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In many parts of the world, access to groundwater is needed for domestic, agricultural and industrial uses, and
global groundwater exploitation continues to increase. The significance of groundwater in maintaining the health of
rivers, streams, wetlands and associated vegetation is often underestimated or ignored, resulting in a lack of scrutiny
of groundwater policy and management. It is essential that management of groundwater resources considers the needs
of natural ecosystems, including subterranean. We review the limited Australian literature on the ecological impacts of
groundwater overdraft and place Australian information within an international context, focusing on lentic, lotic, stygobitic
and hyporheic communities as well as riparian and phreatophytic vegetation, and some coastal marine ecosystems.
Groundwater overdraft, defined as abstracting groundwater at a rate which prejudices ecosystem or anthropocentric
values, can substantially impact natural communities which depend, exclusively or seasonally, on groundwater. Overdraft
damage is often underestimated, is sometimes irreversible, and may occur over time scales at variance to those used
by water management agencies in modelling, planning and regulation. Given the dangers of groundwater overdraft,
we discuss policy implications in the light of the precautionary principle, and make recommendations aimed at promoting
the conservation of groundwater-dependent ecosystems within a sustainable use context.

Key words: groundwater-dependent ecosystems, precautionary principle, policy, environmental impacts, stygofauna,
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INTRODUCTION

GROUNDWATER dependent ecosystems (GDEs)
are ecosystems that are totally, partially or
seasonally dependent on groundwater. They fall
into three broad groups: surface terrestrial,
surface aquatic and subterranean, and include
distinct ecotones where different ecosystems
meet. Water moves constantly between
groundwaters and surface waters. Most rivers,
lakes and wetlands are fed by, and feed
groundwater to varying degrees at varying times.
Groundwater feeds soil moisture through
capillary action and percolation, and many
terrestrial vegetation communities depend
directly on either groundwater or the percolated
soil moisture above the groundwater, for at least
part of each year (Eamus et al. 2006a).
Hyporheic zones (the mixing zone of stream-
water and groundwater) and riparian zones are
examples of ecotones largely or totally
dependent on groundwater. Subterranean aquatic
ecosystems exist within aquifers, and often
contain unique biota (Humphreys 2008a;
Humphreys 2001; Humphreys 1999). These
systems are mostly completely unstudied and, in
spite of recent advances, are not well
understood, appreciated or protected in
Australia (Tomlinson and Boulton 2008;
Humphreys 2006b). Often, the role in nutrient

mediation played by ecosystems within aquifers
(denitrification) can have important con-
sequences for surface water ecosystems.

Because groundwater and surface river flows
are interconnected, extraction of groundwater
linked to a river system will impact on that river.
This is a simple but fundamental fact which
water management agencies around the world
still struggle with (Sophocleous 2010) and
Australia is no exception (Nevill 2009; Evans
2007; Evans et al. 2006). Extracting more
groundwater than is recharged is referred to
here as groundwater mining. Extracting ground-
water at a rate which prejudices important
values (ecological or anthropocentric) is referred
to here as groundwater overdraft (following
Zektser et al. 2005). Over-allocation is defined
here as the administrative permission of water
extraction levels which cannot be sustained
indefinitely without damaging other beneficial
uses. Note that these definitions differ slightly
from those used in Australia’s National Water
Initiative (Government of Australia 2004:32).

It is critical that overdraft of water resources
(both ground and surface) be addressed, and,
where possible, avoided by prudent foresight.
The precautionary principle also has an
important role to play, both in broad planning
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approaches and in the details of techniques used
to estimate groundwater stocks and flows.

In warm climates, surface water storage results
in major water loss through evaporation —
particularly in wide, shallow dams. Good
groundwater management which fosters aquifer
use for water storage can result in more efficient
storage than damming surface water, as evapora-
tion is eliminated — although transpiration and
drainage within aquifers must be taken into
account. Integrated and comprehensive manage-
ment of connected ground/surface water resources
is needed, including careful provision of
adequate environmental flows for groundwater-
dependent ecosystems. Environmental flows are
managed flows dedicated for ecosystem support
(see Poff et al. 1997, Bunn and Arthington
2002). In many cases, better water management
would see increased use of groundwater (in
some cases accompanied by artificial recharge)
combined with substantial reductions in surface
water storage and use. In some areas, such as
the arid parts of the Great Artesian Basin there
is little or no surface water most of the time,
and aquifer recharge is negligible in comparison
to extraction, so good management of ground-
water is critical.

The surface water environmental flow concept,
applied to groundwater, becomes more complex,
given that groundwater flow is not always
unidirectional, the time-scales over which
change occurs may be extended, and infor-
mation on the ecological (and economic)
relevance of the flows is often subject to a high
degree of uncertainty. While an environmental
flow in a river may be described by a flow and
quality regime varying over time (weeks to
decades), the water requirements of GDEs are
likely to be specific to particular GDE types and
locations. Water levels, pressures, flows, chemical
fluxes, and quality will vary in importance for
different GDEs (SKM 2001). For example, a
subterranean cave ecosystem may be highly
dependent on fluxes (nutrients, oxygen, detritus)
as well as stable temperature. Groundwater-
dependent (phreatophytic) vegetation is likely to
be highly dependent on the prevailing water
level. Fauna in a near-surface aquifer may need
a stable water table. River base-flow ecosystems
will depend on a flow regime above a certain
minimum. The health of a hyporheic ecotone
may depend on seasonal flow reversal of a certain
magnitude. These complications, as well as their
policy implications, are discussed in more detail
by SKM (2001) and Howe et al. (2007).

The purpose of this paper is to highlight the
importance of groundwater to a variety of
different ecosystem types, to discuss the effects
of groundwater overdraft (using international
examples where Australian information is scarce

or not available) and to briefly present policy
implications and recommendations.

Ecological importance of groundwater

The dependence of an ecosystem on
groundwater varies with the particular structure
and function of that ecosystem, which in turn
are likely to vary over time. Such requirements
include the water essential for cell growth, as
well as dissolved nutrients important for
maintaining healthy tissue. Groundwater provides
more than water and nutrients. A key role is
supporting biodiversity and ecological processes
through the organizing principle of hydrological
connectivity, defined by Ward et al. (1999:129)
as “the ease with which organisms, matter or
energy traverse the ecotones between adjacent
ecological units”.

Australian ecosystems dependent on ground-
water can be broadly categorized into three
different types (Fig. 1). The first of these
are subterranean ecosystems, such as aquifer
and wet cave ecosystems. These are entirely
dependent on groundwater and are often
considered the ultimate groundwater-dependent
ecosystems (Humphreys 2006b). Next are the
surface aquatic ecosystems which depend on
their connection to aquifers to maintain water
supply. Examples of these include permanent
springs, streams, rivers and flow-through lakes
and other wetlands. Finally, there are terrestrial
ecosystems where plant roots extend into the
phreatic zone to extract groundwater.

The vadose zone is the unsaturated zone
above the watertable in which the spaces
between particles are only partially filled with
water. Vadose water can comprise either per-
colating rainwater or discharging groundwater.
In the arid zone, where rainfall is low
but groundwater tables are close enough to the
surface to support terrestrial vegetation (O’Grady
et al. 2006a), biota using the vadose zone can
be considered groundwater dependent because
vadose zone moisture is discharging ground-
water.

Subterranean aquatic ecosystems

Subterranean aquatic habitats consist of
submerged caves, cave streams, wet passages and
aquifers in karst, pseudokarst, calcrete and
fractured rock, and the water-filled interstitial
spaces between sediments in alluvial aquifers
(Hancock et al. 2005, Tomlinson and Boulton
2008). Ecosystems exist within these habitats
under a variety of salinities and alkalinities
(Humphreys 2008a). Often, conditions are
characterized by an absence of light, low
nutrients, and restrictions in available space
(Coineau 2000). The biotic component of these
ecosystems consists largely of diverse com-
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munities of micro-organisms and invertebrate
fauna — mainly crustaceans, gastropods and
insects (Humphreys 2008a). Vertebrate fauna
(fish and, outside Australia, salamanders) are
also important in some localities. Most of the
food webs in aquifers are carbon-based,
although chemoautotrophic ecosystems are
known (Movile and Frasassi caves, in Romania
and Italy, Forti et al. 2002). In the absence of
photosynthesis in aquifers, carbon must be
sourced externally. Often, this is in the form of
dissolved or particulate organic carbon, entering
the aquifer in recharge water passing through
the vadose zone and the beds of surface aquatic
ecosystems, and its supply is a primary factor in
determining biodiversity patterns (Datry et al.
2005).

Globally, it is only in the last decade that the
magnitude of biodiversity present in sub-
terranean waters has been recognized. It is
apparent, despite the almost complete lack of
study over much of the continent, that Australia
contains a stygofauna of global significance
(Humphreys 2008a). At a conservative estimate,
at least 750 stygobitic species have been
recorded from Australia, mostly in the last 10
years (Humphreys 2008a). This figure may be
seen in context by comparing it with the 3410
described species in 13 higher taxa of freshwater
stygobites that were enumerated from a 1986
global review (Humphreys 2008a). Much of
these data come from extensive studies in the
mineraliferous Pilbara and Yilgarn regions of
Western Australia, where dewatering operations
associated with mining is an issue of concern
(more below) and where more than 500
Australian species occur. While these figures are
now dated, Australia, which comprises ~7% of
the Earth’s land area, would appear to exceed

the world average density (species per unit area)
of stygal species (Humphreys 2008a) just based
on this one small part of the continent.

These Western Australian calcrete aquifers,
isolated for millennia, provide archipelagos of
habitat “islands” containing distinctive and
endemic fauna (Cooper et al. 2008). Identified
stygobitic species from South Australia and
Western Australia alone currently number 637,
with an estimate of undiscovered species at over
2000 (R. Leijs, pers. comm. 22/3/10). Studies in
other parts of Australia may reveal similar
surprises in the future. Stygobitic animals are
often efficient bio-accumulators, and slow to
recover from reductions in their populations
(Humphreys 2008b). By virtue of these bio-
logical characteristics and because many are
small range endemics, the species inhabiting
subterranean ecosystems are often considered
intrinsically vulnerable to anthropogenic effects,
despite evidence of exceptionally long per-
sistence through geological eras in subterranean
habitats subjected to massive geological and
climatic change (Humphreys 2008a).

Declines in groundwater level usually increase
the distance between the aquifer ecosystem and
its source of carbon, reducing the amount of
organic matter available to aquifer food webs.
Water level decline may also have more
immediate effects on faunal communities,
causing stranding if decline occurs at a rate
greater than that with which the animals are
able to move downwards. This is of particular
concern in those aquifers where there are
limited vertical pathways to facilitate migration.
In coarse alluvium stygofauna may be able to
track water level decline, especially if the
animals are small and the gaps between the
particles are relatively large. However lenses of

Fig. 1. A diagram showing subterranean, surface aquatic, and phreatophytic groundwater-dependent ecosystems with their
ecotones. Redrawn after Eamus et al. (2006b).
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finer material may prevent this migration, and
concurrent changes to water quality could also
impose limitations (Dillon et al. 2009:28). When
groundwater extraction bores are located too
near to surface water bodies, the resultant influx
of surface water may be detrimental to ground-
water communities, and this can sometimes have
effectively irreversible consequences for not only
the ecological communities, but for human users
as well. Surveys of hyporheic fauna suggest that
pollutants (especially iron, chromium, and
nickel) can enter the sediments further im-
pacting on invertebrate communities (Plénet et
al. 1996; Plénet and Gibert 1994).

Surface aquatic ecosystems

Groundwater dependent surface aquatic eco-
systems consist of those surface water bodies that
are hydrologically linked to aquifers, and whose
functioning depends on this connectivity.
Although water is the principal component of
this connection, the transfer of dissolved and
suspended materials, as well as organisms can
also be critical to the functioning of some
communities (Dent et al. 2000). Groundwater/
surface water exchange can also play a critical
part in moderating physico-chemical conditions
of the surface water body. As rivers, lakes, and
wetlands often occur at the lowest points in the
landscape, they regularly intercept the water
table of unconfined aquifers. Lakes forming in
depressions below the water table are sometimes
called “window lakes”. In parts of Australia there
are many flow-through lakes (those of the Swan
Coastal Plain in Western Australia) where
groundwater flows through highly permeable
landforms.

With the exception of regulated rivers, the
ecologies of most Australian rivers, most of the
time, depend on their connections with
groundwater (Boulton and Hancock 2006). In
unregulated rivers, other than minor snowmelt
exceptions, all river flow when runoff is not
occurring (base flow) comes from aquifers or
shallow groundwater. This generalization does
not extend to the proportion of flow, as many
rivers receive most of their annual flow from
runoff during periods of high rainfall (as in
monsoonal Australia) though they rely on
groundwater base flow over the majority of the
year. The ephemeral rivers of Australia’s arid
interior are an exception to the generalisation:
with little baseflow, they are almost entirely
driven by runoff from intermittent high-rainfall
events (Ladson 2008:145).

The exchange of nutrients between terrestrial
aquatic ecosystems and the underlying aquifers
is sometimes bidirectional and changes through
the year. Pressure gradients caused by differences
in head potential drive the direction of hydro-

logical exchange. Thus where the water table of
an alluvial aquifer is higher than the water level
of an adjacent stream, groundwater flows to the
stream and vice versa (Gordon et al. 2004;
Packman and Bencala 2000). Pumping from
bores that are near rivers can create a
unidirectional flow of river water into the stream
bed with consequent loss of surface water
volume (and thus flow). For hyporheic ecotones,
both downwelling (where surface water enters
the stream bed) and upwelling (where aquifer
water exits the bed) areas are necessary to
sustain the function of the ecosystem, for
example by maintenance of bed filtration. Fish
nursery areas may depend on the movement of
water into, and then out of, the aquifer
(Hancock 2002). However, localised pumping
from near-stream bores can change exchange
patterns to downwelling only, meaning that the
filtration effect of water passing through the
hyporheic zone and back into the stream is
reduced or locally eliminated (Mauclaire and
Gibert 1998).

In artesian aquifers, water under pressure can
be pushed to the surface through fractures in
the confining layer, and create seepages or
flowing springs. The spring wetlands of the
Great Artesian Basin are critical habitats for
invertebrates (Ponder 2004), fishes (Wager and
Unmack 2000) and plants (Fensham and Fairfax
2003), but these communities are threatened by
both pressure loss caused by high numbers of
free-flowing bores, direct habitat modification
(usually excavation) and stock damage (Fensham
et al. 2007). While the bores provide watering-
points for cattle and wildlife (Noble et al. 1998)
in many parts of the basin numerous artesian
springs now have severely reduced flows or have
become extinct because of pressure loss caused
by bores drilled to support agriculture and, to
a lesser extent, mining as well as urban use. A
programme of capping free-flowing agricultural
bores to control water and pressure loss was
initiated some years ago, but many bores remain
uncontrolled (Fensham et al. 2007; Molsher and
Coote 2003; Fensham and Fairfax 2003). More
information on the spring ecosystems and the
government responses to their decline are
outlined below.

Dependent ecosystems also occur where
groundwater flows into estuaries or onto the
open coast. Diffuse discharges to aeolian
landforms will create terrestrial wetlands, and
submarine discharge may deliver significant
nutrients to marine ecosystems (Rutkowski et al.
1999; Johannes 1980). Groundwater discharge
may influence the diversity and density of
seagrass beds, although this relationship is not
straightforward or well understood (Kamermans
et al. 2002; Rutkowski et al. 1999). The level and
salinity of groundwater at turtle nesting beaches
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may be important, even critical, to nesting
success: however there is little scientific
agreement on the subject (Johannes and
Rimmer 1984; Foley et al. 2006).

Phreatophytic ecosystems

Particularly in arid areas, many land-based
vegetation communities depend on groundwater.
These in turn support terrestrial faunal
communities, and these two components make
up groundwater-dependent terrestrial ecosystems.
Many plants, mostly trees and large shrubs, have
roots that penetrate the water table and use
groundwater, in some instances from up to ~70
m below the ground surface (Lubczynski 2007;
Canadell et al. 1996,). In soil, subsoil, or
permeable material immediately above the
watertable (the vadose zone) moisture moves
upwards through the hydraulic lift created by
capillary action. This water is utilized by plants,
provided their roots can reach this zone.

The critical issue for phreatophytic vegetation
is the depth of the water table (and its
associated vadose zone) below the ground
surface, and its accessibility by roots. If
abstraction lowers the water table beyond the
depth from which roots can obtain water, those
elements of the vegetation community with full
dependence on groundwater will die. This
occurred in the Banksia woodland community
of the Swan Coastal Plain north of Perth,
Western Australia, after the underlying water
table was lowered by 2.2 m (Groom et al. 2000a).
However, some Banksia species (B. attenuata, B.
menziesii), while able to use groundwater to a
maximum depth of 9 m, switched over to soil
moisture when the water table retreated beyond
that depth (Groom 2004; Zencich et al. 2002)
suggesting that they have a seasonal dependence
on groundwater, using it during winter when
rainfall recharges the aquifer, and then relying
on soil moisture at other times of the year.
Species that are restricted to low-lying, shallow-
groundwater depth habitats (Banksia littoralis) are
entirely dependent on groundwater all year
round, and can be classified as obligate
phreatophytes (Canham et al. 2009).

Most riparian plant communities use ground-
water to degrees which vary spatially and
temporally (Baird et al. 2005; Naiman et al.
2005). Along the Daly River in the Northern
Territory, trees nearer the river used more
groundwater than those further away and higher
above the water (O’Grady et al. 2006b). In arid
areas, the growth of riparian vegetation is
influenced by depth to the water table, which
fluctuates seasonally (Martí et al. 2000).
Groundwater beneath riparian zones is often
enriched in some nutrients compared to the
stream water (Martí et al. 2000) and sediment

microbial activity together with riparian
adsorption potentially intercept nutrient-rich
groundwater and moderate the speed with
which nutrients enter the river (Trémoliéres et
al. 1997). In artesian areas, localized ground-
water is able to support shallow-rooted vegeta-
tion communities where pressure brings the
water to the surface at seepages or springs. Nine
native plant species are endemic to the spring
environments of the Great Artesian Basin
(Fensham et al. 2007) with most of them
threatened by loss of aquifer pressure, grazing
and trampling, excavation, and exotic grasses
(Fensham and Price 2004).

For all phreatophytic ecosystems, there is a
risk of isolation from the aquifer if significant
groundwater extraction occurs. In artesian areas,
this isolation could result from loss of aquifer
pressure, while for unconfined aquifers it can
simply be a result of the water table being
lowered to a point where it is no longer in
reach of the ecosystem. The wetland and lakes
overlying the Gnangara Groundwater Mound in
south Western Australia are suffering the results
of water level decline due to groundwater
abstraction combined with the expansion of pine
plantations, burning of native forests, and
naturally warm dry weather (Department of
Water 2007; Groom et al. 2000a; Groom et al.
2000b). Climate change may also be playing a
role.

Groundwater managers need to be aware that
groundwater levels become depressed or elevated
in the region surrounding discharge or recharge
bores respectively. The magnitude of the change
in elevation of the groundwater surface reflects
the balance between the pumping rate at the
bore and the hydraulic conductivity of the
aquifer.

In bore fields the groundwater surface may
become dimpled, both spatially and temporally,
by drawdown cones of adjacent wells. In coastal
areas, a serious issue is that of seawater
intrusion. In some locations fresh water can
extend for tens of kilometres offshore (Post
2005). The extraction of coastal groundwater at
a rate which reverses the seaward hydraulic
gradient will threaten not only the subterranean
aquatic ecosystems (Hancock 2004), but also
groundwater-dependent coastal terrestrial and
aquatic vegetation, and reduce the value of the
resource for human use. The same effect may
occur wherever saline and fresh waters occupy
the same aquifer, with overdraft of freshwater
sometimes causing similar damage (Humphreys
2008b).

Any interface of freshwater with underlying
sea (or saline) water will be dimpled in mirror
image to that of the groundwater surface
(Humphreys 2002) but amplified about forty-
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fold owing to the Ghyben–Herzberg effect (Ford
and Williams 1989) which reflects the density
differences between the fresh and saline waters.
Consequently, minor drawdown of the water
surface may result in a major intrusion of sea
water into an aquifer where it may damage the
aquifer and impinge on stygofauna as well as on
overlying or downstream GDEs. Thus, even
where overdraft is not an issue, the pumping
rate itself may have major impacts on GDEs.
This issue is described further by Humphreys
(2006b) and Humphreys (2009).

Groundwater overdraft case studies

This section briefly discusses some examples
of the effects of groundwater overdraft, some-
times combined with other factors, on both
surface and subterranean ecosystems. Inter-
national examples are used in the absence of
Australian case studies.

In Australia, utilization of groundwater for
human consumption has increased exponentially
in the past 150 years (Eamus et al. 2006a).
Extraction of groundwater to support irrigation,
mining, and drinking water rose by 90%
between 1985 and 1997 to c. 5000 GL per year
(NLWRA 2001). In fact, in many regions of
Australia, the extraction of groundwater now
exceeds recharge to the point where natural
groundwater regimes have been dramatically
altered (NLWRA 2001). Considering that (a) such
levels of extraction alter the groundwater
regimes of groundwater-dependent ecosystems
(GDEs) that have evolved over millennia and (b)
there is evidence that such alterations have
deleterious impacts on the structure and
function of a range of GDEs, there are clear
imperatives to understand the impacts of
groundwater extraction on GDEs and
their ecosystem services (Boulton et al. 2008;
Tomlinson and Boulton 2008; Eamus et al.
2005) in order to provide sound management
of valuable groundwater resources and their
associated biodiversity (Howe and Pritchard
2007; Murray et al. 2006).

Phreatophytic and riparian vegetation

Groundwater overdraft has a range of environ-
mental impacts including land subsidence,
seawater intrusion into freshwater aquifers, and
degradation of natural plant communities
(Murray et al. 2006; Naumburg et al. 2005;
Zektser et al. 2005). Groundwater overdraft
typically produces falling groundwater levels,
which in turn are associated with changes in
vegetation structure and composition in many
different terrestrial and riparian plant com-
munities around the world, including alkali
meadows (Elmore et al. 2006; Elmore et al.
2003), semi-arid woodlands (Groom et al. 2000a;

Groom et al. 2000b), shrublands (Muñoz-
Reinoso 2001) and woody forests (Xu et al. 2007;
Chen et al. 2006; Webb and Leake 2006; Lite
and Stromberg 2005; Liu et al. 2005; Liu and
Chen 2002; Horton et al. 2001a; Horton et al.
2001b; Shafroth et al. 2000; Scott et al. 1999).
Overwhelmingly, these studies indicate that
groundwater declines, as a result of over-
extraction, lead to serious degradation of
natural ecosystems.

For alkali meadows in Owens Valley
(California) Elmore et al. (2006) found that
vegetation cover was negatively correlated with
increasing depth to groundwater. When ground-
water declined below natural fluctuation levels,
the first observable response was a reduction in
total cover of shallow-rooted plant species. At
locations where there was a high cover of such
plants, the decrease in total vegetation cover was
more rapid than at locations where there was
higher cover of deeper-rooted species. Of
concern is that declines in cover of native plant
species, in response to groundwater decline, are
often followed by an increase in the cover of
exotic plant species (Elmore et al. 2003). If
groundwater-dependent plant communities are
altered by the invasion of non-phreatophytic
species then the ecosystem may change to an
alternative state (Elmore et al. 2006). These
changes can ultimately lead to degradation of
ecosystem services and costly procedures to
restore the former condition (van de Koppel et
al. 2002; Scheffer et al. 2001).

In the lower reaches of the Tarim River
(China), damming (altering recharge) and direct
exploitation of water resources for farmlands
have led to dramatic declines in groundwater
levels in the last 30 years (Chen et al. 2006). As
a consequence, plant species diversity has
decreased and the overall structure of the plant
communities has become much simpler (Chen
et al. 2006), demonstrating the impacts of both
indirect and direct effects of water extraction
on groundwater-dependent ecosystems. There
appears to be a pattern of “converse succession”
(sensu Liu and Chen 2002) of plant communities
with a progression starting with the
disappearance of herbaceous taxa, followed by
shrubs and then trees (Liu et al. 2005). A simple
plant community is left that is characterized by
the dominance of drought-tolerant species (Liu
et al. 2005).

Recent studies in the south-western regions of
Australia have explored the effects of declining
groundwater levels on the native sclerophyllous
vegetation of the Swan Coastal Plain (Froend
and Drake 2006; Zencich et al. 2002; Groom
et al. 2000a; Groom et al. 2000b). This coastal
plain overlies several shallow superficial aquifers,
the Gnangara groundwater mound being the
largest. The Gnangara Mound supplies a large
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proportion of the water supply for Perth, the
largest city in Western Australia. Comparison
between Banksia woodland vegetation near a
groundwater extraction bore before and after
abstraction revealed that a major impact of
lowered groundwater levels was extensive death
and stress of the three Banksia overstorey species
(Groom et al. 2000a). Further comparisons
between the abstraction site and a site not
influenced by groundwater extraction revealed
that lowered groundwater levels, combined with
below average annual rainfall, led to a loss of
between 20% and 80% of adults of overstorey
species and up to 64% of adults of understorey
species at the abstraction site (Groom et al.
2000a). Groom et al. (2000b) examined the
response of 10 myrtaceous shrub species to
declining groundwater levels in the Swan
Coastal Plain. The most clear-cut biological
pattern to emerge was that species that
displayed the greatest reductions in population
size, in relation to lowered groundwater levels,
were comparatively shallow-rooted species
(rooting depth < 1 m). Further work has
suggested that obligate phreatophytes, such as
Banksia ilicifolia, are likely to be the most
susceptible to groundwater decline, and could
be used as possible indicators of artificial
groundwater drawdown impacts in this area
(Zencich et al. 2002).

Groundwater fauna may survive through long
periods of geological time relative to surface
faunas (Longley 1986; Humphreys 2000b) as
they can be buffered from major changes in
climate. For example, stygobitic animals in
Iceland survived beneath the continental ice
sheet during the Pleistocene in water kept liquid
by geothermal heat (Bjarni et al. 2007).
However, human-induced threats to these
unique ecosystems threaten their rapid demise
though overdraft, pollution or flooding.

There are relatively few scientific studies
concerning the impacts of water abstraction on
ecosystems within aquifers (Rouch et al. 1993),
especially deep aquifers (Longley 1992). The
diverse groundwater fauna of the Edwards
Aquifer, Texas, which includes both vertebrate
and invertebrate stygobites with both marine
and freshwater affinities, is under threat from
over-extraction which removes almost all of the
natural recharge. The adverse effects are caused
by loss of spring flow, dewatering of parts of the
karst, and saltwater intrusion (Longley 1992).
The Texas blind salamander, Typhlomolge
rathbuni, inhabits the artesian part of the aquifer
and is threatened by over-pumping (Elliot
2000). The use of Valdina Farms Sinkhole,
Texas, as a recharge well for the Edwards
Underground Water District appears to have
extirpated the only known population of the
salamander Eurycea troglodytes (Elliot 2000).

Rouch et al. (1993) conducted a high
discharge pumping test in a sinkhole to investi-
gate its effect on the movement of stygofauna
out of the saturated zone of the Baget Karst
(Ariège, France). The water in the sinkhole was
lowered by 21 m on three occasions over four
days, and as a result the microcrustacean
migration (mainly harpacticoid copepods) from
the karst increased. The community had not
returned to its original state when surveyed one
year later. Pollution can result from increased
energy input which may permit the successful
invasion of surface forms into a previously
oligotrophic environment (Notenboom et al.
1994; Malard et al. 1994) and fauna may be lost
rapidly following contamination (Iliffe et al
1984). Elliot (2000) documents many areas in
the US and Yucatan, Mexico, where groundwater
contamination, especially sewage from humans
and stock, has been reported to have, or was
expected to have an adverse affect on
groundwater fauna, either by loss, displacement
or changing composition.

Knowledge of the stygofauna in Australia
is recent and still very incomplete (Tomlinson
and Boulton 2008). Despite extensive areas of
drawdown (Froend et al. 2004), changed
hydrology and salinization (Leaney et al. 2003;
Sattler and Creighton 2002:Fig. 4.2; Gerritse
1998) and contamination (Carroll and Goonetilleke
2004; Barber et al. 1998) of groundwater, the
lack of prior data precludes evidence of change
to stygofauna communities (Humphreys 2008b;
Humphreys 2006a) and from most areas there
are no data at all. There are areas in the Pilbara
and Kimberley where the water table had been
lowered to levels below the karst but where no
stygofauna were reported despite conditions
being otherwise suitable. However, the recog-
nition that changing groundwater conditions
may threaten groundwater ecology is now
evident in Australia, both in research (Humphreys
2008b; Humphreys 2006b; Hancock et al. 2005;
Boulton et al. 2003; Humphreys 1999) and
management/regulatory fields (EPA 2007; EPA
2003; Playford 2001).

The best documented cases of Australian
stygofauna being threatened by changed
groundwater conditions refer to cave streams.
Exit Cave in south-east Tasmania contains
endangered hydrobiid snail populations, which
became further restricted because of increased
siltation from upstream quarrying activities.
Rehabilitation of the quarry resulted in a
decreased silt load and populations subsequently
increased (Hamilton-Smith and Eberhard 2000;
Eberhard 1999; Eberhard 1995). Illustrating the
diversity of snail fauna, the Precipitous Bluff
cave ecosystem in south-west Tasmania contains
eight species of hydrobiid snails and about 30
others from other Tasmanian caves remain
unnamed (Ponder et al. 2005).
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A second example relates to threatened
communities (listed under Australia’s Environment
Protection and Biodiversity Conservation Act 1999)
associated with root mats in phreatic pools, and
root mat communities in cave streams in
Western Australia. At Yanchep, north of Perth,
drawdown of a large freshwater mound for city
water supply has reduced water flow through
cave streams and stranded root mat com-
munities that are now maintained by artificial
flow (Jasinska and Knott 2000; Jasinska et al.
1996). Similar root mat communities in phreatic
waters of the southern Augusta-Margaret River
region, also in syngenetic karst (Grimes 2006),
are threatened by a long-term fall in water level,
the cause of which is unclear. The working
hypothesis is that a changed fire regime with
less frequent fires (from average 2.4 fires/decade
to < 0.5 fires/decade) in the overlying karri
forest (Eucalyptus diversicolor) have increased
scrub cover and reduced recharge (Eberhard
2004) leading to the long-term decline in water
level which is threatening groundwater fauna.
The region has also experienced a drier climate
over the last 2 decades (compared to century-
long statistics) which complicates arguments on
cause and effect. While overdraft may not be the
main problem in this example, it does illustrate
the type of effects which may be expected to
occur in areas affected by overdraft.

A third example relates to the extensive (2000
km2) shallow aquifer of the Western Fortescue
Plain, Pilbara WA. The aquifer’s drainage was
captured by the Fortescue River in the late
Pleistocene or Holocene, and in consequence
the water table within the Millstream Dolomite
fell from about 310 m to c. 294 m AHD
(Humphreys 1999; Barnett and Commander
1985). The aquifer discharges near Millstream
and is recharged there by the Fortescue River
during episodic floods typical of this arid
region. This 16 m reduction in level stranded
previously phreatic cavities (Barnett 1980) but
was insufficient to entirely eliminate the rich
groundwater fauna of the area (Poore and
Humphreys 1998). However, many species are
likely to have become more restricted in their
distribution, and are now present mostly in the
region of interaction with the river (Humphreys
2001). Prior to these discoveries of stygofauna,
abstraction from a bore field to supply the
mining towns of the Pilbara led to reduced
discharge at Millstream, which threatened
groundwater-dependent vegetation and aquatic
communities. As a result, infrastructure was
established to allow artificial recharge at these
locations.

Australia’s Great Artesian Basin

This sedimentary basin of aquifers and
aquitards (impervious layers) underlies approxi-
mately one-fifth of Australia (1.76 million km2)

and extends beneath arid and semi-arid regions
of Queensland, northern New South Wales,
north-eastern South Australia and the eastern
areas of the Northern Territory (Habremehl
2006; Fensham 2006; Habermehl 1980) (see Fig.
2). Where water from the basin reaches the
surface, water temperatures vary between 30-
1000C. Areas of recharge occur mainly along the
eastern margins of the Basin, with natural
discharge occurring in the south and west
(Department of Natural Resources and Mines
Queensland 2009). The oldest artesian waters
(aged at nearly 2 million years) occur in the
southwest of the Basin (Habermehl 1996).

The Great Artesian Basin (GAB) has an
estimated water storage capacity of 65,000
million megalitres. This groundwater is the only
reliable source of water in parts of the GAB, and
water has been mined since the late 1800s.
Initially, development of artesian bores was
unregulated, and remained so for many
decades. While GAB water continues to
underpin considerable agricultural production
(particularly through supply of stock water)
(Mues and Hardcastle 1998) pastoralists have
had a history of profligate use, with about 3100
artesian bores (Habermehl 2006) allowed to run
freely into open drains.

Prior to European settlement, natural dis-
charge occurred as springs or seepages, which
are commonly referred to as mound springs,
mud springs, boggomoss springs, spring pools,
or groundwater seeps (Fensham 2006; Habermehl
et al. 2006; Fensham and Fairfax 2003; Ponder
1986). Some springs form a distinctive mound,
formed from the sediments and salts that are
deposited by spring water as it evaporates.
These “mound springs” can reach as much as
10 metres in height but are usually much lower,
and some have been shown to be 10–15,000
years old (Habermehl 2006) and, as attested by
the many endemic species they contain (see
below), provide long-term stable habitats. The
discharge rates of free-flowing artesian springs
(as well as bores) have declined considerably
since the early 1900s, causing the extinction of
many springs (Fensham et al. 2007; Fensham
and Price 2004; Fairfax and Fensham 2003;
Fairfax and Fensham 2002; Ponder 1986). For
example, only 36% of the 300 spring groups
present in the 1800s are still active in western
Queensland (Fensham and Fairfax 2003) with
the resultant loss of their associated com-
munities, and in the NSW part of the basin only
one very small group of what was initially two
supergroups comprising more than 20 spring
complexes remains in a semi-viable state
(Pickard 1992).

An estimated two-thirds of this extraction is
currently wasted, mostly to evaporation and
seepage (Noble et al. 1998). The Queensland
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State government was the first to introduce
regulations regarding capping and piping new
bores at the landowner’s expense in the 1950s.
The South Australian government later paid to
have this done. A combined Commonwealth-
State Great Artesian Basin Sustainability
Initiative (GABSI) began in 1999 with a pro-
gramme of bore capping and piping with
funding extended in 2004 to 2009 (Government
of Australia 2009a). Progress has been slow, a
reflection of funding levels.

The protection of springs and their flows is
now written into the Water Resource (Great
Artesian Basin) Plan 2006 and the Great
Artesian Resource Operations Plan (Department
of Natural Resources 2007) (ROP). The ROP
requires monitoring (by relevant State agencies)
of artesian water pressure, subartesian water
levels and the flow of water to springs (as well
as the baseflow to water courses). It also requires
the monitoring of water use. The plan also
requires that, for the first time, a register of the

Fig. 2. The Great Artesian Basin. Shaded areas denote recharge, arrows denote modelled flowlines, and dotted lines identify
areas of past spring occurrence.
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springs “that support significant cultural and
environmental values” be maintained, and the
establishment of a spring monitoring network.
Activities that involve water extraction from or
near springs are also tightly controlled under
the ROP. The plan also requires the monitoring
and assessment of artesian water levels and
pressure by monitoring a large number of
artesian and subartesian bores, but does not
address filling knowledge gaps in aquifer
structure that may be relevant to management
outcomes. The plan has had some successful
outcomes, particularly in a much increased
knowledge of the location and status of springs
(Department of Environment and Resource
Management 2010; Fensham and Fairfax
2009). It is to be hoped that it will be fully
implemented.

Prior to bore developments, the artesian
springs were critical water sources for humans,
stock and native animals (Harris 1981). As
mentioned above, GAB springs are home to a
diverse array of unique and unusual plants and
animals, including a number of rare species of
invertebrates, plants and fishes, some of which
are endemic to a single group of springs
(Fensham et al. 2007; Fensham 2006; Wilson
1995; Ponder 1986). Detailed studies of endemic
snails (Ponder and Clark 1990; Ponder et
al.1989), including some genetic studies (Perez
et al. 2005; Ponder et al. 1995) and of
crustaceans (Murphy et al. 2009; Wilson and
Keable 2004) provide evidence of high levels of
endemism, some of which is cryptic, in aquatic
animals in GAB springs. While spring endemic
plants are relatively few (see above) recent
studies on Eriocaulon have shown that their
diversity is greater than previously suspected
(Davies et al. 2007).

In Queensland, only 44 per cent of the
original 171 discharge spring complexes
currently have at least some active springs. and
overall about 20 per cent are severely damaged
as a result of excavation or other modification
(Fensham 2006). The biological community
dependent on the discharge springs were listed
as endangered under the Commonwealth’s
Environment Protection and Biodiversity Conservation
Act in 2001 (Government of Australia 2009b)
and there is now a draft recovery plan in place
(Fensham et al. 2007). How effective this will be
remains to be seen.

Mining, water quality, and groundwater
management

Groundwater is not only extracted for direct
use. Where mineral exploitation occurs below
the water table, groundwater needs to be
removed so that mining can proceed. An
example of this is the regional dewatering of the

dolomite karst overlying the goldfields in
Gauteng, South Africa (Buttrick 2005). In
Australia, extensive water extraction from deep
palaeochannel aquifers on the Western Shield is
a potential threat to groundwater biodiversity, as
the palaeochannel aquifers are connected to
shallow calcrete aquifers that contain unique and
diverse communities of stygofauna (Humphreys
2008a; Humphreys 2006b).

Profligate deep water mining from palaeo-
channel aquifers, with a residence time in the
order of 105 years (Johnson et al. 1999), is
widespread, and increasingly common in the
mineraliferous regions of arid Australia. The
potential for connectivity between deep palaeo-
channel aquifers and the overlying unconfined
calcrete aquifers, which support diverse and
locally endemic stygal communities (Humphreys
2008a) and other groundwater-dependent
ecosystems, has been confirmed, although the
manner of the connection is not well understood
(S. Johnson, Water and Rivers Commission,
pers. comm., 3 May, 2000; R. Martin, Anaconda
Nickel Ltd., pers. comm. 21 August 2000).

While drawdown of groundwater affects
surface GDEs, contamination of groundwater
with nutrients or toxins will directly impact
groundwater fauna, and will persist until it is
remediated or naturally dissipates (which may
be a very slow process). It has been suggested
that the restoration of groundwater ecology
should be the ultimate measure of successful
groundwater remediation (Humphreys 2000a).

Pumping should be considered excessive if it
results in a significant deterioration in ground-
water quality, irrespective of whether or not
there is considerable drawdown (Margat 1994).
Whether this is classified as overexploitation
depends on the criteria established, but adverse
effects on groundwater fauna would typically not
be amongst the criteria in common use by
managers, in Australia and elsewhere. “In
practice, overexploitation diagnoses are made a
posteriori on the basis of observed symptoms of
prolonged imbalance — continued drawdown,
possible effects on boundary flows, and water
quality” (Margat 1994:515).

Groundwater-dependent ecosystems have
adapted to natural variation in four main
attributes of groundwater over thousands or
millions of years (Hatton and Evans 1998).
These attributes are groundwater level, pressure,
flux and quality. Groundwater extraction for
mining will affect a combination of these
attributes, with resulting impacts depending on
the particular ecosystems involved. More
specifically, the effects will be determined by
whether the ecosystem is a cave/aquifer eco-
system (stygofaunal assemblages within ground-
water), an ecosystem dependent on the surface
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expression of groundwater (wetlands and mound
springs), or an ecosystem dependent on the
subsurface expression of groundwater (terrestrial
ecosystems such as river red gum forests)
(Eamus et al. 2006a).

It is thus vital that the effects of groundwater
extraction for the purposes of mining are
managed accordingly. That is, an understanding
of the effects of extraction on these groundwater
attributes is essential for management of the
various ecological effects on the groundwater-
dependent ecosystems. Of particular importance
in the mining context is the effect of ground-
water extraction on groundwater quality.
Deterioration of groundwater quality has the
potential to reduce stygofaunal biodiversity
(Eamus et al. 2005). As a consequence, the
ecosystem services provided by groundwater
ecosystems, such as water and nutrient
regulation, are likely to decline (Tomlinson and
Boulton 2008; Murray et al. 2006).

Two key issues that need to be considered are
the parameters of groundwater that must be
monitored to detect changes in groundwater
quality, and the levels of acceptable change in
these parameters to ensure ecosystem health (for
biodiversity) and the continued provision of
ecosystem services (for humans). Thus, a critical
component that needs to be taken into account
is the fact that invertebrate species and
assemblages of groundwater systems are unique
and display a very different suite of life-history
strategies to invertebrates of surface waters
(Gibert and Deharveng 2002; Danielopol et al.
2000; Danielopol et al. 1994). Simply basing
groundwater quality guidelines on guidelines
aimed at surface water species and assemblages
is inadequate (Eberhard and Hamilton-Smith
2000). Furthermore, it should be stressed here
that groundwater quality must not be managed
just using “acceptable” values that have been
determined independently of stygofaunal species
(Hahn 2006). Indeed, it is advisable to go
beyond an approach based on the response of
one or two “indicator” species (a common flaw
of many surface-based ecotoxicological investiga-
tions) to one based on groundwater ecosystems
(the assemblages of species).

The precautionary principle in groundwater
policy and management

It is usually the case that groundwaters are
accessed for human consumption through many
relatively small, poorly controlled and poorly
monitored wells and bores, and the users
seldom (if ever) pay the external costs of the
water they extract. In these circumstances the
environmental costs caused by a single user will
fall on many, thus encouraging over-exploitation
of the resource — the tragedy of the commons
(Sophocleous 2010; Hardin 1968). Moreover,

groundwater managers know that the damage
caused by adding just one more user will not be
discernable for several years, if at all, creating
a situation where incremental increases in
permitted water use can easily undermine well-
intended strategic conservation rules — the
tyranny of small decisions (Odum 1982).

Referring to natural resources generally, these
two mechanisms have contributed to (if not
driven) a long history of resource over-use and
degradation (Ludwig et al. 1993). Australia’s
Murray-Darling Basin provides an Australian
example (Nevill 2009). In this context,
comprehensive application of the precautionary
principle appears essential in order to protect
the long term values of natural resources —
including water and associated aquatic eco-
systems.

At the level of policy, the precautionary
principle has been widely accepted by
governments around the world, at least on
paper. Australia is no exception. The purpose of
this section is to discuss the implications of the
precautionary principle for groundwater
management. While this section does refer
briefly to Australian groundwater policy, it is not
a review. A full discussion of national and State
groundwater policies, and the implementation
of those policies (or lack thereof) deserves
discussion in a separate paper. The focus of this
section is the general consequences of a
precautionary approach in groundwater policy
formulation. We list some of the most important
consequences in “Recommendations” below.

In regard to natural resource management,
the Australian (Commonwealth) Government
and all State and Territory Governments
espoused a strong commitment to the pre-
cautionary principle in the early 1990s (through,
for example, the National Strategy for
Ecologically Sustainable Development (Govern-
ment of Australia 1992)). According to the
precautionary principle, where there is the
possibility of significant harm, lack of scientific
certainty should not prevent prudent action to avoid
or mitigate such harm. For the principle to apply,
two factors must be present: uncertainty
regarding the outcome of an action, and the
possibility of the action resulting in harm.

Given this strong commitment by govern-
ments, which includes statutory requirements in
some cases (eg: the Commonwealth Fisheries
Management Act 1991) the wide application of
precaution both in policy and programme might
be expected, at least by optimists (Stein 1999).
The most comprehensive consideration of the
principle in Australian law is that of Justice
Preston (Preston 2006) summarized by Mohr
(2006). Preston made a number of important
points, including:
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• application of the principle results in a
reversal of the onus of proof, requiring the
proposer of an action to demonstrate in
advance the safety of the proposed action;
and

• the greater the uncertainty, or the greater the
possible harm, then the greater should be the
caution applied in decision-making.

These two points are particularly relevant to
groundwater management (below).

Possibility of harm

Certain problems have beset the use of
groundwater around the world. Just as rivers
have been over-used and polluted, so too have
aquifers. The big differences between rivers and
aquifers are that aquifers are out of sight (and
often out of mind), and the effects of ground-
water extraction (and pollution) are often
invisible for extended periods (below). As
discussed above, groundwater drawdown from
over-allocated aquifers has the potential to cause
severe damage to both terrestrial and aquatic
ecosystems (see also Clifton and Evans 2001;
Hatton and Evans 1998) — in some cases very
conspicuously but in others quite imperceptibly
due to the extended period over which the
damage occurs (Sophocleous 2002).

Apart from the ecosystem effects discussed
above, four general hazards should be noted.
First, flood mitigation schemes, intended to
protect infrastructure built on floodplains, have
in some cases had the unintended consequence
of reducing aquifer recharge by restricting the
extent of natural flooding. Australia is a
generally flat continent, with extensive flood-
plains associated with the Murray-Darling Basin
and Cooper/Lake Eyre Basin, for example. Such
floodplains contain palaeochannel and other
aquifers which recharge from floodplain
flooding. Second, prolonged depletion of
groundwater in extensive aquifers can result in
land subsidence, with associated infrastructure
damage — as well as (third) saline intrusion
(Zektser et al. 2005). Fourth, draining acid
sulphate soils, often found in low-lying coastal
plains, can result in acidification and pollution
of freshwater and estuarine streams (Sommer
and Horwitz 2001). Damage to ecosystems can
be effectively irreversible.

To illustrate the magnitude of potential effects,
groundwater extractions in the lower Murrum-
bidgee Valley (central Murray Darling Basin)
increased by around 50% over the two years to
mid-2003 because drought reduced the
availability of surface water. While this ground-
water system provided irrigators with a signifi-
cant buffer against reduced surface water
availability, this increase in use led to a 10–20

metre drop in hydraulic head in most parts of
the deeper aquifer (Earth Tech Engineering
2003, quoted in Goesch et al. 2007:9). A study
of the Dumaresq River Aquifer by the Queens-
land Government (Chen 2003, quoted in Hafi
et al. 2006:11) indicated “the temporary sale of
surface water at $100 a megalitre is estimated
to result [through surface water/groundwater
substitution] in additional aquifer draw-
down . . . leading to the groundwater table
falling a further 34 metres.” Movement of the
groundwater table on scales considerably smaller
than these drops has the potential to cause the
death of terrestrial vegetation communities over
considerable areas, especially where climate
change (through reduced rainfall) is placing
vegetation under stress. Similarly, such changes
can not only cut off natural groundwater flows
to rivers, but reverse them, draining water away
for river ecosystems already in stress.

At best, such changes place groundwater-
dependent ecosystems under some physiological
stress; at worst, they can result in irreversible
loss of significant species and/or ecological
communities (Fensham et al. 2007; Zektser et al.
2005; Danielopol et al. 2003; Pringle 2001).

Uncertainty

Groundwaters move below the landscape
largely unseen. Uncertainties in predicting the
response of aquifers to drawdown stem from
several factors:

• details on the size, position and permeability
of aquifers and aquitards are often poorly
understood: assumptions or projections must
be made on the basis of limited information
from bores and other geological surveys;

• information on water flows and quality may
similarly be scarce — in particular the
direction, timing and volume of interchange
between groundwaters and surface waters is
usually poorly quantified; and

• the dynamic response of aquifers to
extraction, due in large part to their size,
occurs over extended periods of time.

This last point is extremely important. The
long time lags inherent in the dynamic response
of groundwater to development have often been
ignored or sidelined by water management
agencies, long after scientific understanding of
the issue was consolidated. In brief, the effects
of groundwater overdraft (although undeniably
real) may take decades or centuries to manifest
themselves. In a classic study in 1982, Bredehoeft
and colleagues (discussed in Sophocleous 2002)
modelled a situation where groundwater
extraction in a intermontane basin withdrew the
entire annual recharge, leaving nothing for
natural groundwater-dependent vegetation com-
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munities. Even when the borefield was situated
relatively close to the vegetation, 30% of the
original vegetation demand could still be met by
the lag inherent in the system after 100 years.
By year 500 this had reduced to 0%, signalling
death of the groundwater-dependent vegetation.
The science has been available to make these
calculations for decades; however water manage-
ment agencies have often ignored effects which
appear outside the rough timeframe of political
elections (3 to 5 years). Sophocleous (2002)
argued strongly that management agencies must
define and use appropriate timeframes in
groundwater planning. This is essential, and will
mean calculating groundwater withdrawal
permits based on predicted effects decades,
sometimes centuries in the future.

Monitoring such effects against a background
of natural variability presents significant
challenges (especially given changing priorities
and budgets within water management agencies).
Clearly commitments must be made to long-
term monitoring programmes, within a manage-
ment framework which relies heavily on
mathematic models to predict the effects of
water extraction. Over time monitoring results
must feed back into calibrating and validating
the models used on a day-to-day basis for
licensing purposes.

The other critical factor increasing uncertainty
is the lack of accurate metering of groundwater
use. Goesch et al. (2007:1) estimated that 60%
to 80% of major users (across Australia) have not
been required to meter their usage. Unmetered
flows make accurate catchment/aquifer water
planning impossible and foster a culture where
compliance with licence conditions is seen as
unimportant. It should also be noted that
present assessments of groundwater sustainable
yield are substantially inaccurate: Evans et al.
(2003) suggested regular inaccuracies of around
25%, and this estimate may itself err on the
conservative side, given the complications in
making such estimations (IAHA 2004). It should
be noted that the approaches referred to by
Evans and IAHA have yet to account in any
accurate way for the needs of groundwater-
dependent ecosystems.

Precautionary groundwater policies: the CoAG
and NWI reform frameworks

In February 1994 the Council of Australian
Governments (CoAG) adopted “a strategic
framework for the reform of the Australian
water industry” — to become known as the
Water Reform Framework. The Framework had
two central elements: economic reform to increase
competition and efficiency within the industry,
and environmental reform to increase emphasis
on sustainable use of natural resources, and

protection of environmental (especially bio-
diversity) values.

The Framework was to evolve over the
following decade. In 1996 CoAG agreed to
specific additions, including agreements focused
on groundwater:

• to integrate groundwater and surface water
resource management;

• to develop a nationally consistent definition
and approach to calculating sustainable
groundwater yield;

• to prepare groundwater management plans,
policies and strategies;

• to base groundwater allocations on ground-
water management plans;

• to ensure that such plans included environ-
mental water provisions in accordance with
agreed principles; and

• to address and retrieve over-allocation issues
on a plan-by-plan basis.

These policies, particularly the first (often
referred to as “conjunctive water management”)
support a precautionary approach to ground-
water management. The Framework included an
important policy document which set out
principles for the provision of environmental
flows (ARMCANZ 1996). Although the language
used in this document focused largely on surface
water, SKM (2001) showed that, with slight
changes, the principles could be re-written to
include groundwater. ARMCANZ (1996) took
a precautionary approach to environmental
flows, emphasizing that flows to support
ecosystems should take precedence over
irrigation demands (although not over domestic
and stock watering).

CoAG’s commitment to integrated ground-
water and surface water management was re-
stated again in the development of the National
Water Initiative (NWI) 2004. The InterGovern-
mental Agreement on a National Water Initiative,
signed by the Commonwealth and participating
States on 25 June 2004, listed “recognition of
the connectivity between surface and ground-
water resources, and connected systems managed
as a single resource” as one of ten core NWI
objectives. While the general thrust of the NWI
supported precautionary management, limiting
the application of conjunctive management to
situations where “close interaction between
groundwater . . . and streamflow exists” is not a
precautionary approach, given generally high
levels of uncertainty regarding groundwater/
surface-water interaction. A precautionary approach
should assume full connectivity until proven
otherwise.
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Policy recommendations from groundwater
professionals

While many of the policies set out above
clearly lie in a precautionary framework,
implementation of these policies within govern-
ment programmes has generally been weak and
slow, with some key elements entirely without
implementation in some Australian States after
the passage of ten years (Nevill 2009; Nevill
2008).

In 2006 a group of Australian hydrogeologists
released a short statement titled National
Groundwater Reform (Evans et al. 2006). Their call
for better groundwater management reiterated
many of the policy initiatives dormant over the
previous decade. Moving past policy, the group’s
statement of concern drew attention to funding
shortfalls related to water infrastructure and data
collection, technical and public education, and
compliance programmes. The group’s main
points were:
• Planning must identify sustainable levels of

groundwater extraction and Governments
must return over-allocated systems to sustainable
levels;

• All groundwater use, except low-yielding
domestic or stock bores, must be licensed and
large users metered;

• Australian governments must develop com-
pliance programmes to stop unauthorized use
of groundwater;

• All groundwater must be properly priced to
pay for the ongoing resource assessment,
monitoring and management, and compliance
programme;

• There are opportunities for surface water to
be stored in aquifers rather than surface
storages which have such high evaporation
losses.

• Effective management of groundwater cannot
be achieved with the current organizational
arrangements within Government.

• Environmental water allocations must be
managed by agencies that are not the same
agencies who allocate water.

The late Professor Peter Cullen (2006:5) was
also concerned:

“To avoid making further costly mistakes with
groundwater I believe we need to reverse the
burden of proof. We should assume aquifers are
connected to surface water unless proven
otherwise, and we should assume any further
extraction of groundwater is not sustainable
unless demonstrated otherwise.”

An essential precautionary policy regarding
conjunctive management is to assume, in the
absence of a validated local model, a 1:1 ratio

between groundwater extraction and surface
baseflow reduction.

Some groundwater managers argue that this
precautionary “default” is unduly conservative.
However, within a risk assessment framework
(the Australian and New Zealand Guidelines for
Fresh and Marine Water Quality, ANZECC 2000,
provide a good example of a risk-based
approach to setting management targets) the
function of a stage-one precautionary default is
to consistently err on the conservative side.
Where there is good evidence which can justify
a less conservative default through a connectivity
risk assessment, or better still a validated model
that can be used to determine a realistic
catchment/aquifer water balance, then less
conservative parameters can be determined and
used with confidence.

According to Evans (2007:66) “A draft national
policy to address the impacts of surface water/
groundwater interaction in Australia (SKM
2006) proposes ten policy principles to be
adopted at the national level. Perhaps the most
significant principle is that the jurisdictions
need to assess the impacts of groundwater
abstraction on streams, and if no assessment is
undertaken then a 1:1 hydraulic relationship is
to be adopted. The adoption of the 1:1 impact
is based on the precautionary principle and
although, as discussed earlier, this is unlikely to
be the norm, there are many situations in
Australia where this is the case.”

RECOMMENDATIONS

Recommendation 1

There have been calls by Australian ground-
water experts for the States to develop uniform
(or at least compatible) methods for deter-
mining necessary environmental flows for
groundwater-dependent ecosystems and for
determining aquifer sustainable yields (taking
GDE needs into account). These are aspects of
the same problem, and need to be addressed
within the agreed CoAG/NWI framework of
catchment/aquifer water balance planning.
Several studies have paved the way for inter-
governmental agreement (Howe et al. 2007;
SKM 2006; SKM 2001). What is needed is vision
and co-operation on the part of politicians and
senior government officials.

The need for national compatibility and co-
operation in fact applies to all aspects of water
management policy, not just to resources over-
lapping administrative boundaries.

Recommendation 2

Groundwater policies should provide guidance
on determining the relative priority of water
users (including GDEs) in receiving allocations



NEVILL ET AL.: THE DANGERS OF GROUNDWATER OVERDRAFT 201

in a scenario of “permanent” reductions in
rainfall — which climate change appears to be
bringing to southern and eastern Australia.
Guidance should be provided, for example, on
how to compare the water needs of a high value
agricultural enterprise with a stygofaunal com-
munity which may support fauna found nowhere
else. Among the principles currently supported
by CoAG is Principle 4 of ARMCANZ (1996)
which states:

“In systems where there are existing users,
provision of water for ecosystems should go as
far as possible to meet the water regime necessary
to sustain the ecological values of aquatic
ecosystems, whilst recognizing the existing rights
of other water users” [emphasis added].

Important ecosystem services provided by
natural GDEs need protection. In any policy
revisions undertaken under the NWI, the
existing policy on priorities should be main-
tained — the needs of natural GDEs should be
placed above irrigation, industrial and urban
demands, but below rural domestic consumption
and stock watering.

Recommendation 3

Two of the most pressing practical issues, in
implementing CoAG / NWI groundwater policy
commitments, are to:

(a) develop catchment/aquifer management
plans (or water allocation plans) which
clearly demonstrate effective integration
between ground and surface water manage-
ment. Such plans must use a realistic
catchment/aquifer water balance to produce
a water balance account, and use this account
in determining allocations in a precautionary
way. Plans must use principles of sustain-
ability which acknowledge the long time-
frames involved in aquifer response. If
groundwater is to be used as a buffer against
drought, it is vital that a reserve be left for
this purpose, for example by aiming to
allocate no more than 50% of the annual
sustainable yield (here defined as including
the needs of GDEs) in “average” years.

(b) develop integrated surface/groundwater plans
which include specific allocations for
environmental flows (to protect identified
values of affected groundwater-dependent
ecosystems) calculated and delivered in a way
which meet agreed Commonwealth/State
environment flow principles (ARMCANZ
1996). While these principles remain official
CoAG policy, they should be revised to better
cater for GDEs (SKM 2001). In addition (in
line with recommendations in Evans et al.
(2006)) environmental allocations should be
determined by an agency separate from the

agency immediately responsible for deter-
mining water allocations for human use. The
former agency should have a clear statutory
responsibility to ensure the maintenance of
agreed GDE values or ecosystem services
over time-scales of centuries.

Recommendation 4

A recommendation made by Goesch et al.
(2007:14) is particularly important: it relates to
the prior determination of management responses:
the use of decision rules formulated in advance.
The authors, bearing in mind the difficulty of
making decisions on water allocation which
place farmers’ livelihoods at risk, recommend
that:

“. . . groundwater managers [should] formalize
a set of management actions that would be
activated in the event of groundwater stocks
falling below some predetermined thresholds.

To implement this type of strategy, it would
be necessary to specify the relevant “reference”
points needed to guide management decisions.
For example, “target” reference points would be
needed that specified the desired status of stocks
and desired extractions. “Limit” reference points
that identify points beyond which the risk to the
aquifer and related ecosystems is regarded as
unacceptably high would also be required. A set
of operational rules would then be required to
regulate extractions, so that stocks remained at
[or above] target levels. These rules would also
specify the action to be taken if the limit
reference point was breached.”

Rules should reduce groundwater allocations
as a target point (which might be groundwater
table level near a connected stream, for
example) was approached. For example,
additional restrictions might apply on pumping
volumes or times. Once a target point had been
exceeded, heavier restrictions would apply; for
example irrigation extractions might be pro-
hibited while still allowing extractions for
limited town water and rural stock and domestic
uses. Once a limit point was reached, all
groundwater extraction in that aquifer should
cease. It is important to stress again that such
actions must be discussed and agreed in advance.
This approach also reduces the likelihood of
political “interference” in agreed decision-
making processes — see comments by Tan
(2000) quoted by Nevill (2009).

Groundwater professionals are beginning to
promote the use of target and limit reference
levels (Ray Evans, pers. comm. 3/4/2007)
however at this stage no agreed guidelines for
the use of this approach exist. Effort (perhaps
on the part of the NWC) to develop and
promote such guidelines is needed.
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Recommendation 5

It is also important that integrated manage-
ment should be applied to all surface/aquifer
systems, not just highly connected systems. As
IAHA (2004:14) pointed out: “It has been shown
that even in disconnected systems, the use of
one resource can affect the other”. Precaution
should increase as uncertainty increases.

Recommendation 6
A critical aspect affecting implementation of

all of these recommendations is the routine use
of independent peer review prior to finalizing
plans and associated allocations. It is essential
that the plans, their supporting information, as
well as the peer reviews be readily available to
all stakeholders and interested parties.

Recommendation 7

Concluding with a final general point, aquifers
and their connected rivers should be managed
within a landscape framework. In this context
the recommendations made by Finlayson et al.
(2008) concerning the control of the cumulative
impacts of incremental water development
within a catchment management framework
need progressive adoption by State water
management agencies. Their five core points,
including the need to determine an upper limit
on the yield of a catchment prior to additional
water being allocated, fall within a precautionary
framework.
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Ecological Restoration: Principles, Values, and Structure of
an Emerging Profession

Andre F. Clewell and James Aronson, 2008
Island Press, Washington, D.C.
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JAMES E. M. WATSON1

The field of ecological restoration is a rapidly
growing discipline that encompasses a wide range of
activities and brings together practitioners and
theoreticians from a variety of backgrounds and
perspectives. This textbook is part of the Science and
Practice of Ecological Restoration Book Series which
is intended to serve a broad audience of people who
are active in the field of ecological restoration or
have specialized interests in it. In the authors’ own
words, this book aims to move beyond the past twelve
volumes in the series and create a unified vision of
ecological restoration as a field of study, one that
clearly states the discipline’s precepts and emphasizes
issues of importance to those involved at all levels.
In doing this, the authors of book fundamentally aim
to embrace a wider, holistic definition that takes into
account both environmental and social components.

To achieve this, the authors outline four major
aims: to identify fundamental concepts upon which
restoration is based; to consider the principles of
restoration practice; to explore the diverse values that
are fulfilled with the restoration of ecosystems; and,
to review the structure of restoration practice. The
reviews of practice include various contexts for
restoration work, the professional development of its
practitioners, and the relationships of restoration
with allied fields and activities.

I found the book goes some way in achieving these
aims, but in an imbalanced manner. Due to the need

to make the text relevant to all people involved with
ecological restoration, the text is light in detail for
achieving the first two aims (i.e., identifying and
describing fundamental concepts and principles of
the discipline) and heavy on the last two (i.e.,
examining values and structures that underpin good
ecological restoration activities). There was no
mention, for example, of methodologies behind
conducting system prioritization plans for where to
conduct restoration activities, but a lot of detail on
practical steps, such as how to engage local
communities to conduct activities.  For this reason,
I think this book is more useful for practitioners
actually conducting ecological restoration than for
students studying the discipline in a more theoretical
manner, or for planners, wanting to know how to
conduct restoration activities in the most effective
manner.

A unique feature of the book is the inclusion of
eight “virtual field trips”: short photo essays of
project sites around the world that illustrate various
points made in the book and are “led” by those who
were intimately involved with the project described.
These field trips are case studies from all the
inhabited continents, are different from each other,
and cover a variety of different issues. The format
of having these field trips entwined with the chapters
of the book makes the book engaging and lively.
However, the accompanying photographs are poor
quality black-and-white reproductions, serving to
break up the text rather than provide a more lucid
visual representation of the discipline.

 Despite these drawbacks, I would recommend the
book to those working hands-on in the conception,
planning and management of ecological restoration
projects.

1The University  of Queensland, The Ecology Centre, Queensland 4072, Australia
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