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Abstract: The stationarity of hydrological systems is dead. Has our hydrological/water resources knowledge well transformed
to address this change? By using publications indexed in the Web of Science database since 1900, we aim to investigate the
global development of water resources knowledge at river basin scale from a system science perspective. Water resources
knowledge development in a river basin is defined as a complex system involving the co-evolutionary dynamics of scientific
disciplines and management issues. It is found that: 1) centralised and legacy-inclined water resources knowledge structures
dominated major river basins in the world; 2) links between water resources knowledge structure and the management issues
it addressed are increasingly homogenised; and 3) cross-disciplinary collaborations have remained largely unchanged and
collaborations with social sciences have been very limited. In conclusions, the stationarity of the water resources knowledge
system persists. A shift of water resources knowledge development to cope with the rapidly changing hydrological systems

and associated management issues is urgently needed.

1. Introduction

It is widely recognised that the stationarity of hydrological systems is dead since Milly et al. (2008). After over a decade, has
our hydrological and water resources (here after called as Water Resources) knowledge well transformed to support water
resources management in the changing conditions? A few hydrologists (e.g. Sivapalan & Bloschl, 2017) have argued that our
water resources knowledge system should enter punctuated growth in its evolutionary cycles of punctuated equilibria (Gould
& Eldredge, 1972), and its euphoria should close to be ended with the disenchantment that current knowledge is not sufficient
to address the emerging global challenges. Meanwhile, a majority of hydrologists insist that the fundamental unsolved
scientific questions in water resources system remain same (Bloschl et al., 2019). It seems that radical departures from the past
paths in very near future is not likely.

Since its existence particularly in the past decades, the development of water resources knowledge has extended our
understanding from empirical engineering designs to a system of sciences that integrates knowledge from chemistry, physics,
geology, and ecology (Molle, 2009; Montanari et al., 2015; Sivapalan, 2018). More recently, there have been increasing
interests to integrate findings from sociology, economics, law, history and psychology to meet the challenges posed by the
complex, intertwined human-water relationships under global climate change (Yu et al., 2020). However, how these different
disciplines have been interconnected to contribute to the fundamental understanding of the water resources system is neither
well studied nor is there a system survey (Ison & Wei, 2017).

Adding to the complexity, the knowledge developments in different river basins are influenced by interactive dynamics
between scientific disciplines engaged and the management issues emerged. For example, the Seine River and the Rhone River
in France adopted two completely different knowledge models, considering the river basin as a “bioreactor” and a “eco-
hydrological system” respectively (Bouleau, 2014). Understanding of Australia’s Murray-Darling River system has shifted
from a natural science focus of hydraulic engineering development for economic efficacy, to water quality and integrated water
management that involve both natural and social scientific knowledge to address climate change and water scarcity challenges

(Grafton et al., 2013; Wei et al., 2017). It is argued that no single recognized framework that organizes place-based findings
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in a knowledge system can lead to failure to accumulate knowledge development and increase risks of fragmentation (Ostrom,
2009).

This study aims to investigate the global development of water resources knowledge at river basin scale to improve our capacity
for managing water resources in changing conditions. By using publications indexed in the Web of Science database since
1900, we will analyze: 1) the temporal and spatial development of Water Resources publications by management issues; 2)
the structural development of the Water Resources discipline; 3) the relationship between the structural development and the

researched management issues; and 4) the cross-disciplinary collaborations of the Water Resources discipline.

2. Data and methods
2.1 Defining the structural development of Water Resources

We define the knowledge development in a river basin as a co-evolutionary process involving scientific disciplines and
management issues which have their respective evolutionary dynamics. The knowledge development is considered as a
complex system within which the functionality of a system depends in its structure (Von Bertalanffy, 1968; Wu et al., 2020).
Network analysis, which can simplify the real systems while preserving the essential information of their interactive structures
that lead to the emergent of complex phenomena, has become an ideal tool for investigating development and collaboration of
multiple disciplines, and the feedbacks between disciplinary knowledge and management issues in a co-evolutionary manner
(Zeng et al., 2017). Therefore, we define the structural characteristics of the knowledge system using the complex network
approach.

The functionality of a knowledge system depends on its structure (Von Bertalanffy, 1968). Empirical analyses have
demonstrated that concentrated knowledge structures facilitate incremental innovations, whereas isolated structures can
eliminate knowledge redundancy and provide radical innovation to knowledge development through looking from divergent
angles (Foray, 2018; Schot & Geels, 2008). We further recognise that knowledge is a continuum. Depending on the location
between the two ends of knowledge isolation and knowledge concentration a knowledge system lies in and its development
stage, a knowledge system could be defined to have different structural types: limited development, isolated development,
innovative-inclined development, legacy-inclined development, and centralised development. “Limited development” refers
to the early stage of a knowledge system with limited number of research outputs and covers limited management issues.
“Isolated development™ refers to a highly confined knowledge structure which only considers certain disciplines when solving
research issues; “innovative-inclined development” refers to less confined knowledge structure and more open to cross-
disciplinary approaches. “Legacy-inclined development” refers to the knowledge system with the “second-tier” research
interests, under strong influences from existing knowledge. “Centralised development” often refers to the more mature stage
of a knowledge system characterised with most research interests for a wide range of research issues.

Therefore, we use two basic network indicators to represent the knowledge structure: degree and closeness (Borgatti, 2005;
Wasserman & Faust, 1994). The former measures the level of knowledge concentrations by calculating the sum of connections
of a node in the network. The greater the degree, the more connected a discipline is and thus knowledge is more concentrated.
The latter measures the level of knowledge isolation by calculating the inverse sum of connecting distances to all other nodes
(refer to Appendix A for formulae). The greater the closeness, the fewer connections a discipline has with others and forming
more confined small groups in the network. The knowledge structural types identified based on the degree and closeness values
can be used to characterise water resources knowledge development of each river basin within the global water resources
knowledge system. Tracking its change in time, we can discover the evolutional patterns of knowledge. Grouping the global
river basins based on their knowledge structure, we can identify the structural distribution of global river basin knowledge.

Linking it to the management issues of focus, we can empirically identify what type of knowledge structure is more often used



https://doi.org/10.5194/hess-2021-137 Hydrology and
Preprint. Discussion started: 24 March 2021 Earth System
(© Author(s) 2021. CC BY 4.0 License. Sciences

80

85

90

95

100

105

110

115

Discussions

to solve what management issues. All of these analyses can provide insights into the transformation of water resources

knowledge .

2.2 Data sources and processing

This study used peer-reviewed articles indexed in the Web of Science (WoS) as the data source. Scientific publications provide
objective documentations of knowledge development. Large online academic publication databases allow the pattern of
knowledge development for different disciplines to be explored from its beginning (e.g. Xu etal., 2018)). As one of the largest
academic database, the WoS archives over 12,000 international and regional journals into five major categories: Arts &
Humanities, Life Sciences & Biomedicine, Physical Sciences, Social Sciences, and Technology (Engineering), and 254
disciplinary categories (Clarivate Analytics, 2018; Rousseau et al., 2019). Water Resources is one of these disciplines which
has a specific focus on water-related studies and covers the major journals publishing hydrology/water resources sciences (e.g.
Hydrology and Earth System Science, Water Resources Research, Journal of Hydrology, Water Research, and Desalination)
(Clarivate Analytics, 2020). Thus, we used it to represent the water resources knowledge (i.e. Hydrology/ Water Resource in
conventional disciplinary classifications).

Our study focuses on river basin scale as river basins constitute management units where all related decisions have interlinked
environmental, social, and economic implications. We collected the relevant journal articles in WoS by searching for “drainage
basin” OR “river basin” OR “valley” OR “hydrographic basin” OR “watershed” OR “catchment” OR “river” OR “wetland”
in the titles, abstracts and keywords of publications from 1900 to 2017. Firstly, we chose the most researched 100 river basins
which covered a majority of the total publications on river basins. The river basins with ambiguous names were further
removed (e.g. the St Lawrence River and the Lawrence River), and finally 95 river basins in total were used for further analysis.
The management issues of focus in each article were represented by the key words extracted using text-mining approach from
the Titles, Abstracts and Keywords of this article rather than only from the Keywords section to ensure sufficient representation
of the issue (Rebholz-Schuhmann et al., 2012). These computer-mined key words were then grouped manually into the issues
of focus that broadly represent major clusters of river basin management concerns (Aureli, 2017; Ayllon et al., 2018),
including: Agricultural irrigation; Climate variability and change; Droughts and floods; Ecological degradation and restoration;
Erosion and sedimentation; Surface water and groundwater management; Water policy; Water pollution and treatment; and
Others (not elsewhere classified).

Based on the WoS assigned disciplines and the issues of focus grouped for each retrieved journal article, connections between
a discipline and an issue were established when they co-appeared within the same article. These connections were then used
to establish a disciplinary network and an issue network respectively for each river basin, where two disciplines/issues were

connected when they were linked to the same issue/discipline and vice versa (Callon et al., 1983).

2.3 Data analysis

The change point detection method by the  “changepoint” package in R  (https:/cran.r-

project.org/web/packages/changepoint/index.html) was used to identify different temporal periods of development in the

Water Resource discipline. It calculated the abrupt changes in mean and variances of the total number of articles published in
time and decomposed by different management issues from a spatial perspective. The change point detection rather than the
trend detection method (e.g. Mann-Kendall test) was used because it focuses on identifying the abrupt changes of publications
in time (Jaiswal et al., 2015). The interconnections between different management issues were represented by summing the
weightings from all issue networks for the 95 river basins.

For each of the 95 river basins, the knowledge structure was firstly measured by the degree and closeness of the Water
Resources in the overall disciplinary networks. The agglomerative hierarchical clustering (AHC) using the “factoextra”

package from R (https://cran.r-project.org/web/packages/factoextra/index.html) was conducted to cluster river basins based
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on these structural features. The clustering was performed based on the Euclidean distances and the Ward’s
agglomerative criterion (Murtagh & Legendre, 2014) for the normalised degree and closeness values (between 0 and 1) of
Water Resources. The number of suitable groups was determined to maximise the sum of square errors between different
groups and minimise the errors within groups (refer to Appendix B for more details). Based on the clustering results, we
identify the thresholds dividing between different knowledge groups. Rivers with < 0.25 for both normalised degree and
closeness values were considered to have minimal impact in the knowledge system, and thus categorized into the structure
with “limited development”. For rivers with, on average > 0.5 normalised degree values were considered the central rivers
contributing to knowledge development in water resources, thus identified as “centralised development”; whereas rivers with,
on average > 0.5 normalised closeness values were considered to have developed confined knowledge and thus “isolated
development”. For the remaining rivers with average normalised degree > closeness values were considered to be more reliant
on central river basins’ knowledge development and thus “legacy-inclined development”; while those rivers with normalised
closeness < degree tended to develop regional-specific, confined knowledge and “innovative-inclined development”.

Then, groups of river basins with different knowledge structures were mapped with the corresponding management issues of
focus to discuss the relationship between them. Finally, the collaborations of the Water Resources with other disciplines were
analysed with the links between Water Resources and the other disciplines in the WoS. The top 10 most collaborated discipline

were also mapped with the corresponding issues of focus to identify the collaborations that should be strengthened.

3. Results
3.1 Temporal and spatial distribution of the Water Resources publications by management issues

The earliest publication year on Water Resources for the 95 mostly published river basins was in 1970, and accumulated to
over 10,000 publications in total in 2017. As shown in Figure 1a, three development periods were identified. Before 1993, the
number of articles published annually were very limited (fewer than 250 publications), with the top 3 issues of focus being
water pollution and treatment (64 publications), surface water and groundwater management (48), and sedimentation and
erosion (28). Annual publications began to take off since the 1990s, with an increment of about 10 times. During this second
period (1994 — 2005), water pollution and treatment (626) continued to be the focus of studies in these rivers, followed by
surface water and groundwater management (388) and water policy (257). Articles on Water Resources continued to increase
during the most recent period (2006 — 2017), although the rate has slowed down (3 times from the previous period). Surface
water and groundwater management (1610) and water pollution and treatment (1228) continued to be the centres of focus,
with studies on water policy, climate variability and change, sedimentation and erosion, and ecological degradation and
restoration gaining momentums (each with over 550 publications).

The strongest connections among these issues occurred between water pollution and treatment and ecological degradation and
restoration for all 3 periods (Figure 1b), which indicate the strong impacts of water quality on the ecosystems. This was
followed by the respective connections of these two issues with surface water and groundwater management, forming a
triangular issue of focus related to different biophysical aspects in the eco-hydrological systems. There were also increasing
connections among the erosion and sedimentation, water pollution and treatment, and ecological degradation and restoration,
forming the second key triangular focus related to hydro-morphology. A new triangular focus among climate variability and
change, water pollution and treatment, and surface water and groundwater management appeared since the 1994 — 2005 period,
indicating the emergence of integrated research issues around climatic impacts. In the following 2006 — 2017 period, increasing
interests were observed among water policy, water pollution and treatment, and ecological degradation and restoration, the
third major triangular focus. The development of water policy was also extended to the climate variability and change, and the

erosion and sedimentation issues during this period. More interests in water policy on other issues indicate the shift of water
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resource management to water demand management and integrated governance. Meanwhile, linking all other issues, it is
demonstrated that knowledge in surface water and groundwater is central to water resources management.

The spatial distributions of publications on Water Resources indicated great diversity among river basins around the globe
(Figure 1c). River basins located in the North America and southeast Asia had most publications in all time. The top five are
the Yellow River, the Yangtze River, the Mississippi River, the Murray-Darling Basin, and the Colorado River. Different
research preferences were also demonstrated in different river basins. For example, the Yellow River and the Yangtze River
received the most focus on surface water and groundwater management, whereas research on the Mississippi River focused
on water pollution and treatment and the Murray-Darling River on water policy. Among all river basins, over 38% received
most publications on water pollution and treatment issue, 53% of which were located in North America. Over 28% rivers
focused on the surface water and groundwater management issue, 46% of which were located in Asia. River basins in Europe
(54%) were also most focused on water pollution and treatment. Among the limited number of rivers in South America, Africa,
Antarctica and Oceania identified (12% of 95 rivers), the focus was on surface water and groundwater management, ecological

degradation and restoration, and water policy.



https://doi.org/10.5194/hess-2021-137
Preprint. Discussion started: 24 March 2021
(© Author(s) 2021. CC BY 4.0 License.

(@) 500 - .
Issues of focus in Water Resources

= Agricultural irrigation
700 A Droughts and floods

Surface water and groundwater management

Hydrology and
Earth System
Sciences
Discussions
/
= Climate variability and change ,,
Ecological degradation and restoration /
® Erosion and sedimentation /

EGU

s$s900y UadQ

= Water pollution and treatment
Other

600 1 = Water policy

7]
=
S

P
=
S

y=13.57x +93.21
R?=0.72

w
=
S

No. of annual publications

%)
=3
=3

y=179x-13.32
R?=0.39

—_
=3
S

2006-2017

()

Erosion &
sedimentation

sedimentation

Droughts & Agricultural Droughts & Agricultural Droughts &
Tloods irrigation floods irrigation floods

Surface
water and
sroundwater
management

Surface

Climate
variability &
change

Ecological
degradation
& restoration

Ecological
degradation
& restoration

Ecological
degradation
& restoration

Normalized links (>
0.1, inter-group only)

©

Legend

No. of publications by issues - Agricultural irrigation - Erosion and sedimentation

Sum of Fields [T climate variability and change [ Water pollution and treatment
@ 260 I:l Droughts and floods - ‘Water policy
I:l Ecological degradation and restoration I:l Other

l:l Surf: and gr d

Note: “Other” contains research on specific water bodies or general issues which could not be grouped in any of the other issues above.

Figure 1 (a) The temporal development of annual publications on Water Resources, decomposed by the issues of focus;
175 (b) the evolution of inter-connectedness among issues studied by Water Resources during 1970 — 1993, 1994 — 2005,
and 2006 — 2017 phases; and (c) the spatial distribution of total publications on Water Resources, decomposed by the

issues of focus.
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3.2 Structural development of the Water Resources discipline

The knowledge structure of Water Resources knowledge in each river basin varied in time (Figure 2) (refer to Supplementary
material for detailed list of river basins in each group). During the 1970 — 1993 and 1994 — 2005 periods, there were 62 rivers
identified as the “limited development” group, spanning across a wide range of spatial regions especially in Asia, Africa,
Europe, and some parts of South America and North America. Another 15 rivers were identified as “centralised development”,
indicating highest level of knowledge development on Water Resources. They were mainly located in North America and
Europe, including the Mississippi River, the Great Lakes, the Mediterranean Sea, and the River Rhine; while some river basins
in Australia and Africa (e.g. the Murray-Darling River Basin, the Nile River) also received centralised research interests.
Rivers identified as “legacy-inclined development” included the Yellow River, the Amazon River, Artic Lakes, Jordan River,
which were under strong influences from the knowledge development in the “centralised” rivers. Three rivers (the Huai River
and the Himalayan River in Asia, and the Po Valley in Europe) were identified as “isolated development”. Water Resources
knowledge development in these rivers were highly confined, with high focus of regional specific problems.

During the 1994 — 2005 period, the number of river basins with “limited development” reduced to 18, mostly located in Asia.
There were also more rivers identified as “centralised development”, covering major river basins with highest number of
publications (e.g. the Yangtze River, the Mississippi River, the Great Lakes, the Amazon River, and the Mediterranean Sea)
and were identified as the centres of more mature Water Resources knowledge development. Likewise, there were 36 rivers
identified as “legacy-inclined development”, most of which were located in Europe. Continued development of Water
Resources was also evidenced as more rivers emerged with lower publications, but potentially demonstrated higher innovations
in the “isolated development” group, which were mainly located in Asia and North America.

Publications on Water Resources has been developed in all 95 river basins during the most recent 2006 — 2017 period. Different
from the previous periods where there were multiple centres spatially, only 5 river basins were identified as “centralised
development”, all of which located in Asia or North America (the Yangtze River, the Mississippi River, the Great Lakes, the
Pearl River, and the Yellow River). These were also the river basins that received top 5 publications in all time. About one
third of the rivers belonged to “legacy-inclined development”, especially in Europe and South America. Multiple spatial
centres of “isolated development” were identified for rivers in Africa (the Congo River), Asia (e.g. the Himalayan River), and
North America (e.g. the Yukon River). A new “innovative-inclined development” group was identified, covering a broad
spatial range such as the Arctic Lakes, Lake Baikal, the Rhone River, and the Sacramento River. These rivers presented a
higher tendency to spark radical innovations.

Water resources knowledge development is therefore a dynamic process for global river basins. While studies on major rivers
in Europe and North America dominated the early development, Asian river studies were catching up quickly since 2000s. As
knowledge development became more mature and centralised in large river basins in Asia and North America, some rivers in
Africa, Asia, and North America were altered for more isolated knowledge development which may be potentially more
innovative. However, it may be argued that findings from these rivers may focus on regional-specific problems with limited

generality, which hindered the adoptability of these innovations in other river basins.
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Figure 2 The spatial distributions of knowledge structure of 95 river basins (left) and corresponding clustering results

(right) during (a) 1970 — 1993; (b) 1994 — 2005; (c) 2006 — 2017.

3.3 Relationship between researched management issues and structural development of the Water Resources discipline

As shown in Figure 3, water pollution was the most prominent theme for rivers with the knowledge structure as “limited
development”, which comprised over 60% of the 95 rivers during the 1970 — 1993 period. The rivers with the centralised

knowledge structure tended to focus on the issues related to surface water and groundwater management (e.g. the Colorado
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River) and also water pollution and treatment (e.g. the North Sea); whereas the rivers with the legacy-inclined structure
220 included sedimentation and erosion as an additional issue of focus (e.g. the Yellow River and the Ganga River).
During 1994-2005, as the number of rivers with limited development reduced, many river basins with different knowledge
structures (i.e. the isolated, the legacy-inclined, and the centralised rivers) showed similar issues of focus: water pollution and
treatment and surface water and groundwater management (e.g. the Mackenzie River, the Arctic Lakes, the Jordan River).
Moreover, interests of these rivers had also been expanded to the agricultural irrigation, water policy, and ecological
225 degradation and restoration issues. Fewer studies were conducted on the climate variability and change, and droughts and
floods issue.
During the most recent 2006 — 2017 period, surface water and groundwater management, and water pollution and treatment
continued to be the central focuses of most rivers. While the rivers with legacy-inclined structure extended their focuses to
water policy issues (e.g. the Jordan River, the Mekong River), and the rivers with innovative-inclined developed wider interests
230  in the climate variability and change and the ecological degradation and restoration issues (e.g. San-Francisco Bay, the Haihe
River).
Although river basin studies demonstrated different knowledge structures, they tended to focus on the same triangular issue
(surface water and groundwater management — water pollution and treatment — ecological degradation and restoration). The
centralised and isolated rivers also showed singular concentrations on the first two issues. Furthermore, while legacy-inclined
235 and centralised rivers tended to extend to water policy issue that required integrated understanding of other issues, innovative-

inclined and isolated rivers tended to directly link to the emerging climate variability and change issue.
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Figure 3 Mapping of the river basins situated in the knowledge spectrum to their issues of focus during (a) 1970 — 1993;
(b) 1994 — 2005; and (c) 2006 — 2017.

240 3.4 Cross-disciplinary collaborations of the Water Resources discipline

Collaborations of the Water Resources discipline with other disciplines remained relatively stable in time (Figure 4a).
Environmental Science remained as the top one in all 3 periods although the percentage in total publications reduced from 23%
to 19%. It belonged to the category of life science and biomedicine, which also comprised over 50% of all collaborations
during 1970 — 1993. As this proportion gradually dropped to below 50% in the 2006 — 2017 period, increasing contributions
245 from the physical sciences (over 30%) since 1994 — 2005 and engineering & technology (14%) in 2006 — 2017 have formed

the majority of collaborations of Water Resources with other disciplines. There was a gradual shift of disciplinary
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collaborations from biological and chemical-related disciplines to geographical and atmospheric-related. However, the
proportions of collaboration with social sciences and arts and humanities remained at about 1% in all time, in another word,
nearly no collaboration.

Matching the top 10 most published disciplines, which the Water Resources had collaboration with, and their corresponding
focus issues also indicate high reliance of Water Resource knowledge on disciplines from life sciences and biomedicines to
solve all issues of focus, regardless the evolutions of the natural systems in time (Figure 4b). Environmental Sciences and
Marine and Freshwater Biology were most connected to the ecological degradation and restoration, surface water and
groundwater, water quality and treatment, and water policy issues during the first two temporal phases. Knowledge from
multidisciplinary geosciences did not gain more weights in the surface water and groundwater and sedimentation and erosion
issues until 2006 —2017; while collaborations of Water Resources with ecology, and multidisciplinary geosciences have been
sustained to solve the agricultural irrigation, climate variability and change, and droughts and floods issues in all time.

The dominance of life sciences and biomedicine in river basin studies was also evident spatially (Figure 4c). These disciplines
contributed to between 40% to over 70% global river basin studies, mostly for South American rivers (76%) and least for
Asian rivers (45%). Similar contributions from physical sciences were observed for Asian rivers (43%), whereas the
proportions ranged between 20% and 40% for rivers in other continents. Technology and engineering disciplines were also
most highly studied in Asian rivers (11%), followed by the North American rivers (8%), Oceania (Australia) (7%) and Europe
(6%). Among all rivers, those located in the North America contributed most publications in life sciences and biomedicine,
whereas studies on Asian rivers were most prominent in areas of physical sciences and technology (engineering).

The disciplinary collaborations of the Water Resources discipline with other disciplines have been dominant by the life
sciences and biomedicine, with focuses on ecology, water resources management, and water quality related issues.
Advancements of these knowledge were mainly contributed by major river basins located in the North America. On the other
hand, emerging issues of agricultural irrigations, climate change, and floods and droughts tended to be addressed by multiple
disciplines mainly from physical sciences and technology (engineering). Although collaborations with social sciences and arts

and humanities are extremely sparse, such attempts are mainly contributed by Asian river basins.



https://doi.org/10.5194/hess-2021-137 Hydrology and
Preprint. Discussion started: 24 March 2021 Earth System
(© Author(s) 2021. CC BY 4.0 License. Sciences

Discussions
oY

EGU

$$900y uadQ

(a) 1970 - 1993 1994 - 2005 2006 - 2017

Arts & Humanities Arts & Humanities
0% 0%

Arts & Humanities
0%

Social Sciences ‘
1% Social Sciences
1% Social Sciences

1%

Water
Physical Sciences  Resources
30%

‘Water
Resources

Water

Resources
Physical Sciences.
33%

Physical Sciences
36%

(b) Agricultural irrigation 7 1 2z 0 o 4 o o s » 2 o R
Climate variability and change 8 0 6 5 2 o s w2 s s 241 200 o2 113 303 71 w0 2
Droughts and floods 12 0o o0 1 2 5 15 3 13 20 M 2 42 10 2,
=
Ecological degradation and restoration PRI A 32 52 102 545 2 782 1203 81 201 222 988 £
=
Surface water and groundwater management w55 31 % 21 19 B 71 183 1w o7 204 928 553 813 78 558 200 2000 &
2
Sedimentation and erosion % 16 6 2 2 17 9 207 89 13 19 s s 207 58 2 269 20 g
H
Water quality and treatment |03 6 % 2 2 19 48 1 2 204 8 82 120 To4 883 414 752 145 141
Water policy 2 om0 s ' 8 & 8 72 6 205 281 138 231 148 130
$ st uziz g AT < R $ & 2885 3% 8
ERCICR- - 222 E 82 z: % 2 R 22 2% %%
2T 2SS E 2z 2 s £ L eg e 2z £ T3 g s 2
S8 £ 8235 5% EE 38 3 ¢ E 8 ZEZ ] 52 EzZ 2
& 2 E % gE ¢ @ @A Z SEEE 4 @ A gESEEE
3 §5¢ 2 5 28 5§ % Z:5E7 ¢ ] §9¢ £z
- P} g = -] x 2 § g g ] g T £
z 5 2 - z @ £ s 5 8 8 B H £z g 5z %
g E £ = 8 H £ =8 2 H S 8 2 E
zZ s 3 = 7 gz sz =} 2 g 23 22 Z
£ 8 = = @ £ £ 8 = s g £% = Z g 2
H $E 2 E ] E
£ = g £ £ £ = g £ E £ =g E£3
] 2 g 2 z % H] H = z 2 2 < 8
=] z £ 5 = w g £ el 2 e 5 3 £
] ] ) £ ] B £ 3 B0
] H E ] H 2 9] £ % z B
= g = ] g = 2 s g 2=
2 8 = 3 ] =3 ]
H H
g z
=

=
Note: only the top 10 most published disciplines in each temporal period are shown. Red square indicates maximum value in each issue.
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Figure 4 (a) The evolution of collaboration of Water Resources with disciplines; (b) the evolution of inter-connectedness
among issues studied by Water Resources during 1970 — 1993, 1994 — 2005, and 2006 — 2017; and (c) the spatial

distributions of disciplines by research area in all time.
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275 4. Discussion and conclusion

Using the academic publications indexed in the WoS database between 1900 — 2017 as the data source, this study investigated
the development of water resources knowledge at the global river basins scale, key findings and the identified knowledge gaps
on the Water Resources discipline are summarised below.

Firstly, investigation of “new” river basin phenomena emerging from management issues should be encouraged. This is

280  evidenced by: 1) There appeared increasing inter-connections among four major triangular issues of focus: water pollution —
ecological degradation — surface water and groundwater management, sedimentation and erosion — water pollution — ecological
degradation, and water pollution — ecological degradation — water policy. It implies that integrated research has been playing
the dominant role (Figure 1). 2) The energy, sediment and water fluxes influenced by human activities and the impacts of
climate change in most river basins have been well recognised (Ayllon et al., 2018). It may be the time to ask what the “new”

285 river basin phenomena emerging from the interactions of current management issues are for preventive action to avoid future
water crisis.

Secondly, the spatial diversity of Water Resources research should be encouraged and homogenization of the structure-issue
links should be avoided. This is evidenced by that the development of water resources knowledge is more and more centralized
in several major river basins such as the Mississippi River, the Great Lakes, and the Yangtze River, with increasing river basins

290  that have legacy-inclined knowledge structure and are under the influences of these centralized river basins (Figure 2). While
the domination of centralised or legacy-inclined river basins could have strong diffusive power, there is risk of knowledge
redundancy that could hinder innovation and potential waste of research resources (Makri et al., 2010). This also implies that
the diversity as an important feature of a good system structure is missing (Allen et al., 2016). Furthermore, the tendency of
centralised or legacy-inclined river basins focusing on the same management issues (Figure 3) further increases the risk of

295 homogenization and reducing the resilience (capacity) of water resources knowledge systems to address problems arising from
the abruptly changing environment (i.e. the new phenomena).

Thirdly, there is urgent need to strengthen collaborations with social sciences. This is evidenced by collaborations of with the
Water Resources discipline have been overwhelmingly dominated by Environmental sciences, Multidisciplinary geosciences,
Marine & Freshwater biology, Ecology, and Environmental Engineering, whereas collaborations with social sciences remained

300  nearly null in all time (Figure 4). The earth system enters the Anthropocene when human impacts on the natural environment
are prominent (Lewis & Maslin, 2015; Steffen et al., 2011), wherein societal processes have been an indispensable part of
understanding changes in hydrological systems. Without the collaboration from social sciences, the Water Resources discipline
will not have sufficient capacity to address water management issue in this era. The effectiveness of those water policies
examined with limited involvement of social sciences are in doubt, indirectly augmenting current water governance crisis. In

305 addition, this implies that constant calls on interdisciplinary research in the past decades (e.g. (Caldas et al., 2015; Gleick,
2000) and funding agencies’ proposals (e.g. NERC in the UK, NSF in the US and ARC in Australia) continue to struggle in
enabling cross-disciplinary collaborations (Xu et al., 2015), despite that some new sub-disciplines such as socio-hydrology are
developing toward this direction. More knowledge structure driven rather than output-driven research development strategies
should be encouraged.

310  To conclude, the stationarity of the hydrological systems is dead (Milly et al., 2008), but the stationarity of the water resources
knowledge system persist. This knowledge system is characterised by a highly centralized and legacy-inclined knowledge
structure, homogenized structure-issue links, and unchanging disciplinary collaborations with limited contributions from social
sciences. We echo with Sivapalan and Bloschl (2017) that the Water Resources knowledge system should be at the end of
euphoria and need a rapid shift after such an extended period of stasis to cope with rapidly changing hydrological systems and

315 associated management issues.
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Appendix A

For any node d (a specific discipline) in the network (Eq. A.1 to A.2):
Degree = Sum of no. adjacent edges connected to d; (A1)
Closeness = 1/ Sum of the shortest path of d to/from all other nodes (i)

320 =1/ X shortest distance between (d,i), where i # d; (A.2)
To facilitate comparability of the two measures among the 95 river basins, the values of degree and closeness for the Water
Resources discipline are normalised using Eq. A.3:

_ (raw kj—min. k) (A 3)

Normalised k; = P ——

325 Appendix B

The agglomerative hierarchical clustering (AHC) was conducted on R version 4.0.2 (2020-06-22) using the “factoextra”
package (https://cran.r-project.org/web/packages/factoextra/index.html). The optimum number of clustering group was
determined using the Elbow method, which intends to minimise the total sum of squares , which is calculated as Eq. B.1, where
x; is any structural value, and X4 is the average value in cluster q:

330 XL Mt —Tp)? (B.1)
During the three transition periods, the within group sum of square differences for the knowledge structural values (degree
and closeness) for the 95 river basins are calculated for different number of clusters, as shown in Figure B.1. The number of
cluster was chosen to be 4 for all three periods.
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335 Figure B.1 The total within group sum of square values for cluster number 1 to 10 during (a) 1970 — 1993, (b) 1994 — 2005,
and (c) 2006 —2017.
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