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Abstract: Groundwater in arid/semiarid regions plays crucial roles in providing drinking water
supply, supporting irrigated agriculture, and sustaining important native terrestrial ecosystems.
Groundwater depth controls water availability to vegetation and is essential for conserving
groundwater-dependent terrestrial ecosystems. Environmental groundwater depth can be defined as
a mean depth or a range of depths, satisfying the growth of natural vegetation that is not under stress,
either due to lack of water or anoxia or soil salinization. Five methodologies have been reported to
estimate environmental groundwater depth: the direct ones rely on response functions that relate
vegetation condition, e.g., physiological parameters, appearance frequency, community structure,
and remotely sensed physical indexes, to changes in groundwater depth; the indirect one estimates
environmental groundwater depth based on the threshold of soil moisture content. To fill a knowledge
gap of unique recognized methodology, a conceptual framework was proposed, which involves
initial estimation (data collection, response assessment, and estimation) and feedback adjustment
(implementation and modification). A key component of the framework is to quantify the linkage
between ecological conditions and geohydrological features. This review may provide references
for groundwater resources management, ecological conservation, and sustainable development in
arid/semiarid regions.
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1. Introduction
Water resources are closely linked to the wellbeing of humankind. Scarcity of water has become
a major issue in arid/semiarid regions where scarcity of water is a defining characteristic [1,2].
Groundwater resources are synthetically impacted by global climate and anthropogenic activities,
particularly overexploitation of groundwater [3,4]. By increasing temperature, groundwater recharge
would be decreased in most places; however, groundwater recharge was increased in some areas due
to excessive irrigation return flow [5]. Climate variability at inter-annual timescales related to elevated
precipitation and increased runoff associated with El Nino Southern Oscillation (ENSO) caused an
increased recharge of aquifers in Arizona, California, and Argentina, as shown by rising groundwater
tables [6]. Satellite gravity measurements from the Gravity Recovery and Climate Experiment captured
significant depletion of groundwater in many aquifers or regions globally, including Northwest India,
High Plains Aquifer, and Central Valley in the USA, North China Plain, Middle East, and Southern
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Murray-Darling Basin in Australia [7]. To alleviate the growing pressure on water resources, it is
essential to implement sustainable water resources management to balance both socio-economic and
environmental water requirements [8].
According to the ecological value of groundwater, the groundwater-dependent ecosystems can
be generally divided into three types: (a) aquifers and cave ecosystems; (b) springs, wetlands,
rivers, estuaries, and nearshore marine ecosystems; and (c) terrestrial vegetation ecosystems [9].
The groundwater-dependent terrestrial ecosystems consist of deep and/or shallow rooted vegetation
communities and the fauna that utilizes the habitat formed by the vegetation communities, e.g.,
reptiles, mammals, and birds [10]. The vegetation in arid/semiarid regions may be completely or
partially dependent on groundwater [11]. Alterations in groundwater resources will cause fluctuations
of groundwater depth, which is a key environmental factor controlling the availability of water to
vegetation [12]. Plant water stress and reduced live biomass is caused by decreasing water tables;
however, the converse is not necessarily true for increasing water tables, which can kill flooded roots.
In fact, most species cannot tolerate extremely low levels of oxygen [13]. Vegetation may respond
to fluctuating availability of groundwater in terms of following processes: leaf-scale photosynthesis,
stomatal conductance, canopy conductance, leaf and stem water potential, transpiration, resistance
to xylem embolism, growth rate, leaf area index, plant density, crown dieback, mortality, etc. [14].
In arid/semiarid regions, groundwater table fluctuations will not only affect the growth of vegetation
but also community structure and ecosystems; while vegetation growth could prevent soil erosion and
land desertification [15]. With sustainable utilization of water resources, necessary reserves will not be
depleted and groundwater-dependent ecosystems will not be damaged [16].
Hence, a reasonable groundwater depth is necessary to protect the groundwater-dependent
terrestrial ecosystems, and a better understanding of environmental groundwater depth is required to
enable a determination of the ecological reserves before a water resources plan may be granted
or renewed. Zhao and Cheng [17] reviewed some advances in the study of ecohydrological
processes in arid zones. They put forward concepts and methods of determining following
parameters: critical ecological water requirement, optimal ecological water requirement, and saturated
ecological water requirement. Cui and Shao [15] discussed the role of groundwater in arid/semiarid
ecosystems, concerning the effect of groundwater depth on growth of plants and degree of soil
salinity. They concluded that groundwater depth is a key factor for controlling land desertification
and soil salinization in Northwest China. Eamus et al. [11] proposed a functional methodology
for determining the groundwater regime needed to maintain the health of groundwater-dependent
vegetation. Rohde et al. [18] reviewed global management of groundwater-dependent ecosystems
under sustainable groundwater policies. To the best of our knowledge, the importance of a reasonable
groundwater depth for sustainable development has been well recognized; however, an updated and
synthetic review on how the reasonable groundwater depth can be estimated is necessary and a unique
recognized methodology remains a knowledge gap.
Therefore, this study reviewed pertinent research reported in peer-reviewed international
literature that are indexed by Web of Science Core Collection and Chinese Science Citation Database,
and aimed to: (a) generalize the definition of environmental groundwater depth; (b) review
existing methodologies for estimating environmental groundwater depth; (c) propose a conceptual
framework for designing environmental groundwater depth; and (d) discuss future works. The results
will be helpful to guide the water resources management and environmental conservation in
arid/semiarid regions.
2. Definition of Environmental Groundwater Depth
The importance of groundwater depth for vegetation in arid/semiarid regions has been
recognized decades ago, and several concepts have been proposed to define the reasonable
ranges of groundwater depth for sustaining the groundwater-dependent terrestrial ecosystems.
The concepts mainly include critical groundwater depth [19], ecological groundwater table [20],
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3. Methodologies for Estimating Environmental Groundwater Depth
3. Methodologies for Estimating Environmental Groundwater Depth
Determining environmental groundwater depth is pivotal when integrating environmental
Determining environmental groundwater depth is pivotal when integrating environmental
considerations into sustainable water resources management in arid/semiarid regions. A reasonable
considerations into sustainable water resources management in arid/semiarid regions. A reasonable
and reliable methodology is necessary for determination. Table 1 lists the methods and their
and reliable methodology is necessary for determination. Table 1 lists the methods and their
representative applications. It was found that environmental groundwater depths were different
representative applications. It was found that environmental groundwater depths were different for
for various study areas, mainly because of specific local characteristics of the following entities: climate,
various study areas, mainly because of specific local characteristics of the following entities: climate,
hydrology, geology, soil, and vegetation. Furthermore, research results were different even for the
hydrology, geology, soil, and vegetation. Furthermore, research results were different even for the
same study area, probably because of the differences in data sources and research methodologies.
same study area, probably because of the differences in data sources and research methodologies.
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Table 1. Typical achievements of environmental groundwater depth.
Methodology

Study Area

Environmental Groundwater Depth
Desirable

Fitting functions between physiological
parameters and groundwater depth

Acceptable

The Hassayampa
River, Arizona, USA
The Ejina oases, the
lower Heihe River,
China

Simulating relationship between
appearance frequency and
groundwater depth

The middle and
lower Tarim River,
China

Identifying responses of vegetation
community structure to alterations in
groundwater depth

The lower Tarim
River, China
The Ejina oases, the
lower Heihe River,
China

Investigating the relationship between
remotely sensed physical indexes of
vegetation and groundwater depth

The Owens Valley,
California, USA
The Atacama Desert,
northern Chile

Estimation based the threshold of soil
moisture content

The lower Tarim
River, China

Reference

Unacceptable
>2.5–3.0 m

[22]

<0.5–1.5 m
>3.5–4.0 m

[23]

2–4 m

4–6 m

>6 m

[24]

2–4 m

4–8 m

>8 m

[25]

2–5 m

>5.5 m

[26]

>2.5 m

[27]

>20 m

[28]

<4 m

[29]

3.1. Fitting Functions between Physiological Parameters and Groundwater Depth
3.1.1. Principles
In arid/semiarid regions, groundwater is significantly important for vegetation growth, which can
be characterized by physiological parameters, e.g., leaf stomatal conductance, net photosynthetic
rate, shoot water potential, canopy condition, and radial and branch increments. For instance,
in the Kangaloon bore-field area of New South Wales in southeastern Australia, structural (leaf-area
index, basal area, stem density, tree height, Huber value, and aboveground biomass) and functional
(aboveground net primary productivity) attributes of seven woodland sites differing in groundwater
depth were examined. Significant differences in structural and functional attributes were observed
across sites. The three shallowest sites with 2.4 m, 4.3 m, and 5.5 m groundwater depth had
significantly larger aboveground biomass and aboveground net primary productivity than did the
four deepest sites where groundwater depth ≥ 9.8 m [30]. The physiological parameters can be
related to groundwater depth using scatter plots and regression techniques. Based on the relationship,
a function can be fitted and then an abrupt change may be observed which indicates the environmental
groundwater depth.
3.1.2. Applications
At the free-flowing Hassayampa River in Arizona (USA), the physiological and growth responses
of native riparian trees (Populus fremontii S. Wats. and Salix gooddingii Ball) to groundwater availability
were investigated during dry (1997) and wet (1998) years. In the drier year, the trees experienced
considerable water stress, as evidenced by low shoot water potentials, low leaf gas exchange rates,
and large amounts of canopy dieback. These parameters were significantly related to groundwater
depth. A three-parameter sigmoidal function best described the relationship between canopy dieback
and groundwater depth, and suggested an environmental groundwater depth of 2.5–3.0 m, beyond
which the canopy dieback of native trees increased rapidly [22].
At the Ejina oases in the lower reaches of the Heihe River, a network of groundwater depth
observation sites was monitored, and environmental moisture gradient was reflected by plant
physiological characteristics. For salinity control, the threshold of groundwater depth was varied
between 0.5–1.5 m. The threshold of groundwater depth for ecological warning was varied between
3.5–4.0 m [23].
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3.2. Simulating Relationship between Appearance Frequency and Groundwater Depth
3.2.1. Principles
Vegetation tends to grow in its suitable habitat where it can be indicated by a high appearance
frequency of the vegetation, and the appearance frequency will decrease with the decreased
habitat suitability. Hence, as a key habitat factor of groundwater-dependent terrestrial ecosystems,
environmental groundwater depth can be investigated by simulating relationships between appearance
frequency and groundwater depth. A high appearance frequency corresponds to an acceptable
environmental groundwater depth and vice versa. Gaussian regression is a widely used model to
simulate the relationship between species and environment [31]. Because of the complex relations
between vegetation and environment in natural vegetation communities, this relationship may not
fully comply with the Gaussian regression but a transformed regression, e.g., a lognormal distribution.
The ranges of groundwater depth corresponding to the appearance frequency above 20%, above 10%,
and below 10% could be estimated as the desirable, acceptable, and unacceptable environmental
groundwater depth, respectively. The specific thresholds of appearance frequency are determined by
the local targets of environmental conservation.
3.2.2. Applications
The middle and lower reaches of the Tarim River were monitored for two years (2006 and 2007)
and data were collected for groundwater, vegetation plots, and soil profiles. The relationships between
vegetation and environmental factors were investigated using ecological niche analysis and detrended
canonical correspondence analysis. Using ecological suitability theory, data from previous studies
were analyzed for several major plant species in the study area. A lognormal distribution model
was built to show the relationship between plant growth and groundwater depth. The investigation
revealed that plant diversity was highest when groundwater depth was between 2–4 m, followed by
groundwater depth of 4–6 m, and then that between 0–2 m. Species diversity decreased dramatically
when groundwater depth increased to deeper than 6 m. For major plant growth, the optimum
groundwater depth was in the range of 2–4 m; the threshold of groundwater depth was about 6 m.
To restore the vegetation and ecosystem of the lower reaches of Tarim River, the depth to groundwater
table must be kept at a minimum value of 6 m. The groundwater depth must be maintained at 2–4 m
in the vicinity of water way and at 4–6 m for the remaining section of this arid area [24].
3.3. Identifying Responses of Vegetation Community Structure to Alterations in Groundwater Depth
3.3.1. Principles
The distribution of vegetation in arid/semiarid regions is closely related to groundwater depth.
A good correlation exists between groundwater depth and supergene ecological type [32]. For example,
in the Cele oasis of China, as groundwater depth varies from deep to shallow, vegetation communities
transform with following sequences of Alhagi communities, Tamarix spp. communities, Populus
communities, Phragmites communities, and Sophora communities [33]. Different species have different
capacities to adapt and respond to alterations in groundwater availability, which progressively affect
the vegetation growth, reproduction, mortality, and community structure. Although vegetation has
evolved complex physiological and biochemical adaptations to water deficit or inundation stress,
the adaptations may become inadequate and lead to a shift in the vegetation community structure,
if the stress is so extreme that exceeds the tolerance of vegetation. When groundwater table keeps
chronically declining, the vegetation community may degenerate from trees/shrubs/herbs to sparse
trees, and even just a barren. Therefore, by identifying the responses of vegetation community structure
to changes in groundwater depth, the threshold of groundwater depth corresponding to prominent
ecosystem degeneration can be set as an environmental management target.
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3.3.2. Applications
Based on in situ observations of groundwater depth and the length, width, and fresh weight of
50 leaves of selected plants in July 2010, the response of vegetation communities was investigated by
altering groundwater depth. The results indicated that herbs exhibited degradation when groundwater
depth was 4–6 m, whereas trees did not exhibit degradation until groundwater depth exceeded 6 m in
the lower reaches of the Tarim River. The mixed distribution of trees/shrubs/herbs was conspicuous
in areas where groundwater depth was in the range 2–4 m; the distribution of trees/shrubs was
conspicuous in areas where the groundwater depth was in the range 4–8 m. In areas where the
groundwater depth was greater than 8 m, the simple structure of degraded Populus euphratica/Tamarix
chinensis dominated the region [25].
In the Ejina oases at the lower Heihe River, the relationship between vegetation and groundwater
depth was investigated in June 2000 by combining remote sensing with in situ groundwater
measurements. The results indicated that groundwater depth suitable for vegetation in this region
was in the range 2–5 m, depending on species composition. Hardly any vegetation occurred when
groundwater depth was below 5.5 m, because rooting depth of present species was limited. Therefore,
they could not maintain adequate water supplies to their canopies [26].
3.4. Investigating the Relationship between Remotely Sensed Physical Indexes of Vegetation and
Groundwater Depth
3.4.1. Principles
Remote sensing provides a robust and spatially explicit means to assess land cover and its
temporal changes. Vegetation coverage, which is highly correlated with groundwater availability in
arid/semiarid regions, tends to be larger when the groundwater availability is better. The remotely
sensed indexes of vegetation include normalized difference vegetation index (NDVI), enhanced
vegetation index (EVI), perpendicular vegetation index (PVI), soil adjusted vegetation index (SAVI),
and transformed soil adjusted vegetation index (TSAVI) [34–38]. The relationships between the
remotely sensed indexes and groundwater depth may be linear, curvilinear, or step-wise related;
they are most likely case specific because of localized variations in vegetation communities,
hydrogeological conditions and climatic regimes. Using these relationships, environmental
groundwater depth can be estimated through a breakpoint, if it exists in a step-wise relationship,
or based on the management target of environmental conservation.
3.4.2. Applications
In the Owens Valley, California, USA, cloud-free Landsat Thematic Mapper and Enhanced
Thematic Mapper plus satellite data provided the information of vegetation coverage. Based on the
correlation analysis of vegetation coverage and groundwater depth, the threshold of groundwater
depth was estimated to be 2.5 m; it represented the average plant rooting depth and prevented adverse
effects on vegetation cover and plant assemblages [27].
In the hyper-arid Atacama Desert of northern Chile, Landsat images were complemented with a
digital inventory and estimation of the green canopy fraction of all trees. Novel remote sensing drought
stress indicators were defined based on the NDVI. A spatio-temporal assessment of the water condition
of Tamarugo trees indicated that the paraheliotropic leaf movement was limited when groundwater
depth was greater than 12 m. This caused dehydration and foliage loss. Tamarugos at 12–16 m of
groundwater depth suffered moderate drought stress while severe drought stress was incurred by
16–20 m of groundwater depth. Therefore, 20 m of groundwater depth was considered as a critical
threshold for the survival of Tamarugo trees [28].
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Step 1: Monitoring and Data Collection
A long-term program of monitoring both hydrological processes and the condition of
groundwater-dependent terrestrial ecosystems is the basis for the sustainable water resources
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Step 1: Monitoring and Data Collection
A long-term program of monitoring both hydrological processes and the condition of
groundwater-dependent terrestrial ecosystems is the basis for the sustainable water resources
management. The data can be collected through in situ field surveys, remote sensing technologies,
and the combination of the two methods.
Groundwater levels are highly dynamic in nature and measurement of groundwater levels
requires systematic networks of observation wells; an effective groundwater monitoring network
design is necessary to provide more precise qualitative and quantitative information on complex
aquifer systems for optimal groundwater management [39]. The commonly applied methodologies for
designing groundwater monitoring networks are principal component analysis, simulated annealing,
entropy theory, and geostatistics [40–44].
The responses to changes in groundwater depth could be quantified at all ecological levels,
including individual, population, and community levels; an individual species response has
implications for population response which further affects community composition or structure.
When deciding which traits of groundwater-dependent terrestrial ecosystems should be measured,
there are several criteria required to be considered: having a defined relationship with groundwater
depth, characterizing risk to the environment, cost-effective and practical, having early warning
capabilities, and reflecting the “lag” effects [11]. Eamus et al. [11] have discussed which features of
vegetation can be measured to monitor ecosystem function and provided a range of techniques that
are available to measure the aspects of ecosystem function.
Step 2: Assessing Ecological Responses to Hydrological Alteration
The collected data are used to establish how groundwater-dependent terrestrial ecosystems are
impacted by groundwater fluctuations; the relationships between ecological traits and groundwater
depth could be analyzed by taking groundwater depth as a driving factor of ecological responses. It is a
key step to investigate the ecological responses to altered groundwater depth and simulate the response
functions, which could depend a lot on site conditions that mainly include climate, topography, soil,
and vegetation species [13,45,46]. Such relationships may provide scientific reference to estimate
environmental groundwater depth for other regions with similar site conditions, where long-term
monitoring data are not available.
The responses have been examined extensively at leaf, tree, canopy, population, and community
scales; and the response functions for individual vegetation traits are readily apparent [14]. When
integrating multiple-scale responses and developing an ecosystem-scale response function for
groundwater depth, a practical approach is to normalize the responses (0 to 1) such that a response of
1 indicates no effect of differences in groundwater depth and 0.5 indicates a 50% decline/increase in
the maximal/minimum value of a particular trait [47]. When applying statistical analysis to identify
associations between ecosystem condition and groundwater depth, special attention must be paid to
possible time lags in ecological responses to groundwater table fluctuations. The losses of riparian trees
may show lags of years to decades before becoming evident because it requires exceptional droughts
before trees pass stress thresholds and die [48].
Step 3: Estimating Environmental Groundwater Depth
Once the linkage between the processes of ecology and geohydrology is established, it becomes
exercisable to determine the environmental groundwater depth to maintain a particular condition of
the ecosystems. The estimation takes two forms:
(i) Detecting a significant “jump point”, if it exists, to identify the threshold of groundwater depth,
exceeding which noticeable ecological degradation occurs. The statistical methods for identifying
thresholds, e.g., Bayesian inference approach combined with the Markov Chain Monte Carlo sampling
method for a simplified vegetation dynamic model, and Threshold Indicator Taxa Analysis [49,50],
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are applicable. Andersen et al. [51] have provided a review on approaches and software for the
identification of ecological thresholds and regime shifts.
(ii) Analyzing environmental groundwater depth based on the graph of relation between
ecological indexes and groundwater depth and a pre-set goal of ecological conservation. This method
is applicable no matter whether the “jump point” exists in the graph of relation or not. The target of
ecological conservation can be decided by basin managers, who can consult the stakeholders in the
catchment during the decision-making process and take into account the relative importance of the
groundwater-dependent terrestrial ecosystems.
Step 4: Implementation into Water Resources Management
Environmental groundwater depth, which is a target of water resources management, limits the
amount of water that can be withdrawn from the aquifer and informs the manager how much water
should remain. After the preliminary estimation, the environmental groundwater depth can be applied
in the water resources management. The application provides feedback for adaptive management.
Step 5: Feedback and Adjustment
The initial estimation is a part of the multi-step conceptual framework that concludes with final
determination of environmental groundwater depth. When the preliminarily estimated environmental
groundwater depth is applied, the monitoring strategy will be implemented continuously to support
the adaptive management. The updated data will contribute to refine or further confirm the ecological
responses to hydrological alteration. The ecological monitoring informs whether the ecological
conservation target has been achieved. If the initial environmental groundwater depth fails to sustain
the pre-set ecological condition or a new ecological conservation target is set, the environmental
groundwater depth needs to be adjusted using the updated graph of linkage between ecology and
geohydrology. The re-estimated environmental groundwater depth will also be applied in water
resources management. The feedback and adjustment will continue until a sustainable development
is achieved.
5. Discussion on Environmental Groundwater Regime
Groundwater level usually experiences diurnal, seasonal, and inter-annual fluctuations,
which should be incorporated into the design of environmental groundwater depth. However,
the published papers mainly concerned on the static thresholds of groundwater depth (Table 1)
and have not taken the natural groundwater regime into account yet, leaving a knowledge gap in
dynamic environmental groundwater depth.
The natural groundwater regime includes magnitude, timing, duration, change rate,
and frequency of the geohydrological event, similar with the natural flow regime in a river [11,52].
The magnitude is the value of groundwater depth, which varies with months or seasons. The timing
characterizes when a specific geohydrological event happens. For example, when do the highest
and lowest groundwater levels occur in a hydrological year? The duration is total days that a
geohydrological event continues. The vegetation may have some adaptive strategies to endure a
drought with a short-term duration; however, it may not survive due to a prolonged drought without
groundwater availability. The change rate quantifies how fast groundwater level rises or declines.
Some vegetation is capable of adjusting to the drop of groundwater level because of high root growth
rate; the root system will be adapted to keep in contact with the falling groundwater table [10,53–55].
However, if the falling rate of groundwater level is much too large, the root system will have no time
to adjust and may result in mortality of the vegetation. The frequency indicates how many times a
specific geohydrological event, e.g., drought and inundation, happens in a year.
The groundwater-dependent terrestrial ecosystems have adapted to the natural groundwater
regime, which should not be fundamentally destroyed when exploiting the groundwater resources.
An environmental groundwater regime, which is vividly analogous with the natural one, can better
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contribute to ecological conservation. Hence, more attention is suggested to be paid to the
environmental groundwater regime in future works. The framework for designing the environmental
groundwater regime is similar with the framework guiding the estimation of environmental
groundwater depth. An improvement is embodied in an enhanced analysis of the linkage between
the processes of ecology and geohydrology. In the graph of ecological responses to groundwater
alterations, the factors that cause ecological changes include not only groundwater depth, which is
the magnitude of groundwater regime, but also timing, duration, change rate, and frequency of
groundwater fluctuations.
6. Conclusions
Environmental groundwater depth which is an important hydrogeological parameter controlling
the water availability to vegetation is crucial for ecological conservation in arid/semiarid regions.
Its importance has been well recognized, and the peer-reviewed publications have reported five
methods for quantifying it, among which are four direct methods and one indirect method. The four
direct methods are commonly based on the response of vegetation traits to changes in groundwater
depth; the difference is the applied vegetation traits, which include physiological parameters,
appearance frequency, community structure, and remotely sensed physical indexes. The indirect
method firstly quantifies the threshold of soil moisture content for vegetation growth; then it analyzes
environmental groundwater depth based on the relationship between soil moisture content and
groundwater depth. The direct methods are lower cost than indirect ones and could be widely
applied; however, they only provide an initial estimation and a feedback adjustment is missing.
Therefore, a conceptual framework was proposed to design environmental groundwater depth.
The existing methodologies could be incorporated into this framework for the preliminary estimation,
the result of which will be applied into water resources management and the initial environmental
groundwater depth will be adjusted using the updated eco-hydrological response curve, if the
ecological conservation goal is not actually achieved. This framework would be practical for the
sustainable development of arid/semiarid regions.
The environmental groundwater depth mainly concerns the magnitude of depth to groundwater
table, ignoring the natural variations of geohydrological processes. More attention was suggested to
be paid to the environmental groundwater regime, the five components of which involve magnitude,
timing, duration, change rate, and frequency. It is necessary to further develop quantitative information
on ecological responses to alterations in groundwater regime. The adaptive assessment is also
applicable to design the environmental groundwater regime.
The present study focused on peer-reviewed publications; however, restrained by data availability,
this review could not consider unpublished materials, e.g., research reports and academic presentations.
Hence, a deficiency is that the synthesis of methodologies for estimating environmental groundwater
depth might possibly be incomplete.
Author Contributions: Conceptualization, F.H.; methodology, F.H. and Y.Z.; investigation, F.H. and D.Z.;
writing—original draft preparation, F.H.; writing—review and editing, X.C.
Funding: This research was funded by the National Key R&D Program of China, grant number 2017YFC0406101;
and Fundamental Research Funds for the Central Universities, grant number 2017B10714.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Botai, C.M.; Botai, J.O.; Muchuru, S.; Ngwana, I. Hydrometeorological Research in South Africa: A Review.
Water 2015, 7, 1580–1594. [CrossRef]
Reynolds, J.F.; Stafford Smith, D.M.; Lambin, E.F.; Turner, B.L.; Mortimore, M.; Batterbury, S.P.J.;
Downing, T.E.; Dowlatabadi, H.; Fernandez, R.J.; Herrick, J.E.; et al. Global desertification: Building a
science for dryland development. Science 2007, 316, 847–851. [CrossRef] [PubMed]

Int. J. Environ. Res. Public Health 2019, 16, 763

3.

4.
5.
6.
7.
8.
9.

10.
11.

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.
26.
27.

11 of 13

Green, T.R.; Taniguchi, M.; Kooi, H.; Gurdak, J.J.; Allen, D.M.; Hiscock, K.M.; Treidel, H.; Aureli, A. Beneath
the surface of global change: Impacts of climate change on groundwater. J. Hydrol. 2011, 405, 532–560.
[CrossRef]
Ashraf, B.; AghaKouchak, A.; Alizadeh, A.; Baygi, M.M.; Moftakhari, H.R.; Mirchi, A.; Anjileli, H.; Madani, K.
Quantifying anthropogenic stress on groundwater resources. Sci. Rep. 2017, 7, 12910. [CrossRef] [PubMed]
Srivastava, R. Groundwater resources under a changing climate. J. Indian Inst. Sci. 2013, 93, 251–263.
Scanlon, B.R.; Keese, K.E.; Flint, A.L.; Flint, L.E.; Gaye, C.B.; Edmunds, W.M.; Simmers, I. Global synthesis of
groundwater recharge in semiarid and arid regions. Hydrol. Process. 2006, 20, 3335–3370. [CrossRef]
Chen, J.L.; Famiglietti, J.S.; Scanlon, B.R.; Rodell, M. Groundwater storage changes: Present status from
GRACE observations. Surv. Geophys. 2016, 37, 397–417. [CrossRef]
Van Mechelen, C.; Dutoit, T.; Hermy, M. Adapting green roof irrigation practices for a sustainable future:
A review. Sustain. Cities Soc. 2015, 19, 74–90. [CrossRef]
Wang, W.K.; Yang, Z.Y.; Kong, J.L.; Cheng, D.H.; Duan, L.; Wang, Z.F. Ecological impacts induced by
groundwater and their thresholds in the arid areas in northwest China. Environ. Eng. Manag. J. 2013, 12,
1497–1507. [CrossRef]
Orellana, F.; Verma, P.; Loheide, S.P., II; Daly, E. Monitoring and modeling water-vegetation interactions in
groundwater-dependent ecosystems. Rev. Geophys. 2012, 50, RG3003. [CrossRef]
Eamus, D.; Froend, R.; Loomes, R.; Hose, G.; Murray, B. A functional methodology for determining the
groundwater regime needed to maintain the health of groundwater-dependent vegetation. Aust. J. Bot. 2006,
54, 97–114. [CrossRef]
Glazer, A.N.; Likens, G.E. The water table: The shifting foundation of life on land. Ambio 2012, 41, 657–669.
[CrossRef] [PubMed]
Naumburg, E.; Mata-Gonzalez, R.; Hunter, R.G.; McLendon, T.; Martin, D.W. Phreatophytic vegetation and
groundwater fluctuations: A review of current research and application of ecosystem response modeling
with an emphasis on Great Basin vegetation. Environ. Manag. 2005, 35, 726–740. [CrossRef] [PubMed]
Eamus, D.; Zolfaghar, S.; Villalobos-Vega, R.; Cleverly, J.; Huete, A. Groundwater-dependent ecosystems:
Recent insights from satellite and field-based studies. Hydrol. Earth Syst. Sci. 2015, 19, 4229–4256. [CrossRef]
Cui, Y.L.; Shao, J.L. The role of ground water in arid/semiarid ecosystems, Northwest China. Ground Water
2005, 43, 471–477. [CrossRef] [PubMed]
MacKay, H. Protection and management of groundwater-dependent ecosystems: Emerging challenges and
potential approaches for policy and management. Aust. J. Bot. 2006, 54, 231–237. [CrossRef]
Zhao, W.Z.; Cheng, G.D. Review of several problems on the study of eco-hydrological processes in arid
zones. Chin. Sci. Bull. 2002, 47, 353–360. [CrossRef]
Rohde, M.M.; Froend, R.; Howard, J. A global synthesis of managing groundwater dependent ecosystems
under sustainable groundwater policy. Groundwater 2017, 55, 293–301. [CrossRef] [PubMed]
Yuan, C.J. Determination of critical groundwater depth. J. Hydraul. Eng. 1964, 3, 50–53.
Zhang, C.C.; Shao, J.L.; Li, C.J.; Cui, Y.L. A study on the ecological groundwater table in the North China
plain. J. Jilin Univ. 2003, 33, 323–326.
Liao, Z.L.; Ma, Z.Z.; Cheng, S.H.; Xie, X.M.; He, H.X. Dominant critical water level of groundwater and its
determing method. Water Resour. Hydropower Eng. 2018, 49, 26–32. [CrossRef]
Horton, J.L.; Kolb, T.E.; Hart, S.C. Responses of riparian trees to interannual variation in ground water depth
in a semi-arid river basin. Plant Cell Environ. 2001, 24, 293–304. [CrossRef]
Feng, Q.; Peng, J.Z.; Li, J.G.; Xi, H.Y.; Si, J.H. Using the concept of ecological groundwater level to evaluate
shallow groundwater resources in hyperarid desert regions. J. Arid Land 2012, 4, 378–389. [CrossRef]
Hao, X.M.; Li, W.H.; Huang, X.; Zhu, C.G.; Ma, J.X. Assessment of the groundwater threshold of desert
riparian forest vegetation along the middle and lower reaches of the Tarim River, China. Hydrol. Process.
2010, 24, 178–186. [CrossRef]
Li, W.H.; Zhou, H.H.; Fu, A.H.; Chen, Y.P. Ecological response and hydrological mechanism of desert riparian
forest in inland river, northwest of China. Ecohydrology 2013, 6, 949–955. [CrossRef]
Jin, X.M.; Schaepman, M.E.; Clevers, J.G.P.W.; Su, Z.B.; Hu, G.C. Groundwater Depth and Vegetation in the
Ejina Area, China. Arid Land Res. Manag. 2011, 25, 194–199. [CrossRef]
Elmore, A.J.; Manning, S.J.; Mustard, J.F.; Craine, J.M. Decline in alkali meadow vegetation cover in California:
The effects of groundwater extraction and drought. J. Appl. Ecol. 2006, 43, 770–779. [CrossRef]

Int. J. Environ. Res. Public Health 2019, 16, 763

28.

29.
30.

31.
32.
33.

34.
35.

36.
37.

38.

39.

40.
41.
42.
43.
44.
45.

46.

47.
48.
49.

12 of 13

Chavez, R.O.; Clevers, J.; Decuyper, M.; de Bruin, S.; Herold, M. 50 years of water extraction in the Pampa
del Tamarugal basin: Can Prosopis tamarugo trees survive in the hyper-arid Atacama Desert (Northern
Chile)? J. Arid Environ. 2016, 124, 292–303. [CrossRef]
Ma, X.D.; Chen, Y.N.; Zhu, C.G.; Li, W.H. The variation in soil moisture and the appropriate groundwater
table for desert riparian forest along the Lower Tarim River. J. Geogr. Sci. 2011, 21, 150–162. [CrossRef]
Zolfaghar, S.; Villalobos-Vega, R.; Cleverly, J.; Zeppel, M.; Rumman, R.; Eamus, D. The influence of
depth-to-groundwater on structure and productivity of Eucalyptus woodlands. Aust. J. Bot. 2014, 62,
428–437. [CrossRef]
Coudun, C.; Gegout, J.-C. The derivation of species response curves with Gaussian logistic regression is
sensitive to sampling intensity and curve characteristics. Ecol. Model. 2006, 199, 164–175. [CrossRef]
Shang, H.M.; Wang, W.K.; Dai, Z.X.; Duan, L.; Zhao, Y.Q.; Zhang, J. An ecology-oriented exploitation mode of
groundwater resources in the northern Tianshan Mountains, China. J. Hydrol. 2016, 543, 386–394. [CrossRef]
Li, X.Y.; Lin, L.S.; Zhao, Q.; Zhang, X.M.; Thomas, F.M. Influence of groundwater depth on species
composition and community structure in the transition zone of Cele oasis. J. Arid Land 2010, 2, 235–242.
[CrossRef]
Bean, W.T. The Normalized Difference Vegetation Index. J. Wildl. Manag. 2015, 79, 169–170. [CrossRef]
Scott, R.L.; Cable, W.L.; Huxman, T.E.; Nagler, P.L.; Hernandez, M.; Goodrich, D.C. Multiyear riparian
evapotranspiration and groundwater use for a semiarid watershed. J. Arid Environ. 2008, 72, 1232–1246.
[CrossRef]
Saidi, S.; Louppe, D.; Le Bel, S. Estimating tree density with the Perpendicular Vegetation Index: Application
to the tree savannahs of northern Tanzania. Bois Et For. Des Trop. 2018, 337, 39–51. [CrossRef]
Ren, H.R.; Zhou, G.S.; Zhang, F. Using negative soil adjustment factor in soil-adjusted vegetation index
(SAVI) for aboveground living biomass estimation in arid grasslands. Remote Sens. Environ. 2018, 209,
439–445. [CrossRef]
Shen, L.; He, Y.H.; Guo, X.L. Suitability of the normalized difference vegetation index and the adjusted
transformed soil-adjusted vegetation index for spatially characterizing loggerhead shrike habitats in North
American mixed prairie. J. Appl. Remote Sens. 2013, 7, 073574. [CrossRef]
Singh, C.K.; Katpatal, Y.B. Evaluating control of various hydrological factors on selection of
groundwater-level monitoring networks in irrigated areas using a geospatial approach. J. Irrig. Drain.
Eng. 2017, 143, 05017003. [CrossRef]
Gangopadhyay, S.; Das Gupta, A.; Nachabe, M.H. Evaluation of ground water monitoring network by
principal component analysis. Ground Water 2001, 39, 181–191. [CrossRef] [PubMed]
Triki, I.; Zairi, M.; Ben Dhia, H. A geostatistical approach for groundwater head monitoring network
optimisation: Case of the Sfax superficial aquifer (Tunisia). Water Environ. J. 2013, 27, 362–372. [CrossRef]
Narany, T.S.; Ramli, M.F.; Fakharian, K.; Aris, A.Z.; Sulaiman, W.N.A. Multi-objective based approach for
groundwater quality monitoring network optimization. Water Resour. Manag. 2015, 29, 5141–5156. [CrossRef]
Mondal, N.C.; Singh, V.P. Evaluation of groundwater monitoring network of Kodaganar River basin from
Southern India using entropy. Environ. Earth Sci. 2012, 66, 1183–1193. [CrossRef]
Nunes, L.M.; Paralta, E.; Cunha, M.C.; Ribeiro, L. Groundwater nitrate monitoring network optimization
with missing data. Water Resour. Res. 2004, 40, W02406. [CrossRef]
Mata-Gonzalez, R.; McLendon, T.; Martin, D.W.; Trlica, M.J.; Pearce, R.A. Vegetation as affected by
groundwater depth and microtopography in a shallow aquifer area of the Great Basin. Ecohydrology 2012, 5,
54–63. [CrossRef]
Ding, J.Y.; Zhao, W.W.; Daryanto, S.; Wang, L.X.; Fan, H.; Feng, Q.; Wang, Y.P. The spatial distribution and
temporal variation of desert riparian forests and their influencing factors in the downstream Heihe River
basin, China. Hydrol. Earth Syst. Sci. 2017, 21, 2405–2419. [CrossRef]
Zolfaghar, S. Comparative Ecophysiology of eucalyptus Woodlands Along a Depth-To-Groundwater Gradient.
Ph.D. Thesis, University of Technology Sydney, Sydney, Australia, 2014.
Le Maitre, D.C.; Scott, D.F.; Colvin, C. A review of information on interactions between vegetation and
groundwater. Water Sa 1999, 25, 137–152.
Han, M.; Zhao, C.Y.; Feng, G.; Shi, F.Z. Bayesian inference of the groundwater depth threshold in a vegetation
dynamic model: A case study, lower reach, Tarim River. Quat. Int. 2015, 380, 207–215. [CrossRef]

Int. J. Environ. Res. Public Health 2019, 16, 763

50.

51.
52.
53.
54.
55.

13 of 13

Kath, J.; Reardon-Smith, K.; Le Brocque, A.F.; Dyer, F.J.; Dafny, E.; Fritz, L.; Batterham, M. Groundwater
decline and tree change in floodplain landscapes: Identifying non-linear threshold responses in canopy
condition. Glob. Ecol. Conserv. 2014, 2, 148–160. [CrossRef]
Andersen, T.; Carstensen, J.; Hernandez-Garcia, E.; Duarte, C.M. Ecological thresholds and regime shifts:
Approaches to identification. Trends Ecol. Evol. 2009, 24, 49–57. [CrossRef] [PubMed]
Poff, N.L.; Allan, J.D.; Bain, M.B.; Karr, J.R.; Prestegaard, K.L.; Richter, B.D.; Sparks, R.E.; Stromberg, J.C.
The natural flow regime. Bioscience 1997, 47, 769–784. [CrossRef]
Kranjcec, J.; Mahoney, J.M.; Rood, S.B. The responses of three riparian cottonwood species to water table
decline. For. Ecol. Manag. 1998, 110, 77–87. [CrossRef]
Vonlanthen, B.; Zhang, X.; Bruelheide, H. On the run for water—Root growth of two phreatophytes in the
Taklamakan Desert. J. Arid Environ. 2010, 74, 1604–1615. [CrossRef]
Horton, J.L.; Clark, J.L. Water table decline alters growth and survival of Salix gooddingii and Tamarix
chinensis seedlings. For. Ecol. Manag. 2001, 140, 239–247. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

