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ABSTRACT ARTICLE HISTORY
Terrestrial groundwater dependent vegetation (TGDV) are crucial Received 15 March 2021
ecosystems which provide important goods and services such as Accepted 18 June 2021
carbon sequestration, habitat, water purification and aesthetic
benefits in semi-arid environments. Global climate change and
anthropogenic impacts on surface water resources have led to .

. K X computing; groundwater
increased competing claims on groundwater resources to meet resources; satellite data;
an exponential water demand for environmental needs, agricul- vegetation responses
tural and developmental needs. This has led to the unsustainable

exploitation of groundwater resources, resulting in groundwater

table declines, threatening the sustainability of TGDV. It is on this

premise that the review aims to provide a detailed overview on

the progress in remote sensing of TGDV. More specifically, the

paper provides a background on TGDV and threats, and then fur-

ther explores recent knowledge on vegetation response to

groundwater variability and climate change impacts on TGDV.

This review also focuses on recent progress in remote sensing

and geographic information systems (GIS) based techniques for

mapping and monitoring of TGDV and explores the available sat-

ellite products and delineation techniques. Finally, the challenges

of remote sensing and future research direction are explored. To

date, research on TGDV has gained considerable interest with the

year 2020 resulting in the most scientific journal publications. Of

significant importance is an increase in studies integrating field

measurements, model-based techniques with remotely sensed

estimates. Despite this progress, only 0.06% of groundwater

dependent ecosystems (GDE) research has utilized remote sensing

techniques in the past 20years, with the top three publishing

countries namely, Australia, USA, and China. The literature reveals

that TDGV are highly heterogenous, complex ecosystems with

unique responses to varying groundwater levels. The vegetation

responses differ with the landscape, vegetation type, and season-

ality at specific groundwater table thresholds. Despite significant

progress in TGDV scientific research, further remote sensing stud-

ies are required to understand the annual and inter-annual vege-

tation response to groundwater variability at local scales. Further,

climate impacts are difficult to discriminate from other influences
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such as disturbances, management, and anthropogenic activities.
Moreover, new generation remote sensing products integrated
with machine learning techniques have the potential to improve
TGDV delineation. Despite these challenges, the development of
cloud computing technologies such as google earth engine (GEE)
and artificial intelligence (Al) provide advanced computer-process-
ing capabilities for long-term monitoring and integration of multi-
source datasets required to capture the effects of climate and
groundwater variability on TGDV.

1. Introduction

Vegetation is a major component of terrestrial ecosystems and plays a vital role in energy
flow, global carbon circulation, and the hydrological cycle (Zhao et al. 2012). It is esti-
mated that 29% of global carbon emissions are decreased by terrestrial vegetation, thus
reducing the accumulation of atmospheric carbon dioxide (Cernusak et al. 2019). Further,
desertification processes are buffered by vegetation cover which maintain healthy natural
environmental conditions (Lv et al. 2013). About 25-40 tonnes of the topsoil are eroded
annually, due to vegetation clearing and cultivation as well as poor land management
practices (Lv et al. 2013; FAO and ITPS 2015). During this process, 23-42 tonnes of phos-
phorous and nitrogen are transported from land, decreasing the soils ability to regulate
nutrients, carbon, and water (FAO and ITPS 2015). In addition, terrestrial ecosystems
provide other valuable ecosystem services such as flood control, water purification, pollin-
ator habitats and recreational opportunities (Northcote and Atagi 1997; DeFries and
Bounoua 2004; Gerten et al. 2004). A study by Blevins and Aldous (2011) revealed that
17% of terrestrial vegetation in the United States were groundwater dependent and pro-
vided habitat for 39% invertebrates. In arid regions, vegetation is a major contributor of
soil organic material which fosters soil aggregation, water attenuation and nutrient accu-
mulation (Lv et al. 2013). Furthermore, terrestrial ecosystems contribute to the economy
through ecotourism, as a genetic hub for bioprospecting and in the preservation of bio-
diversity (Williams 2018). In 2011, the global economic value of ecosystem services was
estimated at 124.8 trillion USD and the benefits of ecosystem conservation far exceed the
costs of conservation (Costanza et al. 2014). Therefore, it is imperative that these ecosys-
tems are protected and safeguarded from both natural and anthropogenic threats.

Climate variability affects water availability and temperature which in turn affect vege-
tation distribution, health and productivity (Barron et al. 2014; Klove et al. 2014).
Moreover, a third of the sub-Saharan African landscape consist of arid and semi-arid
land, which experiences low rainfall with annual averages below 500 mm/yr. Only 2% of
the average rainfall replenishes groundwater resources (Xu and Beekman 2003; Wada et
al. 2010). Available surface water for terrestrial vegetation in these regions is highly lim-
ited. Therefore, groundwater is an important resource for growth, species composition
and structure as well as the distribution of terrestrial vegetation (Liu 2011). In addition,
some terrestrial vegetation in arid and semi-arid regions are maintained by direct and
indirect access to groundwater and are collectively called groundwater dependent ecosys-
tems (GDEs), terrestrial groundwater dependent vegetation (TGDV) and sometimes
referred to as phreatophytes (Richardson and Kruger 1990).

Global environmental change, infrastructural developments and most importantly,
over-exploitation of surface and groundwater resources has largely compromised the
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ecological integrity of ecosystems (McDowell and Moll 1992; Rouget et al. 2003). Global
change has widespread impacts on the Earth’s terrestrial ecosystems such as habitat loss
and fragmentation, biological invasions, pollution, frequent droughts, and climate change
which rapidly erode biodiversity and threaten ecosystem functioning (Lv et al. 2013). For
instance, available water for terrestrial vegetation has been compromised due to escalating
air temperature, prolonged droughts as well as over-exploitation of groundwater resources
for anthropogenic activities (Krogulec 2018; Williams 2018). Subsequently, compromising
the ability for TGDV to provide essential ecosystem goods and services (Rouget et al
2003; Shadwel and Febraury 2017). Monitoring vegetation conditions and its response to
environmental and global changes overtime improves our understanding of change proc-
esses, and help identify affected and vulnerable areas (Franklin et al. 2016). Information
on the nature and types of vegetation-groundwater interactions will guide in policy-
making, setting restrictions and developing strategic mechanisms for groundwater use
within the region. In this regard, such information is also critical for supporting agendas
on sustainable future development, for example the United Nations’ (UN) Sustainable
Development Goal 15 on ‘Life on Land’ (United Nations 2017). Vegetation condition and
its response to global change, is specified in the lists of Essential Climate Variables
(Bojinski et al. 2014) and Essential Biodiversity Variables (Pereira et al. 2013).

So far, groundwater-vegetation interaction monitoring has been limited by the trade-
off that exists between the costs, efficiency, and level of detail offered by the techniques
employed (Pérez Hoyos et al. 2016). Water chemistry indicators can give direct evidence
to groundwater and vegetation interactions, which helps determine groundwater depend-
ence (Colvin et al. 2007; Orellana et al. 2012). Other indicators are inferential and include;
Eddy correlation, Bowen ratio, climatic indices, sap flow measurements, plant phenology,
and leaf area index using ground-based equipment (specialized leaf area meter), to assess
the influence of groundwater variability on vegetation (Colvin et al. 2003; Eamus et al.
2015a; Pérez Hoyos et al. 2016). While these methods provide highly detailed information,
they are limited in that they are costly, resource intensive, and are unsuitable for catch-
ment scale assessment of TGDV as they provide site specific information.

Remote sensing has emerged as an efficient monitoring tool that can provide crucial
vegetation information on the status and response to environmental change at community
or landscape scale (Wessels et al. 2008; Zhu 2017; Griffiths et al. 2019). The success of
remote sensing in assessing vegetation response to water availability is well documented
in literature (Colvin et al. 2003; Boulton and Hancock 2006; Miinch and Conrad 2007;
Rohde et al. 2017; Parker et al. 2018). However, there is a dearth in knowledge on the
applicability of satellite and spectral data for determining groundwater-vegetation interac-
tions, especially at species level. Current research primarily focuses on global groundwater
availability and its impact on society with limited research focusing on ecosystem impacts.
The state of knowledge on vegetation and groundwater interactions (Le Maitre et al.
1999; Colvin et al. 2003; Eamus and Froend 2006; Bertrand et al. 2012) and recent techni-
ques for mapping and assessing TGDV (Eamus et al. 2015a; Pérez Hoyos et al. 2016;
Klausmeyer et al. 2018) is well documented. Therefore, this review paper aims to develop
a detailed synthesis on the progress and development of remote sensing integrated with
geographic and information systems in assessing TGDVs over fine spatial and temporal
scales. More specifically, the review objectives are to (a) provide a detailed background on
GDEs, (b) give an overview of groundwater vegetation interactions, assess the effects of
climate induced groundwater variability on terrestrial groundwater dependent ecosystems,
(c) exemplify the application of remote sensing (RS) and geographic information systems
(GIS) in identifying TGDV, (d) discuss the application potential role of RS and GIS in
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Figure 1. Number of publications on GDEs, TGDV and remote sensing of GDEs from 2000-2021.

future applications. The review will be a synthesis of the state of knowledge on the phys-
ical response patterns and threshold to acquire a comprehensive understanding on the
degree of dependency of TGDV in arid environments. The assessment on recent techni-
ques in identifying TGDV should prompt research on their potential to acquire informa-
tion useful for TGDV management.

2, Literature search on groundwater dependent ecosystems

Relevant literature was acquired from several search engines such as google scholar,
SCOPUS, and the Web of Science Core Collection (WoSCC). The expressions or topic
search key words ‘groundwater’, ‘groundwater dependent ecosystems’, ‘remote sensing’,
‘climate and groundwater’, ‘semi-arid and arid’, ‘phreatophytes’ and ‘terrestrial vegetation’
were used to source literature from international peer-reviewed journals. The literature
search range was from 2000-2021. An increase in the number of publications on ground-
water dependent ecosystems and TGDV was noted (Figure 1). An additional source for
literature was obtained through a rigorous assessment of references cited by the read
papers. The literature search revealed that most publications largely focused on GDEs in
general, 52% of those were on groundwater dependent vegetation with only 0.06% GDE
incorporating remote sensing approaches.

3. Background on terrestrial groundwater dependent ecosystems

GDEs are communities of plants, animals and microorganisms that continuously or to
some extent rely on the available groundwater to maintain their structure and functioning
(Colvin et al. 2003; Klove et al. 2011). GDEs may be maintained by direct or indirect
access to groundwater and rely on the flow regime and chemical characteristics of
groundwater (Hatton and Evans 1998). In this regard, when groundwater is limited, the
functioning and structure of these ecosystems will be significantly altered. Various classifi-
cation systems have been introduced based on the geographic setting in which they exist
and the type of aquifer-ecosystem interface (Hatton and Evans 1998; Sinclair 2001; Colvin
et al. 2007). A classification system with three basic classes based on the type of
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Table 1. Summary of GDE classification according to Eamus et al. (2006).

Class Ecosystem type Members
i Aquifer and cave systems Stygofauna
i Ecosystems dependent on the wetlands, river base flow, floodplains,
surface expression of Groundwater riparian vegetation, low lying springs, mound springs
iii Ecosystems dependent on the Terrestrial Vegetation (Phreatophytes) and
subsurface expression of Groundwater associated dependent flora and fauna

groundwater reliance was introduced by Eamus et al. (2006). The ecosystem classification
method makes distinguishing and identifying groundwater dependence much easier and
help to improve assessments for ecological risks. This review focuses on the terrestrial
vegetation class and moreover the third class according to Eamus et al. (2006) which is
classification system (Table 1).

TGDYV is vital for biodiversity conservation and provides ecological resources in terres-
trial ecosystems. Surface water and groundwater resource quality is maintained by
groundwater dependent ecosystems (Pérez Hoyos et al. 2016). For example, vegetation aid
in the attenuation and infiltration of surface water recharge into the aquifer. Terrestrial
vegetation also play an important role in preventing soil erosion, provide vital habitats
and act as corridors for migratory species (Kreamer et al. 2015). Terrestrial vegetation
dependent on groundwater also acts as nutrient pumps and provide water to shallow
rooted plants through hydraulic lift. In recreational areas such as national parks and fish-
eries, TGDV have economic and aesthetic value and provide ecosystem services such as
runoff interception and carbon capture (de Klerk et al. 2012; Rohde et al. 2017).
Therefore, research on GDEs has continued to develop, and has renewed interest due to
increased natural and anthropogenic threats (Mawdsley et al. 2009; Chambers et al. 2013).

4. Threats to GDEs

Groundwater and associated ecosystems are increasingly threatened by global environ-
mental change. These are planetary-scale changes in the Earths’ systems (land, oceans,
atmosphere, the planet’s natural cycles and deep earth processes), which encompass
changes in population, climate, resource use, land use and land cover (Noone et al. 2011).
An ever-growing population, agricultural and economic development coupled with a
changing climate have heightened the pressure on water resources. Climate change has
decreased the reliability of surface water resources. As a result greater consideration has
been given to groundwater as a resilient freshwater resource that can augment surface
water resources (MacKay 2006; Kundzewicz and Doll 2009). Subsequently, groundwater
exploitation has drastically increased with 33% of the global available freshwater supply
obtained from groundwater (Vaux 2011; Richey et al. 2015). Moreover, global ground-
water levels and volume have been reported to be on the decline (Richey et al. 2015).
Modification of groundwater levels and the deviation of flow patterns from the natural
groundwater regime due to anthropogenic influence and climate change have detrimental
impacts on the structure and functioning of groundwater dependent ecosystems (Loomes
et al. 2013; Klove et al. 2014). Therefore, there is a need to develop management plans
and policies, which promote the sustainable use of groundwater resources. Thereby miti-
gating negative environmental impacts such as storage depletion, saltwater intrusion, wet-
land and riparian habitat loss, land subsidence and reductions in stream flow. The
influence of elevated groundwater demand is exacerbated by a rapidly changing climate
(IPCC 2014). Long term variability in precipitation, temperature and wind threatens the
health and abundance of GDEs which are influenced by the spatial and temporal
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availability of groundwater (Chambers et al. 2013). Global average surface temperatures
have been estimated to increase by 0.84 degrees Celsius from 1880-2012. This rise has
been associated with negative impacts on groundwater quantity and quality. Under all cli-
mate scenarios, global surface temperatures are expected to rise. Further, drought and
flood events are predicted to increase in the 21** century (IPCC 2014). Reduced precipita-
tion and elevated temperatures are detrimental on groundwater levels because of limited
groundwater recharge and increased plant water demand (Noone et al. 2011; Klove et al.
2014). There is a large body of literature on the anthropogenic impacts on GDEs
(Munoz-Reinoso 2001; Krause et al. 2007; Huang et al. 2020, 2019). However, little scien-
tific research focus on the impacts of climate variability especially on terrestrial vegetation
(Klgve et al. 2011; Taylor and Tindimugaya 2011; Barron et al. 2012). Groundwater and
associated ecosystems are particularly vulnerable to climate impacts as the resource is
unseen and there exists a time lag before the response is noticed (Morsy et al. 2017). In
some instances, inappropriate management policies and strategies have also been linked
to the degradation of TGDV (Morsy et al. 2017). Therefore, a comprehensive synthesis of
knowledge on the interactions and response mechanisms for groundwater and dependent
vegetation will ensure the formation of adaptive and holistic management plans.

5. TGDV response to groundwater variability

Groundwater availability affects the spatial distribution and abundance of terrestrial vege-
tation (Orellana et al. 2012). Numerous studies have been conducted to establish the rela-
tionship between groundwater and vegetation (Le Maitre et al. 1999; Rodriguez-Iturbe
and Porporato 2005; Eamus et al. 2006). Vegetation response to fluctuating groundwater
levels vary from non-observable change to alterations of the entire community structure
based on their physical and biological properties (Naumburg et al. 2005). Several studies
were conducted to characterize phreatophytes according to their relations to groundwater
depth (Robinson 1958; Loheide et al. 2005). They reported that a decreasing water table
could result in severe plant water stress, when plant roots cannot develop at sufficient
rates or when the soil has low water holding capacity. Therefore, a declining water table
limits the amount of water available for vegetation resulting in plant water stress and
decreased plant productivity (Loheide et al. 2005; Naumburg et al. 2005). Further, Han
and He (2020) reported a decrease in leaf intensity with a receding water table.
Alternatively, a rising water table can flood plant roots resulting in anoxic stress
(Naumburg et al. 2005). In another study, Meinzer (1929) reviewed TGDV species and
characterized them according to their rooting depth. Results revealed that rooting density
decreased with an increase in depth to groundwater, the physiological characteristics of
TGDV included dimorphic roots, which allow them to exploit deep groundwater sources.
It was also determined by Laio et al. (2009) that a decline in groundwater level may cause
an increase in the plants rooting zone and an increased aerated soil profile suitable for
new root development. Additionally, Zhang et al. (2020) modelled the spectral vegetation
response to depth to groundwater table using the Tsallis Entropy Theory. It was reported
that vegetation response was not uniform, different thresholds exist for grassland, shrub-
land, and forest vegetation. They found that at depths (>1m) NDVI decreased with
increasing depth, the alternative was also true, whereby NDVI declined with the rising
water table at depths (<1m) (Figure 2). Therefore, deeper water tables increase soil vol-
ume available for the storage of precipitation and hydraulically lifted water that can dras-
tically increase the water available for plant use and growth. Also, in arid environments
evapotranspiration can result in salt accumulation in soils, elevated groundwater levels
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Figure 2. The relationship between NDVI of (a) grass land, (b) forest land, (c) shrub forest and groundwater depth
based on Tsellis Theory in Ejina oasis in Hei (Source: Zhang et al. 2020).

limit the rooting zone to saline soils resulting in plant stress from the access saline water
(Zhang et al. 2020).

A declining groundwater table has negative effects on plant physiology (Kath et al.
2014). During transpiration, water from the soil is pulled into the plant roots, then trans-
ported through the xylem to exit through the leaf surface. A deficit in soil moisture
increases the potential pressure in the xylem to the extent where xylem cavitation occurs.
When this threshold is reached, the amount of water transported to plant leaves is
decreased which causes stomatal closure, a reduction in photosynthetic activity and then
branch and crown mortality (Le Maitre et al. 1999; Kath et al. 2014). For instance, Huang
et al. (2016) reported the decrease in the ratio of actual and potential evapotranspiration
and the groundwater contribution associated with a declining groundwater table.
Different plant species have different xylem cavitation resistances. It is reported that ripar-
ian vegetation cannot tolerate limited water supply and therefore are vulnerable to xylem
cavitation as well as crown and branch mortality (Hancock et al. 2009; Kath et al. 2014;
Johansen et al. 2018). On the other hand, xeric phreatophytes are drought tolerant vegeta-
tion species and can survive significant water table declines, despite losing some branches
and leaf area. In a different study, Munoz-Reinoso (2001) examined vegetation changes in
Spain and the processes causing those changes. Results revealed species composition
change into xerophytic communities due to decrease in water availability.

Ecosystems dependent on groundwater show low seasonal variability in vegetation
health and transpiration rates when compared to non-GDEs. The effects of groundwater
extraction on coastal GDEs in New South Wales were assessed by Adams et al. (2015).
Their findings indicated that long-term changes in evapotranspiration from groundwater
dependent vegetation occur seasonally. Evapotranspiration rates had low variability than
that of vegetation dependent on surface water. Further, tree ring analysis have demon-
strated that groundwater availability is an important factor on plant growth rates (Xia et
al. 2012; Gholami et al. 2015). Hydraulic lift of moisture from deeper soil horizons pro-
vides water for shallow rooted herbaceous vegetation in times of water stress. Increasing
groundwater depth has been associated with reduced plant growth rate. In addition,
increased growth rates are associated with deeper water tables (Osmond et al. 1987; Sarris
et al. 2007). Vegetation response to groundwater variability differ with the plants anoxic
and water stress tolerance, water uptake capacity and the change in the distribution and
size of the active rooting zone (Naumburg et al. 2005). The variable plant responses to
groundwater variability mean that studies on TGDV should not take a generalized
approach. However, valuable insights maybe attained from long-term understanding of
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the relationship between groundwater, TGDV and climate. Understanding the relationship
on how groundwater availability affects vegetation and how that translates in terms of
spectral signatures, has opened a more cost-effective, efficient methodology for the long
term monitoring of TGDV (Barron et al. 2014). A detailed summary of recent studies
that have exploited the spectral response of TDGV to assess their interaction with
groundwater is provided in Table 2.

6. Climate impact on groundwater and dependent ecosystems

Changes in climate on annual or multi-decadal time scales have been seen to impact
groundwater recharge and levels, depending on the aquifer size (Huss et al. 2010; Taylor
and Tindimugaya 2011 201). Groundwater resources and associated vegetation depend on
the distribution, amount, timing of precipitation, evaporation loss, and land use/landcover
characteristics. An aquifer recharge potential depends on the groundwater level. Higher
depths to the water table increase recharge potential and capture zones. Properties of the
aquifer are also vital; smaller shallow unconfined aquifers are more sensitive to climate
change, whereas larger confined aquifers are likely to have a more delayed response
(Poiani et al. 1996; Scibek and Allen 2006). Confined non-renewable groundwater will be
less sensitive to direct effects of climate change and variability but vulnerable to indirect
effects of increased abstractions (Poiani et al. 1996; Scibek and Allen 2006). Subsequently,
the degree at which TGDV are affected by climate variability depends on the aquifer char-
acteristics, therefore, vegetation dependent on groundwater from small and shallow
unconfined aquifers are more vulnerable to the effects of climate change (Poiani et
al. 1996).

Climate warming can influence the availability and demand for groundwater resources
thus affecting water available for sustaining ecological functions (Wattendorf et al. 2010;
Barron et al. 2012). Further studies on the effects of climate on groundwater and associ-
ated vegetation are outlined in Table 3. Climate change impacts on general water resour-
ces have been widely investigated. Although impacts on groundwater resources have
gained increasing attention over the years, however there is limited information on how
TGDV are impacted. The seasonal distribution of precipitation and the temperature deter-
mine global climate zones and consequently the distribution of ecosystems, including
TGDV (Walter et al. 1973). As they are adapted to specific water regimes, many ecosys-
tems are vulnerable to climate change. For example, the study by Barron et al. (2012)
noted that reduced surface water flows and longer dry periods, place TGDV at high risk
with an estimated 19% decrease in current habitats in Australia. In addition, GDEs are
increasingly likely to be threatened by groundwater abstraction. Extreme climate condi-
tions change the hydrological regime, whereas the extent and seasonality of aquatic envi-
ronments change the environmental conditions of TGDV (Klgve et al. 2014).

Climate induced changes in groundwater-surface water interactions will directly and
indirectly affect wetlands and TGDV. Impacts on TGDV will likely result from changes in
groundwater and surface water levels and will vary in intensity depending on the location
of the landscape, scale of the system and land use changes. Local and intermediate sys-
tems are overly sensitive to groundwater level dynamics and increased temperatures lead
to significant changes on these systems. Regional scales systems are less impacted by
extreme events, seasonal fluctuations in groundwater level, recharge and increases evapo-
transpiration rates. For TGDV, a shift in local species composition will occur and
decreased leaf density and primary productivity (Shafroth et al. 2000; Naumburg et al.
2005; Mawdsley et al. 2009). Further, Albano et al. (2020), demonstrated that vegetation
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Application

Results

Reference

Hydrological controls on
vegetation dynamics

Ecohydrological response

Groundwater and GDE
response to ecological
water conveyance

GDE veg Index using
Entropy theory

Estimate crop
groundwater use

Effects if Groundwater
extraction on Et rates,

Role of climate, GW
availability and land
management on
veg vigor

Veg response to
groundwater
drawdown

Quantify groundwater
contribution to Salix
psammophila
water use.

Demonstrate the role of
hydraulic path in
determining
plant intensity.

Effects of groundwater
table decline on
vegetation
transpiration.

Relationship between
riparian vegetation and
groundwater depth

Assess spatio-temporal
evapotranspiration
patterns of TGDV

Influence of water table
depth on
evapotranspiration
rates of in the amazon
arc of deforestation

Show the extent of
groundwater-
vegetation interaction
distribution

The annual correlation between terrestrial water storage
and NDVI is greater than that of rainfall and NDVI.
monthly/seasonal correlation between rainfall and
NDVI is greater than that of Terrestrial water storage
and NDVI.

Response to water convergence: 80-day time lag for
groundwater
4-7 years for vegetation

Decrease in Depth to water (DT)T (p < 0.05)
increase in NDVI (p < 0.05)

At DT >1m) NDVI declines with increasing DT
At DT <1m) veg growth is restricted.

NDVI correlation coefficient (p < 0.01)

50% of irrigation water from groundwater. Seasonal
crops more reliant on groundwater than perennial
crops.

Groundwater dependence increases with
drying conditions.

Long term change in Et close to extraction zones
Sig change Et for Facultative communities (p < 0.01)

Strong correlation between changes in plant vigor,
precipitation, groundwater depth and
evaporative demand.

Vegetation ecophysiology negatively affected by
groundwater drawdown.

Groundwater contribution to evapotranspiration ration
decreases with increasing depth to
groundwater table.

Leafing intensity decreases with increasing groundwater
table depth and plant height

Transpiration rates decrease with declining groundwater
table, critical depth is at 3.6 and 2.0 m depths.
Groundwater depth correlation with
evapotranspiration is 0.98

Peak evapotranspiration rates at groundwater depths
<3m, and evapotranspiration values significantly
lower at depths greater than 3m.

Vegetation in shallow groundwater had high actual
evapotranspiration rates as compared to those on
deeper groundwater table, during the
growth season.

There were no differences in Evapotranspiration (ET),
Land surface Temperature (LST) and Enhanced
Vegetation Index (EVI) between vegetation and deep
and shallow groundwater tables. Higher ET in
shallow water table cops than those from deeper
water tables during the dry season transition.

Positive relationships (shallow DT with high Plant
productivity) for shrubs in mesic regions. Negative
relationship (deep DT with high plant productivity)
for forests in humid regions. Vegetation primary
productivity and groundwater depth are correlated in
more than two thirds of the global vegetated area.

(Ndehedehe et al. 2019)
West and Central Africa

(Liao et al. 2020)
China

(Huang et al. 2020)
China

(Zhang et al. 2020)
Northern China

(Hunink et al. 2015)
Spain

(Adams et al. 2015)
New South Wales
(Huntington et al. 2016)

United States

(Antunes et al. 2018)
Spain

(Huang et al. 2016)
China

(Han and He 2020)
China

(Wang et al. 2020)
China

(Lurtz et al. 2020)
United States

(Sommer et al. 2016)

(O’Connor et al. 2019)
Brazil

(Koirala et al. 2017)
Global
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Table 3. Impacts of climate change on groundwater and associated ecosystems.

Application

Key Findings

Reference

Identify key hazards of
climate change to
develop a DGE risk
assessment and
decision-
making framework

Revealing Impacts of
Climate Change
on GDEs

Impacts of predicted
climate change on
groundwater flow
systems: Can wetlands
disappear due to
recharge reduction?

Assessing the role of
climate and resource
management on
groundwater
dependent ecosystem
changes in arid
environments.

Impacts and uncertainties
of climate/CO2 change
on net primary
productivity (NPP) in
dryland vegetation.

Ecosystem change affected by threshold tolerance of biota.
TGDV threatened by groundwater decline due to low
rainfall, increased water extraction and land use change
to pine plantations. The temporal regime of
temperature, groundwater depth were significant floristic
change drivers.

Temperature and rainfall variability may be the primary
threats to groundwater and GDEs. they reduce recharge
and possibly increase groundwater withdrawal rates.
Climate change further accentuated the degradation of
spring biota by causing changes in the precipitation and
evapotranspiration regimes.

Flow systems their hierarchy can change from nested flow
systems to a set of single flow cells. Preservation of
TDGV becomes a challenge under these conditions since
long-term climate change could potentially have serious
consequences, including wetland disappearance.

Time series analysis clearly illustrates that there are strong
correlations between changes in vegetation vigor,
precipitation, evaporative demand, depth to
groundwater, and riparian restoration. Trends in summer
NDVI and groundwater level changes were found to be
statistically significant, and interannual summer NDVI
was found to be moderately correlated to interannual
water-year precipitation.

Simulations showed consistent temporal pattern of the
regional NPP during 2000-2014 that increased during
2008-2011 and decreased during 2005-2006 and
2013-2014. All simulations indicated that ecosystems at
high altitudes (> 47°) and were dominated by
precipitation change.

(Chambers et al. 2013)
Australia

(Morsy et al. 2017)
Kuwait

(Havril et al. 2018)
Hungary

(Huntington et al. 2016)
United States

(Fang et al. 2019)
China

responds at long-time scales due to climate variability for riparian vegetation is driven by
changes in groundwater and surface water dependence as compared to upland vegetation
which are controlled by the gradient of aridity. Other studies also indicated that riparian
vegetation had greater potential for groundwater dependence and were therefore sensitive
to climate induced groundwater variability (Barron et al. 2012; O. Barron et al. 2014;
Froend and Sommer 2010). Further, Kath et al. (2014) demonstrated that climate induced
groundwater decline resulted in the deteriorated tree canopy and a shift in species com-
position from non-vascular to vascular plants.

Highly variable rainfall could result in the reduction of groundwater resources due to a
higher frequency of low or high groundwater levels and sea water intrusion on coastal
aquifers (Kumar 2013). Climate warming is predicted to alter the magnitude and timing
of recharge (Scanlon et al. 2006; Klgve et al. 2014). This will result in a shift in the mean
seasonal and annual groundwater levels depending on the rainfall distribution (Scanlon et
al. 2006; Liu 2011). Long-term fluctuations in groundwater levels may also be a result of
climate variability, in addition to land-use/landcover and anthropogenic induced altera-
tions (Gurdak et al. 2007; Anderson and Emanuel 2008). Further, in areas with highly
variable vegetation productivity, it is unclear or difficult to determine if climate variability
is the main contributor to changes in vegetation productivity since these systems may
gain access to precipitation, shallow groundwater, and surface water, varying across tem-
poral and spatial scales. Therefore, discriminating the influence of climate variability from
management practices, disturbance and other long-term human activities require long
term monitoring (Hausner et al. 2018). A review of literature revealed that there are
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limited studies that focused on the impact of climate change (Shafroth et al. 2000;
Hancock et al. 2009; Huang et al. 2020). Most studies mainly investigated impacts on sur-
face water and little work has been done on groundwater, this may be because TGDV are
highly complex and heterogenous systems that are influenced by multiple factors, which
makes it hard to account for their status based on one factor. further, scientifically sound
methodologies that include the integration of long-term data and cloud-computing tech-
niques with which are characterized by high processing efficiency have the potential to
mitigate these challenges (Huntington et al. 2016; Hausner et al. 2018).

7. Geospatial approaches for identifying and assessing TGDVs

The first step for effective management of TGDV begins with the knowledge on their
location, distribution and areal extent (Rohde et al. 2017). Groundwater dependent eco-
systems at catchment scale can be identified mainly through field or floristic assessment,
numerical modelling and (geospatial) RS and GIS approaches (Eamus et al. 2015b;
Glanville et al. 2016). The choice of the selected approach is dependent on the temporal
and spatial extent of the study as well as available resources.

7.1. Field based methods for identifying GDEs

Groundwater use by phreatophytes has been assessed using field techniques: isotope ana-
lysis (Chapman et al. 2003; Eamus 2009; Cartwright et al. 2010), water balance methods
(Colvin et al. 2003), and assessment of ground-based leaf area index (Hatton and Evans
1998; Eamus et al. 2006), vegetation rooting depth (Shafroth et al. 2000; Eamus et al.
2006) as well as depth to groundwater models (Eamus 2009; Hoogland et al. 2010). For
instance, water flux measurements were used in determining groundwater use for decidu-
ous black oak trees in California (Miller et al. 2010). The study indicated that black oak
trees were obligate phreatophytes, with a groundwater uptake ranging from 4 mm/month
to 25 mm/month. Dependence was most in the dry season with 80% of evapotranspiration
from groundwater (Miller et al. 2010). In Australia, Jones et al. (2020) emphasized the
importance of validating ecohydrological conceptual models of GDEs. While field techni-
ques offer the most detailed insight on the nature, extent, and degree of groundwater eco-
system dependence, they are resource intensive, expensive and represent one-point in
time (Eamus et al. 2015b). Therefore, they are ideal for testing and developing a concep-
tual understanding of TGDV and validating TGDV mapping (Gow et al. 2010; Glanville
et al. 2016). However, although these studies demonstrate the importance of field based
methods in GDEs characterization, most of these techniques lack spatial representation,
which makes it difficult to upscale to larger areas or even complex in areas characterized
with heterogeneous plant species.

7.2. Modelling approach for identifying GDEs

Numerical modeling provides simulations on groundwater-vegetation interactions that
can be used to infer on ecosystem dependence on groundwater. Model-based methods
have been used in conjunction with geospatial techniques (Miinch and Conrad 2007) and
field studies (Mdricz 2010; Wu et al. 2015). These methods demonstrate a unique oppor-
tunity in understanding TGDVs as they integrate numerous dataset such as soil water
data, groundwater depth, underlying hydrogeological conditions. Due to this ability, it
was therefore noted that groundwater contribution and consumption could be modelled
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with low estimation errors of 0.007 (Moricz 2010; Wu et al. 2015). However, like any
other method, these techniques have their own inherent challenges. For example, while
numerical models provide innumerable insights; they are not entirely suitable for GDE
mapping at catchment scale especially in data sparse areas. In addition, the numerical
modelling approach can be time consuming and resource intensive.

7.3. Geospatial approach for identifying and assessing GDEs

Remote sensing and GIS techniques are robust methods for mapping TGDV at catchment
scale. Their implementation however, requires basic knowledge on groundwater-ecosystem
interactions and their spectral signature response (Barron et al. 2014). These approaches
relate the presence of vegetation in unexpected areas and dark soils to high soil moisture
content and groundwater availability (Brodie et al. 2002). Remote sensing technologies
such as airborne sensors, Light detection and Ranging (LIDAR), Synthetic Aperture Radar
(SAR) and space borne satellite sensors provide land surface information used in TGDV
identification. For example, LIDAR produces high quality digital elevation models (DEM)
used to obtain topographic indicators for locating GDEs such as aspect, slope and topo-
graphic wetness index (Pérez Hoyos et al. 2016). Based on the assumption that surface
water is the surface expression of groundwater, the SAR provides information on seasonal
fluctuations of the water table, surface water inundation, vegetation patterns etc. SAR data
can help infer on TGDV water balance and hydrological boundaries. Satellite sensors are
also widely used to obtain TGDV indicators such as vegetation pattern, evapotranspir-
ation, and soil moisture saturation (Table 4). Remote sensing equates GDEs to a distinct
ecosystem type (green islands), however groundwater dependence is one factor effecting
ecosystem productivity.

Literature search has revealed an increase in the use of remote sensing and GIS
approaches in eco-hydrogeology and related environmental studies (Tables 2 and 4).
Remote sensing can offer new applications that can quickly and synoptically monitor and
manage areas at different temporal and spatial resolutions. For example, remote sensing
has support timely and spatially explicit assessment of groundwater dependent ecosystems,
wetland, water quality monitoring and aquatic weeds etc. (Lv et al. 2013; Klausmeyer et
al. 2018; Thamaga and Dube 2018; Zhang et al. 2020). Moreover, continual coverage of
sensors provides both near real time and long-term data required for monitoring GDE
response to changing groundwater regimes resulting from climate variability. As such, the
use of satellite imagery has provided a reliable source of data that is intensively used in
hydrology and ecology (Ali and Alandjani 2019). Several satellite sensors are suitable for
extracting variables utilized in determining the location of GDEs and their probable
response to groundwater fluctuations. Sensor suitability has influenced research needs in
terms of spatial, temporal, radiometric and spectral resolution. While sensor resolution is
an important consideration, the cost of the satellite imagery is usually the major limiting
factor. In general, there exists a tradeoff between spatial resolution and acquisition; this is
also true for spatial and temporal resolution. Very high-resolution sensors such as
QuickBird, SPOT, IKONOS and Aerial photography with spatial resolutions <0.5m are
high cost. GDE potential have been estimated in Portugal, using SPOT 4 and 5 products
(Marques et al. 2019). The high spectral resolution sensors are ideal for vegetation map-
ping and change detection at species specific and community level. MODIS is a low-cost
sensor with low spatial resolution (250 m-1000 m) and multispectral and multi-date data
sets are therefore useful for global scale evapotranspiration estimation, monitoring photo-
synthetic activity, vegetation mapping (Pérez Hoyos et al. 2016). MODIS products have
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Table 4. Summary of key research on identifying potential TGDV.

Sensor Type classifier Key Findings Limitations
Landsat 5TM NDVI Compared Top of Accuracy of the (Emelyanova
Principal Atmosphere Reflectance delineated IDV extent et al. 2018)
Component and the Atmospherically may vary due to
corrected images (AC) for difference in landscape
inflow dependent characteristics and
vegetation. TOA and AC variations in
are in good agreement, vegetation type.

Kappa = 0.83. Both
methods show high
accuracies for capturing
Known IDV, 85-91%.

Landsat 5TM MODIS (ET, MSSR, Pid) 34% of Australian continent  Broad scale approach (Doody et al.
MODIS (NDVI, NDWI) contains GDEs of those 5% cannot identify GDEs 2017)

have high potential for <25 x 25 m. the Australian
GDEs. Emphasized the method provides a /continent
need to integrate expert snapshot and GDEs
knowledge to gain a that may be in decline
conceptual understanding due to other factors
for setting ruled in may be missed. The

identifying potential GDEs. GDE atlas requires
regular updating.

WorldView-2 Maximum likelihood  SPOT-7 (Overall Accuracy= High misclassification (Dlikilili 2019)
SPOT-7 Classifier 69%) (Overestimation) error South Africa
Landsat 8 OLI Object Based WorldView-2 (Overall along the hillslopes

Image Accuracy= 72%) during the wet period
Classifier GDEs are likely to occur in and higher
low land areas, and break misclassifications on
of slope where the riparian zone

groundwater is discharged during the dry season.
to the surface.

Landsat MS, TM,  NDMI?, NDVI (0.02%) of Landsat data not  Not all areas included (Klausmeyer et
ETM, OLI Parameter-elevation  included. The map updated landcover al. 2019)
Regressions on constitutes of layers of layers, gaps in United
Independent Slopes  local datasets for groundwater depth States
Model (PRISM) identifying possible datasets. GDEs are
precipitation data locations of GDEs, in a dynamic systems,
heavily modified therefore require
environment. regular updating.
Landsat 7 ETM NDVI Not all phreatophytes and The use of vegetation (Gou et al.
MODIS LAI wetlands are groundwater indicators led to 2015)
K-means Classifier dependent, only 9% of overestimations. Cells Texas,
phreatophytes had high with mixed vegetation United
groundwater use potential.  coverage groundwater States
75% of identified GDEs dependence was not
were at soil depths accurately reflected.
below 45 cm. Resampling of MODIS

images may have led
to information loss.
Lack of previous GDE
studies hinders
verification of results.

MODIS Terra 7 Standardized NDV Pixels were likely to be GDV  Standardized NDVI does  (Pascoa et
K-means where the groundwater allow for observing al. 2020)
cluster classifier table was shallow. areas with low

seasonal variability or
inter annual variability.
No quantitative
method to validate
results. Areas with low
tree density, GDV were
not captured.

aNDMI = Normalised difference moisture index.
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been incorporated with other satellite products for TGDV assessments (Gou et al. 2015;
Hunink et al. 2015; Doody et al. 2017; Huang et al. 2020; Liao et al. 2020). While MODIS
datasets are widely used, they lack the spatial resolution suitable for TGDV delineation at
scales below community level. The low spatial resolution has resulted in misclassification
errors in heterogenous environments with mixed vegetation.

Medium special resolution (30 m) and multispectral sensors such as the LANDSAT ser-
ies have been extensively used in landcover change detection, vegetation mapping and
photosynthetic activity assessments applications at community level (Roy et al. 2016;
Kalbus et al. 2006; Yates et al. 2010; O. Barron et al. 2014; Adams et al. 2015; Doody et
al. 2017; Mtengwana et al. 2020; Shoko et al. 2016). Landsat series data are easily access-
ible and have an archive of historical data great for applications in developing economies
(Dube et al. 2016). An extensive review on literature has revealed that the potential for
new generation multispectral remote sensing products such as Landsat 8 Operational
Land Imager (OLI) and Sentinel 2 have yet to be developed in mapping and monitoring
TGDV. Landsat 8 OLI has improved signal to noise characteristics, improved calibration
and higher radiometric resolution and spectrally narrower wavebands than the previous
Landsat 7 ETM+ (Roy et al. 2016). The location of potential TGDV can be greatly
improved through these new features. Sentinel 2 has a high spatial and temporal reso-
lution of 10 m and 5-day revisit time, making it suitable for community level classification
of GDEs. In Western Australia, Macintyre et al. (2020) assessed the efficacy of Sentinel 2
imagery for classifying multi-seasonal changes in vegetation for complex areas at fine
scales. The classification scheme utilized 24 target classes and 60/40 split used for model
building and validation. A comparison of the seasonal variations in vegetation indices,
spectral bands, classification trees and principal component transformations were used as
input for machine learning to separate classes. The study findings revealed that Sentinel 2
has a high potential to determine compositional vegetation characteristics with high accu-
racies. However, further investigations must be considered to determine the potential for
vegetation indices derived from new generation sensors in delineating TGDV. Landsat 8
OLI and Sentinel 2 datasets are considered to provide spatially and site-specific timely
information on GDEs that may be used in setting management decisions. However, their
applicability is limited to the local and community levels. Advancements in remote sens-
ing technological developments have resulted in the introduction of space and air borne
hyperspectral sensors with fine spatial resolution (<10m), with strategically positioned
spectral bands such as panchromatic and red edge, as well as improved signal to noise
ratio. For example, Worldview 2 has been used in assessing arid vegetation health in
response to environmental variable such as depth to water, groundwater depletion and
management practices at tree level (Chavez and Clevers 2012). Unmanned aerial vehicles
(AUVs) is an emerging topic in vegetation studies that has the potential to bridge the gap
between expensive satellite remote sensing, fieldwork, and classical manned photographs.
AUVs combined with multispectral camera and hyperspectral remote sensors produce
high quality datasets with user determined revisit period, suitable for long term monitor-
ing of TGDV. AUVs have been used in determining vegetation distribution at individual
species level with overall accuracies of 88.9-94.31% (Kaneko and Nohara 2014; Zhaoming
2020). As the field of AUVs is gradually expanding in vegetation studies, there is great
potential for AUV application in TGDV mapping in complex heterogenous environments,
due to the high spatial resolution (<1cm), and ability to increase pixel purity by adjusting
the flying altitude. However, it is important to note that although Hyperspectral remote
sensing data improves TGDV investigations, the datasets are often large and with the rap-
idly increasing archive of data for long term TGDV monitoring, potential challenges such
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as data storage, computational efficiency, and changes in band width from multigener-
ational satellite data arise. Google Earth Engine (GEE) cloud computing environmental
platform and Climate Engine have emerged as the solution. GEE, stores Petabyte scale
multi sensor and GIS databased vector datasets, parallelized cloud computing within GEE.
The strength of Cloud Based computing is that it does not need high computer processing
power or the latest software, which opens new research opportunities for resource poor
regions to engage in TGDV analysis at the advanced nations (Mutanga and Kumar 2019;
Gxokwe et al. 2020). While there are advancements in remote sensing and vegetation ana-
lysis, there remains a gap in assessing their effectiveness in TGDV investigations.

Another widely used remote sensing technique for mapping groundwater dependent
ecosystems is through satellite-derived indices such as the Normalized Difference
Vegetation Index (NDVI), which determines vegetation health and photosynthetic activity,
as well as other indicators of vegetation density and moisture condition. Previously
employed vegetation indices include the Enhanced Vegetation Index (EVI), Leaf Area
Index (LAI), the Tasseled Cap Wetness Index (TCWI) and the Normalized Difference
Wetness Index (NDWI). A wide range of studies (Roy et al. 2016; Kalbus et al. 2006;
Yates et al. 2010; O. Barron et al. 2014; Adams et al. 2015; Doody et al. 2017; Gu et al.
2007; Hunink et al. 2015) have demonstrated the capabilities of indices in locating
TGDV. For example, the study by Gow et al. (2010) collated multiple remotely sensed
information from MODIS-EVI, SRT DEM, and water table surface to identify and moni-
tor GDEs within the Hat Head National Park. In Australia, Barron et al. (2014) proposed
a method for identifying GDEs from Landsat-TM derived indices. Mapping had high pro-
ducer accuracy ranging from 59% to 91% increasing from regional to local scales. Results
showed TGDV with permanent access to groundwater had no significant change in sea-
sonal TGDV size. However, a substantial reduction of 26 —56% in total TGDE size is
observed over the 10-year period. Mapping demonstrated good agreement with field data
were TGDV were associated with riparian vegetation, terrestrial vegetation with access to
shallow groundwater depths (~6m) and springs. Expert knowledge, field techniques and
remote sensing techniques were used to develop a catchment scale mapping method of
GDEs in Queensland, Australia (Glanville et al. 2016). They produced a catchment scale
map of GDE, which can be scaled up or down, and the study emphasized the value in
integrating local experts’ knowledge with available spatial data and information. While
remote sensing data indices are a robust methodology, the literature indicated that TGDV
identification can be substantially improved by the selection of appropriate classification
technique. Given, these indices perform differently in different environments due to pixel
mixing, cloud cover, shadows in mountainous and built-up areas. However, their per-
formance can also be significantly improved by the sensor’s spectral characteristics such
as the availability of red edge, near infrared II and panchromatic bands.

8. Available GDE classification algorithms

Spectral discrimination of GDV types in complex environments is challenging as different
vegetation types may have similar spectral characteristics, alternatively they may show dif-
ferent spectral signatures. Image classification can aid group image pixels into meaningful
clusters. Automatic image classification can be done in two ways, unsupervised or super-
vised, parametric or non-parametric classification. Unsupervised classifiers such as
IsoData and K-means, use clustering mechanisms to group satellite image pixels into
unlabeled classes, which are later assigned meaningful labels to produce a well-classified
image (Ismail 2009). Unsupervised Classification techniques have been extensively used in
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mapping and assessing potential GDEs ( O. Barron et al. 2014; Davies et al. 2016; Gou et
al. 2015; Miinch and Conrad 2007; Pascoa et al. 2020 ). Supervised classification requires
input from the analyst in the form of training datasets. For supervised classifiers, classifi-
cation accuracy depends on the representativeness of the training sample (Ismail 2009).
When training cannot account for the complex spatial variations, statistical based
(unsupervised) clustering can produce better results (Rozenstein and Karnieli 2011).
Common supervised classifiers are Artificial Neural Networks (ANN), Decision tree (DT),
Maximum likelihood classifier, K-nearest neighbor etc. The Maximum Likelihood
Classifier (ML) is the most extensively used supervised classification algorithm. The appli-
cation of pixel classifiers to mixed pixel images often produce unsatisfactory classification
results due to poor spectral and spatial resolutions (Gow et al. 2010; Barron et al. 2012;
Glanville et al. 2016). Increased availability of higher resolution images coupled with the
development of machine learning algorithms is predicted to significantly improve classifi-
cation accuracies (Pérez Hoyos et al. 2016). These include support vector algorithm
(SVM) (Boser et al. 1992), ANN (Paola and Schowengerdt 1995) and Random Forest
(RF) classifiers. The random forest or random decision forest is a learning method for
classification operated by construction of a multitude of decision trees during training
and the output is class made of the predicted mean of the individual tree (Raczko and
Zagajewski 2017). The advantage to the RF is the short classification time and the method
is resistance to overfitting of training datasets (Sabat-Tomala et al. 2020). A previous
study by (Pérez Hoyos et al. 2016) compared the classification and regression tree
(CART) and RF for estimating TGDV potential. Results revealed the RF classifier was
superior to CART in terms of estimates, accuracy of training data, and sensitivity.

SVM produces significant accuracies with little computation power, they work well on
small testing data and noisy datasets (Song et al. 2012). Classes are produced from train-
ing data models which transforms the space into an optimal hyperplane in the multidi-
mensional of the feature space which separates features into classes with the greatest
margin of separation (Mountrakis et al. 2011). The SVM classifier has an advantage on
ANN in that they are simple to use, reliable, stable and has a faster processing speed
(Raczko and Zagajewski 2017). Reducing training data sample size per sample compro-
mises classification accuracies, however the SVM seems to be insensitive to this effect
(Shafroth et al. 2000; Mountrakis et al. 2011). In South Africa Cooper (2010) investigated
the potential for SVM recursive feature eliminator (RFE) approach to detect the presence
of Solamum mauritianum (Bugweed) alien plant within a forest plantation. The SVM-
RFE produced an outstanding classification accuracy of 93% and a skills statistics value of
0.83. ANN are complex models that are inspired by biological neural networks to develop
classification rules. Raczko and Zagajewski (2017) studied tree species composition in
Poland using the SVM, RF and AAN algorithms for tree species classification. The ANN
outperformed the other learning algorithms with 77% overall accuracy while the SVM
and RF produced 68% and 62.5% respectively. Literature reveals that unsupervised classifi-
cation techniques are reliable and widely developed (Pérez Hoyos et al. 2016; Peters et al.
2008) while other studies have indicated the potential for machine learning algorithms in
GDE assessment (Peters et al. 2007; Klausmeyer et al. 2019; Pdscoa et al. 2020). These
methods demonstrate a great potential in retrieving GDEs information with a reasonable
accuracy. However, their performance is also dependent on the scale of application, satel-
lite spectral and spatial data characteristics. Further, the supervised machine learning algo-
rithms produced great results, although significant limitations have been reported. For
example, ANN and SVM are not easily automated and require adjustments to several
parameters; whereas models such as the RF have been reported to overfit for datasets as
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small as the size of a tree, which can take up memory. Thus, cloud image processing sim-
plifies the issues related to supervised machine learning algorithms, however the literature
shows that these techniques are underused especially in TGDV assessments (Gxokwe et
al. 2020).

9. Challenges in remote sensing of GDEs

Several studies have noted various limitations in the remote sensing approach for detect-
ing and mapping groundwater dependent ecosystems. Remote sensors can detect land sur-
face features such as temperature, vegetation and landcover, therefore information on
groundwater is only from indirect inferences. Groundwater-vegetation can only be
inferred from indicator variables such as vegetation, temperature and surface water
(Barron et al. 2014). As such, information gathered are only estimates that mainly indicate
potential TGDV thus the results should be validated using field data. Although numerous
works have been done in regional GDEs mapping, most of the studies have not been vali-
dated through ground-truthing. For instance, Jones et al. (2020) Investigated groundwater
dependent vegetation communities using stable isotope and found that 75% of reported
GDE site were using groundwater. Remote sensing offers a snapshot of GDEs, those out-
side the range may not be identified. There is often a lag between changes in water avail-
ability and vegetation response (Gow et al. 2010). Further, ecosystems dependent on
groundwater affected by a drought may not be identified as TGDV if their phenology was
in decline at the time. Remote sensing is suitable for places that are minimally modified,
in urban or cultivated areas vegetation greenness may be attributed to the return in irriga-
tion, runoff and dam releases. Also, there is minimal integration between field and chem-
ical assessment with remote sensing datasets as a result remote sensing and GIS derived
information is being undervalued and underused. Remote sensing identifies TGDV based
on the principle that ecosystems that are greener than their surroundings during dry peri-
ods are likely to be maintained by groundwater, therefore it is suitable for areas with dis-
tinct wet and dry seasons (Barron et al. 2012). This method has been criticized because
vegetation greenness may be a result of other factors (Glanville et al. 2016). For example,
wild fires may results in green islands, as resistant forest vegetation are surrounded by fire
prone vegetation (Bowman 2000; Glanville et al. 2016). Further, remote sensing generates
GDE maps with little or no information on how each ecosystem is connected to ground-
water within the landscape.

The potential for remote sensing applications in GDE monitoring has not been fully
explored. This is attributable to the inaccessibility of remote sensing products of
Hyperspectral images such as LIDAR, Ikonos and Quickbird with less than 5m spatial
resolution. This has been primarily attributed to their high acquisition costs, the low tem-
poral resolution and smaller swath width. The freely available medium resolution prod-
ucts such as Landsat are limited in the level of detail that can be achieved for assessing
TGDV. For instance, some groundwater dependent communities are at sub-pixel level
(<30m) and may be masked out in mixed feature pixels. Thus, TGDV monitoring, and
assessment can benefit from a multidisciplinary approach through the integration of eco-
hydrological data, geology, soil information, land use and land management practices, soil
characteristics, groundwater flux and recharge rates. So far, however such collaborations
are limited. Cloud computing techniques provide access to multi-sensor datasets and
computing efficiency that can enhance TGDV detection and monitoring especially in
resource poor regions at low costs. However, challenges due to unreliable network or
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internet connectivity, unskilled personnel, and the lack of high-performance computing
power limit their applicability in underdeveloped countries where it is needed the most.

10. Possible future direction in remote sensing and GIS applications for GDEs

Several strides have been made in mapping and monitoring TDGV and its response to
groundwater variability using satellite data. There is still however limited information on
long term monitoring of vegetation response to changing groundwater regimes especially
associated with climate change. Investigating the impacts on climate change is limited by
the high complexities of TGDV, where multiple factors influence the plants phenology,
distribution, and chemical processes. Most of such studies are dominant mainly in
Australia, the United States and China; however, there is a dearth in knowledge in
resource poor areas such as the arid regions of Africa. The major limitation is that that
these methods for GDV identification or delineation is likely to change with differing
landscapes, vegetation types and climates; therefore, geospatial techniques need to be eval-
uated under diverse environmental conditions. Further, determining whether changes in
groundwater regime and associated vegetation are products of climate change requires
long-term (>50years) monitoring (Kleve et al. 2014). In addition, to fully understand
these ecosystems, groundwater-vegetation responses should be monitored seasonally at
catchment or species-specific scales. There have been huge developments in geospatial
technologies such as Hyperspectral and AUVs datasets providing new opportunities for
species level vegetation monitoring, however they have been poorly utilized in TGDV
assessments. Hyperspectral drones, AUVs and world View data potential should be inves-
tigated for TGDV assessments. This will provide detailed information useful for decision
makers when drawing up strategic catchment management plans. As groundwater
dependence is one characteristic of GDEs mapping, there is therefore a need to find the
best ancillary (Variables) data and predictive models that can be integrated with freely
available datasets. Further, Landsat series and MODIS datasets are the widely used in
TGDV mapping, however the major limitation is their low spatial resolution (>30m).
Despite these limitations, the Landsat series has a large historical archive that has not
been fully exploited. The introduction of advanced cloud computing methods such as
GEE, peta scale image processing and artificial intelligence (AI) have the potential to over-
come limitations of spatial resolution, and temporal range through the integration of
hyperspectral and coarse scale multispectral datasets. Cloud computing methods can pro-
vide new insight in TGDV monitoring and offer new opportunities to resource poor
nations where, TDGV investigations were hindered by the cost of acquiring these datasets.
Further, more studies integrating field methods with remote sensing in assessing TGDV
should be prioritized as this will increase the reliability of the derived spatial and thematic
TGDV maps. When there is a large body of local information on TDGV occurrence, geo-
spatial methods can be adequately evaluated and indicate areas of improvement. Further,
machine-learning algorithms such as ANN, SVM, and regression tree-based classifiers
need to be explored for TGDV assessments and distribution mapping.

11. Conclusions

Groundwater resources are increasingly deteriorating and constantly under threat due to
global change, and improved abstraction impacts by vegetation. Literature has revealed
the effects of a reduced groundwater table in areas where GDEs are dominant. There is a
large base of literature on TGDV response to groundwater variability. Most of these
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studies have shown that TGDV have responded variably to groundwater availability based
on the plant physiological characteristics, such as the plant rooting depth etc. Literature
shows that the major responses to a declining groundwater table are reduced photosyn-
thetic rates, plant productivity, reduced leaf area and the change in species composition
and distribution. However, TDGV are also affected by the timing/groundwater regime
and this needs to be explored further especially with the advent of climate change.
Elevated surface temperature and low rainfall are associated with groundwater depth
decline leading to TGDV degradation and floristic change. The research reveals the effects
of climate variability on TDV are difficult to isolate. Therefore, further long-term climate-
vegetation interaction research is required. Remote sensing has emerged as a popular
method for TDGV mapping and assessment, because of the efficiency, unique spatial,
spectral, and temporal Characteristics that allow TGDV assessment at different scales.
While readily available datasets (MODIS and Landsat) have provided critical insights on
the state of GDEs, they are however limited by the poor (low) spatial and spectral charac-
teristics. There is therefore a need to enhance remote sensing potential by integrating
multiple indicator variables in TGDV investigations. In addition, new generation sensors
(Landsat 8 OLI and Sentinel 2) with improved spatial and temporal resolutions and
advances in Machine Learning algorithms can further improve the potential for identify-
ing and monitoring groundwater dependent ecosystem. Moreover, the potential of inte-
grating multisource datasets such as drones, AUVs or Worldview to calibrate TGDV
models should assessed. Emerging cloud-based image computing techniques such as
Google Earth Engine (GEE) can significantly improve the long-term monitoring of
TGDV. Moreover, with the effects of climate change there is a need to adequately delin-
eate vulnerable groundwater dependent vegetation communities to ensure their sustain-
ability when allocating groundwater resources for anthropogenic use.
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