Biological Conservation 209 (2017) 188-195

===

Contents lists available at ScienceDirect *  BIOLOGICAL

CONSERVATION

Biological Conservation

journal homepage: www.elsevier.com/locate/bioc

Discussion

Rethinking refuges: Implications of climate change for dam busting

@ CrossMark

Stephen Beatty®*, Mark Allen?, Alan Lymbery?, Martine S. Jordaan®¢, David Morgan?, Dean Impson”,
Sean Marr¢, Brendan Ebner¢, Olaf L.F. Weyl°

@ Centre for Fish and Fisheries Research, School of Veterinary and Life Sciences, Murdoch University, Perth, Western Australia 6150, Australia
b CapeNature Scientific Services, Stellenbosch 7600, South Africa

© South African Institute for Aquatic Biodiversity, Grahamstown 6139, South Africa

4 TropWATER, James Cook University, Atherton, Queensland, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 15 September 2016

Received in revised form 24 January 2017
Accepted 3 February 2017

Available online 23 February 2017

Climate change is projected to alter river discharge in every populated basin in the world. In some parts of the
world, dam removal now outpaces their construction and the diminishing cost efficiency of dams in drying re-
gions is likely to further increase the rate of removals. However, the potential influence of climate change on
the impact of dam removals has received almost no consideration. Most dams have major biological and ecolog-
ical impacts and their removal would greatly benefit riverine ecosystems. However, using model regions in the
Southern Hemisphere, we highlight that artificial lentic habitats created by dams can act as refuges for increas-
ingly imperiled freshwater fishes, and dams may also prevent the upstream spread of invasive alien species in
rivers. We argue that, in these and other regions where the major impact of climate change will be to reduce
streamflow and aquatic refuge availability, a shifting balance between the negative and positive environmental
impacts of dams requires policy makers to include climate change predictions in prioritisation processes for

dam removal.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Human infrastructure captures >50% of available fresh water runoff
(Jackson et al., 2001) with global water withdrawal increasing by ~65%
from 1979-2010 (Wada et al., 2014). Dams, and the impoundments cre-
ated by them, provide many benefits to humans, including water sup-
ply, flood control, irrigation, navigation, recreation and the generation
of hydropower. Throughout the world, there are now >50.000 dams
with a crest height >15 m and an estimated 16.7 million
reservoirs > 0.01 ha (Lehner et al., 2011).

Although they have underpinned the development of human socie-
ties, dams also usually have numerous detrimental effects on aquatic
biodiversity. Over half of the world's large river systems, including the
eight most biogeographically diverse, are now affected by dams
(Nilsson et al., 2005). Through altering natural flow regimes, the abiotic
impacts of dams include habitat fragmentation, reductions in habitat
quality and complexity, and disruption to processes of erosion, sedi-
ment transport, channel scouring and nutrient cycling (e.g., Poff et al.,
1997; Arthington, 2012). The biological responses to these impacts
can include shifts in community composition, loss of species abundance
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and diversity, and changes in species distribution (Nilsson et al., 2005).
The impacts of dams on fishes can be particularly severe, including the
disruption of migratory pathways, creation of unfavorable habitats for
native species and loss of riparian habitat (Winemiller et al., 2016).

Between 1979 and 2010, the global abstraction of groundwater has
increased proportionally more (an overall increase of ~85%) than the
capture of surface water (an increase of ~56%) (Wada et al., 2014).
While dam construction continues at pace in many parts of the world,
particularly China and India, in North America and Europe there has
been a marked overall slowdown in large dam construction (Chao et
al.,, 2008; Winemiller et al., 2016) and concurrent increases in dam re-
moval (O'Connor et al., 2015). Dam removal now outpaces construction
in the USA and is increasing at an exponential rate (American Rivers,
2014) (Fig. 1). This surge in dam removals has been driven principally
by economic factors with many built in the middle years of the 20th
Century reaching the end of their working life, and the costs to repair
aging infrastructure greatly outweigh removal costs (Stanley and
Doyle, 2003). More recently, the impetus for the removal of many
dams has been to mitigate their ecological impacts; usually to reinstate
fish migration pathways and restore natural flow regimes (Service,
2011; O'Connor et al., 2015).

How may climate change affect the value of dams into the future?
Climate change and water withdrawal is projected to alter river
discharge in every major river basin in the world (Palmer et al., 2008).
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Fig. 1. Annual and cumulative number of dams removed in the U.S. between 1912 and
2014 (Data source American Rivers, 2014).

On the one hand, increasing global population growth and per capita in-
come, particularly in the developing world, will increase water demand
and the value of surface water (Palmer et al., 2009). On the other hand,
the cost efficiency of maintaining storage dams is likely to be reduced in
regions where rainfall and surface flows decline, and in regions where
increased extreme weather events, such as flooding, will require dams
to be reinforced and/or modified to mitigate associated risks such as
overflows and structural failure (Pittock and Hartmann, 2011). There-
fore, the combined effect of the finite lifespan of dams and their
diminishing utility as a reliable water source in regions that are
transitioning to a drier climate is likely to increase the rate of dam obso-
lescence and removal. Certainly, there has been increasing interest in
the ecological and social benefits of dam removal even in arid and
semi-arid regions such as Australia (e.g. Neave et al., 2009) and South
Africa (e.g. Mantel et al,, 2010). However, we are unaware of inventories
of dam removals in the Southern Hemisphere and development of a da-
tabase would be of great benefit; similar to that maintained in the USA
(American Rivers, 2014). While the negative ecological impacts of dams
are well recognised, here we argue the influences of climate change on
the future impacts and value of dams requires greater consideration in
decision making processes to remove them in drying temperate regions.

2. Environmental impacts of dam removal

Although environmental concerns have often not been the principal
driver of dam removals, the process of restoring artificial lentic habitats
back to their original lotic state usually has profound associated envi-
ronmental benefits. The restoration of more natural temperature and
sediment transport regimes can contribute to increased species rich-
ness, abundance, and biomass of fishes at formerly impacted sites. Rein-
stating longitudinal river connectivity can permit fishes to access
habitat beyond former barriers, with evidence of increases in recruit-
ment and productivity of eel, lampreys and salmon within relatively
short timeframes (Service, 2011; O'Connor et al.,, 2015). Dam removal
may also improve connectivity between rivers and associated habitats
(e.g. floodplains), benefiting aquatic and dependent terrestrial fauna
(Shuman, 1995).

Although the removal of a dam usually has overwhelmingly positive
outcomes for the river ecosystem, it should be considered an ecological
disturbance in its own right (Stanley and Doyle, 2003), and some eco-
logical changes might be environmentally costly rather than beneficial.
A major concern with dam removal is the mobilisation of accumulated
sediments, as this can impact habitats downstream through sediment
deposition (which may contain toxins, heavy metals or nutrients) and
erosion (Bednarek, 2001; Stanley and Doyle, 2003). We also need to

be aware that once a dam has been constructed, the original aquatic
ecosystem has been changed, and although it may be physically altered
from its original state, the new lentic ecosystems can support consider-
able aquatic biodiversity. These potentially positive values need to be
considered in proposals for dam removal, because we cannot always
assume that an ecosystem will return to its original state following the
removal of a barrier. More research is required to assess and quantify
the impacts of dam removal over longer spatial and temporal scales
(Graf, 2003).

3. Impacts of dams may alter due to climate change
3.1. Dams can act as refuges

One potential cost of dam removals that has not been adequately ad-
dressed is the potential loss of novel refuges for aquatic organisms
under ongoing climate change. To date, most studies that have consid-
ered the implications of climate change on fish distributions have had
a strong Northern Hemisphere bias, and concentrated on rising water
temperature as a driver of change in cold-water fish communities
(e.g., Comte et al., 2013). Hydrological shifts have rarely been consid-
ered, yet, over the last 50 years, streamflow has decreased by >30%
across large areas of southern Europe, the Middle East, western and
southern Africa, south-east Asia and Australia, and by 10-30% in west-
ern North America and much of South America (Milliman et al., 2008),
with most of this decrease due to climate forcing (Dai et al., 2009). Pro-
jections from climate change models suggest decreases in streamflow
will continue across these regions in the future (Jiménez Cisneros et
al., 2014; Schewe et al., 2014) (Fig. 2a).

These areas of the world all currently have strongly seasonal rainfall
and hence streamflow. Freshwater communities in many regions are
structured by regular patterns of flooding and drying, with isolated
pools or waterholes providing ecological refuges between streamflow
events (Magoulick and Kobza, 2003). These refuges are critical to the
periodic cycle of retreat and recolonisation that characterises non-pe-
rennial river systems. Decreased streamflow (e.g. Fig. 2a) and increasing
temperatures as a result of climate change will affect the size, number
and connectivity of these refuges, with likely major impacts on freshwa-
ter biota, particularly freshwater fishes (Davis et al., 2013; Beatty et al.,
2014; Jaeger et al., 2014) (Fig. 2b).

There is an increasing recognition that artificially created
waterbodies may have an important role to play in creating refuge hab-
itat for aquatic organisms (e.g. Chester and Robson, 2013; Halliday et al.,
2015; Beatty and Morgan, 2016). Such artificial refuges include water
storage reservoirs, drainage ditches, irrigation pipes, borrow pits,
water transport canals and golf course lakes, among others (see
Chester and Robson, 2013). Importantly, they have also been identified
as refuge habitat for a range of endangered aquatic organisms, including
freshwater fishes (Tonkin et al., 2010, 2014; Ebner et al., 2011), molluscs
(Clements et al., 2006) and waterbirds (Li et al., 2013).

We contend that the potential loss of natural refuges under reduced
rainfall and flow conditions in drying climatic regions may be offset to
some extent by maintaining existing dams and their associated im-
poundments. The value of impoundments as artificial refuges must of
course be balanced against the impact of dams on existing natural ref-
uges. Dams can impede the access of fish to natural refuges by physically
blocking migratory pathways and increasing the number of no-flow
days (Perkin et al., 2015). Dams may also reduce the ability of rivers to
maintain natural refuges such as oxbows and scour pools, as they can
negatively impact fluvial geomorphic processes and disrupt the dynam-
ics of the habitat mosaic (Hauer and Lorang, 2004 ). These impacts must
therefore be properly evaluated; however in seasonally flowing river
systems in arid and semi-arid regions of the world, they may be
outweighed by the loss of natural refuge pools in both regulated and un-
regulated rivers in drying climates. In many of those systems, the eco-
logical and conservation value of at least a proportion of existing
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Fig. 2. (a) Percentage change of mean annual streamflow for a global mean temperature rise of 2 °C above 1980-2010 (2.7 °C above pre-industrial). Color hues show the multi-model mean
change across five General Circulation Models (GCMs) and 11 Global Hydrological Models (GHMs), and saturation shows the agreement on the sign of change across all 55 GHM-GCM
combinations (percentage of model runs agreeing on the sign of change). (b) (top to bottom) Annual surface flow into dams that supply Perth (the capital of Western Australia) has
declined markedly since 1975 with a further decline since 2001 (data source Water Corporation, Western Australia); natural lentic refuge in south-western Australia (e.g., Lake
Quitjup, middle right) are crucial refuges for threatened freshwater fishes (fish artwork by L. Marshall and R.Swainston); water supply reservoirs (e.g., bottom right) will be
increasingly valuable as natural refuges are lost due to climate change. (c) In South Africa's Rondegat River, alien smallmouth bass penetrated 5 km upstream from Clanwilliam Dam to
a natural waterfall below which they extirpated native minnows and co-occurred only with large Clanwilliam yellowfish (fish artwork South African Institute for Aquatic Biodiversity).
The subsequent construction of a small 2-m high weir 4 km downstream of the waterfall, effectively isolated a portion of the smallmouth bass population in this stretch of river. In
2012, this isolated section of river was treated using the piscicide rotenone to remove smallmouth bass. Within a year following smallmouth bass removal, threatened redfin minnows
had begun to utilise the rehabilitated section of river and native fish abundance and diversity had increased significantly (data source Weyl et al., 2014).

(Reproduced with permission from Jiménez Cisneros et al. (2014))

reservoirs is likely to increase in the future and this has not been suffi-
ciently appreciated in the dam removal discourse. In addition, it may
be possible to at least partially overcome the negative effects of dams
on natural refuges, for example by constructing fishways to enhance
fish movement (Harris et al.,, 2016) and by using environmental flows
to maintain downstream ecosystems (Arthington, 2012).

3.2. Dams as barriers to invasive species

Invasive species and the exotic diseases that they introduce repre-
sent a considerable threat to aquatic ecosystems throughout the
world. There is an increased likelihood of novel invasions by aquatic
species that possess physiological thresholds mismatched to current
environmental conditions, but matched to conditions likely to prevail
under future climatic scenarios (Rahel and Olden, 2008). Warmer

water temperatures may also increase the transmission and virulence
of exotic parasites and pathogens to native fish species (Marcogliese,
2008). We may therefore expect more invasive aquatic species, and
greater impacts from these species, in many regions due to climate
change.

While the reservoirs created by dams are often hotspots of alien fish
species, particularly predatory sportfish, there are also several examples
of dams (both intentionally and unintentionally) limiting the spread of
invasive species (McLaughlin et al., 2007; Rahel, 2013; and see case
study below). Moreover, while often difficult, eradicating alien species
from reservoirs is possible (Meronek et al., 1996) and can directly facil-
itate their use as refuges by native fishes (Beatty and Morgan, 2016).

The relative value of restoring connectivity for native species versus
limiting the spread of invasive species requires careful consideration in
decisions to remove dams or install fishways. There may be trade-offs
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between the benefits to lotic ecosystems of removing a dam (such as re-
instating migratory pathways for diadromous or potamodromous fish-
es) against potentially facilitating the spread of invasive species by re-
moving barriers. The dispersal of invasive species following barrier
removal is not always predictable (Stanley et al., 2007), highlighting
the desirability of a sound biological and ecological understanding of
the fauna (both native and alien) that will be impacted. In some cases,
retaining or even creating new barriers may help offset the increasing
threats that invasive alien species pose to native biodiversity in chang-
ing climates (Rahel, 2013).

4. Case studies of the influence of climate change on the value of
dams

4.1. South-western Australia

South-western Australia is a global biodiversity hotspot due to ex-
ceptionally high rates of endemism. The rivers naturally have a highly
seasonal flow regime and generally cease to flow during the annual
dry season, forming disconnected refuge pools. This region has a depau-
perate freshwater fish fauna consisting of just 11 native species, howev-
er nine of these are regionally endemic, the highest rate (~82%) of
endemism of freshwater fishes of any icthyological province in Australia
(Morgan et al.,, 2014). All of the endemic species have suffered range de-
clines (with nearly half being listed as threatened) principally due to
secondary (anthropogenic) salinisation of waterways, impacts of intro-
duced species, habitat destruction and climate change (Table S1).

Severe range contractions have occurred for most species as a result
of secondary salinisation, with remnant populations restricted to fresh
tributaries and downstream reaches of less salinised catchments
(Beatty et al., 2011; Morgan et al., 2014). At least half of the species mi-
grate, however, most undertake short spawning migrations into tribu-
taries during the annual peak flow period before contracting to refuge
pools during the dry period (Fig. 2b, Beatty et al., 2014). While instream
barriers are known to somewhat restrict the migration of the more
common species, their relative impact is minor compared to the other
stressors (Table S1).

South-western Australia has undergone a 50% reduction in median
streamflow since the 1970’s (Fig. 2b). Global Climatic Models all project
rainfall declines to continue (Hope et al., 2015), with a further 25% re-
duction in median surface flows projected to occur by 2030 (Suppiah
et al., 2007). This dramatic change will continue to have direct and indi-
rect impacts on freshwater fishes (Morrongiello et al., 2011; Beatty et
al., 2014). Reductions in surface flows and increasing temperatures are
likely to reduce the abundance, size and quality of natural refuge
pools for aquatic fauna (Fig. 2b). Simultaneously, the drying trend will
render most water supply dams unviable as reliable water sources by
the end of the century, increasing the economic pressure to remove
them.

Although reservoirs and other artificial lentic systems in south-west-
ern Australia would benefit from habitat rehabilitation to improve their
value as aquatic refuges (Fig. 2b), many are free from alien species, have
no significant impact to migratory fishes and some already act as impor-
tant refuges for endemic threatened species. Beatty and Morgan (2016)
highlighted that those reservoirs that were free from alien piscivores in-
variably housed viable populations of endemic fishes. Moreover, the lat-
ter study revealed that the eradication of the alien Eurasian Perch Perca
fluviatilis preceded a rapid proliferation of an endemic galaxiid that was
previously undetectable in the impoundment. Ogston et al. (2016) also
demonstrated that the region's two species of aestivating fish had suf-
fered major range declines due to the drying climate, however, they
also revealed that artificial lentic habitats would likely hold the key to
preventing their extinction in the wild. As natural refuge pools are lost
as the climate continues to dry, the potential ecological value of artificial
reservoirs in this region will increase; particularly if actively managed
by eradicating alien fishes, and re-stocking with endemic fishes.

Removing them for economic reasons without proper evaluation of
their potential ecological value may therefore cause a major loss of
vital refuge habitat and result in a net negative impact on native fresh-
water fishes.

4.2. Cape Floristic Region of South Africa

The Cape Floristic Region is a southern African hotspot of fish ende-
mism and diversity. Geographic isolation has resulted in exceptional
levels of regional diversity with 18 formally described endemic fish spe-
cies (and 42 additional recognised taxa with discrete genetic lineages),
most of which are narrow range endemics that are either restricted to
single river systems or even single tributaries within river systems
(Table S1).

Seasonal or episodic flows coupled with high demands for water
have resulted in the construction of many dams for water storage and
high levels of water abstraction for agriculture. These modifications of
the natural flow regime of rivers, coupled with large-scale land transfor-
mation, invasion by alien plant species in the catchment, changes to
water chemistry, siltation, and introduction of alien fishes, have consid-
erable impacts on native fishes. As a result, main stem populations of
many native fishes have been extirpated and most are considered im-
periled (Table S1), with remnant populations confined to relatively
un-impacted upper reaches of tributaries, usually above barriers that
prevent invasion by alien fishes (Weyl et al., 2014; Van der Walt et al.,
2016).

Climate change will place further pressure on already stressed natu-
ral refuges above physical barriers in streams. It has been predicted that
by the end of the 21st century the annual rainfall for the Cape Floristic
Region (including Cape Town) will decrease by between 10 and 20%,
causing major declines in surface run-off (de Wit and Stankiewicz,
2006). These reductions in surface run-off will intensify competition
for water resources between the human population and the ecological
reserves legally required for the maintenance of river functioning by
the National Water Act of South Africa. Predicted higher temperatures
and lower flows associated with decreased rainfall are likely to increase
pressure on the already stressed native fishes in the region. This,
coupled with increasing water abstraction for agriculture, is likely to re-
sult in a loss of critical habitats during the dry summer months.

Impoundments in this region support a variety of freshwater fishes,
most of which are alien and extensively utilised for recreational angling.
Although small endemic minnows (e.g., Pseudobarbus phlegethon and
‘Pseudobarbus’ calidus) are usually absent from impoundments where
predatory alien fishes occur, adults of larger native fishes (such as the
Clanwilliam yellowfish Labeobarbus seeberi) are able to co-occur with
alien fishes in invaded reaches of rivers and in impoundments. As
Clanwilliam yellowfish are known to undertake upstream spawning mi-
grations in spring and early summer from deep pools to shallow tempo-
rally variable habitats, this large migratory species may benefit from
large instream dams for their long term survival by using lentic habitats
as refuges during droughts to repopulate rivers when flows resume.

There are also several examples of southern African riverine cypri-
nids that have been able to establish in impoundments. For example,
the Endangered Berg-Breede River whitefish ‘Pseudobarbus’ capensis ex-
ists in several impoundments that are likely to be crucial to its survival.
In the Brandvlei Dam, a 2000 ha off-channel water storage reservoir,
whitefish are fully established and are the dominant component of the
fish community despite the presence of alien predatory fishes in the im-
poundment. A recent survey of a 10 ha reservoir into which 48 Critically
Endangered Twee River redfin ‘Pseudobarbus’ erubescens were stocked
in 1996 demonstrated that these fish had not only established, but
also that they were highly abundant (Jordaan et al., in press). Therefore,
dam populations might provide important sources for the future re-es-
tablishment of native fish if pressures on main stem populations from
alien fish can be reduced. Under a drying climate, the value of dams as
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hydroelectric turbines)
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Physical
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* Thermal pollution

*+ Stratification (reduced dissolved oxygen)

= Disruption of nutrient cycles

Socieeconomical
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Positive impacts
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+ Provide novel habitats for some native fauna (e.g. fish,
birds)
= Can prevent upstream expansion of alien species

Socio-economical
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natural refuges for native fishes will increase as periodic desiccation of
riverine habitats becomes more likely.

Dams can also be used as barriers to invasions and as mechanisms
for rehabilitating native fish populations in this region. In the Cape Flo-
ristic Ecoregion, invasions by black bass Micropterus spp. have resulted
in the extirpation of native fishes from invaded river reaches (Van der
Walt et al., 2016). In some cases, such as the in the Rondegat River
(Fig. 2¢), the construction of weirs facilitated alien smallmouth bass
Micropterus dolomieu removals by preventing re-invasion from down-
stream source populations after their eradication using the piscicide ro-
tenone. Native fishes begun to colonise the rehabilitated section of river
almost immediately (Weyl et al., 2014) and two years after the removal
of smallmouth bass, their abundance and diversity was similar to that in
the non-invaded reaches of the river. Similar use of instream barriers in
alien species eradication and native fish recovery has been employed in
Australia (Lintermans, 2000; Lintermans and Raadik, 2003). Therefore,
with active management, many dams and strategic instream barriers
could be used to offset the impact of climate change and other stressors,
particularly invasive fish species.

5. Management and policy challenges

River basins impacted by dams require a greater level of proactive
management than those that are free-flowing, in order to mitigate the
ecological and human impacts of climate change (Palmer et al., 2009).
Fig. 3 outlines the criteria that should be considered when assessing
the impacts of dams and prioritising their removal, and we specifically
identify those criteria upon which climate change may have a direct
or indirect influence. In order to determine whether the removal of a
particular dam will result in a net ecological benefit, there is clearly a
need to understand the hydrology and ecology of both the artificial
water body and the watershed in which it is situated, as well as the
probable impacts of projected climatic change and water withdrawals
on fluvial systems in the region.

Prioritisation processes have been increasingly developed to rank
dams and other instream barriers for mitigation and removal. Histori-
cally, the majority of barrier prioritisation methods used score and
rank techniques, where barriers within a given spatial range are scored
based on ecological, physical and financial impacts and ranked for
mitigation under given budgetary constraints (Kemp and O'Hanley,
2010). The speed and simplicity of score and rank prioritisation systems
come at the cost of efficiency and effectiveness primarily due to insuffi-
cient consideration of multiple barriers within catchments, which can
result in minimal habitat gains for migratory species, and this can be a
major shortcoming of these methods (O'Hanley and Tomberlin, 2005).
To enhance cost-effectiveness, Kemp and O'Hanley (2010) argued
strongly for the use of more robust optimisation-based models that con-
sider the cumulative effects of multiple barrier networks on habitat con-
nectivity and fish passage within catchments, rather than considering
each barrier independently.

Both score and rank systems and optimisation approaches are intrin-
sically designed to incorporate additional variables and we propose that
including projections of altered streamflow, natural refuge availability
and likely spread of invasive species in those processes should greatly
enhance the robustness of decisions to remove dams on a longer tempo-
ral scale. Null et al. (2014) included future climatic conditions when
modelling economic losses (reduced water supply and hydropower)
and environmental gains (gains in anadromous fish habitat quantified
as river length gained between dams) for optimising dam removals.
While they did not consider any potential negative environmental im-
pacts of dam removal, they found considerable variability existed be-
tween dams in terms of future economic benefit and environmental
impacts. Peterson et al. (2013) incorporated climate change projections
into a Bayesian network approach to predict that barrier removal deci-
sions, previously made assuming a stationary climate, were robust in a
climate change scenario.

Such approaches are the way forward and we propose that these
should routinely incorporate robust assessments of both positive and
negative ecological impacts of dam removal under projected climate
scenarios. Crucially, these assessments need to be underpinned by re-
gionally specific data. For example, Perkin et al. (2015) provide an ex-
ample of a comprehensive modelling exercise leading to predictions of
which dams if removed are likely to yield optimal environmental
gains, in particular the expansion or recovery of populations of small,
pelagic-spawning fishes in large and historically perennial streams in
the central USA. By contrast, in the current study, we draw on examples
from South Africa and south-western Australia that are dry temperate
regions, characterised by smaller, non-perennial streams. In the South
African - Australian scenarios, habitat alteration, water extraction and
alien fishes (particularly large-predatory alien species) are decimating
small-bodied native fishes. Under these circumstances, natural upland
headwaters, aquifer springs and designed habitats (cf. designed ecosys-
tems, Higgs, 2016), namely water reservoirs, provide important refuges
for small-bodied native fishes, including threatened species. Further-
more, control of alien fish species is often feasible owing to the small
scale of these systems and in the case of designed habitats there are op-
portunities afforded by infrastructure (e.g. draw down) that facilitate
alien fish control (Beatty and Morgan, 2016). Therefore, although the
optimisation approach provided by Perkin et al. (2015) represents a
very useful template for progress, the focus in temperate dryland
streams may shift from main channel specialists that have evolved in
perennial streams (e.g. pelagic spawners) to threatened species/guilds
that have adapted to regular cycles of drying and flooding.

Utilising reservoirs as ecological refuges also has a distinct set of
management challenges, given they have invariably been designed
for other purposes. Their physical characteristics and location in the
landscape can lead to water quality issues such as depleted oxygen
owing to stratification, and contamination of water and sediments
from industrial and agricultural pollutants, particularly during periods
of drought (Mosley, 2015). However, these challenges, while they may
be more severe in reservoirs, are not qualitatively different to those
existing in natural riverine refuges. There are few river systems in the
world that are truly undisturbed (Vérosmarty et al., 2010) and as reser-
voirs are often located in (and contribute to the creation of) novel
ecosystems, harnessing them as tools for ecological restoration rather
than their original purpose is a management challenge that climate
change may force us to meet.

6. Conclusion

Both the construction and removal of dams are often highly contro-
versial and have divided communities throughout the world (Sarakinos
and Johnson, 2003; Lejon et al., 2009). Finding a balance between com-
peting socioeconomic interests and environmental impacts has proved
challenging for policy makers (e.g. Williams et al., 1999). Therefore,
the need to include climate change as a key consideration in dam
removal, as we propose here, will add another potentially contentious
aspect; particularly in situations where climate change increases both
the environmental value, as well as the economic value of stored surface
water.

Given the overwhelming negative biological and ecological impacts
that dams have had globally, their removal, in the great majority of
cases, would have a significant net positive impact on riverine ecosys-
tems and aquatic biodiversity (Williams et al., 1999; Perkin et al.,
2015). Nevertheless, more research is required to quantify the existing
ecological values of artificial impoundments and to predict how these
values may change in the future. Most notably, in drying temperature
streams where natural surface water refuges will be lost, the implication
of climate projections on the value of dams and the impacts of their
removal need much greater consideration by researchers and policy
makers.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2017.02.007.
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