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Aquifers and groundwater-dependent ecosystems (GDEs) are facing increasing pressure from water con-
sumption, irrigation and climate change. These pressures modify groundwater levels and their temporal
patterns and threaten vital ecosystem services such as arable land irrigation and ecosystem water
requirements, especially during droughts. This review examines climate change effects on groundwater
and dependent ecosystems. The mechanisms affecting natural variability in the global climate and the
consequences of climate and land use changes due to anthropogenic influences are summarised based
on studies from different hydrogeological strata and climate zones. The impacts on ecosystems are dis-
cussed based on current findings on factors influencing the biodiversity and functioning of aquatic and
terrestrial ecosystems. The influence of changes to groundwater on GDE biodiversity and future threats

posed by climate change is reviewed, using information mainly from surface water studies and knowl-
edge of aquifer and groundwater ecosystems. Several gaps in research are identified. Due to lack of
understanding of several key processes, the uncertainty associated with management techniques such
as numerical modelling is high. The possibilities and roles of new methodologies such as indicators
and modelling methods are discussed in the context of integrated groundwater resources management.
Examples are provided of management impacts on groundwater, with recommendations on sustainable

management of groundwater.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Groundwater is the major freshwater store acting in the hydro-
logical cycle. It provides water for human consumption, agricul-
ture, industry and many groundwater-dependent ecosystems,
especially during droughts. In recent decades the increasing use
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of groundwater for human consumption and irrigation has resulted
in groundwater lowering in large parts of the world (Wada et al.,
2010; Treidel et al., 2012). It is well recognised that regional
depletion of groundwater resources is a global-scale problem
(Konikow and Kendy, 2005). Many groundwater resources are
non-renewable on meaningful time scales for both human society
and ecosystems. The predicted climate change will exacerbate
these concerns in many parts of the world by reducing precipita-
tion and increasing evapotranspiration, both of which will reduce
recharge and possibly increase groundwater withdrawal rates
(Treidel et al., 2012). Thus, increasing awareness of the importance
of wetlands and other groundwater-dependent ecosystems (GDEs)
has led to emphasis being placed on a better understanding of
groundwater-ecosystem interactions in a changing climate (Klgve
et al,, 20114, 2011b).
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While the impacts of groundwater withdrawal and land use on
groundwater have been investigated in numerous studies, climate
change impacts on groundwater and dependent ecosystems have
received less attention (Taylor et al., 2012). Hydrological studies
of climate change often address surface water, but fewer studies
focus on groundwater (Kundzewicz and Do6ll, 2009; Green et al.,
2011). The predicted impacts of climate warming on groundwater
include changes in the magnitude and timing of recharge (e.g.
Hiscock et al., 2012), typically with a shift in seasonal mean and
annual groundwater levels depending on changes in the distribu-
tion of rainfall (Liu, 2011) and snow melt (Jyrkama and Sykes,
2007; Okkonen and Klgve, 2010). The predicted changes in
recharge may be larger than the changes in precipitation (Ng
et al,, 2010). Land use and urbanisation may suppress or amplify
groundwater responses to climate change. For example, afforesta-
tion can increase recharge (Chaves et al., 2012) and urbanisation
can increase consumption (Taylor and Tindimugaya, 2012). In
addition to human impacts, natural long-term fluctuations in
groundwater levels caused by climate variability must be consid-
ered (Hanson et al., 2004; Gurdak et al., 2007; Anderson and
Emanuel, 2008).

Sustainable groundwater management in the future requires
groundwater to be used in a manner that can be maintained for
an indefinite time without having unacceptable environmental,
economic or social consequences (Alley et al., 1999). Groundwater
sustainability is a value-driven process of intra- and inter-genera-
tional equity that balances the environment, society and the econ-
omy (Gleeson et al., 2010, 2012). This requires groundwater
management to be approached in a holistic way, where all water
uses are seen in the context of socio-economic development and
protection of ecosystems and ecosystem services (Constanza
et al.,, 1997). The current lack of knowledge on groundwater-eco-
system interactions can be seen as reflecting a neglect of ground-
water in integrated watershed management plans (UNEP/CBD,
2010). The European Commission (EC) Groundwater Directive
and Water Framework Directive raise concerns about how ground-
water use may affect ecosystems. Re-balancing of water allocation
between various human uses, as well as to biodiversity and ecosys-
tem functioning, is clearly needed (Showstack, 2004).

This paper focuses on groundwater and associated dependent
aquatic and terrestrial ecosystems; climate change effects on
groundwater hydrology and geochemistry; and the processes
affecting global climate, which in turn influence hydrology,
groundwater ecosystem interactions and adaptation policies for
groundwater and GDE management. The objective of the paper
was to synthesise current knowledge on the complex interactions
between climate, groundwater and ecosystems, and to examine
integrated groundwater management strategies that account for
human and ecosystems needs. Although there are other recent
reviews on climate change and groundwater (Earman and
Dettinger, 2011; Green et al.,, 2011; Treidel et al., 2012; Taylor
et al.,, 2012), this is the first to synthesise the effects of climate
change on GDE.

2. Review of climate change impacts on GDE
2.1. Climate change and climate variability

Climate change may be perceived as alterations in the local or
global climate on different time scales. Cyclical climate changes
in a relative short time perspective are called climate variability.
For groundwater, this variability can be illustrated as oscillating
changes in recharge (P-ET), where the annual recharge varies in a
regular or irregular manner that can resemble oscillations
(Fig. 1). Several natural phenomena related to atmospheric and

(or) oceanic circulation can affect the climate locally or globally,
causing changes and (or) variability. Many of these phenomena
are related to the circulation of the oceans and (or) of the atmo-
sphere. The Gulf Stream, the North Atlantic Oscillation (NAO) and
the El Nifio-Southern Oscillation (ENSO) are among the best known
ones, but other phenomena such as the Pacific Decadal Oscillation
(PDO) and Atlantic Multidecadal Oscillation (AMO) have been de-
scribed more recently (e.g. Huss et al., 2010).

ENSO is the result of an interaction between the Pacific Ocean
and the atmosphere whereby anomalies in sea surface tempera-
ture (SST) co-vary with the intensity of the Southern Oscillation
(Rasmusson and Carpenter, 1982; McPhaden et al., 2006), while
NAO is an atmospheric phenomenon centred over the North
Atlantic (Hurrell et al., 2003). ENSO has a typical quasi-periodic
oscillation of 2-7 years, while NAO displays a yearly variability
and a decadal quasi-periodic oscillation. PDO has a 10-25 year
quasi-periodic cycle that is associated with decadal variability in
atmospheric circulation prominent in the North Pacific, where
variations in the strength of the wintertime Aleutian Low pressure
system co-vary with SST from 20°N polewards (Mantua et al.,
1997). AMO is an oceanic-atmospheric phenomenon with a period-
icity of 50-70 years that arises from variations in SST in the Atlan-
tic Ocean (Kerr, 2000; Enfield et al., 2001). All these phenomena
change the yearly climate regionally and seasonally, so that some
regions of the world become seasonally warmer or colder, or drier
or wetter, than normal. Associated with the effects of climate var-
iability, oscillations in river runoff have been extensively described
in rivers worldwide (e.g. Cullen et al., 2002; Ionita et al., 2012).

The effects of climate variability on groundwater have been less
well explored than those on surface water (Green et al., 2011).
However, climate variability on interannual to multidecadal time
scales, including ENSO, NAO, PDO, and AMO, has also been shown
to affect groundwater levels and recharge (Hanson et al., 2004;
Pool, 2005; Fleming and Quilty, 2007; Gurdak et al., 2007, 2009;
Anderson and Emanuel, 2008; Holman et al., 2009, 2011; Tremblay
et al., 2011; Venencio and Garcia, 2011; Perez-Valdivia et al.,
2012). It is likely that the signals seen in recharge are also seen
in groundwater levels, but as aquifers differ in size, the response
to the input signal variability will be more evident in smaller
aquifers (Fig. 1).

The increase in greenhouse gas emissions since the industrial
revolution has also affected the climate of the Earth. For example,
a small but constant increase in mean atmospheric temperature
has been observed since then (IPCC, 2007). Human activities can
also cause climate change locally by changing land use, water
use and vegetation, with consequent impacts on hydrology (e.g.
Collischonn et al., 2001). These causes of climate change and
variability are continuously acting and interacting with each other.
The result of such a complex system is that in some periods their
impacts are additive and enhance each other, while in other peri-
ods they counteract each other and their impacts decline regionally
(see Fig. 1).

Coupled global climate models (GCMs), which describe the cir-
culation of the atmosphere and the oceans, are frequently used to
develop scenarios of future climate (rainfall, temperature, radia-
tion, etc.) taking into consideration different scenarios for increases
in greenhouse gases. Such scenarios include a constant increase in
greenhouse gases for the next 100 years (scenario A2 of IPCC) or a
reduction in emissions (scenario B1 of IPCC), or anything in be-
tween. In any case, future climate scenarios projected by GCMs
in terms of precipitation and temperature may be used to force
hydrological models and numerical groundwater flow models in
a sequential (e.g. Okkonen and Kleve, 2011) or fully coupled man-
ner (Therrien et al., 2007), in order to predict the impacts of future
climate on recharge, groundwater flow and interactions with asso-
ciated ecosystems.
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