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Abstract: In the face of global climate change, water availability and its impact on forest productivity
is becoming an increasingly important issue. It is therefore necessary to evaluate the advancement of
research in this field and to set new research priorities. A systematic literature review was performed
to evaluate the spatiotemporal dynamics of global research on woody plant water sources and to
determine a future research agenda. Most of the reviewed studies were from the United States,
followed by China and Australia. The research indicates that there is a clear variation in woody plant
water sources in forests due to season, climate, leaf phenology, and method of measurement. Much of
the research focus has been on identifying plant water sources using a single isotope approach. Much
less focus has been given to the nexus between water source and tree size, tree growth, drought, water
use efficiency, agroforestry systems, groundwater interactions, and many other topics. Therefore,
a new set of research priorities has been proposed that will address these gaps under different
vegetation and climate conditions. Once these issues are resolved, the research can inform forest
process studies in new ways.
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1. Introduction

The dynamics of soil water availability and water use by plants are important for any ecosystem
functions, including ecosystem resilience to a changing climate [1,2]. Water availability to plants in dry
habitats is a matter of concern because plant productivity is often limited by soil moisture [3,4]. How
this plant-water interaction responds to climate change, such as warming and droughts, has been a
recent source of debate [5,6]. Observations suggest that global mean temperatures are set to rise by
0.3 to 4.8 °C by the late-21st century [7]. Hence, there is a high probability of increasing water stress
in some regions of the world. Forest productivity and vulnerability to climate change are critically
dependent upon how plants cope with water stress in warmer and drier climates [8]. Species diversity,
ecosystem structure, and forest composition are also highly influenced by water availability [9,10].

To understand complex plant-water interactions, isotopic compositions (62H and 6180) of
different water pools (e.g., soil water, stream water, rain water, and groundwater) are compared
with plant water isotope compositions [11-14]. This is because, in general, there is no isotopic
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fractionation occurring during water uptake by plants [11], although mangrove plants are a notable
exception [15]. Hence, identification of the isotopic composition of stem water can determine potential
plant water sources [11,16]. This technique has been widely used in determining water sources used
by plants [17-22].

In dry environments where water is limited, some plants have deep roots and uptake water from
deep soil or groundwater sources [23]. By doing so, deep roots may also contribute to the distribution
of water in the upper soil layer through hydraulic lift [24]. This water uptake strategy can support
plants that are dependent on water in the upper soil layer. Some plants also use different water sources
during different seasons [23,25], thereby reducing competition for water and increasing the survival
rate of plants during periods of water shortage [25].

Research into tree water sources is of a trans-disciplinary scope and importance, and is
commonly undertaken by ecologists, geographers, agriculturalists, foresters, and hydrologists. As
scientific development and environmental pressures, such as global climate change, increase, it
is increasingly necessary to evaluate recent research progress, and to challenge current research
priorities. An evaluation of the research into tree species” water sources and use strategies, with special
consideration given to the water resource scarcity, can provide valuable information for mitigating the
potential future impacts of global climate change on efficient water use, associated forest productivity,
and ecosystem functioning. From this perspective, it is time to evaluate the current state of global
research into these topics. To do this, a systematic review of the scientific literature was undertaken
and provides an update on its current relevance. This detailed review will help to increase our
understanding of current trends in woody plant water sources research and identify relevant research
gaps. The specific objectives are to:

(1) Evaluate the spatiotemporal dynamics of global research on woody species water sources; and
(2)  Setnew research priorities in the study of woody species water sources.

2. Materials and Methods

2.1. Literature Search and Article Inclusion Criteria

To identify the water sources of woody plants, a systematic literature search was undertaken
using the ISI Web of Science, covering the period from 1970 to 2014.The following search command
with relevant key words was used:

Literature search command = (forest* OR tree* OR plant* OR “riparian tree” OR “stream side
tree” OR planted* OR reforest* OR afforest* OR “mixed plantation” OR “mixed forest” OR “native
forest” OR agroforest* OR “agro forest”) AND (“water source” OR “water use”) AND (“soil water”
OR “stream water” OR “rain water” OR “ground water” OR stream* OR “soil water partition” OR
“ecohydrologic separation”) AND (isotope* OR “stable isotope” OR “dual isotope”)

The search initially yielded 613 articles. All 613 retrieved articles were then reviewed based on
their title, abstract, and main text to evaluate their suitability for inclusion in the final analysis. Studies
that met the following criteria were included:

e  The research was undertaken in forest areas;

e  The research focused on woody species (trees and shrubs) only;

e  The water source was measured without any treatment, such as measuring isotopes before and
after pruning or harvesting;

e  The article was written in English; and

e  The article had a clear description of the investigated species.

These selection criteria resulted in 99 articles being included in the literature review (See Figure 1
and Supplementary Table S1).



Hydrology 2019, 6, 40 3of 14

ISI web of science

Literature search command = (forest* OR tree* OR plant* OR “riparian tree” OR “stream side
tree” OR planted® OR reforest* OR afforest* OR “mixed plantation” OR “mixed forest” OR
“native forest” OR agro forest* OR “agro forest”) AND (“water source” OR “water use”)
AND (“soil water” OR “stream water” OR “rain water” OR “ground water” OR stream* OR
“soil water partition” OR “Eco hydrologic separation”) AND (isotope* OR “stable isotope”
OR “dual isotope”).

Time period: January 1, 1970 to December 30, 2014

Document type: Article/peer reviewed journals

Language considered: English

Total articles yielded: 613

h 4

Excluded article (Zoology, library science, urban studies, anthropology, astronomy, fisheries,
government law, imaging science, nuclear science, remote sensing, marine freshwater
biology, infectious diseases, social science, history): 59

Total article yielded: 554

Not relevant to the selection criteria: 401

Duplicates removed: 54

\ 4

Total articles considered in

the systematic review: 99

Figure 1. Overview of the article inclusion and screening process.
2.2. Data Extraction, Interpretation, and Analysis

To understand the research publication trends among the included articles, the number of papers
published per year between 1970 and 2014 was calculated. To identify the woody plant water sources,
information on the possible water sources, such as rain, stream, fog, rock, soil, and groundwater, were
extracted. In the case of soil water, data on the depth the woody plants were sourcing the water from
were also extracted. Since the data on soil water depth reported in the different publications followed
different standards (some are reported in meters (m), while others are reported in centimeters (cm),
the data were converted into a single unit. To identify the variation in woody plant water sources
due to climate and leaf phenology, information on the study area’s climatic conditions and species’
leaf phenology (i.e., evergreen, deciduous, semi-evergreen, and semi-deciduous) were extracted. The
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research focus was identified from the article title and abstract. For mapping the spatial distribution of
the included studies, ArcGIS 10.3.1 was used. All the extracted information was graphically represented
using Sigma Plot (v14, San Jose, CA, USA).

3. Results

3.1. Publication Trends and Geographical Distribution of Research on Woody Plant Water Source

The systematic review considers 99 peer-reviewed articles from 43 journals (see Supplementary
Table S1). More than half of the publications identified (73%) were published in two journals (i.e.,
Oecologia, n = 21; Plant and Soil, n = 10). Figure 2 indicates that Oecologia is the highest cited journal
in tree water source research. With 1359 citations, Oecologia’s central position in Figure 2, and its
connection with all the other journals, suggests that it has substantial influence in tree water source
research. The second most influential journal is Plant and Soil with 437 citations.
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Figure 2. The research journals that the reviewed articles were published in. Note: The size of the
nodes/circles indicates the number of articles from each journal. The lines indicate citation connections
between journals. Similar colors indicate a single cluster and journals that are highly related are
positioned close to each other.

The reviewed articles included research from 18 countries. Most of the studies were from the
United States (n = 33), followed by China (n = 20), and Australia (n = 16), with various other countries
having between one and four studies only (Figure 3a). When considering the climatic region of focus,
most studies were undertaken in semi-arid regions (32%), followed by tropical (16%), arid (15%), and
Mediterranean (14%) regions (Figure 3b). The annual proportion of the published articles increased
significantly with the year for both developed and developing countries (Figure 3c). It is important to
note that, based on the search criteria, no relevant studies were published before 1991.
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Figure 3. (a) The map and bar graph indicate the global distribution of publications on woody plant
water source (b) The pie chart represents the proportion of publications on woody plant water source
across different climatic regions (c) The publication trend (between 1970 and 2014) for research articles
related to woody plant water source in forest areas in developed and developing countries (based on
the United Nations World Economic Situations and Prospects classification).

3.2. Research Focus on Woody Plant Species

Figure 4 displays the research focus of the reviewed articles by mapping the terms most
frequently cited in the abstracts. The term “use” (i.e., tree water use) was most frequently cited in the

Va Va7i Zani

abstracts. Related terms, such as “drought”, “summer”, “transpiration”, “soil water partitioning”, and
“precipitation”, were also frequently cited. Over recent years, the terms “drought”, “rainfall”, “deep
soil water”, and “growth” have been increasingly cited in research article abstracts. The reason for the

use of these terms relates to increasing impacts of climate change.
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Figure 4. The terms most frequently cited in the abstracts of reviewed articles. Note: Each term was
cited at least 10 times; Colors are based on the years for which the terms were most frequently cited;
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the distance between two nodes indicates the degree of relatedness between the terms.
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Figure 5. The right side bar graph represents the distribution of research focus among woody plant
families (note: each publication may have more than one family). The left side bar graph indicates the
research focus on woody plant water source.
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Application of stable hydrogen and oxygen isotopes in the woody plant water source studies was
mostly focused on identifying sources and uses of water. Among the 276 woody plant individuals
investigated (from 193 species), the research focus for 83 of them was on their water sources, such
as soil, groundwater, and stream water. Other key topics of research focus were partitioning of soil
water sources (n = 55) and seasonal changes in water sources (n = 48). Much less focus was given
to the nexus between water source and tree size, growth, transpiration partitioning, drought, water
use efficiency, agroforestry systems, groundwater interactions, and many other topics (Figure 5). The
research focus was not evenly distributed among plant families. The studied woody plant species
(n = 193) belonged to 53 families (Figure 5). Most of the studies were focused on the Pinaceae family
(n = 26), followed by Myrtaceae and Fagaceae (1 = 14), and Fabaceae (n = 13). All other families were
represented in much fewer studies.

3.3. Woody Plant Water Sources and Their Variation due to Season, Climate, Leaf Phenology, and Method of
Measurement

To investigate woody plant water source variation, data were obtained from 109 deciduous,
155 evergreen, 1 semi-evergreen, and 11 semi-deciduous woody plants. Leaf phenology has a great
influence on plant water use strategies. The evergreen and deciduous woody plants mostly used soil
water and groundwater (Figure 6a). There was climatic variation observed in the plant’s water sources.
Groundwater as a source of water was more common in dry climates, such as in arid and semi-arid
regions. Most of the plants in tropical regions sourced water from the soil (Figure 6b), and there was a
clear seasonal variation observed in soil water uptake depth. The data shows that, in the dry season,
most of the woody plants uptake water from the <100 cm soil layer. Water uptake from the deep soil
layer (>100 cm) is found to be greatest during the wet season (Figure 6¢).
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Figure 6. (a) Woody plant water source variation in relation to leaf phenology; (b) Climatic variation of
plant water sources; (c) Seasonal variation in water uptake from different soil depths; (d) Proportion of

water sources of woody species.
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The literature reveals that plant uptake of water is from diverse sources, i.e., soil water, groundwater,
rainwater, stream water, and other sources. Among the 276 trees (from 193 species) from different
geographic locations, 54% obtained water from soil, followed by groundwater (26%), rainwater
(12%), and stream water (6.75%) (Figure 6d). To identify plant water sources, the stable Hydrogen
and Oxygen isotope analysis approach was widely used. The review shows that the single isotope
approach was most commonly used to detect plant water source. With this approach, soil water and
groundwater were found to be the major sources of water. Among the 276 woody plants studied, 115
were investigated through the dual isotope approach and 161 were investigated through the single
isotope approach (Figure 7a). Plant water sources were identified through the cryogenic vacuum
distillation method for 215 of the 276 studied woody plants (Figure 7b).

Soil

Rock
W Singleisotope
Rain .
W Dual isotope

Stream

Water source

Fog

Groundwater

0 20 40 w80 8O0 100 120
Number of woody plants
(a)

B Azeotropic distillation
M Cellulose synthesis and isotope
H Cryogenically distillation
B Dendrocronological method and

oxygen isotope cellulose analysis
M Direct equilibration
H Liquid—vapour equilibration
i Pressure chamber and suction

sysimeter
= Vacuum distillation

(b)

Figure 7. (a) Water source variation due to changes in isotopic approach; (b) Method used for plant
water source determination.
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4. Discussion

4.1. Geographic Biases in Woody Species Water Source Research

This systematic literature review shows that the research on plant water sources is geographically
biased. Most research has been undertaken in the United States, followed by China and Australia. Many
components, such as research history, research capability, interests of individuals and organizations,
and priorities of funding agencies and governments, have influenced the type of research conducted
and published [26]. The geographic distribution of the research has also been influenced by the research
capacity and level of support for research within particular countries and regions.

4.2. Environmental Significance and Factors Influencing Plant Water Sources Study

Plant water sources vary greatly with geographic location, climate, season, and the type of
plant (Figure 2, Figure 4, and Figure 5). Understanding how plants partition water sources has
wide application in managing ecosystems. This knowledge is increasingly applied by ecologists and
hydrologists. Research has found that some trees (e.g., Quercus gambelii) do not use summer rainfall,
while some species (e.g., Juniperusos teosperma) do [27]. Studies have also found other plant water use
strategies, including that streamside trees do not always utilize stream water [28], smaller sized tropical
trees uptake more deep soil water than large sized tropical trees [29], some trees use fog water [30],
and some species seasonally shift their water sources [31,32]. Such strategies provide plants with the
ability to adapt to competitive and extreme environments, which in turn influences the distribution
and diversity of species in an ecosystem [33,34]. Opportunistic use of different plant water sources and
strategies improves complementarity among different tree species. Knowledge of these complementary
relationships can help guide the design and management of mixed-species plantations, including
multiple-use agroforestry systems [35].

4.3. Research Gaps and New Research Priorities

4.3.1. The Need for High-Frequency Sampling and Dual Isotope Approaches

The water sources of only a small number of woody plant species have been investigated to date.
High-frequency sampling of soil and xylem waters across a diverse climate and vegetation types is
needed. Furthermore, it will be useful to inform forest process studies of new ways and generate a
new set of research priorities and questions. Many studies in different eco regions have used the single
isotope approach (i.e., using 5°H or §'80) to measure tree water sources (see Supplementary Table S1).
Some recent examples include Goujun et al. [36] and Engel et al. [37]. However, very few studies have
used the dual isotope approach for quantifying plant water sources (see Supplementary Table S1). The
power of using the dual isotope approach is that, compared to the single isotope approach, there is a
better chance of determining if water samples in the environment or in the plant were influenced by
post-precipitation evaporation effects.

4.3.2. Do Species with High Mortality Rates Source Their Water Mainly from Surface Layers?

Vegetation in water-limited ecosystems depends largely on access to deep water sources to
withstand dry periods [38]. Understanding the patterns of, or differences in, the use of water sources
under dry conditions is therefore necessary to properly observe the responses of forest trees in
seasonally dry ecosystems. By identifying trees with high mortality rates and determining whether
these species primarily source their water from the surface layers of the soil profile, or whether they
are capable of taking up water from deeper sources (e.g., deep soil water or groundwater) during dry
conditions may help us to understand one of the causes of tree mortality. A recent study by shows that,
in extreme dry conditions, the contribution of deep water sources declines, which results in widespread
tree mortality and crown defoliation [38]. A review by Anderegg et al. [39] also indicates that tree
mortality is triggered by drought and temperature stress. Hence, a detailed knowledge of plant water
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sourcing strategies may help us understand one potential mechanism underlying tree mortality and
niche differentiation, thus improving predictions of future forest decline or community shifts with
changing patterns of water availability.

4.3.3. During Droughts, Do Large and Small-Sized Trees Source Their Water from the Same or
Different Soil Depths?

Many regions of the world face increasing drought conditions, which can alter forest structure
and function [40]. A recent study by concludes that, during drought, large trees suffer most in forests
across the globe [41]. However, there are other studies showing that small-sized trees are more prone
to mortality than large-sized trees [42—-45]. In general, compared to small trees, larger trees have
greater access to deep soil water during drought because of their deeper root systems [46]. This means
that large trees are less susceptible to decline or mortality during drought. However, there are some
exceptions to this rule because some large-sized trees lack a deep root system [47,48]. Therefore,
investigating the depths that large and small-sized trees uptake water from during drought or dry
conditions will improve our understanding of the water use strategies of different-sized trees.

4.3.4. What Is the Relationship between Growth and the Depth at Which Species/Individuals
Uptake Water?

The relationship between access to soil water and rainforest tree productivity is an interesting issue
in the field of Eco hydrology. In forests where access to light is not a major limitation to productivity,
exploring underground resource competition, such as competition for water, could help to answer the
question of why the growth rates of some trees are higher than other trees of the same age. However,
research into this topic has produced mixed results. For example, Romero-Saltos et al. [49] found
that large-diameter trees uptake water from deep in the soil profile. In contrast, Meinzer et al. [50]
discovered that, during dry periods, small-diameter trees withdraw more water from deep soil layers
than large-diameter trees. Therefore, using long-term datasets to identify trees with high growth rates,
and then investigating the soil depths from which those trees are taking up water, will improve our
understanding of whether access to soil water influences rainforest tree productivity. This will also
help in identifying complementary tree species to design mixed-species plantations that can make
better use of water resources in the era of climate change.

4.3.5. Is the Assumption that Water-Stable Isotope Fractionation Does Not Occur During Water Uptake
by Roots and Sap Transfer within the Tree Universally True?

In the context of hydrological changes, understanding the mechanisms of water uptake by trees,
which play a critical role for entire ecosystems, may help to determine ecosystem responses to variations
in water availability. One possible way to evaluate the spatiotemporal patterns of water uptake is to
use natural tracers, such as oxygen and hydrogen isotopes. Many studies over the last two decades
have used 5?H and §'80 to determine the proportions of different water sources used by forest tree
species [20,28,32,51]. This is based on the assumption that 52H and 680 fractionation does not occur
during water uptake by roots and sap transfer within the tree. However, there is evidence that
isotope fractionations occur in halophyte, xerophyte, and some deciduous species [52,53], which then
challenges the accuracy of tree water source identifications.

Apart from 5?H and 6'80 fractionation, various factors can modify tree water uptake. Such
factors include climate (e.g., season, water availability) [11,14,32], spatial variation [54,55], and species
functional traits e.g., tree size [28]. Though there has been much research into the climate aspects of tree
water source variation (e.g., [11,14,32]) and tree size (e.g., [28]), there has been no research into whether
isotope fractionation of different species can be characterized by species functional traits, such as wood
density, mean basal area increment, and successional status. Also, no study has yet been conducted on
isotope fractionation at fine spatiotemporal resolutions across diverse climatic zones and Eco regions.
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5. Concluding Remarks and Recommendations

From this systematic literature review, it is clear there has been limited research into woody
plant water sources across the globe. An increased study of woody plant water sources will
help in identifying complementarities among tree species, which can then inform the design and
management of mixed-species plantations. Even though we considered article until 2014, there are
some researches [56-61] published after 2014. In most cases, those research themes matched with our
proposed research themes. Addressing the research gaps identified in this paper will provide insights
into the potential impacts of changing water regimes associated with global climate change. From the
new research priorities described above, three broad recommendations are made:

1.  There s a critical need to develop a single standard method to study plant water sources. This
will lead to greater comparability of results from studies conducted across vegetation types
and regions;

2. Catchment-scale hydrological models should consider plant water sources for better predictions
of stream flows; and

3. Further research is required to better understand how plant water uptake strategies differ across
vegetation types and climatic conditions, and how this understanding can be applied to the
design of reforestation systems and understanding the likely impacts of climate change.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5338/6/2/40/s1,
Table S1: Species-specific information on plant functional traits and water sources.
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