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Research on the ecohydrological processes of terrestrial plants is a frontier field comprising ecology,
hydrology and global change research, yielding the key theoretical foundations of ecohydrology. In karst
areas, due to its unique geological background, the karst landscape is strongly developed, with high
bedrock exposure, high permeability, fragmented soils, shallow soils, and high spatial heterogeneity,
resulting in very limited water storage for plant uptake and growth in rock fissures and shallow soils.
Therefore, water conditions are an important ecological factor influencing plant growth. To
comprehensively understand the current progress and development trends in plant water use research
focusing on karst areas, this paper uses the VOSviewer software to analyze the literature on plant water
use in karst areas between 1984 and 2022. The results showed that: (1) Research on plant water use in
karst areas has developed rapidly worldwide, and the number of relevant studies in the literature have
increased year by year, which together means that it is attracting more and more attention. (2) The
investigation of plant water sources, geological background of karst areas, seasonal arid tropical climates,
the relationship between 6'>C values and plant water use efficiency, karst plant water use in karst savannas
and subtropical areas, and ecosystems under climate change yields the knowledge base in this field.
(3) Most studies in this area focus on the division of water sources of plants in karst areas, the methods of
studying the water use sources of plants, and the water use strategies and efficiency of plants. (4) Future
research will focus on how plant water use in karst areas is influenced by Earth’s critical zones, climate
change, and ecohydrological separation. These studies will provide a key scientific basis for guiding
ecological restoration and promoting sustainable development in karst areas.

©2025 China Geology Editorial Office.

1. Introduction

of plant populations; it usually includes rainfall, condensation,
soil water, surface water, and groundwater (Ehleringer JR and

The utilization and regulation of water by terrestrial plants ~ Dawson TE, 1992; Nie YP et al., 2011; Song LN et al., 2016).

have always been a core focus of ecohydrology research (Li
ZK et al., 2022; Wang GX et al., 2021). Plant water source
refers to the water required for plants to maintain normal
growth and physiological activities and affects the distribution
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The concept of plant water use efficiency is used to describe
the relationship between plant growth and water consumption,
reflecting the carbon and water cycles along the soil-plant-
atmosphere continuum (De Deurwaerder HPT et al., 2020).
Plant water use in different seasons reflects the hydrological
and environmental characteristics of ecosystems in karst
areas, contributing to ecosystem stability (Wang R et al.,
2020). Comprehending the sources, strategies, and efficiency
of plant water use can enhance understanding of soil-
vegetation-atmosphere hydrological processes, as well as
facilitate ecological management and plant adaptation to

Copyright © 2025 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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climate change.

Karst is a widely distributed landform formed by soluble
rocks (carbonate, sulfate, halite, etc.), accounting for 15% of
the world’s land area (Jiang ZC et al., 2014). Due to its unique
geological background, the karst landscape is strongly
developed with high bedrock exposure, high permeability,
fragmented soils, shallow soils, and high spatial
heterogeneity, resulting in very limited water storage for plant
uptake and growth in rock fissures and shallow soils (Jiang
NN et al., 2022; Jiang ZC et al., 2014; Shi PT et al., 2019).
This has resulted in a spatial distribution pattern of soil and
water resources characterized by segregating soil resources in
higher elevations and water resources in lower elevations.
Previous studies on the supply sources of nutrient elements,
photosynthesis and transpiration, and root systems have
indirectly shown that the sources of water uptake by karst
plants are multitudinous (Feng ZZ et al., 2008; Huang YQ et
al., 2009). Using stable isotope technology to study plant
water in karst areas has significantly advanced knowledge in
this field (Shi XY et al., 2022). The study of plant water
sources in karst areas is currently increasing interest to
researchers. Several studies have shown that plant water
sources in karst areas are related to season, plant type, the
depth of water table burial, and rock outcrop (Deng Y et al.,
2020; Liu J et al., 2019; Nie YP et al., 2011, 2012; Wang XX
et al., 2020). Rose KL et al. (2003) found that water stored in
granite bedrock was an essential and necessary source of
water for plants in shallow soils in karst areas, helping them
to survive in the dry season. Querejeta JI et al. (2007) found
that water in the soil-rock interface at 2-3 m was an important
source for evergreens in shallow soils in karst areas during the
dry season. In the areas where the bedrock comprises
dolomite or impure carbonate rock, the bedrock weathering
layer yields an important source of water for plants in the dry
season (Rong L et al., 2012). In contrast, the plants growing
on hard and pure tuffs in rocky desertification areas rely on
fractured soil water as an important source, while pore water,
fractured water, or pipe water are their main sources in the dry
season (Cao KF et al., 2014). The enrichment of groundwater
in karst areas is mainly controlled by aqueous medium,
stratigraphic lithology, and geological structure, resulting in
limited surface runoff (Hylander K and Dynesius M, 2006;
Liu W et al., 2014). While previous research in this area is
extensive, there remains a scarcity of literature on
bibliometric analyses pertaining to vegetation water use in
karst areas (Li PJ et al., 2008; Li SG et al., 2007).

Bibliometrics is a quantitative evaluation method that
involves constructing a data matrix based on the external
characteristics of literature, analyzing a large amount of
literature data through statistical methods, and visualizing the
relationships between information units or groups to study
distribution characteristics, quantitative relationships, and
change patterns in literature (Zhu J and Hua WJ, 2017). It is
mainly used to study academic research, using objective and
quantitative measures to reflect the overall layout, hotspots,
frontier dynamics and development trends of a specific

discipline or field through mathematical and statistical
methods (Gaede J and Rowlands IH, 2018; Zou X et al.,
2018). Zhao YL et al. (2021) analyzed karst research from a
bibliometric perspective, in which authors, countries, journals,
and disciplines of karst research were considered, and showed
that stable isotopes and karst hydrology have been the focus
of research in recent years. Sohel MSI et al. (2019) analyzed
research on woody plant water sources from the past three
decades from a bibliometric perspective and discussed the
research directions and development trends of woody plant
water sources in the context of global warming. Some
researchers have discussed the directions and development
trends of studies on water resources used by woody plants in
the context of global warming, but have not addressed the
analysis of plant water use in karst areas. Aleixandre Tudo JL
et al. (2019) examined the trends in the research on global
water use efficiency, and Wang J et al. (2022) examined the
trends in research on heat tracer-based sap flow methods.

Based on the core database of Web of Science (WoS) and
using the VOSviewer software, this paper considers the
number of publications, the major countries and research
institutions, leading scholars, subject categories, and keyword
clusters in the field of plant water use in karst areas over the
past 40 years (1984-2022). This study aims to (1) identify the
developmental lineage and leading journals in the field; (2)
identify the most productive authors, countries, and
institutions; and (3) summarize the knowledge base, research
hotspots, and research trends in the context of plant water
research in karst areas.

This study analyzed 40 years of research on plant water
use in karst areas. In Section 1, this study presents the most
important findings on the topic and specifies the goals of this
study. In Section 2, this study explains how the goals of this
study were achieved via the three phases of data processing
and use methodology (source and topic selection, processing
software, and data analysis and visualization). In Section 3,
the results of the data analysis are presented, which consist
mainly of analyses of the numbers and sources of
publications, the patterns of collaboration, and the most
salient knowledge areas. Section 4 presents a discussion of
future research trends on the topic. Section 5 presents the
main conclusions and findings of this study.

2. Materials and methods

The methodology includes three phases ( Fig. 1): (1) Data
source and topic selection; (2) data processing software;
(3) data analysis and visualization.

2.1. Data source and topic selection

The Web of Science Core Collection database (WoS) is
one of the most widely used for bibliometric analyses. It has
one of the oldest and most comprehensive citation indexes
and includes a useful analysis tool (Wang Q and Waltman L,
2016; Zhu JW and Liu WS, 2020). Compared with other
databases, WoS may not contain the largest number of


https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134
https://doi.org/10.31035/cg2023134

216 Zhu et al. / China Geology 8 (2025) 214-229

Data source and /
tople selection /
Data processing /
\ 4 software

Keywords: All of the

/ v

frequently used terms
related to"water source",
"plant" and "karst"

A 4

Data analysis and
visualization

\ 4

Inclusion criteria: All
types of documents,
languages, and

Origin: Performance analysis
VOSviewer: Bibliometric
analysis and maps

v

Preformance analysis:
Evolution of scientific
production and analysis of
frontier journals

subjectareas

\ 4 A 4

national status and their
partnerships

Exclusion criteria:
2022

Cleaning dateaes:
WosS (610)

\ 4
Analysis of research basis:
Clustering analysis by
co-citation

A

Datebaes and initial
search: WoS (682)

v

Analysis of research hotspots:
Clustering analysis by
author keywords

Fig. 1. Method steps and summary process.

journals in all fields, but it has a sufficient quantity of high-
quality literature, and all relevant trends are appropriately
reflected within (AlRyalat SAS et al., 2019; Badia G, 2018).
The data cited in research papers were collected from the
WoS, with the themes of “plant water source” and
“biological” being selected, covering the period from 1984 to
2022.

The term “plant water use in karst area” consists of three
elements (i.e., plant, water use, and karst). To ensure that all
aspects are fully represented in the keyword search, this study
included three search strings, as follows: TS=(vegetation OR
plant OR plants OR forest OR tree OR trees OR plant OR
planted OR reforest OR afforest OR “mixed plantation” OR
agroforest OR grassland OR grass OR turf OR meadow OR
shrubs OR bush OR coppice ) AND TS=(“water source” OR
“water use” OR “water efficiency” OR ecohydrology OR
“plant ecophysiology”) AND TS=(carbonate OR limestone
OR dolomite OR dolostone OR karst OR karstic NOT “Picea
abies Karst” NOT “Picea abies (L.) Karst”). The keywords
were chosen based on previous literature reviews on similar
topics, the authors’ own research experience, and the views of
experts from this field (Sohel MSI et al., 2019). The plant-
related content yielded by the terms “ecohydrology” and
“plant ecophysiology” will contain information on plant water
use (Urli M et al., 2013).

From the WoS databases, this study collected and then
stored journal articles (conference papers, books, and chapters
of books excluded) related to the defined search terms with an
open starting time to include as many publications as possible

up to December 2022. The initial search attempts identified
682 titles. The search results were stored in plain text files to
preserve all the essential information, such as the papers titles,
authors names and affiliations, abstracts, keywords and
references.

The titles and abstracts were reviewed by applying
inclusion and exclusion criteria. Each publication was then
carefully reviewed to ensure relevance to plant water use, and
a total of 610 publications were retained for scientometric
analysis.

2.2. Data processing software

The WoS search resulted in a database of 610 documents
exported in txt. file format, and the downloaded information
was related to authors, abstracts, keywords, references, and
bibliographic information. Origin (Moberly JG et al., 2018)
and VOSviewer (Gaviria-Marin M et al., 2019; Gaviria-Marin
M et al., 2018; Pan XL et al., 2018) are the software programs
utilized for data analysis.

2.3. Data analysis and visualization

This study used the VOSviewer analysis software package
to analyze the current status and hotspots of plant water use
research in karst areas. Additionally, Origin2021 was used to
analyze the overall posting trends and numbers of high-
frequency keywords (Rabbani MRA et al., 2021; Sohel MSI
et al., 2019). The paper analyzed the number of publications,
as well as the keywords, citations, journal of publication,
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authors, countries, and institutions of each article. Using this
data, the study identified research trends and leading journals,
undertook keyword co-occurrence analysis and co-citation
analysis, and derived author, country, and institutional
cooperation networks relating to plant water use in karst
regions. The following approaches were used:

(i) Bradford’s law, which is used to rank journals in
decreasing order according to the number of papers published
in a specialty field, then is divided into a core region and
several successive regions, each of which contains an equal
number of papers. The number of scientific and technical
journals in a certain period of time is arranged in decreasing
order, then the journals in the discipline can be divided into
core, relevant and non-relevant areas, and the number of
relevant papers in each area is equal. In this way, the number
of journals in the core, related, and non-related areas is into a
1:a:a® proportional relationship (Nicolaisen J and Hjorland B,
2007; Sudhier KG, 2010; Venable GT et al., 2016).

(i1) Collaboration network analysis is used to evaluate the
most productive countries, institutions, and authors (the
number of publications in each country and publications of
each major institution), as well as interaction networks over a
period of time (Yu DJ et al., 2021). The national collaboration
networks and institutional collaboration networks were
constructed in VOSviewer, which provides a better graphical
layout. An author collaboration network was also derived to
analyze collaborations among researchers (Klavans R and
Boyack KW, 2017; Merigo JM et al., 2018).

(ii1) Literature co-citation analysis is based on the fact
that, in the context of scientific metrology, the cited literature
forms the research frontier and the knowledge base of a field
(Hota PK et al., 2020; Trujillo CM and Long TM, 2018).
Literature co-citation analyses are based on statistics
concerning the number of studies cited at the same time by
one or more papers to perform network and cluster analyses,
and thus assess the knowledge base of the specific topic
represented by these papers (Hou JH et al., 2018; Shiau WL et
al., 2017).

(iv) Keyword co-occurrence analysis involves counting
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N |
. W
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104 _/\r./ .

\
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the number of pairs of keywords cited in the same document,
which then gourds network and cluster analyses of these
words, and this reveals the structure of the knowledge base
and research frontier of a given topic (Chen KH et al., 2019;
Donthu N et al., 2020). Keywords in academic publications
are natural language words that outline the main concepts of a
document (Benita F, 2021; Caputo A et al., 2021; Guan JC
and Liu N, 2016). Keywords condense and express the
author’s opinion, making them an important bibliometric
indicator. In the process of analyzing the keywords, those that
are synonymous, consistently present in singular and plural
forms, or expressed in different wordings were combined,
e.g., soils and soil, water-use efficiency and water use
efficiency, trees, and plants, CO, and carbon-dioxide, etc.,
due to the possible inconsistencies of the expressions used
between authors.

3. Results
3.1. Research development history

3.1.1. Temporal and spatial distribution of articles

The change in the number of academic papers in a certain
discipline is an important indicator of the development trends
of the research field, and also reflects the changing scope of
the knowledge in this discipline (Zou X et al., 2018). By
plotting the number of papers over time and performing
multivariate statistical analysis, it is possible to understand the
level of research and future trends in a certain field (Benita F,
2021). To derive an accurate and clear understanding of the
international literature on plant water sources, the annual
distribution of the literature on plant water use in karst area
and the publication trends were plotted (Fig. 2a). The number
of academic papers published from 1984 to 2022 is divided
into three phases:

(i) Constant phase (1984—-1991). As can be seen from Fig.
2b, from 1984 to 1991, few relevant studies were published in
this field, with a maximum of two papers published per year,
indicating that a complete body of literature had not yet been
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Fig. 2. Annual distribution and publication trends of the literature on vegetation moisture sources in Web of Science. a—number of articles
from 1984 to 2022; b-relationship between the cumulative number of articles and the year published from 1984 to 2022.
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developed. Rambal S (1984) published the earliest paper on
water use by plants in karst areas in Oecologia. In this study,
the root uptake pattern of Quercus coccifera growing on
limestone was calculated by monitoring soil water, surface
runoff, and water balance (Freersmith PH and Dobson MC,
1989).

(ii)) Linear growth phase (1992-2005). The relevant
literature base started to increase substantially in this phase,
with an average increase of about six articles per year, and it
can be seen that the field of research on plant water sources in
karst areas was initially formed in this period. During this
phase, carbon isotopes were introduced into the study
methodology of plant water efficiency in karst areas, and the
introduction of isotopes and hydrogen led to faster growth in
the literature in this field. The main themes of this period
were plant stomata, water potential, and plant water use
efficiency.

(iii) Exponential growth phase (2006-2022). The rate of
scientific production was evaluated using Price’s law, which
measures the growth of research in the study area, and it can
be found that exponential growth in this period (Andreo-
Martinez P et al., 2020; Borden W, 2006). This showed that
the field underwent a phase of rapid development. The entire
rate of production of the study area was estimated, and a
growth model was generated, indicating the interest of the
academic community. The use of hydrogen and oxygen
isotopes in studying of water sources in karst areas and the
importance of researching global climate change and plant
ecohydrological processes have led to increased research on
plant water use in karst areas (Leite PAM et al., 2020;
Muangsong C et al., 2020). The most cited publications
included Flexas’ article on climate change and water use
efficiency, cited 139 times (Flexas J et al., 2016), and Ding
and Nie’s article on water uptake depth and drought
vulnerability, cited 43 times (Ding YL et al., 2021).This
period of increasing research implies rapid development and
has yielded various key topics in the current research.

3.1.2. Frontier journals with articles

Academic journals are the main carriers of relevant data.
Highly cited international journals can show the main
research topics in a specific field over time. An analysis of
610 articles revealed 289 main source journals. Using
Bradford’s law (the law of literature dispersion), the authors
identified 21 core journals out of 419 (Table 1). The ratio of
the number of journals between the three districts is
21 179 216, and the core effect is obvious.

Table 2 shows the top 10 journals with the highest number
of publications. In terms of the number of published articles,
the Journal of Hydrology contains the most literature on plant
water use in karst areas, followed by Tree Physiology and
Environmental Earth Sciences. Overall, the journals on plant
water research in karst areas are multidisciplinary and address
mainly hydrology, plant physiology, environmental ecology,
etc.

3.1.3. Distribution of national status and their partnerships
The analysis of research countries aims to determine the
international distribution of research efforts focusing on the

Table 1.
vegetation water use sources in karst areas.

Discrete distribution table of the literature on

Partition =~ Number of Percentage Paper Proportion Average
journals of the total volume out of the  density of
number of total articles
journals number of
papers
Core 21 6.44% 218 33.38% 10.38
interval
Related 79 24.23% 209 32.01% 2.74
interval
Discrete 216 69.33% 226 35.61% 1
interval

Notes: Percentage of the total number of journals=Partition number of
journals/total number of journals; Proportion out of the total number of papers=
Papers volume/total number of papers; Average density of articles=Papers
volume/Number of journals.

Table 2. Main information from the top 10 most relevant resources regarding karst plant water sources.

No. Journal IF Nation ND Main publication topics

1 Journal of Hydrology 6.731 USA 26  Ecology of environmental sciences, including identification of plant water sources, response to
engineering construction, methods for determining plant water sources

2 Tree Physiology 5.121  England 18  Plant physiology, including physiological characteristics of plants and vegetation water use efficiency,
carbon isotope information of tree annual rings

3 Environmental Earth  3.152  Germany 16  Environmental science ecology, including plant water use strategies and water source division among

Sciences trees
4 Hydrological 4.117 USA 12 Water resources and botany, including plant water uptake processes and isotopic analysis

Processes
5 Science of the Total
Environment
6  Ecohydrology 3369 USA 12
7  New Phytologist 10.768 England 11

10.237 Netherlands 12

efficiency
8  Plant and Soil 5.44  Germany 11

nutrient relationships
9  Oecologia 3.645 Germany 10

use efficiency
10  Forests 3.292  Switzerland 10

Geology and plant ecology, including plant water use in critical zones of the Earth and plant water use
response to climate extremes and vegetation restoration

Environmental science ecology, including plant water discriminations and plant water allocation
Plant science, including primarily the effects of climate change on water sources and water use

Agricultural and plant sciences, including seasonal patterns of plant water use, water sources and
Ecosystem science, including primarily the effects of revegetation on plant water sources and water

Plant physiology, including plant physiological responses to drought and water adaptation strategies

Note: Impact factor recorded on 27 April 2023.
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sources of plant water use and the general state of the
scientific collaboration between countries. Fig. 3 shows that
70 countries have participated in this research area, indicating
its global reach. Table 3 lists the top 10 countries with the
highest number of academic publications, totaling 400
publications and representing 70% of the overall output.

The United States pioneered research on plant water use in
karst areas, with a primary focus on tropical America, mainly
in Mexico and Brazil, as well as in Florida (Cavender-Bares J
et al., 2004; Perez-Garcia EA and Meave JA, 2004; Perez-
Garcia EA et al., 2009; Trejo-Torres JC and Ackerman JD,
2002). According to Fig. 3, China accounts for almost a
quarter of the total published literature and has the greatest
density. China conducts relevant studies the most frequently
and is currently the highest producer of karst areas. China has
the most extensive karst landscape in the world, providing a
good research background for Chinese experts and scholars
(Geekiyanage N et al., 2019). In addition, China has the
world’s largest population, research staff, and institutions.
The water use of subtropical plants is a main area of study in
China. There is also a significant collaboration between China
and the United States, mainly focusing on the responses of
plant water sources to climate change and extreme climates
such as drought.

Croatia

Srilanka panama Serbia

Slovakia

JofiA Netherlands

3.2. Research basis analysis

When two papers reference the same source, they
established a literature coupling relationship, with the strength
of this relationship being directly proportional to the total
number of references they cite. The knowledge bases of
studies on plant water use in karst areas can be classified into
two distinct categories: (1) Foundational texts from the early
stages of research, and (2) documents with high co-citation
frequencies (Kessler MM, 1963). By conducting a thorough
analysis of document co-citations, researchers can efficiently
and effectively identify most significant knowledge bases
within the field of study by considering the total number of
references  cited. Furthermore, the relevance and
developmental processes of the documents can also be
analyzed (Zou X et al., 2018).

Stronger coupling between papers, leads to closer
similarity in the research topic, discipline and
professionalism. Literature coupling analysis can identify
highly relevant and frequently cited papers, helping to
efficiently locate fundamental knowledge in a research area.
Fig. 4 categorizes the knowledge network into six clusters
based on clustering density using VOSviewer’s default
method.
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3.2.1. Application of stable isotopes technique in plant water
use studies

The purple cluster in Fig. 4 focuses on research about
water sources of karst savanna plants, with a key article being
“Water uptake by plants: Perspectives from stable isotope
composition” by Ehleringer JR and Dawsonin TE (1992) in
Plant, Cell and Environment. This article has 126 citations
and a total link strength of 419, indicating its importance in
the co-citation network. Ehleringer JR and Dawson TE (1992)
summarized the relationship between the isotopic variation in
water sources, deep water use by mature trees and soil water
in summer, and water use efficiency in plants in arid areas.
They claimed that stable isotopes could reveal plant water
sources, competitive interactions between species, water use
efficiency, plant performance and landscape hydrology. This
approach can also assess the effects of droughts and floods.

Table 3. Number of articles co-published by countries in WoS.

No. Nation Region ND Percentage  Number of
collaborations
1 China Asia 176 27.71% 43
2 USA North 144 22.68% 81
America
Germany  Europe 36 5.67% 43
4 Australia Oceania 30 4.72% 27
5 Canada North 23 3.62% 28
America
6 England  Europe 23 3.62% 23
7 Ttaly Europe 19 2.99% 22
8 France Europe 16 2.52% 21
9 India Asia 15 2.36% 19
10 Spain Europe 14 2.21% 21
Li, ZW, 2017

Yan, X, 2015

3.2.2. Correlation between 6'3C value and plant water use
efficiency

The orange cluster represents the literature on the
correlation between the carbon isotope resolution (6'°C) and
water use efficiency of plants. Within this cluster, the most
cited article is “On the Rela-tionship between Carbon Isotope
Discrimination and the Intercellular Carbon Diox-ide
Concentration in Leaves” by Farquhar GD et al. (1982),
published in the Australian journal Plant Physiology. This
paper has garnered 96 citations and a total link strength of
179. This study posits a potential correlation between the '*C
isotope ratio and intracellular CO, concentration in plant
leaves, and formulates an equation that quantitatively
represents the relationship between 0'3C and the intracellular
CO, concentration radio in leaves.

3.2.3. Geological environmental background of karst

The yellow cluster in Fig. 4 focuses on how the
geoenvironmental context affects vegetation water sources in
karst areas. A key paper is ‘“Rocky Desertification in
Southwest China: Impacts, causes, and Restoration” by Jiang
ZC et al. (2014). This paper has 19 citations and a total link
strength of 345, discussing the transition of karst areas from
vegetation-covered to exposed bedrock. Rocky desertification
is widespread in karst areas like Belize, Guatemala, Mexico,
North America, Israel in the Middle East, and East and
Southeast Asia. Jiang ZC et al. (2014) discussed this
phenomenon in China, Europe, and globally, highlighting the
geological conditions that contribute to it. This paper suggests
that rocky desertification not only harms vegetation, but also
hinders the growth of pioneer plants due to insufficient water

Fig. 4. Cluster density view of document co-citation network.
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supply caused by the thin soil layer. In these conditions,
plants must reach underground rivers for water by extending
roots through cracks in rocks. This accelerates the infiltration
of precipitation into groundwater, affecting water availability
for plants and the isotopic value of water sources.

3.2.4. Water sources of karst plants in savanna

The green cluster in Fig. 4 focuses on literature about
water sources for karst savanna plants. The most cited paper
in this group is “The water relations of two evergreen tree
species in a karst” by Schwinning S (2008) in Oecologia
Savanna, with 27 citations, and a total link strength of 505.
The paper addresses the role of karst savannah plants in
hydrological processes, and discusses the relationship
between stem water and potential water sources of Texas live
oakQuercus fusiformis and Ashe juniper Juniperus ashei. The
findings indicated that during the rainy season, the two
species primarily absorbed residual water from surface
evaporation, whereas in the dry season, they predominantly
utilized water from the deep soil. This study has led to the
formulation of a new hypothesis, suggesting that a decrease in
water potential resulting from root system absorption may
disrupt the flow path between the rooted and rootless portions
of the surface karst.

3.2.5. Water sources of karst vegetation in subtropical
regions

The blue cluster in Fig. 4 focuses on water sources of
plants in subtropical regions, with a key study being “Water
source utilization by woody plants growing on dolomite
outcrops and nearby soils during dry seasons in karst region
of Southwest China” by Nie YP et al. (2012) in the Journal of
Hydrology with 137 citations, and a total link strength of 381.
Nie YP et al. (2012) examined how plants on continuous and
isolated dolomite in subtropical karst areas of southwest
China obtain water during the dry season. They found that
plants on continuous dolomite rely on stored rainwater early
in the dry season, and deep saturated zone water later on,
while plants on isolated limestone use recent rains. Trees in
the study region adapt to changing water availability by using
shallow soil water in the early dry season and deep water from
nearby dolomite outcrops in the late dry season, which helps
them to maintain transpiration demand and improve water
storage capacity.

3.2.6. Sources of water use of ecosystem vegetation under
climate change

The cyan clusters focus on studies about vegetation water
sources in ecosystems impacted by climate change. The most
cited study in this cluster is “A global overview of drought
and heat-induced tree mortality reveals emerging climate
change risks for forests” by Allen CD et al. (2010) in Forest
Ecology and Management. It has 12 citations and a total link
strength of 95, summarizing changes in forests due to climate
change. According to the study, rising temperatures cause
water stress in plants, leading to increased plant mortality. To
understand how future climate change will affect forest

systems, the authors need to analyze how plants respond to
water stress. However, there are few studies on how plants
regulate water potential and absorb water in changing
climates.

3.3. Analysis of research hotspots

Keyword co-occurrence analysis is a common method of
metrology used in the literature. Its purpose is to clearly show
the co-occurrence relationships of key words used in the
international research on plant water use in karst areas. A
visualization is shown in Fig. 5.

3.3.1. Selection of water sources for plants in karst areas

The purple cluster is the “water source” group; here, the
six terms ecohydrology, stable isotopes, precipitation, runoff
and soil water are particularly prominent. This cluster
includes nine keywords with a total of 135 occurrences. Plant
water sources in karst areas may be affected by seasonal
changes, vegetation types, groundwater levels and rock
outcrops (Geekiyanage N et al., 2019). In the rainy season,
plants predominantly rely on rainwater, soil water and surface
karst water for their water supply (Stubbington R et al., 2019).
Shrubs typically utilize broad but shallow root systems to
extract water from the soil, as opposed to developing deep
roots that penetrate rock crevices. When the frequency of rock
fissures is relatively high (20%-50%), the water in surface
areas of karst zones is also an important source for shallow-
rooted plants (Liu CN et al., 2021). In the dry season, when
soil water and surface karst water are quickly depleted, deep-
rooted plants shift their reliance to groundwater, such as
arboreal water. Conversely, shallow-rooted plants can only
rely on the most recent precipitation (Nardini A et al., 2021).
The use of groundwater by deep-rooted plants is also affected
by the depth of the groundwater. Studies have shown that (1)
plants with a groundwater level that fluctuates between 4 m
and 10 m mainly use soil water in the rainy season and rock
water in the dry season (Deng Y et al., 2020), and that (2)
plants with a groundwater level fluctuating between 0 and 1 m
exploit rock water in both seasons, while plants with a
groundwater range of 2—3 m use soil water in both seasons. In
southwest China, plants growing on outcrops of dolomite
mainly use the rainwater stored in shallow fissures in the
rainy season, and then use the most recent rain in the dry
season. Deciduous plants growing on limestone outcrops
mainly use deep water in the dry season and a mixture of rain
and deep water in the rainy season, while evergreen plants
rely mainly on deep water in both the rainy and dry seasons
(Nie YP et al., 2012).

3.3.2. Water use determination method for plants in karst
areas

The red cluster concerns the “water source methods
group, highlighting the terms groundwater, oxygen isotopes
and carbon isotope discrimination. This cluster includes eight
papers with a total of 62 occurrences. The study of plant water
sources in karst areas has its peculiarities due to the shallow

2
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soil in karsts. Nie YP et al. (2010,2017) have summarized the
four most commonly used methods in recent years to analyze
plant water sources in shallow soils: Plant water sources based
on plant root growth and distribution characteristics (Brunel
JP et al., 1995; Isaac ME et al., 2014), changes in the water
present at various levels belowground (Dai Y et al., 2015;
Moore JW and Semmens BX, 2008; Parnell AC et al., 2010;
Phillips DL and Gregg JW, 2003), and changes in plant water
indicators and the use of hydrogen and oxygen isotopes for
the analysis of plant water sources (Zeng XM et al., 2021).
The root excavation method is very destructive, but the direct
correlation method cannot determine the proportions of the
individual sources (Asbjornsen HD et al., 2007; Zwieniecki
MA and Newton M, 1995). The dynamic monitoring method
is only suitable for areas with high levels of weathering, while
the isotope method can effectively determine the proportion
of uptake of each water source (Brunel JP et al., 1997;
Dawson TE and Ehleringer JR, 1993; Peng XD et al., 2019;
Wang ZQ et al., 1995).

Due to the developed and complex networks of plant roots
in karst areas, determining the types of plant water sources,
collecting samples of the various potential water sources, and
illustrating the complex water sources used by plants are the
three greatest difficulties encountered in karst areas.
Researchers usually use the “rainwater substitution method”
and the “spring water substitution method” to address these
challenges, in addition to utilizing indoor simulations to
analyze the hydrogen and oxygen isotopes of rock water
(Ding Y et al, 2018; Nie YP et al., 2011). Recently, a
growing body of literature identified isotopic deviations that
were caused by cryogenic vacuum extraction. Jiang NN et al.
(2022) summarized the application of an isotope-based
method that involves cryogenic vacuum extraction,
emphasizing the necessity for adaptation to the unique

characteristics of karst areas.

3.3.3. Water use strategies and efficiency of plants in karst
areas

The yellow cluster represents “water use efficiency” with
a focus on key terms such as water use efficiency, stomatal
conductance, photosynthesis and water potential are
particularly prominent. This cluster consists of five items with
a total of 79 occurrences. The water use efficiency of plants in
karsts can be directly related to specific factors, such as
growth dynamics, plants’ ability to adapt to their
environment, responses to environmental stress and the
coordination between carbon assimilation and water
consumption. Plant water use strategies are analyzed mainly
via studies of leaves and whorls, with leaves being used
mainly for short sequences and whorls for long sequences (Du
H et al., 2023). Using a short sequence of analyses, Van de
Water PK et al. (2002) conducted the first study of plant water
use efficiency using the 6'3C karst zone of leaves. The study
revealed the relationship between 0'°C and elevation, slope
and precipitation in the southwestern USA, with plants
showing increased water use efficiency with increased
elevation and slope and decreased precipitation. Karst plants
of different bedrocks also have different water use
efficiencies. For example, plants growing on dolomite showed
higher average daily transpiration rates than those in
limestone areas, but lower average daily photosynthetic rates
and water use efficiencies (Nie YP et al., 2014). Plants
growing in different habitats in a karst area show different
adaptations. Plants growing in shallow soils in karst areas
have notably thinner and slightly more curved roots, while
plants growing in loose rocky soils and exposed rocks have
thinner but more strongly curved roots, which suggests that
plants in different habitats can potentially improve their water
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use efficiency via increasing root curvature (Ding YL et al.,
2021; Qin XJ et al., 2022). Under high Karst Ca and Mg
stress, water use efficiency of herbaceous plants is more
sensitive to Ca stress, while that of woody plants is more
sensitive to Mg stress (Xia AT and Wu Y'Y, 2022).

In a long-sequence analysis of plant water use efficiency,
Petrucco L et al. (2017) investigated the causes of the decline
in black pine using 6'*C and 6'®0 values in trees’ annual rings
and concluded that declining trees adopt a more conservative
water use strategy under drought stress, leading to lower
water use efficiency. However, such studies are less common
in karst areas.

3.3.4. Climate change and transpiration

The cyan cluster is indicative of the process of
“transpiration”, with a focus on the interconnected concepts of
transpiration, climate change and temperature. This cluster
encompasses eight items, totaling 73 occurrences. Drought
identified as the primary environmental constraint on plant
growth in karst areas, with deep-rootedness playing a crucial
role in plant survival in water-limited ecosystems. Under
conditions of drought stress, the net photosynthetic rate (Pn),
stomatal conductance (Gs), transpiration rate (Tr) and
intercellular CO, concentration (Ci) of plants decline (Wang
M et al., 2021). As drought stress continues, different plants
adopt different strategies of response. Evergreen plants adopt
drought-tolerance strategies, while deciduous plants adopt
avoidance strategies (Liu CC et al., 2011). Isohydrogenic
species tend to regulate their water potential within a strict
narrow range by gradually closing their stomata, while more
hydrogenic species keep their stomata open, allowing their
water potential to drop sharply as water availability decreases
(McDowell NG et al., 2019; Tardieu F and Simonneau T,
1998).

3.3.5. Alkaline stress and water use

The green cluster represents is indicative of the process of
“alkaline stress”, with a focus on key terms such as water
stress and sap flow, which are particularly prominent. This
cluster consists of five items with a total of 28 occurrences.
Studies of biological salt stress mechanisms and plant
responses to high salinity using simple salt stress (NaCl only)
have been a hot topic for two decades (Chen Z et al., 2007;
Hansen JK et al., 1998; Teobaldelli M et al., 2004; Vanhoorn
JW et al, 1993). Many studies have demonstrated the
presence of alkali stress compared to salt stress. Salinity stress
has been shown to have detrimental effects on plant growth
and development across various aspects (Chen Z et al., 2007;
Perez-Garcia EA et al., 2009; Siddiqui MH et al., 2014). The
primary factor contributing to soil salinity damage in plants is
the elevated concentration of salt ions surrounding the roots,
leading to increased osmotic pressure and subsequent
physiological drought. This condition hinders water
absorption by the roots and triggers various toxic effects
(Adame MF et al., 2014; Zheng CC et al., 2019). However,
under alkaline stress, the water use efficiency of plants

increased with salinity (Medina-Calderon JH et al., 2021;
Zeng Y et al., 2020).

3.3.6. Irrigation and water use

The blue cluster, which is indicative of “irrigation”,
prominently features the terms drought, irrigation, and water
resources, with a total of 40 occurrences across four items.
The research within this cluster examines the effects of
different various irrigation practices on plant water use, plant
water status, and agricultural product quality during periods of
high temperature. Allen et al. (2010) suggest that extreme heat
can negatively affect yields, but advancements in irrigation
systems and techniques can mitigate the adverse effects of
drought and enhance agricultural product quality.

4. Discussion

In recent years, there has been an upward trend in the
quantity of literature focusing on plant water sources.
However, concerning institutional cooperation and author
cooperation analyses, taking China as an example, inter-
institutional cooperation is mainly centered on institutions
with deep links and proximity. Cooperation between authors
is also mainly seen within the group. The cooperation
between research groups is still relatively underdeveloped,
and large-scale, vertical and international research
cooperation has not generally emerged (Ignacio Querejeta J et
al., 2006; Nilsen P, 1995). Because of this limitation, most of
the research has been limited to local geographical units, such
as a depression, a lake, a salt marsh, or a forest, and has not
been extended to a large spatial scale (Fan B et al., 2022;
Romic D et al., 2020; Savi T et al., 2018).

In constructing the WoS keyword time overlay network
diagram (Fig. 6), the keywords filtered out were climatic
change, Earth’s critical zone, variability, groundwater
recharge, ecohydrology, and diffusion conductance.
Therefore, this study determined the topic of future research:
plant water use at community and spatial scales, and the
response of plant water sources to the critical zones of the
Earth, the “two water world”, and climate change.

Grime developed a maximum growth rate theory in terms
of plant traits and the effects of competition, suggesting that
competition is primarily a reflection of resource capture
capacity and that the competitive winner will be the species
with the greatest nutrient tissue growth rate (Davis MA et al.,
2000). Fornara DA and Tilman D (2008) established the
minimum resource demand theory from the perspective of
population traits and competitive responses. Resource demand
refers to a species’ capacity to reduce a resource to a lower
level of tolerance. He posits the species with the lowest
resource requirements will be the winners. Researchers found
that inter-specific competition leads to the differentiation of
plant resource utilization, mainly in the form of
complementary differentiated utilization of shallow and deep
soil water by plants (Wu J et al., 2020; Wu JE et al., 2022;
Zeng HH et al., 2022). The shallow soils of karst areas can
impose strong resource constraints on plants and different
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resource acquisition strategies are adopted by different
populations (Adams RE and West JB, 2022). However, the
relationship between plant inter-species relationships, water
use strategies and community structure is unclear in the
unique geological context of karst (lack of water and soil , and
underdeveloped root system). Observations suggest that
global mean temperatures will increase by 0.3°C to 4.8°C by
the end of the 21% century (Tollefson J, 2022). Forest
productivity and adaptation to climate change are heavily
dependent on how plants respond to water levels in warm and
dry climates, and species diversity, ecosystem structure and
forest composition will also be highly influenced by water
availability (Malhi Y et al., 2009). Water availability and its
impact on forest productivity is becoming an increasingly
important issue. The Earth’s critical zone is an dynamic
geoscientific system that generally ranges from the tree
canopy to deep groundwater. Plant water use is an important
component of the functionality of the Earth’s critical zone,
suggesting that the latter can be understood via the former. In
the Earth’s critical zone , how plant-water systems respond to
climate change, such as warming and droughts, is still a
matter of debate (Saurer M et al., 2014). Studies of plant
water uptake are key to elucidating ecosystem function, and
concern a critical component of the global water cycle (Isdell
RE et al., 2020; Sternberg LDL and Swart PK, 1987).
Studying plant water use in the context of global warming can
provide useful information on the potential impacts on
efficient water use, forest productivity and ecosystem

function.

With the development of isotope analysis technology,
studies on plant water utilization have been elaborated. Recent
studies have shown that the water seeping into the soil after
rain in some areas gives rise to ecohydrological separation
(Brooks JR et al., 2010). The phenomenon of ecohydrological
separation refers to the separation of bound water from free
water after the infiltration of rainfall into soil. Bound water
can be directly used by plants, while free water flows freely
and supplements runoff; the two types belong to independent
reservoirs, and are thus together known as the “two-water
world” (Miguez-Macho G and Fan Y, 2021). However, the
response of the hydrological system to climate change leaves
considerable uncertainty regarding the evolution of forest land
water availability in the future (Goldsmith GR et al., 2022;
Liu R et al., 2018). Predicting the future groundwater trends
and dynamic changes affecting plant water use, as well as
plant health and function in different communities, also
requires linking water availability to initial patterns of plant
water use (Leonelli G et al., 2014; Ye H et al., 2018).

5. Conclusion

This study focuses on studying the development process
and evolution of plant water use sources and efficiency in
karst areas from 1984 to 2022 from three aspects including
overall development trend, main research forces at different
stages, and research themes. Over the span of roughly thirty
years, significant achievements have been made, particularly
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in the fields of (1) advancements in plant water source
investigation using stable isotope methodologies; (2) the
identification of adaptations in plants living in karst regions to
withstand challenging water conditions; (3) the clarification of
the effects of climate change on plant water use efficiency and
ecosystem functionality; and (4) the observation of diverse
water acquisition and utilization strategies among different
plant species in karst environments. However, there are still
many studies that need pay more attention: (1) The functional
response of water use in karst areas to the features of the
Earth's critical zone; (2) the impact of climate change on plant
water use in karst areas; and (3) the phenomenon of
ecohydrological separation in karst areas. These studies will
serve as a critical scientific foundation for informing
ecological restoration efforts in karst areas and advancing
regional sustainable development, representing important
avenues for future research.
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