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ABSTRACT
National climate change adaptation guidelines for ar id z one aq uatic ec osystems and
freshwater bi odiversity are proposed which em phasise the pr otection o f habi tats and
processes that support the persistence of freshwater biota under a changing climate.
These guidelines are i ntended t o pr ovide g uidance f or policy dev elopment, pl anning
and on-ground actions. The major goal of these guidelines is to reduce the risk of the
loss of a quatic habi tats, det eriorating w ater qua lity and t he e xtinction of aq uatic and
water-dependent species. A portfolio of adaptation approaches to maintaining aquatic
habitats, the water resources that s upport them, and the species that depend upon
them, is proposed within a framework of strategic adaptive management. This
approach bes t add resses t he unc ertainty t hat e xists as t o how c limatic c hanges w ill
play out across t he a rid z one with r espect to w ater av ailability a nd ecological
processes. Recommended climate adaptation actions include: implementing a national
mapping program that identifies the major types of arid zone aquatic ecosystems and
the s urface w ater and gr oundwater r esources t hat s ustain t hem; recognising the
importance of evolutionary refugia and ecological refuges as priority sites for arid zone
climate adap tation pl anning and pol icy; protecting a dy namic (spatial a nd t emporal)
mosaic o f perennial, temporary and ephemeral waterbodies to provide t he range of
conditions needed support a quatic and w ater-dependent s pecies with v arying lif e
history t raits and di spersal abi lities; maintaining the i ntegrity o f t he dry sediments o f
temporary and ephemeral waters to ensure the persistence of viable s eed and e gg
banks; recognising t he importance of key hydrological and ec ological processes,
particularly c onnectivity and di spersal; undertaking v ulnerability as sessments t hat
determine the climate s ensitivity and l ikely per sistence of k ey habitats; r educing t he
existing stressors on a quatic ecosystems and aquatic biota; identifying new and no vel
waterbodies c reated by ar id z one i ndustries ( e.g. m ining, pas toralism) that c ould
provide valuable offsets for aquatic systems lost through climatic drying; implementing
climate adaptation actions within a strategic adaptive management framework
accompanied by a dedicated program for indigenous and local community engagement
and education.
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EXECUTIVE SUMMARY
The major goal o f c limate adap tation for a quatic ec osystems an d f reshwater
biodiversity i n t he A ustralian ar id zone is t o r educe t he r isk o f the l oss of a quatic
habitats, deteriorating water quality and t he extinction of aquatic and w ater-dependent
species. This includes increasing the resilience and, in some cases, the resistance, of
the biota of arid zone springs, riverine waterholes, rock holes, lakes and other wetlands
to changing water availability, especially increasing water stress. This stress will occur
in conjunction with elevated temperatures, an i ncreasing frequency of extreme events
and pr e-existing env ironmental i mpacts, i ncluding l and degr adation and i nvasive
species.
A por tfolio of adap tation appr oaches t o m aintaining aquatic habi tats, t he w ater
resources that support them, and the species dependent upon them, is proposed within
a f ramework of strategic adaptive m anagement. This app roach best addresses t he
uncertainty that e xists as t o how c limatic c hanges w ill pl ay out w ith r espect to w ater
availability and ecological processes across the arid zone.
Key climate adaptation actions include:
1. Identifying key arid zone aquatic assets and assessing vulnerability and
risk.
Spatial information, based on a national mapping program that identifies the
major types of arid zone aquatic ecosystems and the surface water and
groundwater resources water resources that sustain them, combined with
mapping of scenarios of future water availability, is needed to ensure that the
locations of vulnerable systems are recognized and the trade-offs between
environmental, economic and social water needs and allocations can be
accurately assessed. This information will also support development of a
national reserve network that adequately represents arid zone wetlands.
2. Recognising the importance of evolutionary refugia and ecological
refuges as priority sites for arid zone climate adaptation planning and
policy
Evolutionary refugia are freshwater habitats or springs that have supported
aquatic species on timescales of millions of years. They are permanent,
groundwater-dependent ecosystems (subterranean aquifers, discharge or
mound springs and relict streams) that support vicariant relicts (species with
ancestral characteristics) and short-range endemics (species that only occur
within a very small area). They need to be managed at the aquifer-scale (i.e.,
the Great Artesian Basin or regional or local aquifers) to ensure that permanent
water is maintained. Good water quality and habitat condition needs to be
maintained or restored by managing individual sites basis and ‘spring-groups’
for mound springs.
Ecological refuges are the waterholes that fill and flow after flooding rain. They
can vary across space and time depending on the dispersal abilities of their
biota. The most important are the perennial waterbodies that support obligate
aquatic organisms. These species will persist where suitable habitats are
available and dispersal pathways are maintained. Protection of the hydrological
and aerial connectivity of ecological refuges needs to occur at a whole of
landscape scale. Local, site-scale management (including fencing and
2
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eradication of invasive species) is needed to ensure that good quality habitats,
fulfilling a variety of refuge functions, are maintained across the arid zone.
3. Protecting a dynamic (spatial and temporal) mosaic of perennial,
temporary and ephemeral waterbodies across the arid zone to support the
persistence of aquatic and water-dependent species with varying life
history traits and dispersal abilities
The presence of waterbodies of varying type, extent and water regime is
fundamentally important to the persistence of arid zone aquatic biota. Protecting
the integrity of the sediments (dry lake beds) of temporary and ephemeral
waters is critical to the persistence of viable seed and egg banks. These, in
turn, confer aquatic invertebrate assemblages with resistance and resilience to
prolonged drying.
4. Maintaining connectivity and other key processes
This includes identifying and protecting the critical hydrological (groundwater
and surface water) processes that support key arid zone waterbodies. Floods
are vitally important for maintaining connectivity in dryland river networks. The
dispersal of organisms at local, regional and landscape scales is a key
ecological process that enables communities to persist across a range of arid
zone sites with varying hydrological regimes. Increasing the understanding of
how arid zone waterbodies are connected, based on the genetic structure of
representative species of fish and aquatic invertebrates, will provide important
information for climate adaptation planning, particularly the prioritization of
management and protection efforts. Protecting, restoring and maintaining good
quality aquatic habitats is integral to maintaining the key ecological processes
that support both fully aquatic and terrestrial water-dependent arid zone biota.
Perennial waterbodies provide ‘reservoirs’ from which species can disperse.
Temporary aquatic habitats play important roles as ‘stepping stones’ between
more permanent sites and by providing extra resources that enable populations
to increase, reproduce and replenish egg and seed banks during wet phases
(booms).
5. Vulnerability assessments that determine the climate sensitivity and likely
persistence of key habitats
Determining where local climatic processes are decoupled from regional
processes provides important information on the likely persistence of aquatic
ecosystems under a drying climate. Evolutionary refugia are the most highly
decoupled habitats and so will potentially be the most persistent, however, their
endemic taxa are the most vulnerable to extinction. Ecological refuges vary in
their exposure to climatic influences. Prioritising the protection and
management of evolutionary refugia and perennial aquatic ecological refuges is
very important because they offer the only chance for in-situ persistence of
poorly dispersed species.
6. Reducing existing stressors (particularly the impact of invasive species)
on arid zone aquatic ecosystems and freshwater biota
This will increase the resistance and resilience of arid zone biota to changing
and increasingly variable climatic conditions and represents an important ‘noregrets’ action. Introduced and invasive species (including camels, goats, pigs
and donkeys) have been identified as the greatest threat to arid zone
Climate change adaptation guidelines
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biodiversity. Ongoing support for the Australian Feral Camel Management
Program and the creation of additional programs to address the impacts of
other feral species and livestock at arid zone waterholes are important climate
adaption actions.
7. Identifying new and novel waterbodies created by arid zone industries
(e.g. mining, pastoralism) that may provide valuable offsets for aquatic
systems lost through climatic drying
The opportunities afforded by creation of new waterbodies by various
anthropogenic activities need to be recognized but the possible trade-offs for
biodiversity need to be clearly articulated and rigorously assessed.
8. Implementing climate adaptation actions within a strategic adaptive
management framework
Strategic Adaptive Management (SAM) builds upon adaptive management,
often defined as ‘learning by doing’, by setting desired future objectives and
focusing on integration within social, economic and governance processes.
Important elements of SAM for the arid zone include: a coordinated national
approach to monitoring and evaluating changes in water quantity and quality in
surface and groundwater-dependent ecosystems; inclusion of datasets from
environmental impact assessments (EIA) and monitoring and rehabilitation
programs undertaken by arid zone industries, including the mining and energy
production sector.
9. Engaging indigenous groups, local communities and industry (mining,
pastoralism and tourism) with climate change adaptation actions and
monitoring
Training and equipment is needed to support the management and monitoring
of arid zone aquatic assets and biodiversity by people who live and work in the
arid zone. This includes indigenous groups, pastoralists, tourism operators,
mining companies and school children. A dedicated program is needed to
facilitate community engagement with arid zone climate adaptation actions.

4
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1. INTRODUCTION
Climate c hange adds an ov er-arching pr essure t o freshwater s ystems al ready
experiencing multiple human impacts. Globally, all freshwater ecosystems are
considered v ulnerable bec ause o f their relative i solation and phy sical f ragmentation
within t errestrial landscapes. A rid z one f reshwater s ystems ar e es pecially v ulnerable
because of their extreme isolation by deserts and drylands and very low hydrological
connectivity. I ncreasing demands for water for dom estic consumption and food
production, and t he modification of w ater r egimes and w ater q uality by i ndustry,
including m ineral and e nergy ex traction pr ocesses, r epresent on going impacts. The
fundamental drivers of environmental change are an expanding world population and
increasing global ec onomic dev elopment (Millennium E cosystem A ssessment, 2005 ).
Although there is a trend towards decreasing population densities within the Australian
arid z one, t he i mpact o f g lobal dr ivers ar e s till present, as ex emplified by e xpanding
resource extraction industries.
The major goal of climate change adaptation for aquatic ecosystems and
freshwater biodiversity in the Australian arid zone is to reduce the risk of the
loss of aquatic habitats, deteriorating water quality and the extinction of aquatic
and water-dependent species.
A major objective is to increase the resilience and, in some cases, the resistance of the
biota o f ar id z one s prings, w aterholes and w etlands t o c hanging w ater av ailability,
especially i ncreasing w ater s tress. This s tress w ill oc cur i n c onjunction w ith el evated
temperatures, a n i ncreasing frequency o f ex treme ev ents an d pr e-existing
environmental impacts, including land degradation and invasive species.
Here r esilience r efers to t he abi lity of an ec osystem to under go a c ertain am ount o f
change in response to environmental change without undergoing a fundamental shift to
a different set of processes and structures. Resistance refers to the ability to withstand
change, i.e., to not change, despite changing environmental conditions.
In the context of these guidelines,
resilience implies that a system or organism will change when water is scarce or
disappears, but it will return to the previous state, when water returns. Aquatic
organisms that are highly mobile and can disperse aerially (waterbirds, dragonflies,
some beetles and bugs) are highly resilient to changing water availability.
in contrast,
resistance implies the ability to withstand change, despite changing water availability.
Obligate aquatic organisms (fish and some aquatic invertebrates), which have a limited
ability to persist in the absence of water, often display high resistance to changing local
conditions but low resilience.
Planning for adaptation requires strategies to increase resilience and resistance and to
reduce v ulnerability, ex posure and unc ertainty. This appl ies to s pecies and their
habitats, and the processes that support them.
These guidelines pr ovide a s et o f c limate ada ptation ac tions that ar e des igned t o
support pol icy de velopment, pl anning and on -ground ac tions. They ar e des igned for
use by pol icy de velopers, c onservation pl anners, env ironmental pr ofessionals and
community members working in natural resource management. These guidelines
suggest actions that will help reduce the risk of the loss of arid zone aquatic habitats,
Climate change adaptation guidelines
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deteriorating water quality and t he extinction of aquatic and w ater-dependent species.
A por tfolio of adaptation appr oaches t o m aintaining a quatic habi tats, t he w ater
resources that support them, and the species dependent upon them, is proposed within
a framework o f s trategic adapt ive m anagement. This app roach bes t a ddresses the
uncertainty t hat ex ists a s to how c limatic c hanges w ill pl ay out w ith r espect to w ater
availability and ecological processes across the arid zone.
Further information on the research undertaken to develop these guidelines is provided
in t he ac companying s cientific r eport and an op en ac cess pape r publ ished online i n
Global Change Biology on 18 April, 2013 at doi: 10.1111/gcb.12203.

6
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2. CLIMATE SCENARIOS
The A ustralian ar id z one f aces t he s cenario o f rising temperatures, c hanging r ainfall
patterns and amounts, and an increase in extreme events (floods and droughts). Some
of the most rapid climate warming recorded since European colonization of the
Australian continent has occurred within the arid zone. Annual maximum temperatures
recorded at the Alice Springs meteorological station have increased by 2oC since 1900
while annual rainfall remains highly variable, unpredictable and episodic (Figure 1).
Water availability is the critical factor supporting the persistence not only of freshwater
biota but m any ot her arid z one s pecies. A por tfolio of adap tation a pproaches t o
maintaining water sources, and t he species dependent upon t hem, is needed within a
framework o f adapt ive m anagement. This i s i mportant bec ause t here i s s ome
uncertainty as to how climatic changes will play out across the arid zone with respect to
water availability. In the southern regions it is likely that annual rainfall will decrease,
while an increase may occur in northern regions.
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3. GEOGRAPHICAL
CONTEXT:
THE
AUSTRALIAN RANGELANDS AND THE ARID
BIOME
The a rid and s emi-arid r egions c haracterised by l ow and unpr edictable annual
precipitation (100-500 mm/year) and extremely high potential evaporation (2880-4000
mm/year) (Figure 2) make up a distinct biological region, the arid biome. It is the largest
biome on the continent, occupying approximately 70% of the landmass (of 7.5 million
square kms), and represents one of the largest areas of desert landforms in the world.
Arid biomes or drylands cover almost half of the world’s land area. The Australian arid
zone i s a r egion o f l ow r elief ( < 300 m abov e s ea l evel) w ith t he ex ception o f the
Pilbara-Hamersley R anges i n Western A ustralia, t he C entral R anges i n the N orthern
Territory and the Flinders Ranges in South Australia.
Most of Australia’s wealth is generated in the arid zone through resource extraction (oil,
gas and minerals). Pastoralism is also a major source of economic revenue. Tourism is
becoming increasingly important and freshwater ecosystems (springs and waterholes)
are often visitor focal points within the arid landscape. Important non-market based
aspects o f A ustralian c ulture ar e al so i ntrinsic t o t he r egion, pa rticularly i ndigenous
culture and the notion of the Outback. The arid biome and the Australian rangelands
are l argely s ynonymous. The rangelands s upport s parsely s ettled c ommunities
comprising 2.3 million people, approximately 13 per cent of Australia's total population.
Around 18 per cent o f the r angelands ar e i n A boriginal ow nership and m anagement
(www.lwa.gov.au).
The rangelands ar e bi ologically r ich. O ver 2,000 types o f pl ants and 6 05 v ertebrate
animals have been identified. Further surveys are likely to double the number of plant
species. The region contains a significant number of endemic species and habitat for
rare, threatened and en dangered species. It includes five World Heritage sites and 11
per cent o f all l istings on the Register o f the National E state. N atural r esource
management i ssues, a ttributable l argely t o i nappropriate l and m anagement pr actices
and the presence of introduced species, include: soil salinity; accelerated soil erosion;
increasing numbers and distribution of weeds and feral animals; reduced water quality;
altered hydrology; and decreased biodiversity (www.lwa.gov.au).

8
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4. HISTORICAL
CHANGES

CONTEXT:

PAST

CLIMATIC

The Australian continent has had a long history of climatic change associated with its
movement nor thward s ince t he br eakup o f G ondwana o ver 90 m illion y ears a go.
Aridification appears to have been a feature of the Australian landscape for at least 15
million y ears. A lthough A ustralia di d no t ex perience t he dev elopment o f l arge i ce
sheets associated with glaciation in the Northern Hemisphere, climatic oscillations did
occur. Conditions changed between g lacial and interglacial periods from cool and dr y
to warmer and wetter. Widespread and extreme aridity occurred during the Last Glacial
Maximum, abou t 18, 000 y ears ag o. This ex tensive h istory of ar idity and f luctuating
climatic conditions means that the plants and animals that occur with the arid zone are
well adapted to the dry and highly variable climate. The climatic history since European
settlement has been one of long droughts interspersed by major floods (Lake, 2011). It
is l ikely that t he m ore frequent oc currence of extreme events will pr esent
unprecedented challenges to arid zone biota.
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5. KEY ADAPTATION STRATEGIES
5.1

Identifying assets: compiling spatial information on the
major types of arid zone aquatic ecosystems and the
water resources that sustain them

Although the arid zone is defined by its low rainfall, a diverse range of aquatic systems
occurs w ithin t he r egion. P ermanently f lowing r ivers and deep, freshwater l akes a re
conspicuously abs ent (Figure 3) but per manent, or near -permanent w aterholes oc cur
within t he ex tensive dr yland r iver net works. P ermanent s prings and t emporary and
ephemeral standing waters of varying area and depth are also present.
We developed a s imple t ypology o f ar id z one waterbodies ( see Table 1) as the first
step in compiling spatial information. This typology, which builds upon the classification
of Fens ham et al. ( 2011), i s bas ed p rimarily on hy drological (water s ource) an d
geomorphological ( landform) at tributes. We us ed t hese at tributes bec ause t hey ar e
relatively fixed, i.e., much less variable than water quantity or quality.
One of the most important pieces of information needed t o determine the vulnerability
of ar id z one waterbodies t o changing w ater av ailability is k nowing where t heir w ater
comes from. Groundwater provides a permanent or near-permanent source of water to
ecological c ommunities, w hich, i n t urn, ar e dependent on t his water s upply.
Groundwater-fed systems are decoupled from regional rainfall to varying degrees,
depending on the size and age of the aquifer and rates of recharge. In contrast, surface
water-fed c ommunities are m ainly t emporary or ephem eral s ystems. Permanent or
near permanent surface-fed waters only exist where waterbodies are deep enoug h to
ensure t hat annual ev aporative losses do not exceed the combined annual input of
precipitation, runoff and inflows.

10
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Table 1: Major types of arid zone aquatic ecosystems and their water sources.
GW = groundwater, SW = surface water
Name

Water
Source

Description

Subterranean
Aquifers

GW

Discharge
(Mound) Springs

GW

Outcrop Springs

GW

Relict Streams

GW

Riverine
Waterholes

SW/G
W

Stream Pools/
Rockholes

SW

Shallow, underground carbonate habitats in the central region of WA
and in WA palaeo-river channels. Sites within fractured rock aquifers
in the Pilbara r egion. Sites w ithin alluvial a quifers in N E A ustralia.
Characterised by permanent water, no light and therefore no primary
production.
Surface expressions of the Great Artesian Basin (GAB).
Characterised mainly by per manent a nd c onsistent f lows and
alkaline waters w ith high concentrations of dissolved s olids.
Clustered at a range of scales, from individual vents to spring
complexes t o 13 m ajor ‘ super-groups.’ Discharge s prings ar e a lso
present outside the GAB, eg, Mandora Marsh in NW Australia.
Mainly arise from local fractured rock (sandstone,
limestone or quartzite) aquifers and usually located near the base of
ranges. Slightly acidic a nd v ery f resh. Usually p ermanent a lthough
some can contract and sometimes dry completely.
Small, permanently flowing sections of streams in the
headwaters of the rivers of the Central Ranges, supported
by outcrop springs. Cool, mesic-type habitats, mostly within
deeply shaded, south-facing gorges. Called ‘relict streams’
because t hey s upport s tream-dwelling i nsects with G ondwanan
affinities.
Permanent, temporary or ephemeral waterbodies present in
dryland r iver n etworks. C onnected when l arge but infrequent r ain
events result in high flows or flooding, disconnected and reduced in
area and depth when flows cease, except for hyporheic (below
surface) flows. Waterholes in the eastern Lake Eyre Basin (LEB) are
often t urbid, t hose i n t he western LE B an d t he P ilbara ar e of ten
clear. Often surface water fed but some permanent waterholes may
receive gr oundwater/hyporheic f lows. The latter includes the l arge
waterholes on t he F inke R iver ( Running Waters and B oggy H ole)
and nearly all permanent river pools in the Pilbara region.
Pools or rockholes in small, rocky headwater creeks within
arid zone ranges. Fed by local rainfall events they are usually
temporary or ephemeral.

Isolated
Rockholes/
Gnammas

SW

Temporary
Lakes, Swamps
& Marshes

SW

Clay Pans

SW

Salt Lakes/Saline
Playas

SW/G
W

Water stored in natural hollows formed by fracturing and
weathering of rocky landscapes. Fed by local runoff
from infrequent rainfall events. Small and isolated habitats
that are widespread, but not abundant, throughout the arid
zone. Also called gnammas. Mainly temporary or ephemeral
systems.
Isolated, shallow basins, not in watercourses, fed by
local runoff after infrequent rain events. These include
interdunal systems within desert dune regions and extensive
floodplains (eg. i n LE B). Hydroperiods ar e highly v ariable an d
unpredictable. The distinction between lakes, swamps and marshes
can be arbitrary but the latter two usually refer to vegetated systems.
Temporary, s hallow bas ins w ith an i mpervious base fed b y l ocal
runoff and dominated by evaporative processes. They contain fresh
and characteristically turbid water when f ed b y local r unoff af ter
infrequent r ain ev ents or l eft behi nd as f lood waters r ecede.
Hydroperiods are short, highly variable and unpredictable.
Temporary, s hallow bas ins f ed b y SW and/ or G W (depending o n
site). They are characterized by highly episodic hydroperiods, high
salinities a nd clear water. H ighly productive systems when w ater i s
present.
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The production of national maps of surface water and groundwater dependent
arid zone aquatic ecosystems, and listing of important and representative
ecological communities under the EPBC Act, is a priority climate adaptation
action.
Although m any ar id z one w aterbodies ar e r ecognised on l ocal, regional, s tate an d
territory maps, few appear on nat ional maps i.e. are mapped at the continental scale.
National mapping can be achieved by building upon recent Commonwealth
investments in groundwater mapping
http://www.bom.gov.au/water/groundwater/gde/index.shtml
and
http://wetlandinfo.derm.qld.gov.au/wetlands/MappingFandD/WetlandMapsAndData/We
tlandMaps.html
to produce combined maps of arid zone groundwater and surface water resources and
dependent aquatic ecosystems. Accessible maps in the form of a web-based atlas are
needed t o s upport c limate adapt ation pl anning, especially t he eq uitable allocation o f
environmental w ater. A web-based G IS pl atform i s needed t o pr ovide di gital s torage
and access to the environmental, cultural, social and ec onomic attributes of arid zone
aquatic assets.
This information, combined with mapping of scenarios of future water availability, would
ensure t hat the l ocations o f v ulnerable s ystems ar e r ecognized and t he t rade-offs
between environmental, economic and social water needs and allocations can be
accurately assessed.
Development of an ade quate national reserve network that adequately represents arid
zone wetlands i s al so m uch more eas ily ac hieved where t here i s c omprehensive
spatial information about wetland diversity and distribution. See:
http://www.environment.gov.au/water/publications/environmental/ecosystems/aetoolkit-mod-3.html. Threatened species and ecological communities can be listed under
the Environment P rotection and B iodiversity C onservation (EPBC) Act of 1999. This
has been done for: The community of native species dependent on natural discharge of
groundwater from the Great Artesian Basin (http://www.environment.gov.au/cgiin/sprat/public/publicshowcommunity.pl?id=26&status=Endangered).
Listing
of
ecological communities r epresentative of the r ange o f a quatic ecosystems l isted i n
Table 1. Examples of the wetland types described in Table 1 are given in Figures 4-10.

5.2 Maintaining critical habitats: recognizing evolutionary
refugia and ecological refuges as priority sites for arid
zone climate adaptation planning and policy
The i mportance o f refugia and r efuges as pl aces t hat facilitate the s urvival of pl ants
and animals under adverse conditions has long been recognised. Here we distinguish
between e volutionary r efugia and ec ological r efuges bec ause t heir v ulnerability t o
climate c hange i s v ery di fferent and t hey need t o be m anaged ac cordingly. Our
definitions are based on an under standing of the phylogeny (evolutionary history) and
ecology of representative species of fish and aquatic invertebrates.
Evolutionary refugia
These are freshwater habitats that have supported aquatic species on timescales of
millions of years. They are permanent, groundwater-dependent ecosystems
(subterranean aquifers, discharge or mound springs and relict streams) that support
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vicariant relicts (species with ancestral characteristics) and short-range endemics
(species that only occur within a very small area).
Evolutionary refugia contain populations of species that have very small geographical
ranges but r elative dem ographic s tability and hi gh l evels o f genetic di versity T hese
include c rustaceans, molluscs, worms and water beet les i n s ubterranean aq uifers
(Figure 11), crustaceans, worms, snails and fish (desert gobies) in mound springs and
small insects (mayflies, caddisflies and waterpennies) in relict streams.
Evolutionary r efugia ar e ec osystems t hat s how a hi gh deg ree o f r esistance, or
buffering, to climatic change. The presence of a permanent supply of groundwater has
enabled some species to persist through climatic changes spanning thousands to
millions of y ears. T hese s pecies ar e v ery vulnerable t o l ocal ex tinction. I f the
groundwater or s urface w ater expressions of groundwater t hat s upports th em
disappears the likelihood of extinction is very high because they do not have good
dispersal and recolonisation strategies. Populations cannot be rescued by dispersal
from other sites. These systems have a high resistance but very low resilience.
Evolutionary refugia must be managed at the aquifer-scale (the Great Artesian
Basin and regional and local aquifers) to ensure that permanent water is
maintained. Good water quality and habitat condition needs to be maintained or
restored by managing at an individual site basis and by ‘spring-groups’ for
mound springs.
Ecological Refuges
Ecological refuges can vary across space and time depending on the dispersal abilities
of their biota. The most important are the perennial waterbodies that support obligate
aquatic or ganisms. They contain bi ota s upported by c ontemporary dem ographic and
genetic processes, i .e., demogenetic processes, sensu Frank et al. (2011). These
species w ill per sist w here s uitable habi tats ar e a vailable and di spersal pat hways ar e
maintained.
These systems a re governed by t he ex pansion & c ontraction dy namics des cribed by
Stanley et al. (1997) and t he boom and bus t dy namics des cribed by K ingsford et al .
(1999), B unn et al. (2006) and ot hers. G ene flow will oc cur ov er a r ange o f s cales,
depending on the dispersal traits and population sizes of individual taxa and the extent
of hydrological c onnectivity (Bohonak & J enkins, 2003 ). Ma intaining c onnectivity b y
mitigating bar riers t o dispersal and al terations t o t he nat ural flow r egime ar e
recommended as important management strategies for arid zone fishes (Faulks et al.,
2010) For v ery m obile t axa ( species with an aer ial di spersal phas e) evolutionary
refugia may also act as ecological refuges.
The identification of an ecological refuge varies depending on the dispersal traits of the
species of concern. Obligate aquatic organisms (fishes and some aquatic
invertebrates) need perennial habitats supported by surface w ater, groundwater or
both, to ensure persistence. Perennial systems are also important for the persistence
of w aterbirds and a r ange o f terrestrial f auna s uch as bat s and s ome snakes and
amphibians.
Ecological refuges support taxa with a high degree of resilience to climatic variability.
They are sources of individuals that contribute to the ‘boom and bust’ ecosystems that
flourish and expand when water is plentiful and decrease and contract when water is
scarce. They are v ulnerable t o c hanges that a ffect the abi lity of s pecies t o di sperse
and to undergo rapid population expansion. Threatening processes include the loss of
Climate change adaptation guidelines
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connectivity bet ween dryland river waterholes (caused by dams or water extraction)
and degr adation o f a quatic habitats (e.g. fouling by c attle, pi gs and c amels) t hat
prevent the colonisation and establishment of key species. The impacts of invasive
aquatic species, particularly carp and Gambusia, are also of concern. On a c autionary
note, c onnectivity m ay have neg ative c onsequences w here i t enabl es i nvasive and
exotic fish to colonise and persist.
Three m ajor t ypes o f di spersal s trategies hav e been i dentified i n f ragmented dr yland
river landscapes: ‘movers’, the organisms that have mobile adults and do not require
physical f low c onnectivity t o d isperse ac ross w aterholes ( e.g. O donata, Heteroptera,
Coleoptera); ‘ networkers’, t he or ganisms t hat disperse eas ily dur ing t he hi gh flow
through t he c hannel net work ( e.g. C rustacea, some fish); and ‘ permanent r efugial’
organisms (primarily M ollusca) t hat hav e l imited di spersal abi lities ev en under flow
conditions (Figure 12) (Sheldon et al., 2010)
Robson et al. (2008) defined f ive types of refuge based on retreat processes and the
biodiversity t hey s upport (Figure 12). A rk-type refuges c ontain an as semblage o f
species that is representative of aquatic biodiversity at the landscape scale. Polo club–
type refuges ev entuate where t he r efuge i s s uitable f or us e by onl y a s ubset o f t he
regional biodiversity because particular biological and ecological traits are required to
persist in the refuge. Casino-type refuges consist of areas that have, by chance, been
left untouched by disturbance that affects surrounding areas. These vary in their level
of representativeness of local biodiversity. Stepping-stone refuges become vital to an
organism w hen t hey s upport s ome s tage i n di spersal pr ocess that c annot ot herwise
occur, but their use as a refuge is intermittent or ephemeral. Anthropogenic refuges are
provided by artificially created habitat such as drains or farm dams.
Patterns o f r ecolonisation ar ising from t hese types of r efuges ar e l ikely t o di ffer
strongly, with Ark-type refuges providing a r epresentative range of colonists and Polo
club–type refuges only a subset of the original biodiversity. Chance and the intensity of
disturbance determine the contribution made to recolonisation by Casino-type refuges.
Stepping s tones ar e l ikely t o be r elevant onl y t o s ingle or a few s pecies. C lassifying
refuges by their ability to accommodate or facilitate local biodiversity, according to the
broad spatial and temporal character of disturbances, and taking into account dispersal
and popul ation s tructure o f t axa has ut ility f or c limate adapt ation planning and
management bec ause it c an pr ovide a bas is for p rioritization o f pr otection and
restoration efforts. However, further work is needed to fully determine the applicability
of the Robson et al. (2008) classification to arid zone habitats.
Adaptation planning must protect hydrological and aerial connectivity of
ecological refuges (especially perennial waters) at a whole of landscape scale.
Local, site-scale management (including fencing and eradication of invasive
species) is needed to ensure that good quality habitats, fulfilling a variety of
refuge functions, are maintained across the arid zone.

5.3 Maintaining a dynamic matrix of perennial and temporary
waters
The Australian arid zone often supports very large numbers of waterbirds despite the
lack of permanent water (Roshier et al. 2001). This is brought about by the availability
of temporary wetland habitats in both time and space and the fact that most Australian
waterbirds are highly dispersive.
For highly mobile species, the floodplains and lakes of the Lake Eyre Basin provide the
greatest c oncentration of w etland r esources within ar id A ustralia. The h igh r atio of
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floodplain area to total catchment area, low flow velocities of floodwaters and long flood
transmission times in the two major rivers that drain the upper reaches of the LEB, the
Diamantina R iver and C ooper C reek, c ombined with s patial v ariability i n t opography
and hy drology, produce a di verse r ange o f w etland habi tats and bi otic assemblages
that support all functional groups of waterbirds (Roshier et al., 2001).
Landscape analysis has revealed that the wetlands of the Lake Eyre Basin are highly
interconnected and linked by broad pathways to wetter parts of south-eastern Australia.
The landscape becomes more fragmented during dry periods and wetland connectivity
declines. As wetlands fill and dry the landscape provides different resources to
waterbirds with differing dispersal abilities. The relationship between wetland
connectivity and di spersal distance is considered to be a threshold phenomenon, with
small i ncreases in di spersal c apability r esulting i n l arge i ncreases i n w etland
connectivity. The dispersal distance at which this threshold is reached changes with the
distribution and abundanc e of w etlands (Roshier et al., 2001) . For nom adic s pecies
dependent on temporary resources, the distribution of ephemeral habitat patches is
likely to be extremely important.
A spatial and temporal mosaic of perennial, temporary and ephemeral
waterbodies must be maintained to provide the range of conditions needed for
the persistence of arid zone aquatic and water-dependent species.
Arid z one t emporary w aters a re c haracterized by unpr edictable per iods o f d rying,
forcing the a quatic bi ota t o ei ther di sperse or em ploy a dor mancy s trategy ( e.g.
aestivation or desiccation-resistant eggs) to persist through the disturbance (Williams,
1985). The occurrence of a drying phase should therefore not necessarily be
considered ‘adverse or catastrophic’ for the biota of temporary wetlands (Brock et al.,
2003). Invertebrate taxa that persist in temporary wetlands usually do so by reaching a
tolerant phase o f t heir development before t he w etland dries (Wellborn et al., 1996).
Very temporary environments tend to support species with short life cycles, and s ome
of these species rarely occur in more perennial habitats (Wellborn et al., 1996). Mobile
invertebrates di sperse ac ross t he l andscape i n w etter y ears, and r etract to m ore
reliable habitats when conditions are drier (Wellborn et al. 1996). In areas where few
perennial waterbodies ex ist, t emporary s ystems hav e ev en g reater i mportance i n
supporting the survival of species and metapopulations (Williams, 1985).
Wiggins et al. (1980) described four groups of invertebrates, found in temporary ponds
in southern Ontario, based on their resilience or resistance to drought and their mode
of recolonization. These categorizations are useful in a wider range of habitats,
including arid zone wetlands. The groups are defined as follows:
•

Group 1 – year-round residents incapable of active dispersal. Avoid drying by
aestivating as desiccation-resistant cysts or eggs, or by burrowing into wet
sediments. Taxa include turbellarians, oligochaetes, cladocerans, copepods,
ostracods and gastropods.

•

Group 2 – active dispersers that recruit in spring when water is present and
dependent on water (or water-dependent vegetation) for oviposition. They must
reproduce before the water disappears. These species subsequently survive
the dry period as desiccation-resistant eggs and larvae. Taxa include
ephemeropterans, coleopterans, dipterans and mites.

•

Group 3 – active dispersers that recruit in summer, often laying eggs in damp or
dry sediment after the surface water disappears. Survive the dry period as

Climate change adaptation guidelines

15

desiccation-resistant eggs and larvae. Group 3 taxa are often colonizers. Taxa
include dipterans, trichopterans and odonatans.
•

Group 4 – Active dispersers and migrants that are dependent on water for egglaying, but adults spend the dry phase in perennial pools, or a series of other
temporary pools containing water at different stages (Williams 1985). Many
Group 4 taxa are predators. Taxa include odonatans, hemipterans and
coleopterans.

The sediments of temporary waters play a very important role in providing the seed and
eggbanks from which re-colonisation occurs when water returns, for all but one o f the
groups listed above.
Maintaining the integrity of the sediments (dry lake beds) of temporary inland
waters is critical to the persistence of viable seed and egg banks. These, in turn,
confer aquatic invertebrate assemblages with resistance and resilience to
prolonged drying.
The ecological and cultural significance of isolated rockholes on granite outcrops,
including g nammas, has been des cribed i n a c omprehensive w ork by B ayley ( 2011).
Recent w ork by B rian Timms on gnammas h as found t hat there i s a dec rease i n
diversity eastwards and nor thwards from the c entral w heatbelt of W estern Australia.
This is likely the result of drier conditions, resulting in pools drying before life cycles are
completed. E ven c rustaceans w ith r esistant e ggs hav e l ower di versity i n t he dr ier
extremities of the a rid z one. A d rying c limate i s l ikely t o result i n ev en l ower s pecies
richness as the pr obability of i nsects c olonizing remote w aterbodies from a s maller
number of distant systems decreases.
Salt lakes represent a special category of temporary inland waters that are often
overlooked from a conservation perspective, undoubtedly because they do not contain
the freshwater needed for various human activities. Salt lakes are highly resilient, e.g.,
Lake Torrens had a t ypical f auna a fter bei ng dr y f or 100+ y ears (Brian T imms,
unpublished data). They contain extremophiles, in this case, taxa adapted to very high
salt c oncentrations. Extensive faunal r adiations have oc curred w ithin A ustralian s alt
lake c rustaceans. M olecular s tudies o f representative c rustacean g roups from s aline
and fresh inland w aters hav e f ound profound d ifferences i n r ates o f ev olution, w ith
halophiles exhibiting greater rates of change than their counterparts from freshwaters
(Remigio et al., 2010) . A pat tern o f much hi gher diversity i n c rustacean hal ophiles i n
Western Australia, compared with eastern Australia has been recorded in the brine
shrimp, Parartemia, the cladoceran, Daphniopsis and the ostracod, Mytilocypris. This
pattern m ay be e xplained by i mpeded g ene f low bet ween l ineages o f o rganisms
restricted to inland waters when much of the Australia was separated into two
subcontinents by an i nland s ea during t he Cretaceous (Remigio et al., 2010) . A
molecular study of the fairy shrimp g enus Branchinella (Crustacea, Anostraca), which
is found ex clusively i n temporary aq uatic habi tats, found bot h cryptic s pecies and
species w ith substantial phy siological pl asticity, indicating that they are likely to cope
well with environmental change (Pinceel et al., 2012).
East-west differences in the evolution of important arid zone salt lake taxa
(crustaceans) indicate the importance of conserving and managing these
systems at both the regional and continental scales.
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5.4 Maintaining connectivity and other key processes
Identifying and maintaining the core hydrological, ecological and genetic processes that
support arid zone aquatic ecosystems is fundamental to reducing the risk of the loss of
aquatic habitats, changes in community composition and the extinction of aquatic and
water-dependent s pecies. The c ritical i mportance o f bene ficial floods and i ntact
groundwater resources mu.st be recognized.

5.4.1

Hydrological processes

Groundwater-dependent ecosystems
Provision of a per manent s upply of water from r egional bas ins, such a s t he G AB in
eastern Australia and the Canning Artesian Basin in Western Australia, and local
aquifers, is c ritical t o the per sistence o f s ubterranean a quifers, di scharge ( mound
springs), outcrop s prings, r elict s treams and r iver pool s. T he Great A rtesian B asin
Sustainability I nitiative ( GABSI) (www.environment.gov.au) i s an i mportant pr ogram
supporting the pe rsistence o f the GA B mound s prings. The ex tent o f local fractured
rock aquifers supporting a quatic ec osystems in the H amersley R anges, WA; t he
Central R anges, NT ; and the Flinders R anges, S A, s till needs to b e det ermined.
Threats and pressures on these aquifers must be identified and addressed.
Surface water-dependent ecosystems
The c ritical hy drological pr ocesses s upporting arid z one s urface w ater dependent
ecosystems (SWDEs) are flow variability, good water quality and the maintenance of
hydrological c onnectivity. A ctivities t hat threaten hydrological processes i nclude point
source discharges, water off-takes and impoundments, which reduce water quantity
and flow variability, and barriers (such as dams) that reduce connectivity.
Identifying and maintaining the key hydrological (groundwater and surface
water) processes that support the persistence of arid zone aquatic ecosystems
and the biodiversity they support is essential. The importance of beneficial
floods to dryland rivers and groundwater resources to springs must be
recognized.

5.4.2 Ecological processes
Although our k nowledge of the f actors influencing the di stribution, ab undance and
composition of arid zone aquatic communities is incomplete, enough information exists
to identify key ecological processes. Landscape-scale ecological processes (dispersal
and connectivity) together with local-scale processes (habitat quality and di versity and
biotic i nteractions) al l pl ay a m ajor role i n s upporting the pe rsistence o f s pecies t hat
occupy ec ological r efuges and t emporary waters. In c ontrast, l ocal-scale ec ological
processes alone appear to have the most influence on the persistence of the rare,
relictual and endemic species found in evolutionary refugia.
Although a national approach to climate adaptation is important, attention must still be
paid to regional and l ocal-scale ecological factors. For example, a comparison of the
composition of aquatic invertebrate communities at a r ange of sites (Figure 13) across
the arid zone revealed a marked dissimilarity between regions.
A comparison of the ways in which aquatic invertebrates disperse (some examples of
taxa with varying dispersal abilities are given in Figure 15) indicates the importance of
aerial dispersal in structuring arid zone invertebrate communities (Figure 16).
Climate change adaptation guidelines

17

A large component of the invertebrate fauna at all sites (except the isolated rockholes
of the Great Victoria Desert) consisted of species that have adult stages that can fly.
The dominance of weak flyers (mayflies, caddisflies and s mall beetles) suggests good
dispersal at local and regional scales but not across the entire arid zone (continental
scale). The l ack o f s trong ac tive f lyers ( dragonflies, beet les and waterbugs) i n t he
smallest and m ost isolated w aterbodies ( isolated rockholes i n t he G reat Victoria
Desert) suggests that large expanses of desert, and the low probability of finding water,
act as a barrier to even the most well-adapted arid zone species.
Some aquatic species that cannot fly, in particular, very small crustaceans, are
dispersed across dryland regions by wind or by attachment to mobile species such as
waterfowl. This is known as passive dispersal. The dominance of passive dispersers in
the r ockholes o f the G reat V ictoria D esert ( GVD) s uggests that t his i s t he m ost
important dispersal mechanism for the fauna of this type of habitat. However, the small
number of species recorded in the GVD rockholes suggests that this is a relatively
inefficient process.
The importance of the arid zone for indigenous fish species is well recognized
(Unmack, 2001). Thirty species have been r ecorded from the LEB, this is greater than
the r ichness r ecorded i n m ost s outhern A ustralian c atchments and onl y ex ceeded i n
some c atchments i n the t ropical no rth. High richness i n t he LE B i s a ttributed t o t he
presence of discharge springs and t he large area of the Basin. Regional endemism is
also high with 42% of species recorded being endemic to the Pilbara region and 40%
to the LEB.
All s pecies o f a rid z one fish a re dependen t u pon w ater for di spersal ( apart from
anecdotal r ecords o f fish t ransported by m ini-tornadoes). A ccordingly, m aintaining
connectivity t hroughout stream and river net works so t hat di spersal c an oc cur du ring
floods is of critical importance to the persistence of arid zone fish. The importance of
floods and v ariable f low r egimes, i n maintaining dr yland r iver c omponents and
processes, es pecially f ish c ommunities, has b een w ell-documented b y Lei gh et al.
(2010), Medeiros and Arthington (2010), Arthington and Balcombe (2011), Balcombe et
al. (2011) and Kerezsy et al. (2011).
The dispersal of organisms at local, regional and landscape scales is a key
ecological process that enables communities to persist across a range of arid
zone sites with varying hydrological regimes. Perennial waterbodies provide
‘reservoirs’ from which species can disperse. Temporary aquatic habitats play
important roles as ‘stepping stones’ between more permanent sites and by
providing extra resources that enable populations to increase, reproduce and
replenish egg and seed banks during wet phases (booms).
Although the ability to disperse, be i t fast/strong, slow/weak or passive, is important, it
is not a s ufficient c ondition t o ens ure t hat a s pecies per sists. Loc al environmental
conditions are also very important. Local habitat conditions will influence a num ber of
important p rocesses, including colonisation, establishment, growth and reproduction.
Although w ater quantity and q uality ar e k ey habi tat factors, t he pr ovision of suitable
substrates, an a bundant f ood supply and f reedom f rom competition, p redation and
habitat disturbance, especially the impacts associated with invasive species (such as
camels and c arp), are also important. The recent invasion of cane toads and redclaw
crayfish in the LEB are of great concern (Satish Choy, unpublished data). A warming
climate will make conditions more f avourable f or some i nvasive s pecies, par ticularly
those invading from tropical regions.
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Protecting, restoring and maintaining good quality aquatic habitats is integral to
maintaining the key ecological processes that support both fully aquatic and
water-dependent arid zone biota.

5.4.3

Evolutionary and genetic processes

The importance of genetic variation for maintaining biological diversity and evolutionary
processes i s w ell r ecognized and i s an ex plicit g oal o f t he C onvention on B iological
Diversity ( CBD). N evertheless, v ery l imited ac tion has been t aken t o p rotect genetic
diversity on a global scale (Laikre, 2010).
The c oncept o f t he ev olutionarily significant u nit ( ESU) was dev eloped t o pr ovide an
objective approach to prioritizing units for protection below the level of species. ESUs
are recognised by the EPBC Act of 1999. Although there is debate as to how ESU’s
should be defined there is now a strong case to adopt adaptive ev olutionary
conservation to m aximize preserving g enetic di versity and e volutionary pot ential
(Fraser & Bernatchez, 2001) . Recognising E SU’s i s par ticularly i mportant for t he
conservation of arid zone biodiversity.
The isolated nature of groundwater-dependent evolutionary refugia means that genetic
diversity is often highly geographically structured and cryptic species (species that are
genetically d istinct but ar e i ndistinguishable m orphologically) and E SU’s are v ery
common. R ecent det ailed s tudies of the popul ation g enetics o f i mportant s pecies i n
subterranean aquifers in Western Australia and mound springs in South Australia have
revealed t he pr esence of s pecies w ith v ery s mall r anges but relative dem ographic
stability and hi gh levels of genetic diversity (Guzik et al., 2009, 2010, 2011; Murphy et
al., 2009, 2012; Perez et al., 2005; Worthington Wilmer et al., 2011). These species are
highly ‘resistant’ because they have developed mechanisms to cope with the isolation
and unique environmental attributes of their habitats. They are very vulnerable to
factors that result in a loss of habitat, especially water extraction.
Genetic processes will vary according to the dispersal traits of individual species. For
example, in insects that are strong fliers (dragonflies and some beetles) gene structure
is likely to be homogenous over the entire arid zone. Preliminary results from molecular
studies have i ndicated t hat t his i s t he c ase for popul ations o f the dr agonflies,
Diplacodes haematodes and Orthetrum caledonicum, and the w hirlygig bee tle, t he
gyrinid, Macrogyrus gibbosus, sampled i n the central A ustralian r anges i n J anuary,
2012. This study needs to be extended to include populations of representative species
across the entire arid zone.
In contrast, molecular analyses of populations of two species classified as weak aerial
dispersers, the mayflies, Tasmanoceonis and Cloeon, have detected significant genetic
structure indicating t he pr esence of s ympatric cryptic s pecies. Molecular anal yses of
populations of a passive disperser, a flatworm, have revealed the presence of allopatric
cryptic species.
Significant genetic structure is lik ely t o o ccur in populations of obligate aq uatic
organisms that a re w eak di spersers and o ccupy hi ghly d isconnected habi tats ( some
species of fish and aquatic invertebrates). Genetic structure will depend on the amount
of aquatic connectivity between s ites and ot her factors, i ncluding s trong o r w eak
swimming ability and habitat suitability.
Preliminary r esults from molecular analyses of fish collected w ithin the rivers of the
eastern LE B hav e r evealed g enetic s tructure ev en with t he m ost highly dispersive
species, the spangled perch, Leiopotherapon unicolor (Figure 17).
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Increasing the understanding of how arid zone waterbodies are connected,
based on the genetic structure of representative species of fish and aquatic
invertebrates, will provide important information for climate adaptation planning,
particularly the prioritization of management and protection efforts.

5.5 Vulnerability assessments to determine the
sensitivity and likely persistence of key habitats

climate

The likely climate sensitivity and potential persistence of arid zone aquatic ecosystems
can be assessed by under standing the env ironmental pr ocesses s upporting t he
formation and m aintenance o f ev olutionary r efugia and e cological r efuges and by
determining where l ocal climatic processes a re dec oupled from regional pr ocesses
(Dobrowski, 2011) . These ar e s ummarized i n T able 2 . The abi lity of evolutionary
refugia to locally mitigate the effects of regional climate change is an important attribute
for climate change adaptation planning (Ashcroft, 2010; Ashcroft et al., 2012; Keppel et
al., 2012;
Keppel & Wardell-Johnson, 201 2). Including evolutionary r efugia in
protected area networks and in climate change management planning must be given
high priority because they offer the only hope for in-situ persistence of poorly dispersed
species (Game et al., 2011).
All habi tats s upported by g roundwater ar e a t l east par tially dec oupled from l ocal
rainfall. S ubterranean a quatic habi tats ar e the most hi ghly dec oupled f rom ar id z one
precipitation and t emperature r egimes. M ost ar e s upported by g roundwater t hat has
accumulated over m uch longer timescales t han t hat o f annual r ainfall, and t heir
underground l ocation ac ts as a buf fer from t he ex treme hi ghs and l ows of des ert
temperatures. The discharge springs, fed by the Great Artesian Basin (recharged from
a m uch w etter c limatic z one on t he eas tern m argin o f the c ontinent) ar e m ost hi ghly
decoupled, spatially and temporally, from annual rainfall. However, because these
springs l ack shading by ei ther t opographic features o r a w ell-developed c anopy o f
fringing vegetation, they are fully exposed to contemporary thermal regimes.
The r elict s treams pr esent w ithin t he Central R anges, fed by l ocal aquifers, ar e
decoupled from annual rainfall but on shorter timescales (residence time ~100 years)
than are the discharge springs supported by the GAB. Their location w ithin shaded
gorges al so pr ovides d ecoupling from am bient t emperatures. In c ontrast, ou tcrop
springs (by def inition also s upported by local aquifers) are similarly decoupled from
annual rainfall, but are not topographically shaded, and so are fully exposed to ambient
temperatures.
Most r iverine waterholes and s tream pool s/rockholes ar e fully e xposed t o t he ar id
regional climate. Sparse riparian vegetation provides little shelter from the extremes of
inland continental temperature regimes. Large episodic rainfall events are the dominant
source o f w ater, r esulting i n ex tremely hi gh hy drological v ariability. P ermanent, deep
riverine waterholes m ay a lso be par tially s ustained by g roundwater hel d i n local
aquifers, providing some degree of hydrological buffering under low flow conditions and
some thermal buffering, particularly where thermal stratification occurs.
Most i solated r ockholes, and al l t emporary and ephemeral s ystems, i ncluding l akes,
marshes, claypans and salt lakes are fully exposed to the regional climate. They are
dependent upon s urface w ater r unoff generated by i nfrequent l ocal pr ecipitation and,
unless very deep, are poorly buffered from local temperatures.
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Table 2: Refugial importance of arid zone aquatic ecosystems (and associated
traits of representative aquatic fauna) in relation to their sensitivity to regional
climates (rainfall & temperature).
Ev = evolutionary refugium, Ec = ecological refuge. Variable indicates that the waterbody may
provide an ecological refuge for some taxa, depending on the mobility of the taxa, the proximity
of habi tats i n s pace a nd c onnectivity d uring f low e vents ( which only a pplies t o habitats within
riverine networks). H = high, M = moderate, L = low.
* the hyporheic zone can be an important ecological refuge in perennial waterholes with sandy
sediments
Waterbody

Refugial
Importance

Resistance
Traits

Subterranean
Aquifers

High (Ev)

H

Discharge
Springs (GAB)

High (Ev&Ec)

H

Outcrop Springs

Variable

Relict Streams

Resilience
Traits
L

Sensitivity
~Rainfall

Sensitivity
~Temp

L

L

L

L

M

L

H

M

H

High (Ev&Ec)

H/L

H/L

M

M

Perennial
Riverine
Waterholes*

High

H/L

H/L

M

M

Temporary
Riverine

Variable

L

H

H

H

Stream Pools

Variable

L

H

H

H

Isolated
Rockholes

Variable

L

H

H

H

Temporary Lakes,
Swamps,

Variable

L

H

H

H

Claypans

Variable

L

H

H

H

Salt Lakes

Variable

L

H

H

H

Waterholes

Marshes
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Groundwater-dominated habi tats hav e a hi gher likelihood of pe rsistence under future
climate change than surface water-dominated because they are largely independent of
local pr ecipitation. H owever, ar idification ov er m illennia m eans t hat groundwater
systems in arid Australia are in a state of net discharge, not equilibrium (Hatton, 2001).
Accordingly, the habitats and bi ota supported by groundwater are highly vulnerable to
anthropogenic impacts, especially drawdown of groundwater for agriculture and mining.
Conceptualisation of different types of aquatic ecosystems based on their decoupling
from the regional climate (temperature and rainfall) with the varying dispersal abilities
of ar id z one t axa ( Figure 18) illustrates t he major differences bet ween ev olutionary
refugia ( restricted g ene f low but high climatic d ecoupling) an d a r ange of ecological
refuges (high gene flow but exposed to ambient climatic processes). Systems at one
extreme (climatically decoupled, per ennial hy droperiods) are either a refugium or
refuge depending on the evolutionary history, gene flow and dispersal abilities of their
taxa and t heir s patial c ontext. S ystems at the ot her ex treme (climatically c oupled,
temporary and highly variable hydroperiods) are rarely likely to act as major refuges for
all but a small number of highly mobile taxa.
Further investigations of gene flow in populations of arid zone aquatic species,
particularly aq uatic i nvertebrates w ith di fferent dispersal m odes (active, w eak and
passive), ar e ne eded t o v alidate this conceptual m odel. We hav e onl y q ualitatively
identified refugia and r efuges as generalized habitat types and f urther work is needed
to produce a quantitative assessment. The variability in habitat characteristics, for
example, the relative contributions of groundwater and surface water, and the degree
of topographic shading, needs to be determined for some habitats (particularly riverine
waterholes and outcrop springs). The very large areal extent of the Australian arid zone
biome s uggests that en vironmental factors w ill vary ac ross t he bi ome. For ex ample,
although aridity is the major environmental driver, other factors such as the timing of
major r ainfall ev ents, from pr edominantly s ummer i n t he nor th t o w inter i n t he s outh,
will also influence the capacity of aquatic habitats to act as ecological refuges.
Determining where local climatic processes are decoupled from regional
processes provides important information for climate adaptation planning and
management. Evolutionary refugia are the most highly decoupled habitats and
so will potentially be the most persistent under a changing climate. Ecological
refuges vary in their exposure to climatic influences. Prioritising the protection
of aquatic evolutionary refugia and perennial aquatic ecological refuges is
important because they offer the only chance for in-situ persistence of poorly
dispersed species.

5.6 Reducing risk by reducing existing stressors (especially
invasive species)
Reducing existing stressors on arid zone aquatic ecosystems and freshwater biota is
likely t o i ncrease bot h t heir r esistance and resilience t o c hanging and i ncreasingly
variable climatic conditions. Additionally, implementing conservation programs that are
good f or bi odiversity, regardless of f uture c limates, represent valuable ‘ ‘no-regrets’’
actions (Groves et al., 2012).
A recent risk assessment conducted for the Queensland portion of the LEB (Table 3,
WPE, 2012) identified introduced species (feral species including camels, goats, pigs
and donkeys) as the greatest threat to biodiversity. A major management program,
funded by C aring f or ou r C ountry 2, currently addr esses t he threat pos ed by c amels
(Figure 19).
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Ongoing support for the Australian Feral Camel Management Program and
additional programs to address the impacts of other feral species and livestock
at arid zone waterholes are high priority climate adaption actions.
A risk assessment similar to that conducted for the Qld LEB is needed to identify
the threats to aquatic ecosystems and freshwater biodiversity across the entire
arid zone.
Table 3. Draft threat and risk assessment for aquatic ecosystems in the Qld Lake
Eyre Basin based on a questionnaire and workshop.
The risk as sessment r esults ar e o rdered from the hi ghest t o l owest r isk. The p riority
risks are highlighted: red- high risk; yellow-moderate risk. Source: WPE (2012).
Threat

Risk

Confidence

Threat

Risk

Confidence

Introduced
(nonnative)
riparian
species (fauna)

15

9

Climate change

2

1

Instream
pest
species (fauna)

12

5

Instream pes t s pecies
(flora)

2

2

Riparian weeds

9

4

Riparian h
abitat
removal or disturbance
– riparian connectivity

2

6

Riparian
removal
disturbance

8

6

Acid soil runoff

1

3

Deposited
sediments

6

1

Suspended Sediments

1

4

Flow management waterhole pumping

4

6

Pathogens

1

6

Direct biota removal
or disturbance

4

6

Salinity

1

9

Toxicants – mining

4

9

Organic matter

1

9

Nutrients

3

3

Instream
habitat
removal or disturbance

1

9

Instream
habitat
removal
or
disturbance
–
instream
connectivity

3

9

Thermal alteration

1

9

habitat
or
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5.7 Recognising adaptation opportunities – new water and
novel ecosystems
Societal responses to climate change can provide novel opportunities to increase both
the s uccess and c ost effectiveness of c onservation. I nitial ef forts to i ncorporate
ecosystem s ervices i nto s ystematic c onservation pl anning ar e considered t o be
promising but may also involve trade-offs with biodiversity conservation (Groves et al.
2012). A n appr oach referred t o as E cosystem-Based A daptation ( EBA) has been
proposed by t he International U nion for t he C onservation o f N ature (IUCN;
www.iucn.org/) and the Climate Action Network (www.climatenetwork.org/). EBA is
defined as: ‘‘a range of local and landscape scale strategies for managing ecosystems
to i ncrease r esilience a nd m aintain es sential ec osystem s ervices and r educe the
vulnerability of people, their livelihoods and nature in the face of climate change’’ (CAN
2009). For the arid zone these could include strategies to improve the condition of
waterbodies t hat r epresent i mportant cultural a nd nat ure-based t ourism s ites. These
are unlikely to be outright win–win situations for conservation because they include
additional objectives to those that are specific to biodiversity conservation and they
may be ac companied by emerging industries and s ectors (such as biofuels) that pose
new or additional impacts to biodiversity (Groves et al., 2012). However, despite these
concerns, emerging opp ortunities need t o be c onsidered as par t o f a br oad s trategic
approach to arid zone climate adaptation planning.
Activities that create new waterbodies in the arid zone need be considered as part of a
portfolio of climate adaptation options. The creation of perennial waterbodies through
mine dew atering w ill pr ovide no vel ec ological r efuges for m obile a rid zone aq uatic
biota. Opportunities for ‘ new water’ or ‘ biodiversity water’ need t o be r ecognized and
assessed. The trade-offs involved in activities such as dewatering, where groundwater
is depl eted but new s urface w aters ar e c reated, need t o be c learly ar ticulated and
rigorously as sessed. These oppor tunities s hould not be c onfused with the need t o
provide environmental flows.
New and novel waterbodies created by arid zone industries (e.g. mining) may
represent valuable offsets for waterbodies lost through climatic drying. These
opportunities need to be recognized but the possible trade-offs for biodiversity
need to be clearly articulated and rigorously assessed.

5.8 Implementing climate adaptations within in a strategic
adaptive management framework
The process of adaptive management, which recognises the inherent uncertainties of
dynamic and unpr edictable ecosystems and t ests these uncertainties to progressively
improve management (Walters, 1986) is well suited to addressing the uncertainties of a
changing c limate across t he ar id z one. Adaptive m anagement, s imply def ined as
‘learning by doing’, incorporates both passive (trial and error) and active
(experimentation) approaches. Strategic Adaptive Management (SAM) builds upon this
to provide a f ramework for adaptive management f or f reshwater areas a cross so cioecological systems and over large spatial scales (Kingsford et al., 2011). The process
is t ermed strategic bec ause i t i s f orward-looking, s ets a desired f uture di rection and
focuses more on integration within s ocial, ec onomic and governance pr ocesses. It
follows a generic process adopted by IUCN for protected area management based on:
setting t he ‘ desired future c ondition’; m anagement op tions; oper ationalization; and
evaluation and learning. SAM encourages innovation, local adaptation, trust and
overlapping governance structures. It appears well suited to the management of many
arid z one aq uatic ec osystems t hat ar e l ocated out side pr otected areas w ithin
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landscapes m anaged for ot her hu man pu rposes. It ac knowledges that complex
behaviour arises from interacting drivers that change over time (rainfall, sedimentation,
flow, human skills capacity and levels of trust) and embraces the inherent complexities
and interdependent behaviour of socio-ecological interactions (Kingsford et al., 2011).
Strategic adapt ive m anagement of arid z one aq uatic ec osystems should include t he
following:
•
•
•

A coordinated national approach to monitoring and evaluating changes in water
quantity and quality in surface and groundwater-dependent ecosystems
Inputs from mining a nd ener gy pr oduction arid z one monitoring and
rehabilitation programs
Training to support monitoring and management of arid zone aquatic assets
and bi odiversity by l ocal c ommunities, i ncluding i ndigenous r anger groups,
pastoralists, tourism operators and school children.

A s imple climate adaptation decision support framework (Figure 20) has been
developed based on the identification of different types of aquatic ecosystems, differing
water regimes (permanent or temporary) and the groundwater/surface water resources
that support them.
A national system of storage and retrieval is needed t o ensure that the environmental
information collected by m ining and ener gy c ompanies w orking w ithin the ar id z one
makes an enduring contribution to the management of Australia’s unique biodiversity.
The environmental data collected by mining and energy companies for impact
assessment during exploration and site development provides important information on
the ec ology of ar id z one aq uatic as sets and bi ota. S imilarly, i mportant e nvironmental
data is collected as part of the ongoing environmental management of mining or
production sites and the rehabilitation of decommissioned sites. This information needs
to be ev aluated w ithin a nat ional c ontext t o s upport the dev elopment o f nat ional ar id
zone planning and management policies.

5.9 Supporting indigenous and local community engagement
and education
Successful adapt ation t o c limate change and i ncreasing c limatic v ariability requires
good community engagement and education. An important part of this engagement is
easy access to reliable information. Robust climatic scenarios and practical adaptation
advice are needed. The l atter m ust add ress the i nteractions bet ween s ocial, c ultural,
economic and environmental objectives for arid zone water resources and aquatic and
terrestrial ecosystems.
Implementation of the recommended strategic adaptive management program will help
address key aspects of c ommunity eng agement and educ ation. In par ticular,
monitoring and m anagement o f key ev olutionary r efugia and ec ological r efuges by
indigenous groups, local communities and school groups will strengthen community
involvement i n adapt ation and i ncrease local understanding o f c limatically - induced
changes.
Measuring climatic, hy drological and ec ological changes a t a quatic as sets ac ross an
area as large as the Australian arid zone can be achieved through the deployment of a
range of remote s ensing i nstruments managed and m aintained b y i ndigenous
communities, pas toralists and s chool groups. Technological adv ances m ean t hat the
establishment o f a ne twork o f robust and l ow c ost s ensors at strategic s ites i s now
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feasible and affordable. These include mini-weather stations, depth and water quality
loggers, s urveillance c ameras and bi oacoustic sensors. A nat ional n etwork w ould
record information from the representative freshwater assets across the continent.
These w ould i nclude t he m ost i mportant sites for bi odiversity (especially evolutionary
refugia and perennial ecological r efuges) and s ites w ith r ecognised hi storical and
cultural s ignificance. A dvances i n m olecular t echniques and greatly r educed c osts of
analysis have created very powerful tools for monitoring the expansion and contraction
of biota from critical refugia. This includes not only the animals that live within springs
and waterholes (fish and invertebrates) but also the terrestrial mammals and birds that
rely on aquatic systems for survival within dryland and desert landscapes.
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6. ADDRESSING KNOWLEDGE GAPS
The knowledge gaps identified by the Lake Eyre Basin Knowledge Strategy
(http://www.lebmf.gov.au/publications/pubs/leb-knowledge-strategy-summary.doc)
are pertinent to this plan. These are summarized as follows:
•

•

•

waterholes
- the i ssue o f changes to low-flow hy drology from w ater ab straction a nd
climate change
the importance of surface water/groundwater exchanges in ephemeral river
systems
- the effects of tourism and other local scale impacts on waterholes
flow interception and infiltration
- the need for models and predictions of how changing vegetation cover and
condition will affect the quality and quantity of surface run-off and infiltration
- better understanding of the effects of levees, roads and culvert crossings on
downstream flow conveyance and floodplain vegetation
futuring or foresighting activities
- the need to better understand the aspirations and values of the broader
community and ho w t hese may c hange i n t he face of a c hanging c limate
and economy

In addition the following topics and issues need consideration:
•

How important are metapopulation dynamics in supporting the obligate (fish and
aquatic invertebrates) and non-obligate (waterbirds and f rog) communities of
arid zone waterbodies? Molecular studies are needed t o determine the present
and past connectivity of key aquatic sites.

•

The di versity and ec ological r oles of a lgae an d aq uatic pl ants. These ar e
important in a climate adaptation context but w ere not addressed i n t his
document because of time constraints.

•

Stygofauna – relative to what is known about their diversity we know very little
about their ecology and biology, especially in relation to habitat connectivity and
environmental water requirements. This is recognised as a knowledge g ap in
the EIA process for mining in WA by the WA EPA. As a consequence a risk
assessment approach is currently being used based on little data.

•

Salt lakes - despite their ubiquity across the arid zone the flora and fauna of
salt lakes is not well documented, especially the very complex playa systems of
southern W A. These s ystems ar e increasingly a ffected by mining and w ater
disposal. Molecular studies of key species are needed to determine current and
past connectivity.

•

Hyporheic z ones – particularly t heir i mportance as di spersal c orridors and
ecological refuges and as habitat for future diversification under increasing
aridity.

•

The impacts of altered fire regimes on arid wetlands and the potential influence
of climate change.

•

More information is needed on t he functional ecology of arid-zone wetlands to
support the refinement of conceptual models of responses to disturbance.
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•

The e ffects o f l ivestock on the c ondition o f arid zone w etlands need t o be
determined and addressed.

•

What mix of on-ground management tools is best for building climate resistance
and resilience?
When and were c an reservation, f encing, landscape
management, f eral animal control and better w ater r esource m anagement be
applied. This requires both research and the development of decision support
tools.
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7. SUMMARY OF ADAPTATION OPTIONS
Climate c hange adapt ation i s def ined as t he adj ustment o f nat ural or ant hropogenic
systems to a changing climate for the purpose of moderating impacts or capitalizing on
novel oppor tunities ( IPCC 2007). Groves et al. (2012) proposed f ive approaches t o
climate change adaptation that can be integrated into existing or new biodiversity
conservation plans. These include: (1) conserving the geophysical stage, (2) protecting
climatic refugia, (3) enhancing regional connectivity, (4) sustaining ecosystem process
and function, and ( 5) c apitalizing on oppo rtunities em erging i n response t o c limate
change. A major strength of these approaches is that they are generally robust to the
uncertainty in how climate impacts may manifest in any given location. The adaptation
options we propose in this plan largely conform to these suggestions.
We hav e pr oposed a portfolio of adapt ation appr oaches t o m aintaining aq uatic
habitats, the water resources that support them, and the species that depend upon
them. In s ummary r ecommended c limate adaptation ac tions i nclude: i mplementing a
national mapping program that identifies the major t ypes of arid zone aq uatic
ecosystems and t he surface w ater and groundwater r esources t hat s ustain t hem;
recognising t he i mportance of ev olutionary r efugia and ec ological r efuges as pr iority
sites for arid zone climate adaptation planning and policy; protecting a dynamic (spatial
and temporal) mosaic of perennial, temporary and ephemeral waterbodies to provide
the r ange o f conditions needed support a quatic and w ater-dependent s pecies with
varying l ife hi story t raits and di spersal abi lities; maintaining the i ntegrity o f t he
sediments of temporary and ephemeral waters to ensure the persistence of viable seed
and egg banks; recognising t he importance of key hydrological and ecological
processes, particularly connectivity and dispersal; assessing the climate sensitivity and
likely per sistence of key habitats; reducing the existing stressors on a quatic
ecosystems and aquatic biota; identifying new and novel waterbodies created by arid
zone industries (e.g. mining, pastoralism) that could provide valuable offsets for aquatic
systems lost through climatic drying; implementing climate adaptation actions within a
strategic adapt ive m anagement framework accompanied by a dedi cated pr ogram for
community engagement and education.
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Figure 1. Time series with a five year moving average (continuous line) of: (a)
annual maximum temperature; and (b) annual rainfall, Alice Springs, Northern
Territory (23.8°S, 133.89°E).
Source: www.bom.gov.au

Figure 2. Extent of the arid and semi-arid regions comprising the Australian arid
biome.
Source: Byrne et al. (2008)
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Figure 3. Map showing the location of drainage basins spanning arid and semiarid zones, watercourses and the Great Artesian Basin. Source: GEOFABRIC v.2
surface drainage network layer http://www.bom.gov.au/water/geofabric.
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Figure 4. Map of the Great Artesian Basin showing recharge zones (shaded),
spring supergroups (dotted lines), and flow direction (arrows). Source:
http://wetlandinfo.derm.qld.gov.au; Aerial and ground views of discharge
(mound) springs (The Bubbler and Blanche Cup) in the Lake Eyre South group,
South Australia.
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Figure 5. Relict streams in the Central Australian Ranges typically occur in
deeply shaded, south-facing gorges, as illustrated by the aerial view of
Serpentine Gorge, NT.
Groundwater seeping from rock faces supports relictual and other taxa dependent on
permanent w ater, at s ites s uch a s upper S erpentine G orge i n the West M acDonnell
Ranges and Stokes Creek in the George Gill Ranges, NT.
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Figure 6. Riverine waterholes occur as perennial, temporary and ephemeral
systems within dryland rivers.
The Finke River (aerial view) arises in the Central Australian Ranges, NT, and includes
the per ennial w aterbodies o f Two M ile ( upper r ight), R unning Waters ( lower l eft) and
Boggy Hole (lower right).
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Figure 7. Many waterholes in the rivers of Lake Eyre Basin, SA, are characterized
by high turbidities. Images: Dale McNeil
The w aterholes i llustrated her e dry u p af ter ex tended per iods w ithout flow, however,
they are critical for fish to rebuilt resilient populations.
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Figure 8. Outcrop springs (top left) occur near the base of ranges and rocky
outcrops. Rockholes (top right) are very small and isolated habitats that are
widespread, but not abundant, throughout the arid zone. Ephemeral rock pools
(bottom left) appear after infrequent and unpredictable rain events.
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Figure 9. Claypans (top) are distinctive shallow basins fed by local rainfall and
often that occur throughout the arid zone. Similarly, salt lakes (bottom) are
widespread and rarely contain water.
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Figure 10. The Pilbara region, WA, contains a variety of waterbodies including:
spring-fed stream pools (Skull Springs, top left); turbid river pools (Wackilina
Creek Pool, top right); temporary wetlands (Fortescue Marsh, bottom left); and
claypans (Croyden, bottom right).
Images: Adrian Pinder, Stuart Halse (Fortescue Marshes). Copyright: DECWA.
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Figure 11. Stygofauna contain a range of adaptions to a subterranean existence
including reduced size, lack of eyes and loss of pigmentation.
Images: Jane McRae. Copyright: DECWA
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Figure 12. Upper box: The different dispersal strategies that are used by
organisms in fragmented dryland rivers.
Waterholes denot ed i n grey c ontain w ater, w hereas t hose i n w hite ar e dr y. A rrows
depict m ovement o f o rganisms w ithin and am ong w aterholes. S ource: S heldon et al .
(2010).
Lower box: Conceptual summary of the relationships between refuge types,
retreat and recolonisation processes, metapopulation processes and the effects
of disturbance.
Source: Robson et al. (2008)
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Figure 13. Location of sampling sites included in a comparison of aquatic
invertebrate assemblages across the arid zone. Source: GEOFABRIC v.2 surface
drainage network layer.
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Figure 14. Bray-Curtis similarities of aquatic invertebrate assemblages across
the Australian arid zone.
Waterbodies c ontain markedly di fferent as semblages w ith i solated r ockholes i n the
Great V ictoria D esert an d m ound s prings i n t he Lake E yre S outh c omplex bei ng t he
most dissimilar.
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Figure 15. Adult dragonflies (top & bottom left, Cowards Springs, SA) are strong,
active aerial dispersers, in contrast, adult mayflies (bottom right, Stokes Creek,
NT), which are short-lived and small-bodied, are weak aerial dispersers. Isopods
(top right, The Bubbler, SA), do not have an aerial dispersal phase, they are
aquatic obligates and can only disperse when water is present water.
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Figure 16. Differences in occurrence of dispersal traits (as percentages of
families) of aquatic invertebrates in regions across the Australian arid zone.
Note: this analysis did not include rotifers.

Climate change adaptation guidelines

47

Figure 17. Molecular analysis of a highly dispersive species, the spangled perch,
Leiopotherapon unicolor, sampled at sites in the ephemeral rivers of the eastern
Lake Eyre Basin, indicates varying levels of connectivity between waterholes.
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Figure 18. Conceptualisation of the major differences between evolutionary
refugia (restricted gene flow but high climatic decoupling) and a range of
ecological refuges (high gene flow but exposure to ambient climatic processes).
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Figure 19. Upper box: The Australian Feral Camel Management Program is an
important Commonwealth government initiative that addresses one of the
greatest threats to arid zone aquatic ecosystems and freshwater biodiversity.
Lower box: Traditional owners and indigenous ranger groups are actively
involved in monitoring waterhole condition.
Source: Jayne Brim Box and Andrew Bubb
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Figure 20. A simple decision framework for identifying essential climate
adaptation actions for arid zone aquatic ecosystems
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