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Abstract The landscape index is a quantitative index
which reflects characteristics of structure composition and
spatial pattern in landscape studies, it is, therefore,
expected to describe the spatial pattern of scientific
research in bibliometric analysis. In this study, a novel
attempt to regard scientific research as a kind of ‘land-
scape’ was made, and landscape indices were improved for
bibliometric analysis to measure the spatial pattern of
scientific research. For illustrating the feasibility of our
method, global geoscience research from 1994 to 2018 was
presented as a case. Moreover, spatiotemporal migration of
landscape centroids was visualized. The results indicated
that global geoscience publications increased steadily and
articles were highly concentrated at the country level. The
top 10 countries published 69.93% of total articles and
84.68% of geoscience articles were from top 20 productive
countries. The spatial migration of centroids was mainly
reflected in the longitude because of significant increasing
of articles in eastern countries, especially in China with the
growth rate of 747.14%. At the patch scale, the change
trend of improved landscape indices verified the spatio-
temporal changes of global distribution of geoscience
articles. At the landscape scale, the strengthening of global
international collaboration is the main driving forces of
spatial heterogeneity of global geoscience research. This
study is expected to help readers to understand global
trends of geoscience research in the past 25 years, and to
promote the development of bibliometric analysis towards
the directions of spatialization and visualization.
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1 Introduction

Geoscience, as a basic natural science, mainly studies the
processes and changes of the earth system (including the
atmosphere, hydrosphere, lithosphere, biosphere, and
solar-terrestrial space) and their interactions, revealing
the material composition, structure, formation and evolu-
tion rules of the whole earth system. Geoscience research
plays an important role in the correct understanding of
nature, and promotes the development of the whole natural
science. At present, we are facing environmental problems,
such as resource bottleneck, climate change, environmen-
tal degradation challenges and continuous development
(Zhang et al., 2003; Hersperger and Biirgi, 2009). There-
fore, it is particularly important to quantitatively under-
stand the development trend of global geoscience research.

In landscape studies, the landscape index is a spatial
analysis method widely used to quantitatively describe
landscape pattern, which is conducive to better explain
landscape function and spatial variation (Chen et al.,
2002). With the enrichment of landscape theories and the
development of spatial statistical methods, there are
considerable researches on landscape pattern using land-
scape indices (Manicacci et al., 1992; Vorovencii, 2015;
Shen et al., 2019). Moreover, some scholars have tried to
improve and even construct new landscape indices for
more extensive researches. O’neill et al. (1999) suggested
some additional metrics based on island biogeography,
percolation theory, hierarchy theory, and economic
geography. Schumaker (1996) identified a new pattern
index, termed patch cohesion, to quantify habitat frag-
mentation. He et al. (2000) developed an aggregation index
(AI), which could be compared not only between classes
from the same or different landscapes, but also the same
classes from the same landscape of different resolutions.
Carvalho and Batty (2006) also agreed that the introduc-
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tion of a fine scale geography could conducive to more
comprehensive indicators of scientific output.

Bibliometric analysis is an effective tool for the
quantitative analysis of scientific research trends by
various bibliometric indicators (Wang et al., 2014). For
example, the total number of articles (74), total number of
citations (7C), impact factor (IF), h-index were applied to
quantitatively measure and analyze input, output and
performance of scientific achievements of authors, institu-
tions and countries from multiple scales (Hirsch, 2010; Liu
et al., 2011a; Zhang et al., 2019). With the development of
quantitative analysis in bibliometrics, some traditional
bibliometric indicators have been unable to meet the
research needs, so some new bibliometric indicators have
been proposed. Like the g-index, which was introduced as
an improvement of the h-index to measure the global
citation performance of articles (Egghe, 2006). The notion
of international scholarly impact of scientific research
(ISISR) was established to measure countries of different
levels of research activity in different fields (Hassan and
Hassawy, 2013). Bibliometric indicators have no spatial
attributes. For representing the spatial distribution and
spatial variety of scientific research, some geographical
methods were widely introduced. For example, geogra-
phical impact factor (GIF) was created to analyze the
geographical influence of researchers (Zhuang et al., 2013)
and the mean geographical distance (MGD) index was
developed to analyze the characteristics of the distance
between papers, citations and collaborators (Ahlgren et al.,
2013). The citation rank based on spatial diversity (SDCR)
in terms of cities and countries, focused on the measure-
ment of the “spatial” aspect in citation networks and solved
the citation bias caused by different geographical locations
of citations (Wu, 2013). At present, there is still a gap in the
study of spatial pattern and spatiotemporal dynamic
change trend of global scientific research.

The integration of bibliometric analysis and landscape
ecology is deepening. However, most existing studies are
focused on the analysis of landscape publications by
traditional bibliometric statistical methods (Chen et al.,
2017; Zhang et al.,, 2018). There are relatively few
comprehensive researches on quantifying the spatial
pattern of scientific research on the global scale by
landscape indices. Thus, above studies provided a novel
method on whether scientific research could be regarded as
a kind of ‘landscape’ and landscape indices that could
quantitatively analysis spatial attributes can be served to
quantitatively describe the spatial pattern of global
geoscience research.

Geographical Information System (GIS) is a geographi-
cal technology developed rapidly in 1960s, and it was
recognized as a comprehensive subject. The commonly
used spatial analysis functions of GIS are buffer analysis,
overlay analysis, path analysis, spatial interpolation and
statistical classification analysis, etc. In recent years, the
rapid development of GIS technology, especially the

visualization and spatial analysis function, has been widely
used in bibliometric studies. Frenken et al. (2009)
recognized that Frame et al. (1977) firstly discussed the
spatial distribution of science. From the perspective of
spatial distribution, Matthiessen and Winkel (1999) firstly
analyzed the scientific strength by papers in the Science
Citation Index (SCI) produced by authors from the
European ‘greater’ urban regions. Then the effect of
spatial concentration of research on the publications per
researcher was considered in bibliometric analysis (Bonac-
corsi and Daraio, 2005). Allen (2001) conducted a review
of GIS literature to determine the quantities of research in
various disciplines to inform a library’s collection devel-
opment policy for geospatial data. GIS tools were applied
in information mining and spatial presentation of scientific
research documents in the Qinghai Tibet Plateau (Wang
et al., 2015). GIS software has been used to demonstrate
geographic distribution and visualization (Hengl et al.,
2009; Bornmann and Waltman, 2011; Wu, 2015; Liu et al.,
2016, 2017;Wang et al., 2019). From these studies, it can
be seen that the functions of GIS, such as information
query, data statistics and spatial analysis, can realize the
presentation of bibliometric indicators on different spatial
scales, and the spatial-temporal distribution characteristics
can be deeply mined, so as to analyze the hot spots of
scientific research and dynamic changes. Some commer-
cial GIS software, such as ArcGIS and MapGIS, could
calculate and analyze the bibliometric data with spatial
information. Therefore, the results will be visualized on the
maps by GIS technology in this study.

Accordingly, the main objective of this study is to
propose a novel method to expand the application of
landscape index for the bibliometric analysis. The
scientific research would be regarded as a kind of
‘landscape’ and seven typical landscape indices are
improved to reveal the systematic change trends of spatial
pattern of scientific research, as well as verify the method
in the field of geoscience. Furthermore, conventional
bibliometric methods were implemented by investigating
annual publication outputs, especially those of articles. For
an overview of the global spatial pattern and spatiotem-
poral migration of landscape centroids of geoscience
research globally, we adopted a visual analysis by GIS
technology. We hope that this study could provide
scientific reference for the development of bibliometric
analysis towards the directions of spatialization and
visualization.

2 Data and method
2.1 Data collection
The InCites database is a scientific research evaluation tool

based on the collection of Web of Science (WoS) citation
data, which contains publications from countries, institu-
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tions and disciplines around the world. The InCites
database has been continuously improved and now has
more than 30 indicators for analysis. In the subject
classification system of Incites database, the ‘Geoscience’
belonging to Essential Science Indicators (ESI) subject
classification was selected. Taking advantage of updated
data of the InCites database on June 2019, all publications
in the field of geoscience from 1994 to 2018 are used as
research target. Since this study was based on retrospective
data from 1994 to 2018, regular updates of the database
have no effect to the final results and conclusions of this
paper. Here, publications from England, Scotland, North-
ern Ireland, and Wales were considered as coming from the
United Kingdom (UK) (Zhang et al., 2017) and publica-
tions from the regions of Hong Kong, Macau and Taiwan
were not treated as being from mainland Chinese
publications but were independently counted (Wang
et al., 2019).

2.2 Method

In this study, we regard scientific research as a kind of
‘landscape’. In landscape ecology, the importance of
landscape index is that it can be used to describe the
landscape pattern, and then establish the relationship
between landscape structure and process or phenomenon,
which makes the representation of landscape pattern more
objective (Chen et al., 2002). Patch is the basic unit of the
landscape pattern, which refers to a relatively homoge-
neous non-linear region that differs from the surrounding
background, emphasizing spatial discontinuity and internal
homogeneity (Zhang et al., 2003). In order to study the
spatial pattern of global geoscience research, we extended
the concept of patches to this study and still defined the
patch as a spatial entity that can be directly sensed.
Normally, countries, research institutions and authors with
geographic information can be regarded as spatial data
(Wang et al., 2014), while the number of articles can be
regarded as one of the attributes of spatial data. In this
study, patches are distinguished by the classification of the
number of articles. Neighboring countries with the same
classification were divided into a patch. In other words,
each patch may consist of one or more countries, and the
composition of each patch was reorganized spatially over
time. In order to eliminate the influence of the change of
classification on the landscape index value, this classifica-
tion standard is applied to the same landscape in different
periods (Li et al., 2004; Peng et al., 2006).

There are many landscape pattern indices, but most of
them are not comprehensive with limitations and redun-
dancy (Li et al., 2004a; Peng and Zhang, 2009). Therefore,
in order to meet the needs of this study, we improved the
formula of the following seven indices to analyze the
spatial pattern of global geoscience research. In this study,
the selection of landscape index mainly follows two
principles: firstly, typical variables can reflect the overall
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pattern of global geoscience research. Secondly, the
selected indicators can clearly reflect the change rules of
various patterns. In the improvement of landscape indices,
land use types in landscape ecology studies are replaced by
the classification of number of geoscience articles and the
number of articles is used instead of area in this study. The
formulas were as follows (Wu et al., 2002; Wu, 2004):

NP =n, (1)

where NP is the number of patches and n represents the
total number of patches. NP is equal to the total number of
patches, which is usually used to describe the hetero-
geneity and fragmentation of the entire publication pattern
in this study. Moreover, NP could reflect the spatial pattern
of the geoscience research. As NP increases, fragmentation
is enhanced. If NP is large and relatively scattered, the
number of articles varies greatly in different regions of the
world.

PD = n/TA, ©)

where PD is the patch density, n presents the total number
of patches, and T4 presents the total number of geoscience
articles. This formula expresses the number of patches per
unit article, which is helpful for comparison between
different size of patches.

LPI = max(a,,a,,...,a,)/TA, 3)

where LPI is the largest patch index, a1, ay, as,..., a, is the
number of articles per patch, and 74 presents the total
number of articles. LPI is essentially equal to the
proportion of the largest patch to the overall publication
pattern, which is helpful for determining the dominant

patch type (Li et al., 2004a).
ijl 4y

TA

where PLAND is percentage of the publication pattern and
a;; represents total articles in a patch. PLAND represents
the relative proportion of a patch type to the entire
publication pattern, which is one of the bases for
determining the dominant patch types in the publication
pattern. When its value tends towards zero, it means that
the type of patch is very rare in the publication pattern;
when its value equals 100, it means that the whole
publication pattern is composed of only one kind of patch.

PLAND = p, = @)

SHDI = = (p: x lnp)), )
i=1

where SHDI is Shannon’s diversity index where p; is the
proportion of the publication pattern by patch type i. SHDI
is widely used in the detection of diversity in patch types,
which can reflect spatial heterogeneity and is especially
sensitive to the unbalanced distribution of patch type in the
publication pattern (Liu et al., 2011; Yang, 2015a). The
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value of SHDI increases as the patch types increase or the
proportional distribution among patch types becomes more
equitable. If the SHDI is close to 0, the entire publication
pattern simply consists of one dominant patch type. In this
study, this index is used to reflect the heterogeneity of
global geoscience research.

*i(pi x Inp;)

SHEI = —=!
Inm

(6)

where SHEI is Shannon’s evenness index and m represents
the number of patch types. SHEI and SHDI are both
powerful tools for calculating the diversity of different
patches at different times. When the value of SHET is small,
the dominance is generally high, which can reflect that the
landscape is dominated by one or more dominant patch
types. When it approaches 1, the dominance is low,
indicating that there are no obvious dominant types and
that the landscape is dominated by one or more dominant
patch types. When it approaches 1, the dominance is low,
indicating that there are no obvious dominant types and
that each patch type is evenly distributed in the whole
publication pattern.

ARTICLE-MN = CA/n, (7)

where ARTICLE-MN is the mean number of articles in
each patch where n represents the total articles in all
patches. It is an important indicator of heterogeneity in the
publication pattern.

The landscape centroid at the landscape scale is defined
as the arithmetic average of all points in the element shape
in two-dimensional space, such as the geometric center of
Asia in Urumgqi and that of China in Lanzhou. Thus, we
calculated the geometric centers of each country in the
world, and then linked the volume of interannual articles of
each country to these centers. To analyze the migration of
geometric centers on the global scale, the concept of the
centroid, which is commonly used in physics and statistics,
is introduced to calculate the centroids of the global
geoscience articles (Yang and Wang, 2015). The inter-
annual variation of the centroid positions can reflect the
migration process of centroids of global geoscience
research over time. The formulas for the centroid
coordinates are as follows (Wang and Tiyip, 2009; Yang
and Wang, 2015):

X, =) (Cax X)) Ca ®)
i=1 i=1

Y, = Z(Czi X Yi)/z Cy, ©)
i=1 i=1

where X, and Y, respectively represent the centroid
coordinates of the global articles in ¢ year, C,; represents

the number of publications in i countries in ¢ years, and .X;
and Y, represent the geometric center of the country i.

3 Results
3.1 Characteristics of research outputs

Figure 1 shows that there has been a steadily increasing
trend in global publications annually from 1994 to 2018.
The number of publications increased from 18917 (1994)
to 58946 (2018), with the growth rate of 211.60% in the
past 25 years. The main literature type was article, which
included articles published as proceedings papers and book
chapters, making up 85.51% of the total publications.
Articles were followed by editorial materials (40531
documents, 4.47%), meeting abstracts (31439 documents,
3.39%), reviews (22411 documents, 2.45%) and others.
The proportion of articles showed a significant growth
trend (83.16% in 1994, 92.82% in 2018), while the
proportion of editorial materials was decreasing (5.00% in
1994, 2.79% in 2018). The proportion of meeting abstracts
increased to the maximum (10.31%) in 2009 and then
decreased, so did the change trend of reviews (3.94% of the
total in 2009).
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Fig. 1 Characteristics by year of geoscience publications.

3.2 Characteristics of productivity

The top 20 most productive countries were ranked based
on the total number of articles and total citations (Table 1).
Seen from the spatial distribution of these countries
(Supplementary Fig. 1), 12 were in Europe, 4 were in
Asia, 2 were in North America, 1 was in South America,
and 1 was in Oceania. We found that articles were highly
concentrated at the country level. The world’s top 10
countries accounted for almost 69.93% of total geoscience
articles and top 20 countries published 84.68% of total
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Table 1 Top 20 productive countries in geoscience research

Country T4 RI% IC Single country International collaboration

SA % CA % MC(n)
USA 240234 1(25.63) 8438483 134124 0.56 106110 0.44 China (18682)
China 104285 2(11.13) 1709506 63844 0.61 40441 0.39 USA (18682)
UK 76597 3(8.17) 2529759 27809 0.36 48788 0.64 USA (17093)
Germany 70167 4(7.49) 2091571 22760 0.32 47407 0.68 USA (14435)
France 62696 6(6.69) 1895582 20409 0.33 42287 0.67 USA (12687)
Canada 50773 7(5.42) 1401954 22300 0.44 28473 0.56 USA (12975)
Russia 47835 8(5.10) 468937 33454 0.70 14381 0.30 USA (3737)
Japan 42213 9(4.50) 996393 22439 0.53 19774 0.47 USA (7661)
Australia 39681 10(4.23) 1228738 15088 0.38 24593 0.62 USA (7768)
Italy 39439 11(4.21) 974046 18251 0.46 21188 0.54 USA (5694)
India 26641 12(2.84) 362335 19639 0.74 7002 0.26 USA (2331)
Spain 24875 13(2.65) 581668 9307 0.37 15568 0.63 USA (3721)
Switzerland 21240 14(2.27) 749589 4986 0.23 16254 0.77 USA (5089)
Netherlands 19385 15(2.07) 675857 5642 0.29 13743 0.71 USA (3973)
Norway 15160 16(1.62) 413244 4277 0.28 10883 0.72 USA (3391)
Sweden 14087 17(1.50) 403501 3899 0.28 10188 0.72 USA (3086)
Brazil 12583 18(1.34) 244730 5825 0.46 6758 0.54 USA (2343)
South Korea 10037 20(1.07) 188733 4542 0.45 5495 0.55 USA (2880)
Poland 9808 21(1.05) 118691 5733 0.58 4075 0.42 USA (852)
Austria 9399 22(1.00) 249192 2083 0.22 7316 0.78 Germany (2611)

Notes: a) 74: total articles; b) 7C: total cited articles; c¢) SA: single-country articles; d) CA: articles with international collaborations; e) MC(n): major collaborator (i.e.,

the number of collaborated articles between two countries).

articles. The productivity ranking of countries was led by
the USA with respect to both most articles (240234,
25.63% of the total) and the highest cited articles
(8438483). China published the second most articles
(104285, 11.13%), followed by the UK (76597, 8.17%),
Germany (70167, 7.49%) and France (62696, 6.69%).
However, among top five most productive countries, the
CA of China was lowest. With respect to international
cooperation, the articles with the most international
collaboration were from the USA. The UK and Germany
took second and third place, respectively, with relatively
high 7C. It is noteworthy that China had achieved rapid
progress in global geoscience research with the growth rate
of 747.14% in the past 25 years. In contrast, although
Switzerland and Austria did not perform well in 74, the C4
of international collaboration were relatively high, which
suggested that their research level was significantly
improved by international collaboration. Notably, all
major collaborator of 18 countries was the USA, which
played a dominant role in international collaboration.

3.3 Characteristics of publication pattern

Firstly, we classified the number of articles in global
geoscience research into eight types (Table 2).

The Spatial and temporal changes of patches have been
visualized every four years from 1994 to 2018 in the
software ArcGIS 10.2 (ESRI). Seen from the overall
spatial distribution characteristics of patches (Supplemen-
tary Fig. 1), the distribution of type I, II, and III was
gradually contracted, whereas the distribution of type V, VI
and VII was obviously expanded. Globally, type I, II and
III were the most widely distributed, so they were
identified as the main-stream article types in 1994 and
1998. Type V and type VII were mainly concentrated in
North America, Western Europe and North Asia. The
spatial distribution of type IV was the smallest, and it did

Table 2 Classification and definition of the patch types
Patch type

Number of articles in global geoscience research

1 No published articles
I Less than 100

I 101-500

v 501-1000

v 1001-2500

VI 2501-5000

VII 5001-10000
VIII More than 10000
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not expand significantly until 2010. It’s remarkable that the
darkest region appeared on the map in 2010 and 2014,
because the number of articles of the USA exceeded
10000. Globally, the distribution of type VIII expanded as
a result of that China and the USA have published more
than 10000 articles in 2018. Since 2002, patches with more
articles were also gradually located in North America,
Western Europe, East Asia, and Oceania. There was no
significant progress in Central Asia and Africa during the
study period.

Next, we counted the numbers of countries covered by
(Fig. 2) and articles of each patch (Fig. 3). In 1994, type |
and type II included 92% of the global countries, the
proportion of which decreased annually and dropped to
76.8% in 2018. In particular, the number of countries
included in type I dropped from 120 (1994) to 68 (2018).
Although type I and type Il contained the most countries,
but the total articles accounted for the lowest of global
articles, and the number of articles declined from 8.5%
(1994) to 2.6% (2018). Type VI emerged in 2006 with the
same continued increasing trend as types IL, III, IV, and V.
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Fig. 3 The number of articles of each patch.

Although the number of countries included in type VII did
not change significantly, the number of articles increased
by 78.3% during the study period. The country productiv-
ity ranking was led by the USA, and the number of articles
increased from 1994 to 2014. In 2010 and 2014, Type VIII
only consisted of the USA. However, it was determined by
both China and the USA in 2018.

3.4 Patch scale analysis

Based on the above formulas, we calculated seven
improved landscape indices in 1994, 1998, 2002, 2006,
2010, 2014 and 2018 to quantitatively describe the spatial
pattern of geoscience research. At the patch scale, Table 3
clearly revealed that the NP and PD of type I were the
largest compared with other plaque types. NP decreased 27
and PD decreased 5.06 from 1994 to 2018, the obvious
downward trend of which indicated that the spatial
fragmentation degree of type I was the highest, but it

Table 3 Patch-scale publication pattern index

Type Year NP PD LPI/% PLAND/%
I 1994 82 5.72 — —
1998 80 3.73 — —
2002 77 2.92 — —
2006 75 1.98 — —
2010 74 1.49 — —
2014 55 0.78 — —
2018 55 0.66 — —
I 1994 23 1.68 3.01 8.51
1998 21 1.38 1.27 5.24
2002 35 1.23 1.19 5.14
2006 35 1.09 1.21 4.93
2010 36 0.78 1.04 4.52
2014 54 0.74 0.88 3.69
2018 56 0.60 0.69 2.60
| 1994 7 0.45 3.71 16.45
1998 10 0.45 3.24 17.17
2002 11 0.36 3.26 13.84
2006 13 0.34 3.04 15.01
2010 13 0.25 3.48 13.19
2014 14 0.21 1.56 7.33
2018 15 0.17 1.29 7.13
v 1994 6 0.17 5.34 12.46
1998 5 0.12 4.51 11.21
2002 4 0.13 2.16 7.68
2006 4 0.10 2.48 8.20
2010 4 0.08 2.68 6.78
2014 9 0.15 3.32 12.69
2018 10 0.11 2.53 9.37
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(Continued)
Type Year NP PD LPI/% PLAND/%
v 1994 5 0.22 8.91 29.41
1998 5 0.20 12.82 37.64
2002 6 0.19 16.33 47.72
2006 5 0.13 16.63 41.11
2010 8 0.14 7.45 26.77
2014 7 0.10 5.63 23.06
2018 7 0.08 2.67 13.67
VI 1994 0 — — —
1998 0 — — —
2002 0 — — —
2006 1 0.03 7.47 7.47
2010 3 0.06 12.49 27.87
2014 3 0.04 11.51 21.54
2018 2 0.06 7.99 21.27
v 1994 1 0.06 33.17 33.17
1998 1 0.04 28.74 28.74
2002 1 0.03 25.62 25.62
2006 1 0.03 23.27 23.27
2010 0 — — —
2014 1 0.01 12.72 12.72
2018 2 0.02 6.03 12.02
VI 1994 0 — — —
1998 0 — — —
2002 0 — — —
2006 0 — — —
2010 1 0.02 20.87 20.87
2014 1 0.01 18.96 18.96
2018 2 0.02 17.19 33.93

decreased with time. In terms of spatial distribution, the
range of type I continually contracted and gradually
aggregated. The NP of type II increased by 143.48% and
NP of type III increased by 114.29% from 1994 to 2018.
However, the PLAND and LP/ of type Il and type I1I were
relatively small, which illustrated that they were more
scattered spatially in the past 25 years. The NP of type V
only increased 2, and the PLAND of type V and type VII
was much larger than that of the other types, the sum of
which accounted for more than 62% of the total geoscience
articles. Thus, type V and type VII were the dominant types
in 1994, 1998, 2002 and 2006. Since 2010, type V, type VI
and type VIII were the dominant patch types in the spatial
pattern in the field of geoscience. From 1994 to 2006, the
LPI of type VII was the largest, indicating that the
dominance of type VII was higher and played a relatively
important role in the spatial pattern; however, the NP of
type VIII was only 1 in 2010 and 2014, and increased to 2
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in 2018. PD basically remained the same, and the LPI was
relatively large, which indicated that type VIII did not
appear until 2010, and it also existed as a dominant patch
from 2010 to 2018.

3.5 Landscape scale analysis

ARTICLE-MN increased annually with a growth rate of
478.84% from 1994 to 2018, and peaked at 572.56 in 2018
(Table 4). It shows that the average number of geoscience
articles in each patch has increased significantly through-
out the entire period. SHDI is a sensitive index for
comparing and analyzing the diversity and spatial hetero-
geneity of publication patches in different periods. SHET
can also be used to reflect the dominance of publication
patches. Compared with the SHDI and SHEI from 1994 to
2018, SHDI generally decreased and then peaked at 1.83 in
2014. The change trend of SHEI was similar to that of
SHDI, and it was mostly toward 1 in 2014. In contrast, the
values of SHDI and SHEI in 2002 were significantly lower
than those in other years. It indicated that the patches were
the most balanced in the whole global spatial pattern in
2014 and most unbalanced in 2002.

Table 4 Landscape-scale publication pattern index

Year ARTICLE-MN SHDI SHEI
1994 120.42 1.49 0.92
1998 168.71 1.43 0.89
2002 205.23 1.33 0.82
2006 270.15 1.54 0.86
2010 354.17 1.63 0.91
2014 489.15 1.82 0.94
2018 576.62 1.73 0.92

3.6 Characteristics of spatiotemporal migration of
landscape centroids

Figure 4 shows the temporal and spatial migration of the
landscape centroids of the global geoscience articles in the
past 25 years. It can be seen that the global landscape
centroid was at 21°48'W, 42°48'N in 1994 and then
gradually migrated to the Southeast, which was located at
15°54'E, 38°24'N in 2018. The change trend of annual
centroids was mainly reflected in the longitude position,
which migrated from 21°48'W to 15°54'E. The range of
latitudes varied from 38°24'N to 42°48'N. Countries in the
northern hemisphere published more articles, so that the
latitudes of the centroids were always in the northern
hemisphere and gradually migrated from high latitudes to
low latitudes. The longitudes of the landscape centroids
were in the western hemisphere from 1994 to 2006 and
then migrated to the eastern hemisphere since 2007. This
was due to the fact that countries in the western hemisphere
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Fig. 4 Spatiotemporal changes of the landscape centroids of the geoscience articles during 1994 to 2018.

published more than half articles before 2007, such as two
North American countries, the USA and Canada, con-
tributed more than 27.31% of the global geoscience articles
annually, with the highest proportion of 40.92% in 1994,
while there were relatively fewer papers in eastern
countries. However, since 2007, the number of articles of
eastern countries, especially China, which showed a rapid
increasing trend with a growth rate of 747.14% during the
past 25 years, while the proportion of articles of the west
has declined to 39.63%.

4 Discussion
4.1 Principal findings

Based on the above analysis, we found that the top 10
countries published 69.93% of all geoscience articles and
84.68% of total articles were from top 20 productive
countries. The top 10 countries were the USA, China, UK,
Germany, France, Canada, Russia, Japan, Australia and
Italy. More studies showed that the spatial concentration
has remained high in world science (Frenken et al., 2009).
Azer (2017) also found that there was a strong correlation
between number of citations and number of countries
involved. By contrast, we concluded that scientific articles
were highly concentrated at the country level on special
fields. Consistent with findings of Zhou and Leydesdorff
(2006), it is noteworthy that China has become a major

player in the production of scientific researches, showing
the substantial increase in contribution to world science.

At present, there are only a few studies that quantita-
tively measure the dynamic spatial migration of scientific
research on the global scale through specific geographical
methods. Batty (2003) has assessed the concentration of
scientific citations at the national level and the spatial
concentration of highly cited authors was discussed. In this
study, we also had a surprise discovery of dynamic changes
of spatial pattern of global geoscience research by
analyzing the characteristics of patches from 1994 to
2018 and the spatial distribution of patches verified the
results of the productivity characteristics. Further, the
change trend of the value of landscape indices happened to
verify the spatiotemporal change of global geoscience
articles from 1994 to 2018, as shown in Supplementary
Fig. 1.

As can be seen from Figs. 5 and 6, the value of SHDI and
SHEI presented a typical inverted N-shape change trend
with time. Therefore, the development of global
geoscience research can be divided into three periods:
1) from 1994 to 2002, the spatial heterogeneity decreased;
2) from 2003 to 2014, the spatial distribution of global
geoscience research tended to be significantly balanced;
3) from 2015 to 2018, the spatial distribution became more
unbalanced. For further exploring the forces of spatial
heterogeneity of geoscience research, we counted the
number of ICAs (international collaborative articles). The
number of ICAs can be quantified by a quadratic
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polynomial model y = 448.04x>—346.04x + 2988.9 (R*=
0.9934), where x and y present time and the number of
geoscience articles. As is consistent with other scientific
research (Liu et al., 2016), the international cooperation
plays an increasingly important role in global scientific
research. Meanwhile, it was also found that the value of
SHDI and SHEI increased with the number of ICAs.
Table 5 summarizes the correlations between ICAs and the
value of SHDI and SHEI. There was significantly linear
correlation between ICAs and SHDI, with the correlation
coefficients 72 of 0.6582 (p < 0.05). However, the correla-
tion between ICAs and SHEI had a polynomial fit with 72
of 0.2406 (p < 0.05). The observation revealed that the
strengthening of global international collaboration is one
of the main driving forces of spatial heterogeneity of global

Table 5 The correlation between /CAs and SHDI and SHEI

geoscience research.
4.2 Meaningful implication

The greatest contribution of this paper is achieving the
integration of landscape index and bibliometric analysis,
and checking the feasibility in global geoscience research.
Expanding the application range of the landscape index is
one of the development trends in landscape science.
According to the spatial significance of landscape index,
seven improved indices including NP, PD, PLAND, LPI,
ARTICLE-MN, SHDI, and SHEI were proposed to
represent the spatial pattern of geoscience articles. The
visualization function of GIS technology is to visualize the
location, distribution, shape and other attributes of spatial
data through computer graphics technology, representing
the correlation among spatial entities. In this study, instead
of using tables and charts to analyze the quantity and
quality of scientific research, we used the visualization
function of GIS to display non-spatial data such as the
number of articles on the map. We associated the annual
articles of each country with the vector layer containing
geographical coordinates to form a new layer, and finally
got the trend line representing the dynamic spatiotemporal
change of the landscape centroids. It could be a novel
attempt to expand the application of landscape methods to
bibliometric analysis.

4.3 Limitations and future research

Some limitations of this study should be noticed. This
paper exists some limitations. Seven commonly used
landscape indices were selected to analyze the dynamic
changes in the publication pattern of the global geoscience
research. However, there are various landscape indices that
can be further used in bibliometric analysis of the spatial
pattern, such as the contagion index, which can describe
the trend of the degree of aggregation or extension of patch
types. In the results of landscape scale analysis, what
caused the SHDI and SHEI in 2014 to be significantly
larger than other years is worth further exploring. We also
found that the migration phenomenon of patches in space.
In previous researches, whether the geographical aggrega-
tion of research brings advantages to scientific research has
been widely discussed (Bonaccorsi and Daraio, 2005;
Carvalho and Batty, 2006; Frenken et al., 2009). However,
these studies lacked sufficient evidence and verification. It
is a pity that we also did not thoroughly explore the
advantages of spatial aggregation. Moreover, it is an
arduous task to completely evaluate the achievements of

Landscape index Type Equations R
SHDI Linear fit y=1.926x 10 5 + 1.3637 0.6582
SHEI Polynomial fit y=2.11x10"'%*-10 % + 0.8916 0.2406
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scientific research. Some studies used not only total
number, but also mean + SD, Median and IQR for
bibliometric analysis (Azer and Azer, 2019). In this
study, we only used the total number of articles to improve
and calculate the landscape indices for the analysis of
geoscience research.

Given the continuous evolution of interdisciplines, it is
necessary to overcome the barriers of terms among
different disciplines and transform the methods of data
processing in various fields of collaboration. On the one
hand, the improved landscape indices have been proved to
be able to quantitatively describe the spatial pattern of
scientific research. Next, we will try to improve calculation
formulas of landscape indices by mean + SD, Median and
IQR instead of total number. However, each landscape
index has limitations and redundancy (Li and Wu, 2004).
In the following studies, we could try to compare the
responses of different pattern indices to different pattern
series (type number, research area scope, etc.) at the
landscape level and different scale of landscape, and
discuss whether the improved indices can reflect the spatial
change characteristics of different patterns, and further
clarify the practicability and limitations of these indices
used in spatial pattern quantification for scientific research.
Furthermore, it is worth exploring the driving force of
spatial pattern of scientific research, such as the level of
economic development, population, natural environment,
gender differences in authorship and even the inter-rater
coefficient of agreement between evaluators measured by
Cohen k (Azer and Azer, 2018; Pina et al., 2019).

On the other hand, it is key to store, extract and
quantitatively analyze geographic information from
numerous scientific researches by GIS technology. In
addition, GIS technology can also dynamically display the
geographical location of authors and institutions over time,
such as WebGIS, which can be applied to further
demonstrate the spatial migration of authors, institutions
and cooperation around the world. Another example is that
AuthorMapper can display Springer’s literature database
on the basis of Google Earth (Wang et al., 2014). What’s
more interesting is to upload cited publications among
countries with spatial geographic information to Geocom-
mons software, visualize the results of global knowledge
flows on the map, and create interactive visual analysis
works. Some prediction models in GIS technology, such as
the data analysis method of RBF neural network with the
characteristics of knowledge reasoning, can be applied to
the trend prediction of not only geoscience but also other
geographical scientific research.

5 Conclusions

From the above analysis, it can be seen that the novel
developed method was effectively applied to the spatial

visualization, achieving in-depth analysis of spatial pattern
in geoscience research on the global scale.

From 1994 to 2018, global publications increased
steadily and articles were highly concentrated at the
country level. The productivity ranking of countries was
led by the USA with respect to the total number of articles,
total citations and international collaboration. In terms of
spatial distribution, North America, Western Europe, East
Asia, and Oceania have made the greatest contribution to
global geoscience research since 2002. There was no
significant progress in Central Asia and Africa. At the
patch scale, the change trend of improved landscape
indices happened to verify the spatiotemporal change
trends of global distribution in the field of geoscience. At
the landscape scale, the strengthening of global interna-
tional collaboration is one of the main driving forces of
spatial heterogeneity. As to results of the spatial analysis of
landscape centroid of geoscience articles, the change trend
of annual centroids was mainly reflected in the longitude
position as a result of significant increasing of articles of
eastern countries, especially China.

This study afforded a new perspective of interdisciplin-
ary of landscape methods and bibliometric analysis,
hoping to provide research reference for the future study.
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