and the number of citing

publications from the seed set,

the set citing all HCKB

publications and the JKB. We

note that the horizontal axis also

includes a value at -1, although

size cannot be less than 0;

however, we used the space on

the left of the figure to highlight

a number of interesting results
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sustainability science. Moreover, Fig. 4 shows a strongly

connected network. So, another question is how this in-

terdisciplinarity is visible in the seed set and how that

changes over time. To do this, we calculated the diversity

of fields in seed set reference lists, both in general (WOS)

and for HCKB citations. In addition, we calculated the

diversity of clusters in these lists. And for comparison, we

also calculated the diversity of fields in which publications

of the seed set are published. Figure 6 represents the

results. In this figure, we scaled to values between 0 and 1

(the maximum) in order to be able to compare the curves

better. We see that the diversity of the fields in which the

seed sets are published is mostly constant and, perhaps,

slowly declining. However, the curve for the diversity of

fields in citations to the HCKB (the top plot) is growing

and sharper than in the general WOS context. We could

explain this by assuming that the topic of sustainability is

spreading over more clusters, but then the top curve would

have to grow as well. Instead, we think that this shows that

the field is still integrating new knowledge from different

fields and not yet converging towards knowledge from

particular fields. With respect to the diversity of clusters in

the reference lists, we see a more erratic growth: the first

period shows a decline, while the second period shows a

sharp growth followed by a sharp decline again. This is, for

us, difficult to understand and deserves more attention in

the future.

Conclusions and future research

We presented a bibliometric analysis of a set of highly

cited publications from the knowledge base of sustain-

ability science using data from the Web of Science (WOS)

database. We started by identifying publications that spe-

cifically indicate their intent to present research related to

sustainability or sustainable development, by selecting

publications that have a word that starts with ‘sustainab’ in

their title. From the resulting ‘seed set’ of publications, we

then identified the knowledge base, which are the publi-

cations cited by the seed set. Finally, we selected the

strongly cited publications from this knowledge base,

resulting in a strongly connected set of papers which we

called the highly cited knowledge base (HCKB).

Table 4 The best cited publication in a cluster, by number of citations from the seed set (N). Also shown is the title of the publication, the year of

publication, the number of citations in the WOS (C) (between 1980–2008) and the impact (CPP/FCSm, indicated by I)

# Cluster Title Journal Year C I N

1 Econometrics On the limitations of government borrowing: a framework for

empirical testing

American Economic
Review

1986 113 8.7 34

2 Forests and

conservation

What is ecosystem management? Conservation Biology 1994 371 25.0 19

3 Rural and urban

studies

Sustainable development: a critical review World Development 1991 164 6.9 51

4 Ecosystems and

diversity

The value of the world’s ecosystem services and natural capital Nature 1997 1,061 18.9 85

5 Business and

management

Green and competitive: ending the stalemate Harvard Business
Review

1995 316 21.6 35

6 Polymer

science

Studies on a newly developed linseed oil-based alumina-filled

polyesteramide anticorrosive coating

Journal of Applied
Polymer Science

1999 23 2.6 11

7 Ecological

economics

and policy

On the intergenerational allocation of natural resources Scandinavian Journal
of Economics

1986 147 11.4 37

8 Green

chemistry and

engineering

Indicators of sustainable development for industry: a general

framework

Process Safety and
Environmental
Protection

2000 19 2.4 19

9 Agricultural

aspects

Is agricultural sustainability a useful concept? Agricultural Systems 1996 45 7.6 36

10 Membranes and

purification

Critical flux concept for microfiltration fouling Journal of Membrane
Science

1995 214 25.5 9

11 Australian

agricultural

research

Sustainable grazing systems for the Central Tablelands of New

South Wales

Australian Journal of
Experimental
Agriculture

2003 18 5.6 14

12 Health

programs

Planning for the sustainability of community-based health

programs: conceptual frameworks and future directions for

research, practice and policy

Health Education
Research

1998 65 7.1 26
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First, we investigated the research orientation of the

HCKB by comparing the coverage of fields in the HCKB

with the seed set, the set of all publications citing the

HCKB and the knowledge base of the publications pub-

lished in the specialised sustainability journals that we

called the journals’ knowledge base (JKB). We found that

the focus in the HCKB is mostly on economics and ecol-

ogy, but not as much on social sciences. In addition, we

found that, in particular, the orientation of the JKB was

different from the HCKB. The JKB shows an orientation

on energy and agriculture, but contains less research on, for

example, economics and management. Moreover, the

coverage of important multidisciplinary journals such as

Nature and Science (in this study represented by the subject

category Multidisciplinary Sciences) is relatively low in the

JKB. We conclude that the research published in these

specialised journals does not represent the full, interdisci-

plinary spectrum of sustainability research and that the

JKB may be more representative of a knowledge base of

‘normal science’ than the HCKB.

Next, we presented a clustering of the HCKB, using a

co-citation network of the HCKB publications in the seed

set, representing the use of the HCKB in the seed set. We

found twelve clusters for which we identified the research

focus in these clusters by investigating the informative

noun phrases (NPs) in these clusters, in addition to the most

prominent journals and fields. The visualisation of the

network and the clusters within the network showed that

the HCKB is mostly a strongly connected network, with

some small exceptions. We also indicated some interesting

hubs between clusters. Again, we found a focus on eco-

nomics and ecology and less on social sciences. In addi-

tion, we noted that much attention of the important journals

(like Nature and Science) has gone to publications on

ecosystems and diversity issues. We also used clusters to

show on what exemplars these clusters are ‘built’, by list-

ing the most cited publication in the HCKB cluster, mea-

sured by the number of citations from the seed set. Again,

this confirmed the identified research focus of the clusters

and also showed that younger HCKB publications focus

more on case studies than the older, better cited ‘classics’.

This analysis again confirmed that sustainability science is

published in a wider context than the set of journals with

‘sustainab’ in their title, as, for example, featured by a

cluster on sustainability in the context of Australian

agriculture.

Table 5 The best cited publication in a cluster, by number of citations from the seed set (N) and published in 2000 or later. Also shown is the

title of the publication, the year of publication, the number of citations in the WOS (C) (between 1980 and 2008) and the impact (CPP/FCSm,

indicated by I)

# Cluster Title Journal Year C I N

1 Econometrics US deficit sustainability: a new approach based on multiple

endogenous breaks

Journal of Applied
Econometrics

2000 11 1.6 7

2 Forests and

conservation

Forest certification—an instrument to promote sustainable forest

management?

Journal of
Environmental
Management

2003 27 4.2 13

3 Rural and urban

studies

Are we planning for sustainable development? An evaluation of 30

comprehensive plans

Journal of the American
Planning Association

2000 27 4.8 21

4 Ecosystems and

diversity

Tracking the ecological overshoot of the human economy PNAS 2002 85 2.2 31

5 Business and

management

Assessing the sustainability performances of industries Journal of Cleaner
Production

2005 5 1.7 14

7 Ecological

economics and

policy

Strategic sustainable development—selection, design and synergies

of applied tools

Journal of Cleaner
Production

2002 40 4.8 37

8 Green chemistry

and

engineering

Indicators of sustainable development for industry: a general

framework

Process Safety and
Environmental
Protection

2000 19 2.4 19

9 Agricultural

aspects

Assessment of the contribution of sustainability indicators to

sustainable development: a novel approach using fuzzy set theory

Agriculture Ecosystems
& Environment

2001 21 2.6 18

10 Membranes and

purification

Fouling transients in nominally sub-critical flux operation of a

membrane bioreactor

Journal of Membrane
Science

2002 62 11.5 6

11 Australian

agricultural

research

Sustainable grazing systems for the Central Tablelands of New

South Wales

Australian Journal of
Experimental
Agriculture

2003 18 5.6 14

12 Health programs Is sustainability possible? A review and commentary on empirical

studies of program sustainability

American Journal of
Evaluation

2005 10 2.7 12
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Finally, we investigated the change in diversity of the

seed set and the references in the seed set. We learned that

the diversity of the fields in which seed set publications

appear is stable and, perhaps, slowly declining, but that the

diversity of the fields to which these seed publications refer

is increasing. The diversity of the references to publications

in particular clusters was more erratic and we suggested

that this may be an interesting topic for further study. From

this, we conclude that the interdisciplinary approach to

solve the complex issues in sustainability science is still in

development, and that researchers are still integrating

knowledge from an increasingly richer palette of fields. As

a result, we do not see a trend towards a state of trans-

disciplinary research, but if the field of sustainability sci-

ence becomes more established, we expect the diversity of

references to decrease, as citations would go to a more

confined (transdisciplinary) environment.

Although the orientation and methodology of our paper

differs on important points from Kajikawa et al. (2007),

there are a number similarities which warrant a quick

comparison of the results. Kajikawa et al. find more sus-

tainability publications because they also look for ‘sustai-

nab’ words in the abstract of publications, whereas we only

consider the title, which we regard as an even stronger

indicator for the intent of authors. Using this extended set

of sustainability publications, Kajikawa et al. focus on

fifteen clusters that have a distribution of publications over

clusters that is similar to ours. However, our clusters

contain combinations of topics, whereas the research focus

in their clusters is more specific, resulting from the use of

HCKB publications instead of the sustainability publica-

tions themselves. For example, biodiversity and fishery are

combined in one cluster in our result (Ecosystems and

diversity), whereas Kajikawa et al. have two clusters

(Fisheries and Forestry (biodiversity). In addition, Kajik-

awa et al. do not feature an Econometrics cluster, whereas

we are, for example, missing a cluster with a focus on

wildlife. In a further study by Kajikawa (2008), the clusters

from Kajikawa et al. (2007) are combined into ten general

topics with an integrated research focus, and these are, in

fact, more similar to our clusters. However, whereas

Kajikawa (2008) arrives at the result by examining the

literature, we arrive at this result using a quantitative

approach based on the co-citation network of the HCKB.

Future research may expand the results by using a

broader seed set, for example, by including publications

that are bibliographically coupled with our current seed set,

and then compare the results with our current results to see

what the effect is on the research focus. Next, because we

found that the context of the use of (cited) publications and

the original research context of the citing publications

differ, we are also interested in a more direct comparison of

clusters of co-cited publications from the HCKB and

clusters of bibliographically coupled seed publications. In

addition, it would be interesting to focus even more on the

time dimension, for example, by analysing changes in

research topics and research networks within sets of papers,

which would allow us to identify trends and hypes. Finally,

we have left actors (authors, research groups, institutes) out

of the scope of this paper, yet, they are, of course, the true

‘enabling’ elements of sustainability science and, therefore,

would merit attention in a future study as well.
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