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Abstract 26 

Aquifers and groundwater-dependent ecosystems (GDE) are facing increasing pressure from 27 

water consumption, irrigation and climate change. These pressures modify groundwater levels 28 

and their temporal patterns and threaten vital ecosystem services such as arable land irrigation 29 

and ecosystem water requirements, especially during droughts. This review examines climate 30 

change effects on groundwater and dependent ecosystems. The mechanisms affecting natural 31 

variability in the global climate and the consequences of climate and land use changes due to 32 

anthropogenic influences are summarised based on studies from different hydrogeological strata 33 

and climate zones. The impacts on ecosystems are discussed based on current findings on 34 

factors influencing the biodiversity and functioning of aquatic and terrestrial ecosystems. The 35 

influence of changes to groundwater on GDE biodiversity and future threats posed by climate 36 

change is reviewed, using information mainly from surface water studies and knowledge of 37 

aquifer and groundwater ecosystems. Several gaps in research are identified. Due to lack of 38 

understanding of several key processes, the uncertainty associated with management techniques 39 

such as numerical modelling is high. The possibilities and roles of new methodologies such as 40 

indicators and modelling methods are discussed in the context of integrated groundwater 41 

resources management. Examples are provided of management impacts on groundwater, with 42 

recommendations on sustainable management of groundwater. 43 

 44 

1. Introduction 45 

Groundwater is the major freshwater store acting in the hydrological cycle. It provides water for 46 

human consumption, agriculture, industry and many groundwater-dependent ecosystems, 47 

especially during droughts. In recent decades the increasing use of groundwater for human 48 
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consumption and irrigation has resulted in groundwater lowering in large parts of the world 49 

(Wada et al., 2010; Treidel et al., 2012). It is well recognised that regional depletion of 50 

groundwater resources is a global-scale problem (Konikow and Kendy, 2005). Many 51 

groundwater resources are non-renewable on meaningful time scales for both human society 52 

and ecosystems. The predicted climate change will exacerbate these concerns in many parts of 53 

the world by reducing precipitation and increasing evapotranspiration, both of which will 54 

reduce recharge and possibly increase groundwater withdrawal rates (Treidel et al., 2012). 55 

Thus, increasing awareness of the importance of wetlands and other groundwater-dependent 56 

ecosystems (GDE) has led to emphasis being placed on a better understanding of groundwater-57 

ecosystem interactions in a changing climate (Kløve et al., 2011a, 2011b).  58 

While the impacts of groundwater withdrawal and land use on groundwater have been 59 

investigated in numerous studies, climate change impacts on groundwater and dependent 60 

ecosystems have received less attention (Taylor et al., in review). Hydrological studies of 61 

climate change often address surface water, but fewer studies focus on groundwater 62 

(Kundzewicz and Döll, 2009; Green et al., 2011). The predicted impacts of climate warming on 63 

groundwater include changes in the magnitude and timing of recharge (e.g. Hiscock et al., 64 

2012), typically with a shift in seasonal mean and annual groundwater levels depending on 65 

changes in the distribution of rainfall (Liu, 2011) and snow melt (Jyrkama and Sykes, 2007; 66 

Okkonen and Kløve, 2010). The predicted changes in recharge may be larger than the changes 67 

in precipitation (Ng et al., 2010). Land use and urbanisation may suppress or amplify 68 

groundwater responses to climate change. For example, afforestation can increase recharge 69 

(Chaves et al., 2012) and urbanisation can increase consumption (Taylor and Tindimugaya, 70 

2012). In addition to human impacts, natural long-term fluctuations in groundwater levels 71 



4 
 

caused by climate variability must be considered (Hanson et al., 2004; Gurdak et al., 2007; 72 

Anderson and Emanuel, 2008). 73 

Sustainable groundwater management in the future requires groundwater to be used in a manner 74 

that can be maintained for an indefinite time without having unacceptable environmental, 75 

economic or social consequences (Alley et al., 1999). Groundwater sustainability is a value-76 

driven process of intra- and inter-generational equity that balances the environment, society and 77 

the economy (Gleeson et al., 2010, 2012). This requires groundwater management to be 78 

approached in a holistic way, where all water uses are seen in the context of socio-economic 79 

development and protection of ecosystems and ecosystem services (Constanza et al., 1997). The 80 

current lack of knowledge on groundwater-ecosystem interactions can be seen as reflecting a 81 

neglect of groundwater in integrated watershed management plans (UNEP/CBD, 2010). The 82 

European Commission (EC) Groundwater Directive and Water Framework Directive raise 83 

concerns about how groundwater use may affect ecosystems. Re-balancing of water allocation 84 

between various human uses, as well as to biodiversity and ecosystem functioning, is clearly 85 

needed (Showstack, 2004). 86 

 87 

This paper focuses on groundwater and associated dependent aquatic and terrestrial ecosystems; 88 

climate change effects on groundwater hydrology and geochemistry; and the processes affecting 89 

global climate, which in turn influence hydrology, groundwater ecosystem interactions and 90 

adaptation policies for groundwater and GDE management. The objective of the paper was to 91 

synthesise current knowledge on the complex interactions between climate, groundwater and 92 

ecosystems, and to examine integrated groundwater management strategies that account for 93 

human and ecosystems needs. Although there are other recent reviews on climate change and 94 
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groundwater (Earman and Dettinger, 2011; Green et al., 2011; Treidel et al., 2012; Taylor et al., 95 

in review), this is the first to synthesise the effects of climate change on GDE. 96 

 97 

 98 

2. Review of climate change impacts on GDE  99 

 100 

2.1 Climate change and climate variability  101 

Climate change may be perceived as alterations in the local or global climate on different time 102 

scales. Cyclical climate changes in a relative short time perspective are called climate 103 

variability. For groundwater, this variability can be illustrated as oscillating changes in recharge 104 

(P-ET), where the annual recharge varies in a regular or irregular manner that can resemble 105 

oscillations (Fig. 1). Several natural phenomena related to atmospheric and (or) oceanic 106 

circulation can affect the climate locally or globally, causing changes and (or) variability. Many 107 

of these phenomena are related to the circulation of the oceans and (or) of the atmosphere. The 108 

Gulf Stream, the North Atlantic Oscillation (NAO) and the El Niño-Southern Oscillation 109 

(ENSO) are among the best known, but other phenomena such as the Pacific Decadal 110 

Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) have been described more 111 

recently (e.g. Huss et al., 2010).  112 

 113 

ENSO is the result of an interaction between the Pacific Ocean and the atmosphere whereby 114 

anomalies in sea surface temperature (SST) co-vary with the intensity of the Southern 115 

Oscillation (Rasmusson and Carpenter, 1982; McPhaden et al., 2006), while NAO is an 116 
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atmospheric phenomenon centred over the North Atlantic (Hurrell et al., 2003). ENSO has a 117 

typical quasi-periodic oscillation of 2-7 years, while NAO displays a yearly variability and a 118 

decadal quasi-periodic oscillation. PDO has a 10-25 year quasi-periodic cycle that is associated 119 

with decadal variability in atmospheric circulation prominent in the North Pacific, where 120 

variations in the strength of the wintertime Aleutian Low pressure system co-vary with SST 121 

from 20ºN polewards (Mantua et al., 1997). AMO is an oceanic-atmospheric phenomenon with 122 

a periodicity of 50-70 years that arises from variations in SST in the Atlantic Ocean (Kerr, 123 

2000; Enfield et al., 2001). All these phenomena change the yearly climate regionally and 124 

seasonally, so that some regions of the world become seasonally warmer or colder, or drier or 125 

wetter, than normal. Associated with the effects of climate variability, oscillations in river 126 

runoff have been extensively described in rivers worldwide (e.g. Cullen et al., 2002; Ionita et 127 

al., 2012).  128 

 129 

The effects of climate variability on groundwater have been less well explored than those on 130 

surface water (Green et al., 2011). However, climate variability on interannual to multidecadal 131 

time scales, including ENSO, NAO, PDO, and AMO, has also been shown to affect 132 

groundwater levels and recharge (Hanson et al., 2004; Pool, 2005; Fleming and Quilty, 2007; 133 

Gurdak et al., 2007, 2009; Anderson and Emanuel, 2008; Holman et al., 2009, 2011; Trembley 134 

et al., 2011; Venencio and Garcia, 2011). It is likely that the signals seen in recharge are also 135 

seen in groundwater levels, but as aquifers differ in size, the response to the input signal 136 

variability will be more evident in smaller aquifers (Fig. 1). 137 

 138 
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The increase in greenhouse gas emissions since the industrial revolution has also affected the 139 

climate of the Earth. For example, a small but constant increase in mean atmospheric 140 

temperature has been observed since then (IPCC, 2007). Human activities can also cause 141 

climate change locally by changing land use, water use and vegetation, with consequent impacts 142 

on hydrology (e.g. Collischon et al., 2001). These causes of climate change and variability are 143 

continuously acting and interacting with each other. The result of such a complex system is that 144 

in some periods their impacts are additive and enhance each other, while in other periods they 145 

counteract each other and their impacts decline regionally (see Fig. 1). 146 

 147 

Coupled global climate models (GCMs), which describe the circulation of the atmosphere and 148 

the oceans, are frequently used to develop scenarios of future climate (rainfall, temperature, 149 

radiation, etc.) taking into consideration different scenarios for increases in greenhouse gases. 150 

Such scenarios include a constant increase in greenhouse gases for the next 100 years (scenario 151 

A2 of IPCC) or a reduction in emissions (scenario B1 of IPCC), or anything in between. In any 152 

case, future climate scenarios projected by GCMs in terms of precipitation and temperature may 153 

be used to force hydrological models and numerical groundwater flow models in a sequential 154 

(e.g. Okkonen and Kløve, 2011) or fully coupled manner (Therrien et al., 2007), in order to 155 

predict the impacts of future climate on recharge, groundwater flow and interactions with 156 

associated ecosystems. 157 

 158 

 159 

2.2 Impact of climate change on the variability of groundwater quantity and quality  160 
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Climate change and variability have directly and indirectly affected, and will continue to affect, 161 

groundwater quantity and quality in many complex and unprecedented ways (Holman, 2006; 162 

Dettinger and Earman, 2007; Earman and Dettinger, 2011; Treidel et al., 2012; Taylor et al., in 163 

review). Future climate change will affect recharge rates and, in turn, the depth of groundwater 164 

levels and the amount of available groundwater (Ludwig and Moench, 2009). Much of the 165 

research to date has focused on climate change effects on the magnitude and timing of recharge 166 

(Döll, 2009; Green et al., 2011; Treidel et al., 2012), with less emphasis on whether recharge 167 

mechanisms may change, possibly from more diffuse to focused recharge mechanisms in some 168 

regions (Gurdak et al., 2007). Moreover, few papers have addressed how groundwater will be 169 

indirectly affected by the changing patterns of groundwater abstraction and (or) land use 170 

(Treidel et al., 2012). Increasing abstraction with reduced recharge can reduce groundwater 171 

levels significantly, as demonstrated conceptually in Fig. 1. More studies have addressed the 172 

potential effects of climate variability and change on recharge than natural or human-induced 173 

changes in groundwater discharge. Furthermore, groundwater quality has received far less 174 

attention than groundwater quantity (Treidel et al., 2012).  175 

Groundwater recharge depends on the distribution, amount and timing of precipitation, 176 

evapotranspiration losses, snow cover thickness and snow melt characteristics, and land use/land 177 

cover. Warmer winter temperatures can reduced the amount of ground frost and allow more 178 

water to infiltrate into the ground, resulting in increased groundwater recharge. The potential 179 

recharge rate can increase by approximately 100 mm/year over a period of 40 years in Canada 180 

(Jyrkama and Sykes 2007). Warmer winter shift the river peak flow earlier in a year resulting in 181 

a similar shift in aquifer water levels (Scibek et al. 2007). Earlier snow melt can reduce summer 182 

low flows (Okkonen and Kløve 2011). Summer low flows will also change due to melting and 183 
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retreating glaciers; leading to first an increased summer flow as more ice is melted (Kumar and 184 

Singh 1997), but eventually resulting in lower summer flow as glaciers retreat (Huss 2011). This 185 

will influence glacier fed rivers such as Po that is linked to large confined aquifers and Glomma 186 

which is linked to unconfined floodplain aquifers. Reduced river flow in dry periods will 187 

influence the groundwater exchange directly and can also lead to more groundwater abstraction 188 

as river water is less available. Lower groundwater tables can promote surface water recharge in 189 

loosing streams as hydraulic gradients increase. 190 

Recharge to an aquifer depends on the groundwater level, with lower positions normally 191 

increasing the capture zone and recharge. The properties of the aquifer are also essential; small, 192 

shallow unconfined aquifers respond more rapidly to climate change, whereas larger and 193 

confined systems show a slower response. Unconfined aquifers, especially surficial and shallow 194 

aquifers, are more likely to have renewable groundwater on meaningful time scales and will be 195 

particularly sensitive to changes in variability and climatic conditions (Winter, 1999; Healy and 196 

Cook, 2002; Sophocleous, 2002; Lee et al., 2006). Confined and deeper aquifers are more likely 197 

to have non-renewable groundwater and will be less sensitive to the direct effects of climate 198 

variability and change. Non-renewable groundwater is vulnerable to the indirect effects of 199 

increased human abstraction to meet current water requirements (Wada et al., 2012) and future 200 

water demand under a changing climate (Treidel et al., 2012). 201 

Predicting spatiotemporal changes in the magnitude, timing and mechanism of recharge is 202 

complex in most climate regions. For example, in semi-arid regions, only heavy rainfall events 203 

result in groundwater recharge, whereas in humid regions an increase in heavy rainfall events 204 

can reduce recharge rates because most water may be lost through runoff (Bates et al., 2008). 205 
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In cold climates, seasonal variations in water level are common where a permanent snow cover 206 

hinders groundwater recharge in winter, while snow melt water replenishes aquifers in spring 207 

(Kuusisto, 1984; Rutulis, 1989; Van der Kamp and Maathuis, 1991). It is expected that in snow-208 

dominated regions, warmer winters will cause snow melt and groundwater recharge (e.g. 209 

Jyrkama and Sykes, 2007; Sutinen et al., 2007) and runoff to occur over longer periods and 210 

earlier in the year (e.g. Veijalainen et al., 2010). Increased aquifer recharge will increase 211 

wintertime groundwater levels (see Mäkinen et al., 2008; Okkonen and Kløve, 2010), whereas 212 

in spring and summer the groundwater levels may decrease with a warmer climate (Okkonen 213 

and Kløve, 2010).  214 

Some studies, for example that by Hiscock et al. (2012), have used GCMs to simulate future 215 

precipitation and temperature trends based on a ‘high’ (SRES A1F1) gas emissions scenario by 216 

the end of the 21
st
 century, and report that northern Europe will receive more winter rainfall, 217 

leading to increased groundwater recharge but during a shorter time period, and that summers 218 

will be drier, with longer periods of limited or no groundwater recharge. Dams et al. (2011) 219 

showed for a catchment in Belgium that future climate change can reduce groundwater levels, 220 

particularly in late summer-early autumn, and reduce groundwater discharge in regions with 221 

little discharge. Southern Europe will have less recharge overall and the region may become 222 

more water stressed than at present, with any increase in winter recharge unable to compensate 223 

for the reduced autumn recharge (Hiscock et al., 2012). Southern Spain is predicted to be 224 

among the worst affected regions in Europe, with almost total disappearance of recharge 225 

(Hiscock et al., 2012).  226 

Groundwater quality changes will be a consequence of changed recharge patterns and land-use. 227 

Reduced soil frost result in more recharge and less overland flow (Okkonen and Kløve 2011). 228 
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This can increases groundwater availability (Jyrkama and Sykes 2007) but also increase risk of 229 

leaching of contaminants during winter (Okkonen et al. 2010). Warmer climate increase might 230 

influence pesticide leaching to groundwater, but the processes are complex and mainly related 231 

to land use changes driven by changes in climate (Bloomfield et al. 2007) and increased pest 232 

pressures e.g. due to lower winter mortality (Noyes et al. 2006). In cold regions, a milder 233 

climate with temperatures around freezing melting point increase the use of salt application for 234 

slippery control (Balderacchi et al. 2013).  In warmer climate, less recharge can lead to further 235 

decline of groundwater levels. Reduced groundwater level increase the risk of contamination 236 

mainly from sea water intrusion in coastal aquifers (Werner et al. 2013).  Increased flood can 237 

lead to river water being more polluted (e.g. Hrdinka et al. 2012) and reduced minimum flow 238 

can lead to increase riverine concentration in wastewater effluents as waters are less diluted 239 

posing a risk to groundwater in loosing streams with a direct contact to aquifers. 240 

Changes to both groundwater and surface water levels may ultimately alter the interaction 241 

between groundwater and surface water, as well as the interaction between natural and societal 242 

water supply and demand (Hanson et al., 2012). Groundwater storage acts as a moderator of 243 

surface water response and climate feedback (Maxwell and Kollet, 2008). For example, Hanson 244 

et al. (2004) identified temporal changes in response to the low frequency variability of the 245 

Pacific Decadal Oscillation (PDO) in groundwater-surface water interactions from a small 246 

watershed in the south-western USA. Temporal changes in the PDO range of streamflow 247 

(resulting from changes in precipitation and temperature due to PDO) at a downstream location 248 

lagged behind those at an upstream location by about three-quarters of a year, which may 249 

represent a delay in sustained downstream flows owing to streamflow infiltration to the 250 

floodplain aquifer (Hanson et al., 2004). Changes in stream base flow and groundwater levels 251 
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tended to precede changes in streamflow at some locations by about 1 or 2 years, which may 252 

suggest that streamflow infiltration dominates prior to sustained streamflow during wet periods 253 

(Hanson et al., 2004).  254 

Climate-induced changes in groundwater/surface water interactions will directly affect wetlands 255 

and other GDE (Earman and Dettinger, 2011; Kløve et al., 2012; Candela et al., 2012; 256 

Tujchneider et al., 2012). It is likely that impacts on GDE will depend on changes in 257 

groundwater and surface water levels and that they will vary depending on location in the 258 

landscape and land use changes, as shown in Fig. 2. For local and intermediate scale systems 259 

(Fig. 2), it likely that the spatial extension of GDE will diminish with decreasing groundwater 260 

levels and surface water levels at increasing temperatures. Simulation results show that short-261 

flow-path groundwater systems, such as those providing baseflow to many headwater streams, 262 

will likely have substantial changes in the timing of discharge in response changes in seasonality 263 

of recharge; whereas regional-scale aquifer systems with flow paths on the order of many tens of 264 

kilometers, in contrast, are much less affected by changes in seasonality of recharge (Waibel et 265 

al. 2013). These effects are uncertain, however, and depend on local hydrogeology. More studies 266 

should focus on changes in both groundwater and surface water, as well as their interactions with 267 

climate change.  268 

For terrestrial and riparian vegetation, a shift in location, as well as in species composition, can 269 

occur. Changes in groundwater can change the wetland water balance, leading to lowered water 270 

level and reduced groundwater inflow. For example, Candela et al. (2012) use downscaled 271 

climate and groundwater model simulations to project a 17% reduction in recharge for the first 272 

quarter of the 21
st
 century, most likely reducing groundwater discharge into wetlands of Majorca, 273 

Spain. Ecosystems in coastal regions can be severely negatively affected by salt water intrusion 274 
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at future higher sea water levels and reduced groundwater inflow (Fig. 2).  Drexler et al. (2013) 275 

observed a decrease of fen area of 10% to 16% from areal photos in Sierra Nevada due to 276 

changes in groundwater inflow in 50-80 years.  Losses of biodiversity in GDEs of Santa Fe 277 

(Argentina) is related to  decreasing discharge caused by increasing demand for groundwater and 278 

decreasing recharge rates (Tujchneider et al., 2012). Treidel et al. (2012) suggest that the future 279 

preservation of many wetlands and other GDE requires adaptive management actions that 280 

decrease groundwater abstraction for irrigated agriculture and that re-locate wells with 281 

detrimental effects on groundwater discharge to dependent ecosystems.  282 

 283 

2.3 Climate change in GDE 284 

To understand the impacts of climate change on ecosystems, we must understand all pressures 285 

and their potential impacts in the ecosystem and their potential feedbacks. All external 286 

pressures can change the ecosystem status, with changes typically becoming more severe with 287 

increasing pressure (Fig. 3). The response will be scale-dependent, which is a source of 288 

uncertainty as these responses are not well understood on smaller scales. Large-scale changes in 289 

hydrology are not always seen at the aquifer scale, where the local hydrogeology is dominant 290 

(Fig. 4). For groundwater systems, the natural variability in groundwater quantity and quality 291 

will depend on the size of the capture zone and the scale of the groundwater system (Toth, 292 

1963; Fig. 5A). From an ecological point of view, ecosystems fed by local groundwater systems 293 

will show a more contrasted variation in temperature and nutrient concentrations than regional 294 

capture zones (Bertrand et al., 2012; Fig. 5B). As a consequence, it is likely that larger systems 295 

will be more resilient to climate change (Fig. 5C). In GDE, land use changes can alter abiotic 296 

conditions, with potentially rapid responses in biological communities and processes. Land use 297 
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changes may even override changes caused by large-scale changes in climate, as reflected in 298 

regional hydrology (Fig. 4). 299 

 300 

2.3.1 Climate change impacts in terrestrial ecosystems: Tree growth and distribution 301 

Studies using GCMs indicate a warmer climate, with an increase in precipitation with increased 302 

CO2, for the 21
st 

century (Kundzewicz et al., 2007). Previous studies on the impacts of climate 303 

change on terrestrial ecosystems focus on changes caused by predicted future changes in 304 

precipitation, temperature and CO2 on evapotranspiration, growth (assimilation) and 305 

distribution of vegetation, particularly young trees (Brolsma et al., 2010). The few modelling 306 

studies done so far with fully coupled vegetation-hydrology models show complex interactions 307 

and feedbacks from the combined effects of increased temperature, precipitation and CO2. 308 

Increased CO2 reduces stomatal conductance, which reduces transpiration and counteracts a 309 

potential increase in evapotranspiration caused by warming; Increased CO2 also increases 310 

assimilation and plant growth, which results in higher biomass and transpiration. Increased 311 

temperature could also lengthen the growing season, although the impact of daylight is 312 

important (Saxe, 2001).  313 

The main responses of GDE plants to modifications in groundwater resources and hydrology 314 

can be summarised in a conceptual scheme (Fig. 6). At larger scales, a shift in zonation is 315 

expected, with vegetation moving towards the poles and higher altitude. At the landscape scale, 316 

drought- and wet-tolerant species will shift uphill and downslope (Brolsma and Birkens, 2007). 317 

In the case of a general piezometric decrease, the effects on trees may be negligible or, 318 

conversely, it may provoke a total extinction of the original ecosystem (Naumburg et al., 2005). 319 

These effects depend on the interactions between biological (e.g. development or vegetative 320 
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pause of the root system) and physical processes (soil water circulation, hydric potential 321 

differences between roots and leaves) and tree adaptation abilities (root development rate). If 322 

the tree cannot develop a deeper root system to keep in contact with the groundwater (rapid 323 

lowering), this can be temporarily compensated for by soil moisture (e.g. Meinzer et al., 1999). 324 

The resilience of ecosystems to resource abstraction is thus dependent on very local 325 

meteorological conditions (meteorological water supply) and the yield capacity of the soil 326 

layers (soil texture influencing soil water flow paths and accessibility to roots). In dry 327 

conditions, rainfall frequency may decrease but average rainfall depth may increase, resulting in 328 

increased recharge, which along with more deep-rooted vegetation can partly counterbalance 329 

the impacts of climate change (Liu, 2011). Simulations for a temperate (wet climate) hillslope, 330 

with reduced yearly rainfall and increased winter rainfall, show increased upslope recharge due 331 

to decreased upslope biomass and increased winter rainfall, resulting in increased groundwater 332 

levels and wetter conditions downslope and enlargement of wet-adapted vegetation cover 333 

(Brolsma et al., 2010). However, the impacts of other growth-limiting factors such as nutrients, 334 

pH, light and air humidity are not well known, rendering modelling results uncertain. For 335 

example, vegetation disease is probably the most obvious consequence of groundwater 336 

lowering (Scott et al., 1999). Water stress leads to reduced photosynthesis and transpiration, 337 

stomata closure (Leffler et al., 2000; Sperry et al., 2002; Cooper et al., 2003) and sometimes to 338 

xylem cavitation, especially in phreatophytes (Groeneveld et al., 1994). Xylem cavitation may 339 

lead in turn to the death and disappearance of some branches, initially the most distal ones. In 340 

snow and glacier-fed systems featuring high latitude and high altitude areas, a general 341 

piezometric level increase may occur due to climate change (e.g. Beniston, 2006). In such 342 

conditions, tree resiliency mostly depends on the capacity of the species to adapt to anoxic 343 
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conditions. Even among phreatophytes, this capacity varies and is still difficult to evaluate 344 

(Ganskopp, 1986; Groeneveld, 1990). In the case of prolonged anoxia, some trees may lose 345 

their deepest roots and produce either shallower roots or roots adapted to anoxia (Groeneveld 346 

and Crowley, 1988).  347 

 348 

2.3.2 Aquatic ecosystems: Lessons from surface waters  349 

Climate change is expected to impose environmental regimes that will exceed the resilience 350 

capacity of most aquatic organisms (Poff et al., 2002). For example, shifts in the distributional 351 

ranges of freshwater taxa will be equally obvious to, or may even exceed, those predicted for 352 

most terrestrial organisms (Hickling et al., 2006). Given that inland waters are already among 353 

the most heavily human-impacted environments, climate change represents an additional and 354 

severe threat to freshwater ecosystems, altering their fundamental ecological processes and 355 

species distributions (Poff et al., 2002; Woodward et al., 2010).  356 

Water temperature is an important environmental variable in freshwater ecosystems that 357 

directly influence organisms and ecosystem processes. Thermal regime regulates the growth 358 

and development of aquatic organisms and therefore directly affects species distributions and 359 

assemblage structure (Daufresne et al., 2004; Bertrand et al., 2012), as well as primary 360 

production and organic matter decomposition (e.g. Richardson, 1992). Temperature in lakes 361 

shows a correlation with air temperature and using this proxy Trumpickas et al. (2009) 362 

predicted a considerable increase for lake temperature of the great lakes of USA. For rivers, the 363 

increase in surface water temperature is mainly caused by reduced low flow and heat capacity 364 

for as shown by modelling for the United States, Europe, eastern China, and parts of southern 365 

Africa and Australia (Kane et al. 2013). Upto a 26 % increase is expected for seasonal rivers 366 
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due to changes in low flow (Kane et al. 2013).  Air temperature fluctuations are seen to a depth 367 

of 10-15 meters in groundwater, and a constant increase in soil mean temperature can be seen as 368 

an increase in mean groundwater temperature upto 4 
o
C in temperate climate in simulations 369 

using a considerable warming scenario (Taylor et al. 2009).  370 

 In addition to temperature, climate change also affects precipitation patterns and, consequently, 371 

the hydrological regime, and these effects can sometimes be even more detrimental to 372 

freshwater organisms than the direct effects of modified temperatures. Biota with low dispersal 373 

abilities and long generation times (K-strategists according to Mac Arthur and Wilson, 2001) 374 

are expected to be more common in permanently flowing springs, whereas biota with strong 375 

dispersal ability (R-strategists) will be favoured in non-permanent discharge habitats (e.g. 376 

Erman and Erman, 1995; Smith and Wood, 2002). Floods and droughts act as external 377 

disturbances, causing displacement of organisms and their resources, while indirect effects of 378 

discharge variation arise from interactions with the fluvial geomorphology and local stream 379 

habitat structure (Poff et al., 1997). Site-specific conditions such as current velocity and 380 

stability of sediments are likely to be modified by climatic-induced processes, which may alter 381 

the species distribution (Bertrand et al., 2012). Furthermore, the effects of temperature and 382 

discharge variability must be distinguished from land use-related environmental stressors such 383 

as eutrophication, acidification and sedimentation (e.g. Evans, 2005). Thus far, only a few 384 

attempts have been made to assess how changes in broad-scale climate factors will alter 385 

hydrological regimes and how these interactions will affect biological communities (Daufresne 386 

and Boët, 2007; Durance and Ormerod, 2007). 387 

Freshwater springs are dependent on continuous discharge of groundwater and form subsurface-388 

surface water and aquatic-terrestrial ecotones, which are important components of riverine 389 
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landscape biodiversity (Ward and Tockner, 2001). Springs and spring-fed streams are 390 

considered physically stable environments that support stable biological communities (Barquin 391 

and Death, 2006). Given that the thermal regime of groundwater systems is less dependent on 392 

air temperature patterns than that of surface waters, the effects of altered air temperatures are 393 

likely to be less pronounced in springs and other GDE. However, climate change-induced 394 

modifications of recharge may have a profound impact on spring communities. Such changes 395 

may by reflected in decreased groundwater level in summer, but increased winter level and 396 

associated flooding can affect biological communities even more through changes in water 397 

chemistry caused by intensified links between aquatic and terrestrial environments (Green et al., 398 

2011). In addition to intensity, the timing of disturbance events may be critical for biological 399 

communities. Freshwater organisms in boreal areas are evolutionarily adapted to a highly 400 

predictable seasonal flow regime, and alteration of the hydrological regime to more 401 

unpredictably occurring extreme flow events may result in serious problems for freshwater 402 

biota. Spring organisms, however, are reported to have remarkable resilience to human-induced 403 

disturbances. For example, Ilmonen et al. (2012) showed that invertebrate communities in 404 

springs affected by forestry approximately 30 years prior to sampling did not differ appreciably 405 

from those in non-modified reference springs. 406 

 407 

3. Identification of research and data gaps 408 

 409 

3.1 Impact of climate change on the variability of groundwater quantity and quality  410 
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For groundwater quantity, the fundamental issue is how recharge will be altered with climate 411 

change. The response of plant transpiration to increased CO2, climate warming and changes in 412 

soil moisture and groundwater elevation must be understood and included in recharge models. 413 

More information is needed on groundwater recharge mechanisms, storage capacity and 414 

residence times in cold and alpine conditions (Singleton and Moran, 2010; Treidel et al., 2012). 415 

Most studies of climate change effects on surface hydrology in alpine, mountainous and snow-416 

dominated regions do not explore subsurface hydrological responses (Green et al., 2011). The 417 

impacts of frost on soil hydraulic conductivity and recharge are large, but not fully understood 418 

(Okkonen and Kløve, 2010). These mechanisms need to be included in numerical models. The 419 

interactions between climate, groundwater and surface water must also be understood in order 420 

to predict changes in groundwater recharge (Okkonen et al., 2010). 421 

Only few studies have addressed the potential effects of climate change on groundwater quality 422 

(Treidel et al., 2012). Even if climate change has no direct effect on local groundwater quality, 423 

changes in the volume of groundwater entering GDE may change the quality of the receiving 424 

waters (Earman and Dettinger, 2011). The limited number of studies conducted to date on 425 

groundwater quality have primarily addressed seawater intrusion into coastal aquifers, and 426 

some studies indicate that groundwater pumping is expected to have more of an effect than 427 

climate change and sea level rise on seawater intrusion in some coastal aquifers (Treidel et al., 428 

2012; Ferguson and Gleeson, 2012). However, the effect of climate change on air temperature 429 

may influence groundwater temperatures and dissolved oxygen concentrations (Kløve et al., 430 

2012; Haldorsen et al., 2012). This would have important implications for reaction rates and 431 

reduction-oxidation (redox) reactions that directly affect the nitrogen and carbon cycle in soil 432 

and groundwater, non-point source and point source contamination, and the fate of many 433 
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groundwater contaminants. Climate-induced changes that alter biogeochemical processes may 434 

make groundwater less suitable for drinking (Figura et al., 2011). The quality of groundwater 435 

may be a limiting factor for some intended uses, such as drinking or irrigation, and for the long- 436 

term sustainability of groundwater resources worldwide (Gurdak et al., 2012), and therefore 437 

additional research is needed on regulation of groundwater quality. Changes in recharge rates 438 

and mechanisms may also increase the mobilisation of pesticides and other pollutants in the 439 

unsaturated zone and reduce groundwater quality (e.g. Gooddy et al., 2001; Johnson et al., 440 

2001; Bloomfield et al., 2006; Sugita and Nakane, 2007). In some semiarid and arid regions, 441 

climate change may mobilise naturally occurring salts, such as nitrate and chloride porewater 442 

reserves, or enhance denitrification and removal of nitrate from the unsaturated zone prior to 443 

recharge (Gurdak et al., 2007). Stuart et al. (2011) noted that nitrate leaching to groundwater as 444 

a result of climate change is not sufficiently well understood to make useful predictions without 445 

additional monitoring data. Studies on natural soil and agricultural processes in the United 446 

Kingdom report a range of nitrate leaching rates from a slight increase to possibly high nitrate 447 

concentrations in groundwater by 2100 because of climate change (Stuart et al., 2011). In 448 

addition, a possible increase in surface water intrusion and flooding poses a risk to groundwater 449 

quality because of contamination by bacteria and organic matter from wetlands (Silander et al., 450 

2006). 451 

 452 

3.2 Impacts of climate change and groundwater change on ecosystems  453 

Groundwater ecology as a scientific discipline is in its infancy (Larned 2012), and little is 454 

known about how climate change will affect GDE and their biota. Considering the importance 455 

of the ecosystem services provided by GDE to humankind, this lack of knowledge is 456 
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unfortunate, as it hinders the adaptive management of GDE in the face of global environmental 457 

change. Any management decisions need to deal with potential conflicts between human 458 

resource use and GDE biodiversity. Many GDE support surprisingly high biodiversity and 459 

levels of endemism (Boulton et al., 2008), thus being of considerable conservation value. 460 

However, as they have suffered from human disturbance around the world, their unique biota is 461 

rapidly becoming threatened (Heino et al., 2006; Barquín and Scarsbrook, 2008; Boulton, 462 

2009). 463 

Changes in groundwater input can influence water quality in ecosystems in several, partly 464 

unknown, ways. A reduction in the average groundwater level tends to enhance soil aeration 465 

and thus organic matter oxidation. This can lead to nutritive enrichment, mostly through 466 

production of NO3
-
 and PO4

3-
, which are generally the limiting nutrients in GDE (Wassen et al., 467 

2005). In aerobic conditions, PO4
3-

 may become toxic due to its fixation with the oxidised form 468 

of iron (Fe
3+

) in the root zone (Boomer and Bedford, 2008). An increase in groundwater flux 469 

may result in waterlogged conditions, anoxic processes and associated fluxes of contaminants 470 

(Werner and Zedler, 2002; Olde Venterink et al., 2006). This may unbalance the nutritive 471 

equilibrium through the production of reduced species such as Fe
2
+ (which might also release 472 

PO4
3-

 bound to Fe
3+

), Mn
2+

 (important nutrient but often at toxic concentrations in acid soils; 473 

El-Jaloual and Cox, 1998), or N2 (which can only be taken up by roots in symbiosis with 474 

particular nitrogen-fixing bacteria). 475 

If rainfall increases, acidification of the superficial zones of ecosystems may occur (Wassen et 476 

al., 1996; Grootjans et al., 2006; Bertrand et al., 2008). This process should be perceptible after 477 

several years of hydrological modifications (van Diggelen et al., 1996; van der Hoek and 478 

Sýkora, 2006; van Belle et al., 2006). Furthermore, acidification rate depends on organic acid 479 
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production in situ (Kooijman and Paulissen, 2006), sulphur dynamics (Devito and Hill, 1997), 480 

and the acid-buffering ability of soils (van Bremen and Buurman, 2002). 481 

Secondary hydrological changes in GDE due to altered water balance and groundwater levels 482 

have so far received little attention in climate change studies. The generation and maintenance 483 

of peat soils over time depend on hydrological conditions, and in recent studies of peatlands 484 

exposed to groundwater lowering, soil cracking, peat subsidence and secondary changes in 485 

water flow and storage patterns have been observed (Kværner and Snilsberg, 2008, 2011).  486 

 487 

3.3 Impact of land use and water management  488 

Groundwater is necessary for many human and natural systems and is a substantial economic 489 

resource in most developed and developing countries (Hiscock et al., 2012). The management of 490 

groundwater resources has many policy implications outside the immediate water sector 491 

(Ludwig and Moench, 2009). These include implications for agriculture and food security, 492 

energy, human health and safety (White and Falkland, 2012), and the conservation of 493 

groundwater-dependent ecosystems (Chaves et al., 2012; Kløve et al., 2012). Many policy and 494 

management decisions directly affect groundwater and (or) climate, which in turn further 495 

modifies groundwater resources. Examples of such policies are self-sufficency policy leading 496 

which in arid regions leads to cultivation of crops with high water requirement instead of crops 497 

with less water needs (Khalid 2013). In cold climate, agriculture is supported with European 498 

Union subsidence despite surface and groundwater being vulnerable due to high runoff and 499 

pristine water quality of that are easily contaminated. Also bioenergy crops expansion to 500 

marginal agricultural soils leads more pollution. Thus, policy decisions must carefully assess 501 
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implications to the climate-water-society complex and the sustainability of groundwater 502 

resources (Treidel et al., 2012). 503 

While most studies have addressed the response of recharge and groundwater/surface water 504 

interactions to climate change, quantifying groundwater withdrawals and use remains a difficult 505 

but necessary challenge (Treidel et al., 2012). Groundwater withdrawals for drinking water, 506 

agriculture and industry have a major effect on most groundwater resources and are a 507 

component of the groundwater budget that can be controlled directly by adaptive management 508 

practices and policy decisions. Treidel et al. (2012) conclude that additional scientific studies are 509 

needed in most aquifers of the world to quantify spatial and temporal patterns of groundwater 510 

discharge, withdrawals and uses in response to present and future climate. 511 

 512 

3.4 Modelling gaps 513 

The quantification of climate change impacts on groundwater systems and GDE can be 514 

explored by running groundwater models with future meteorological boundary conditions, 515 

which may be derived from future climate scenarios computed with climate models. However, 516 

there is a vast range of different GCMs with differing assumptions on ocean-atmosphere 517 

interaction, initial conditions and emission scenarios. Some of the GCMs are dynamically 518 

refined to regional climate models (RCMs). For various regions in particular, the predictions on 519 

changes in precipitation differ between different climate models. Furthermore, a statistical bias 520 

correction is sometimes performed based on station data (Themeßl et al., 2011), which draws on 521 

the idea that a good fit on historical data proves the adequacy of the climate model for 522 

prediction of future climate changes. However, this involves the assumption of stationarity and, 523 

in addition, it is questionable whether available data records are long enough to reliably 524 
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represent natural climate variability and anthropogenically induced climate change (Kiem and 525 

Verdon-Kidd, 2011).  526 

Typically, the spatial discretisation of climate models is in the order of tens of square 527 

kilometres. Thus, climate model results cannot reflect processes on a smaller spatial scale, 528 

which is particularly problematic in regions with strongly varying topography. Moreover, an 529 

aquifer or even more a GDE and its catchment might be of substantially smaller proportions. As 530 

input for hydrological models, time series of temperature and precipitation measurements are 531 

needed at the very least. While the resulting temperature data might be in line with observed 532 

data, this is rarely the case for precipitation. Seasonal patterns or shorter wet or dry periods are 533 

often poorly predicted in climate model outputs. This reduces the applicability of predicted 534 

precipitation time series for hydrological impact studies. 535 

One way to get around this is the Delta approach, where a factor is added to observed 536 

meteorological variables to mimic the future time series affected by change (Taylor and 537 

Tindimugaya, 2012). This change factor can be derived from climate model outputs or can 538 

include stochastic or soft paleoclimatic components to account for climate variability 539 

components not included in observations. Goderniaux et al. (2011) describe an approach where 540 

they combine the change factor with a transient stochastic weather generator to address the 541 

uncertainty from different model structures and parameterisations in driving GCMs and RCMs. 542 

Hydrological models run for climate change impact studies should be integrated with 543 

simultaneous consideration of processes in the unsaturated and saturated zones, overland and 544 

channel flow, soil-atmosphere interactions and, when relevant, the effects of snow and frozen 545 

soil. In general, climate change impacts on groundwater systems and GDEs are indirect 546 

consequences of changes in precipitation, evapotranspiration and surface runoff. Groundwater 547 
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systems then face altered patterns and magnitudes of recharge from water that has moved 548 

through the unsaturated zone and/or surface water levels that lead to different exchange 549 

conditions. Depending on the focus of a study, emphasis can be placed on modelling sub-550 

processes and treating the other water balance components as boundary conditions with or 551 

without feedback. Thus, a decision has to be made on the level of hydrological model 552 

complexity justified given the existing hydrological data for model calibration. 553 

To model climate change impacts on GDE, hydraulic aspects (e.g. extent of capture zone or 554 

critical groundwater level conditions) need to be complemented by data on biological and 555 

geochemical processes. For example, groundwater temperature is an important driver of all 556 

biological activities, which in turn might influence water quality in multiple ways. Thus, 557 

modelling processes within GDEs may become highly nonlinear. Finally, future scenarios also 558 

need to include transient assumptions about land use change, socioeconomic developments and, 559 

in particular, water abstraction, as these affect groundwater systems and thus GDE. 560 

Overall, a consistent strategy has to be developed to link relevant GDE processes to the 561 

surrounding groundwater system, considering strongly diverging temporal and spatial 562 

application scales. One crucial component is to disentangle the sequence of nonlinear feedbacks 563 

between hydraulic and biological processes. Moreover, the prospects for numerical modelling 564 

of the most relevant GDE problems need to be clearly identified and further described. If 565 

numerical models are to be used as a tool to provide the link between climate change impacts 566 

on GDE, a number of challenges must be met in a consistent manner. In this context, the 567 

propagation of uncertainty from the climate model outputs through hydrological models must 568 

be taken into account. 569 

 570 
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4. New approaches 571 

 572 

4.1 Integrated multidisciplinary monitoring of groundwater and GDE and new methods in the 573 

field of ecohydrology 574 

In the future, groundwater systems and use of these resources need to be studied in a 575 

multidisciplinary way in order to better understand the interaction between processes on the soil 576 

surface related to hydrology and land use, and the relationship between groundwater and 577 

ecosystems. Modelling is needed to link the complex natural processes to groundwater 578 

extraction, land use and management effects. For such integrated studies, data are required on 579 

land use changes and water extraction, groundwater-dependent ecosystems, and groundwater-580 

surface water interactions. We also need to understand how ecosystems depend on hydrological 581 

drivers and how they respond to predicted changes in hydrology (Fig. 4, 6). Monitoring data 582 

should include information on geomorphology, ecology and hydrology. Such data are usually 583 

unavailable in national monitoring efforts, which generally focus on groundwater levels or river 584 

discharges. Smaller-scale monitoring is needed for systems relevant for future ecosystem 585 

protection and legislation (e.g. NATURA 2000 ecosystems).  586 

Several new methods could be introduced in GDE research. Plant responses to water stress 587 

could be followed on short and longer time scales (Table 1) to verify the predicted changes in 588 

plants. As ecosystem responses will vary spatially, the monitoring networks need to be spatially 589 

distributed within a catchment. In many cases groundwater flowpaths are not well known, and 590 

tracer methodologies could be used to obtain this information. New tracers such as Nobel gases 591 

are also available for assessing changes in climate. It will be important to carry out climate 592 

change assessments that consider all reasons for climate change, including climate variability 593 
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and the impact of urbanisation on climate. For this, long series of records are crucial, as climate 594 

(and recharge) can oscillate with wavelengths of more than 50 years. However, many long-term 595 

weather monitoring stations are affected by the urban heat island effect (Hamdi, 2010) and 596 

temperature data must be used with care.  597 

 598 

4.2 Modelling as a future management tool 599 

Given the numerous challenges in combining climate model results and groundwater and GDE 600 

model applications, and the varying importance of different processes in different and complex 601 

GW-GDE systems, a promising approach is to use elaborated conceptual models to pinpoint the 602 

most important steps and drivers and set up a problem-specific model chain. Alternatively, the 603 

fully integrated hydrological modelling approach can be pursued (e.g. Goderniaux et al., 2011), 604 

but this requires either powerful computers (due to long CPU response times) or modelling 605 

compromises within the spatial model resolution. 606 

The conceptual model/model chain procedure may involve establishment of a list of indicators 607 

that describe GDE vulnerability, followed by identification of the linkages between these 608 

indicators and climate change-related impacts. The latter aspects should also include different 609 

levels of model proficiency, e.g. numerical modelling of water temperature is understood quite 610 

well, whereas other (in particular GDE-related) processes and their temporal and spatial 611 

variations are currently less well described. 612 

Furthermore, the role of the unsaturated zone in transferring climate change signals to 613 

groundwater systems and GDE needs to be better clarified (Treidel et al., 2012). Goderniaux et 614 

al. (2011) state that the unsaturated zone smooths groundwater recharge flux variations so that 615 
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groundwater levels become insensitive to seasonal fluctuations in the weather, but rather reflect 616 

multiannual fluctuations. However, Ng et al. (2010) found that changes in average precipitation 617 

are amplified by changes in average recharge, leading to nonlinearities due to the temporal 618 

distribution of precipitation change.  619 

Uncertainty in hydrological modelling should not be overlooked, although it has been shown to 620 

be smaller than that in climate modelling. It is dependent on the kind of hydrological system 621 

investigated and the specific hydrological models used. Along that line, Ng et al. (2010) present 622 

a combined probabilistic approach that explicitly accounts for uncertainties in meteorological 623 

forcing by applying a stochastic weather generator and soil and vegetation properties by 624 

generating realisations that are conditioned on soil moisture and soil water chloride 625 

observations.  626 

 627 

4.3 Groundwater indicators in future status and risk assessment 628 

Indicators are widely seen as a means of bridging the gap between scientific research and 629 

political needs. Political organisations often recommend the development of indicators and 630 

teams of experts and academics carry out this task (Hinkel, 2011). Indicators represent a tool for 631 

ecological assessment, while indices (e.g. multimetric indices, composite indices) are highly 632 

integrative, allowing broad-scale questions to be addressed using a few carefully selected 633 

parameters (Innis et al., 2000). The use of indicators requires a comprehensive understanding of 634 

the structural components of an ecosystem and the interactions between, and responses to, 635 

various stresses of these components, as well as their spatial and temporal variability. Rigorous 636 

testing and validation are necessary to establish such an understanding (Innis et al., 2000). 637 

Although the messages of different indicators are complex, careful assessment may allow 638 
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policy makers to identify aspects and stressors of ecosystems requiring improvements of 639 

existing policies. 640 

Despite financial and operational constraints, there is a need for monitoring and evaluation of 641 

groundwater status. To this end, chemical and sometimes microbial indicators have been 642 

analysed in many GDE. For example, groundwater pollution due to agricultural activities is 643 

shown by NO3-N and PO4-P content, which may result in failure to comply with national and 644 

EU water quality regulations. Heavy metals and metalloids, as well as hydrocarbons and 645 

pesticides, must meet the standard values, being generally under the detection limits (Cruz et 646 

al., 2009).  647 

Groundwater has been selected as one of the terrestrial Essential Climatic Variables (ECVs) by 648 

GTOS (Global Terrestrial Observation System). Several critical variables have been considered 649 

under the heading “groundwater”: groundwater level, groundwater recharge and discharge, and 650 

water quality. Of these, groundwater level is a direct indicator of groundwater supply and 651 

withdrawal rates, while the GTOS Panel on Climate recognises that groundwater discharge and 652 

recharge are critical indicators of climate change. Despite the priority given to chemical status, 653 

biological, physical and radiological factors are also considered when assessing groundwater 654 

quality.  655 

Current indicator systems (e.g. groundwater indicators or water quality indicators according to 656 

the EC Water Framework Directive, WFD) need to be strengthened and applied more 657 

consistently and universally. However, much more remains to be done to produce or to 658 

aggregate indicators relevant to assessing the vulnerability of GDE. All existing indices of 659 

vulnerability to climate change show substantial conceptual, methodological and empirical 660 

weaknesses, including lack of focus, lack of a sound conceptual framework, methodological 661 
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flaws, high sensitivity to alternative methods for data aggregation and limited data availability 662 

(Füssel, 2009). 663 

A common approach to GDE assessment requires scientific consensus. Improvements in data 664 

availability can be realised through better organisation and interoperability of databases. Many 665 

indicators have been developed under national and EU programmes (in projects providing 666 

scientific support for WFD or GWD implementation in different EU countries), but have not 667 

reached their potential.  668 

The selection of elements in an indicator set is critical. An appropriate indicator must 669 

incorporate several spatial and temporal scales and multiple environmental factors (physical, 670 

chemical and biotic) to provide robust results. The use of carefully selected indicators 671 

maximises the amount and quality of information about the ecological integrity of a system, 672 

while minimising the time and expense involved.  673 

Whether, and which, indicators are useful for vulnerability assessment or climate change 674 

adaptation policy remains an open question. Before this question can be addressed, goals and 675 

targets of specific indicators in climate-relevant policy fields need to be evaluated and refined 676 

frequently (Hinkel, 2011). 677 

 678 

4.4 Integrated management of groundwater and GDE 679 

The accelerating trend for withdrawal and use of groundwater over recent decades has been 680 

essential in the development of many regions of the world, producing large social and economic 681 

benefits through the provision of low-cost, drought-reliable and high-quality water supplies. 682 

Many regions have large groundwater-dependent economies. This fast expansion has been 683 
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referred to as the “silent revolution”, in the sense that in many regions it has followed a bottom-684 

up approach, driven by the personal initiative of millions of individual farmers in pursuit of the 685 

significant short-term benefits usually provided by groundwater (Llamas and Martinez-Santos, 686 

2005). Such developments are often uncontrolled and not incorporated into a comprehensive 687 

land and water management plan at the basin scale, resulting in overexploitation and 688 

groundwater degradation and drainage impacts on GDE.  689 

Sustainable development of groundwater is a major challenge that is expected to be exacerbated 690 

by the potential impact of climate change. The expected increase in the frequency and intensity 691 

of dry periods might lead to increased and unsustainable abstraction of groundwater resources 692 

(Green et al., 2011). Groundwater is bound to play a decisive role in adapting water resource 693 

management to climate change. Forward planning for adaptation of groundwater management 694 

to global (climate and land-use) change is essential in order to develop sustainable practices to 695 

cope with the impacts of future climate change. This adaptation should consider the local 696 

context, the dominant drivers and their projected impact on groundwater resources in the future 697 

(World Bank, 2009).  698 

Integrated Water Resources Management (IWRM) requires the coordinated development of 699 

water, land and related resources in order to maximise the resultant economic and social welfare 700 

in an equitable manner, without compromising the sustainability of vital ecosystems (GWP, 701 

2000). Groundwater management within the general IWRM framework requires integration of 702 

an appropriate policy and regulatory framework, institutional arrangements, social participation 703 

and economic instruments to be fully effective (Foster and Ait-Kadi, 2012). In future IWRM, 704 

GDE have to be seen as an integral part of groundwater resources. 705 
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Some of the challenges for the adaptation of integrated groundwater management to climate 706 

change are: 707 

 Appropriate institutional/regulatory framework for groundwater appropriation and use. 708 

Groundwater management is best carried out through the collaborative efforts of a 709 

regulatory agency and aquifer management organisation involving representatives of 710 

local associations of water users and other stakeholder groups (Garduno and Foster 711 

2010). The decisive role of collective action in groundwater governance is being 712 

increasingly recognised (Lopez-Gunn, 2003; Lopez-Gunn and Martinez-Cortina, 2006).  713 

 Economic management instruments. Groundwater and GDE services are often 714 

undervalued (economic externalities and groundwater economic value are scarcely 715 

recognised), which has often led to inefficient patterns of groundwater use, resulting in 716 

overexploitation and pollution problems. With increasing water scarcity, the economic 717 

value of groundwater is rising. It is essential to study the total economic value of the 718 

resource in order to assess the net benefits of management actions (NRC, 1997). There 719 

is an array of economic instruments that can provide the appropriate incentives for 720 

efficient groundwater extraction and management. Although the economic instruments 721 

to manage surface water and groundwater are similar, they are not identical due to 722 

certain special characteristics associated with groundwater, including the relatively high 723 

cost and complexity of assessing groundwater, the highly decentralised nature of 724 

resource use and the high monitoring costs, and the long time-lags and near 725 

irreversibility of most aquifer contamination. The selection and use of a particular 726 

economic instrument will depend on hydrological, economic, social and political 727 

considerations. Abstraction charges provide direct incentives for water saving. There are 728 
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two alternatives: pricing through resource abstraction fees or indirect pricing through 729 

increasing energy tariffs. Water markets have been advocated to improve resource 730 

management, especially with regard to more efficient water use and allocation within 731 

and between sectors. Groundwater banks also offer new perspectives for water 732 

management in drought conditions (Howitt, 2004; Pulido-Velazquez et al., 2004).  733 

 Integrated conjunctive management of surface and groundwater and GDE. Conjunctive 734 

use (CU) is the coordinated management of surface and groundwater resources, taking 735 

advantage of their complementary properties. Jointly operating all manageable water 736 

resources in a river basin or region can increase the yield, efficiency, supply reliability 737 

and cost-effectiveness of a system. CU not only refers to artificial recharge practices, 738 

but to a broad range of options (including alternating use of surface water and 739 

groundwater, managed stream/aquifer interaction, etc.) which can occur in different 740 

temporal patterns and within active or passive management, according to the region’s 741 

development status and planning objectives (Pulido-Velazquez et al., 2003; Sahuquillo 742 

and Lluria, 2003). Tanaka et al. (2006) used a state-wide hydroeconomic optimisation 743 

model to analyse water supply in California under climate change scenarios for the year 744 

2100. They found that the system can adapt to significant changes in climate and land 745 

use through major changes in the operation of the large groundwater storage capacity 746 

and conjunctive use management, significant transfers of water among users (water 747 

markets) and the adoption of new technologies. 748 

 Land use regulations to protect groundwater resources and GDE. Management of 749 

groundwater quality requires the protection of aquifers and groundwater from ingress of 750 

pollutants and also the remediation/treatment of polluted resources. However, treatment 751 
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of polluted groundwater is complex, expensive and often only partially successful, and it 752 

may take many years before groundwater quality is restored. The protection of aquifers 753 

against pollution requires constrained land use, effluent discharge and waste disposal 754 

practices. One widely used strategy has been the establishment of groundwater 755 

protection zones. Improved coordination among the governments and agencies engaged 756 

in land-water management is needed. 757 

 Building adaptive capacity for groundwater and GDE management. This requires 758 

undertaking research to better understand the risks faced and the system’s vulnerability 759 

to climate change, and to improve or extend the range of adaptations. Education and 760 

communication programmes could be developed to improve stakeholders’ and 761 

communities’ understanding of risks and management responses and empower groups to 762 

develop new adaptations or apply existing adaptations more effectively or extensively 763 

(World Bank, 2009). 764 

 765 

5. Conclusions 766 

Climate processes influence groundwater patterns in a complex way, with a number of direct 767 

and indirect effects. Future recharge can reflect normal climate variability, human-induced 768 

warming and local land and water management. These changes may counteract or amplify each 769 

other. The influence of past climate must be studied over a long time scale (e.g. 70-100 years) to 770 

reveal natural variability. 771 

Climatic variables influence hydrological processes, so any change in precipitation, 772 

evapotranspiration, snow accumulation and snow melt will influence recharge and groundwater 773 
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formation. It is not fully understood how evapotranspiration changes with increased 774 

temperature, CO2 and alterations in rainfall patterns. In cold climates, the response in terms of 775 

snow melt, frost and winter hydrology and recharge needs to be better quantified. Changes in 776 

groundwater interaction with surface water are important for groundwater recharge and must be 777 

better understood. Studies on groundwater are needed from regions with different socio-778 

economic development, land uses and hydrogeological settings. 779 

Climate model outputs have been used to assess changes in hydrology. So far these climate 780 

models do not estimate changes in climate at a scale useful for studies of changes in small 781 

groundwater deposits and in GDE. Future scenarios of precipitation, wind speed and radiation 782 

are all highly uncertain compared with the predicted changes in temperature. Changes in land 783 

use patterns, irrigation, vegetation cover and water use are not well understood and 784 

documented. The present state of climate response modelling must therefore include a proper 785 

assessment of uncertainties in input variables and predicted changes in water consumption and 786 

land use. As drought is a major threat to GDE, it is important that impact studies include an 787 

assessment of drought on the water supply. Typically, drought effects can be seen only after 788 

several years of drought, when groundwater levels are lowered. 789 

The impacts on ecosystems will vary depending on the type of ecosystem, amount of water 790 

input and changes in water input. For some groundwater systems, the changes in temperature 791 

may be smaller than for surface waters. The expected change will depend on the existing 792 

quantitative and qualitative stresses on these ecosystems. Conceptual and numerical models can 793 

be useful for predicting future changes in ecosystems, but the effect response in these systems is 794 

not well known. Many processes are highly non-linear and should be included in numerical 795 

models. In major aquifers used for drinking water production, data on groundwater levels are 796 
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available, but for smaller systems information is scarce. In most cases, monitoring on 797 

ecosystem scale is lacking in national monitoring programmes. Generalising the effects on 798 

groundwater quantity and quality for any particular region is challenging and subject to 799 

considerable uncertainty. 800 

Groundwater is important for both economies and ecosystems. In future, groundwater should be 801 

managed in a multidisciplinary way in order to provide efficient solutions. Numerical models 802 

will be essential for understanding the complex interactions in GDE, while simple indicators 803 

will be helpful for monitoring the results of policy practices in GDE. As the study of GDE is 804 

new, more research and development is needed. This should include the development of 805 

scientific methodologies and national monitoring activities. 806 
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