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AbstRACt
Over the next century, climate change will dramatically alter natural resource management. Specifically, historical reference conditions may no longer serve as benchmarks for restoration, which may foster a “why bother?” attitude toward
ecological restoration. We review the potential role for riparian restoration to prepare ecological systems for the threats
posed by climate change. Riparian ecosystems are naturally resilient, provide linear habitat connectivity, link aquatic
and terrestrial ecosystems, and create thermal refugia for wildlife: all characteristics that can contribute to ecological
adaptation to climate change. Because riparian systems and the projected impacts of climate change are highly variable
geographically, there is a pressing need to develop a place-based understanding of climate change threats to riparian
ecosystems. Restoration practitioners should consider how they can modify practices to enhance the resilience of riparian
ecosystems to climate change. Such modifications may include accelerating the restoration of private lands, participating
in water management decisions, and putting the emerging field of restoration genetics into practice.
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I

n recent decades, advances in the
science and practice of restoring
damaged riparian ecosystems have
addressed the local and regional
threats posed by habitat loss and nonnative species invasions (Bernhardt et
al. 2005). While ecological restoration has often emphasized a return to
historical reference conditions, this
target has been complicated in riparian systems, where flood control and
water delivery often result in modifications of natural flows. Today, riparian
restoration is further complicated by
global climate change (Harris et al.
2006, Battin et al. 2007, Palmer et al.
2008). During the next century, global
temperatures are projected to increase
by 1.1 to 6.4°C (IPCC 2007a, 2007b).
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Riparian ecosystems will face increases
in air and surface water temperatures,
alterations in the magnitude and seasonality of precipitation and run-off,
and shifts in reproductive phenology
and distribution of plants and animals
(Meyer et al. 1999, Barnett et al. 2005,
Parmesan 2007, Palmer et al. 2008,
Rosenzweig et al. 2008). In this context it is now clearer than ever that a
return to historical reference conditions will no longer be the benchmark for restoration success (Choi et
al. 2008, Seastedt et al. 2008).
Given the uncertainties about
future conditions, climate change
may cause people to ask “why bother
with restoration?” This question has
motivated us to reevaluate our work
in the science and practice of riparian
restoration. Society is becoming aware
of the need for mitigation and adaptation to address the adverse impacts of
anthropogenic climate change. Mitigation describes actions for reducing
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greenhouse gas concentrations, for
example, by reducing emissions or
developing sinks that remove these
gasses from the atmosphere (IPCC
2007a). Adaptation refers to actions
designed to reduce the vulnerability
of natural and societal systems to
the effects of climate change (IPCC
2007a). Even if mitigation efforts
were to stop the increase in all greenhouse gas emissions, adaptation would
remain important because greenhouse
gases already in the atmosphere today
will continue to cause the climate to
change for decades (IPCC 2007b,
Solomon et al. 2009).
Climate change adaptation strategies often propose activities that can
enhance ecological resilience (Millar et
al. 2007, Heller and Zavaleta 2008).
Ecological resilience encompasses 1)
the amount of disturbance a system
can withstand before changing state;
2) the rate at which a system recovers
after disturbance; and 3) the way in

Figure 1. on the Sacramento River in california’s central Valley, horticulture-based restoration can transform open fields (a) to well-established
riparian forest (B) in as little as 13 years. over this same time, riparian wildlife communities, as measured by such metrics as bird species richness
(c) can exhibit dramatic recoveries. examples like this illustrate the inherent resilience of riparian ecosystems. Images reprinted with permission from
Gardali et al. 2006 and Golet et al. 2008

which a system responds to gradual
changes (Gunderson 2000, Scheffer
et al. 2001). Specific recommendations for enhancing ecological resilience, however, are lacking (Heller and
Zavaleta 2008).
Based on general ecological characteristics of riparian systems and our
collective experience restoring these
ecosystems in California, we suggest
that healthy riparian ecosystems promote ecological resilience both within
and beyond riparian zones. Here we
address 1) how and why riparian restoration prepares ecosystems for climate
change; 2) how riparian restoration
can be enhanced to accommodate climate change; and 3) research needed
to ensure that riparian restoration is
robust to climate change.

How and Why
Riparian Restoration
Prepares Ecosystems
for Climate Change
For forested ecosystems, Millar and
others (2007) provide examples of
management practices to enhance ecosystem resilience to climate change.
These practices include enhancing habitat connectivity, promoting
redundancy and buffers, reducing
landscape synchrony (by maintaining
a mix of successional stages), realigning disrupted conditions, expecting
surprises, and identifying and protecting refugia (Millar et al. 2007). Similar
recommendations have been made for
a wide variety of habitats (Hansen et
al. 2003). We use this general framework to review five specific reasons
that riparian restoration can enhance
ecosystem resilience to climate change.
September 2009

Natural Resilience of
Riparian Systems
Climate change is projected to lead
to increased frequency and severity
of extreme weather events, which
will likely result in more frequent
and severe floods as well as more
intense droughts (Easterling et al.
2000). The rate at which ecological
systems recover from disturbance will
be an important consideration when
designing restoration activities. Many
riparian plants are adapted to hydrologic and geomorphic disturbances
and tolerate both seasonal and annual
variation in environmental conditions
(Naiman and Decamps 1997). Thus,
compared to plants in adjacent upland
habitats, riparian species may be more
resilient to the increased flooding or
drought projected for many regions
(Milly et al. 2002, Seager et al. 2007).
Restoration programs that reestablish
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appropriate hydrological processes,
actively intervene with horticultural
techniques to propagate and establish
native vegetation where necessary, and
manage for genetic diversity to facilitate evolutionary processes can build
upon the natural resilience of riparian
systems.
The natural resilience of riparian
systems is exhibited in the response
of riparian wildlife communities to
habitat restoration along the Sacramento River in central California
(Figure 1). Since European settlement,
95 percent of 324,000 ha of riparian
habitat along this river was lost to
logging, agriculture, urban development, and flood-control and powergeneration projects (Katibah 1984).
In 1988, the Sacramento River Project
was launched to coordinate restoration efforts along a 161 km reach of
the Sacramento River between the
cities of Red Bluff and Colusa (Golet
et al. 2008). A major component of
this project was to restore sites previously in agriculture, mostly walnut
( Juglans regia) and almond (Prunus
dulcis) orchards, by planting local
ecotypes of indigenous tree, shrub,
and understory species (Alpert et al.
1999). In just ten years, these efforts
restored a broad suite of faunal species
including both special-status species
and the larger native riparian animal
community (Gardali et al. 2006, Golet
et al. 2008). Consistent with the very
high growth rates of floodplain trees,
species associated with mature forest,
including cavity-nesting birds and
crevice-roosting bats, reoccupied restoration sites within a decade (Gardali
et al. 2006, Golet et al. 2008).
Of course, there are limits to resilience. Severe human-induced disruptions to these regimes can interrupt
important plant and animal population processes. Furthermore, disturbances that are too far out of any given
system’s natural range of variability
(Richter et al. 1997) may lead to the
proliferation of disturbance-adapted
non-native invasive species (Zedler
and Kercher 2004).
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Enhancing Connectivity
Climate change, whether natural or
anthropogenic, causes distributional
shifts for many organisms. Prioritizing connectivity in landscape planning and reserve design is the most
common recommendation for protecting biodiversity from climate
change (Heller and Zavaleta 2008).
Connectivity is also critical for preserving the ecological processes for
evolutionary adaptations to climate
change (Cowling and Pressey 2001).
Riverine habitats function as ecological corridors for a wide array of
plants and animals (Naiman et al.
1993, Machtans et al. 1996, Hilty
and Merenlender 2004). Rivers and
riparian vegetation connect highelevation montane areas to sea-level
estuaries and oceans. Rivers flow
across elevational gradients, linking
ecological zones with different climates. Furthermore, tributaries within
watersheds provide spatial redundancy
that maintains metapopulation and
metacommunity dynamics (Collinge
et al. 2001). In addition, flowing water
moves organic material and energy
(Ahearn et al. 2006, Kondolf et al.
2006). Restoring riparian habitats
and hydrological function recreates or
increases connectivity between habitats and across elevational zones, thus
providing avenues for species movements in response to climate change.
Promoting Linkages between
Aquatic and Terrestrial Systems
Riparian zones link riverine and terrestrial systems and make each more
ecologically diverse and productive (Naiman and Decamps 1997).
Aquatically derived nutrients support
luxuriant vegetation and diverse wildlife communities in adjacent upland
areas (Merz and Moyle 2006, Uesugi
and Murakami 2007). Emerging
aquatic insects are prey for birds and
bats foraging and breeding in riparian areas (Knopf et al. 1988, Grindal
et al. 1999). Equally important are
the resources and services that riparian areas convey from terrestrial to
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aquatic systems. The terrestrial component of riparian vegetation protects
water quality by trapping sediment
and filtering pollutants through
physical and biological processes
(National Research Council 2002),
and furnishes aquatic food webs with
detritus for aquatic invertebrates and
terrestrial insect prey for fish (Wipfli
1997). Restoring riparian habitat will
strengthen linkages between aquatic
and terrestrial systems, making both
more resilient and resistant to the
stresses imposed by climate change.
In California, the importance of
linkages between aquatic and terrestrial systems is exemplified by the Yolo
Bypass, an engineered floodplain on
the Sacramento River. When the Yolo
Bypass floods, 24,000 ha of agricultural land, wetlands, and riparian and
upland vegetation are covered with
shallow water. The flooding provides
important benefits to aquatic, wetland, and terrestrial taxa, including
fish and birds (Sommer et al. 2001).
Expanding Thermal Refugia
Climate change is projected to result
in higher air temperatures and, in
turn, higher surface water temperatures (Battin et al. 2007, Nelson and
Palmer 2007). Because riparian areas
have higher water content than surrounding upland areas, they absorb
heat and buffer organisms against
extreme temperatures (Naiman et
al. 2000). During previous periods
of climate change, riparian areas
served as refugia because they provided microclimates that protected
plant biodiversity (Bakker 1984,
Meave and Kellman 1994). Riparian vegetation can maintain cooler
water temperatures by shading water
from sunlight (Sridhar et al. 2004,
Cassie 2006) and the infusion of cold
groundwater into warmer surface
waters creates and maintains pockets
of cool water (Chu et al. 2008). Thus,
riparian areas provide thermal refugia
for animals with thermoregulatory
limitations. For example, salmon are
able to successfully migrate through
high temperature river reaches, but

only when reaches contain pockets
of cooler water (McCullough et al.
2001). Restoring vegetation and
protecting groundwater resources
will enhance thermal refugia that
will be increasingly important as air
temperature rises.
Hydrological Benefits
The projected effects of climate
change on hydrologic regimes include
increased frequency of extreme flooding events and altered seasonal patterns
of precipitation and run-off (Milly et
al. 2002, Barnett et al. 2005, Palmer
et al. 2008). For example, in California’s Central Valley, summer stream
flows are projected to decline as annual
snowpacks diminish and melt earlier
in the spring (Hayhoe et al. 2004,
Vicuna and Dracup 2007). Riparian
vegetation can promote water infiltration (Brauman et al. 2007) and reduce
losses to the ocean as more precipitation falls as rain. However, because
riparian vegetation also removes water
through evapotranspiration, the net
effect of riparian vegetation on water
flow is complex. More research on this
topic is needed, especially comparing
the effects of riparian vegetation on
water flows to that of alternative land
uses, such as orchards and row crops
(Tabacchi et al. 2000).
Restoring riparian ecosystems may
also reduce the impacts of extreme
flood events. Levees, especially those
nearest the river channel, may increase
flood stage and flow velocity during
floods (Gergel et al. 2002). Riparian restoration to reconnect the river
channel with its floodplain by moving
back or breaching levees can benefit
ecosystem function and nonstructural
flood control for urban or agricultural
areas (Poff 2002, Golet et al. 2006).
The engineered floodplains of the Yolo
Bypass on the Sacramento River in
California show how restoring ecologically important riparian processes
can also provide flood protection for
human populations (Sommer et al.
2001). By recharging groundwater
and reducing flood damage, riparian
restoration will strengthen ecosystem

resistance against extreme floods and
altered surface flows anticipated from
climate change.

Restoration Strategies
and Practices That
Accommodate
Climate Change
The challenges facing restoration practitioners are not trivial. To meet these
challenges, restoration practitioners
will need to remain flexible and creative. Novel conditions created by climate change will require that restoration proceeds within the framework of
adaptive management, in which specific hypotheses are tested and monitoring is used to verify that desired
outcomes are achieved (O’Donnell
and Galat 2008). Here, we discuss
how specific aspects of on-the-ground
restoration activities might be modified to accommodate climate change
and to build resilience.
Horticultural Restoration
Strategies
Some horticultural restoration techniques can enhance riparian ecosystem
resilience. Techniques under investigation include using ecological genetics
to prepare for unexpected conditions
(e.g., by deliberately increasing genetic
variability) and also planting early
seral colonizers adapted to flooding
together with late seral species that
may be less tolerant of flooding but
grow better on drier sites.
Currently, plant materials for restoration are often collected locally,
under the assumption that genetically controlled local adaptations are
advantageous. When the climate is
changing rapidly, planting only local
genetic material may not be the most
appropriate strategy (Rice and Emery
2003, Bower and Aitken 2008). Collecting seed from within a watershed
but across a range of elevations may
better facilitate evolutionary adaptation to climate change. Modifying
horticultural practices to account for
uncertainty is one approach to ensure
that riparian restoration is robust to
September 2009

climate change. Planting species that
are associated with both ends of the
hydrologic spectrum may provide
some insurance against unexpected
future conditions. Incorporating
strategies that address uncertainty
into horticultural restoration has the
potential to both increase the odds
of short-term restoration success and
provide long-term maintenance of
critical evolutionary processes.
Emphasizing Restoration
of Private Lands
Restoration of private lands will contribute to the connectivity, size, and
quality of riparian areas at spatial
scales appropriate to the challenges
of climate change. Incentive programs
for funding, technical assistance, and
infrastructure can help private landowners to modify land-use practices
and restore native vegetation for conservation (Norton 2000, Langpap
2006). In some cases, state and federal regulations for endangered species
may restrict private-lands restoration
without innovative incentives. Safe
Harbor Agreements can allow landowners to restore habitat for endangered species without legal responsibility for impacts during restoration or to
maintain the restored habitat indefinitely (Wilcove and Lee 2004). In California’s Central Valley, the U.S. Fish
and Wildlife Service and Audubon
California have recently established a
Safe Harbor Agreement for riparian
and wetland restoration projects on
private lands in Yolo County. This
agreement allows incidental take of
federally listed valley elderberry longhorn beetles (Desmocerus californicus
dimorphus) and giant garter snakes
(Thamnophis gigas) associated with restoration projects that enhance habitat
for these species.
Such programs play an essential
role in the restoration of riparian ecosystems. Future challenges include
adequate funding, economic incentives for agricultural landowners to
maintain their land as open space,
creating holistic design criteria, and
monitoring to ensure that private
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lands restoration enhances ecosystem
function and wildlife habitat quality.
Promoting Water and
Watershed Management Policies
While planting riparian vegetation
on public and private lands provides
many benefits, riparian ecosystems
will not fully function with insufficient water. Because climate change
is projected to affect water resources
for many urban and agricultural uses
(Tanaka et al. 2006, Alcamo et al.
2007, Milly et al. 2008), the social and
political pressures to modify riparian
systems for water storage, transport,
and extraction may increase. The
ecological stresses of climate change
on dammed rivers are projected to
be greater than on undammed rivers
(Palmer et al. 2008). If societies
choose to respond to climate change
by building taller levees, deeper wells,
and larger dams, riparian ecosystems
will be put at greater risk. Restoration practitioners and ecologists must
engage with decisionmakers about
water management. This engagement
will need to include providing information on how changes in water use
will influence the outcome of riparian
restoration efforts.
Areas of extreme aridity will pose
particular challenges, such as in
California’s Mojave Desert, where
groundwater, forced to the surface
by tectonic faulting zones, sustains
arid riparian plant and animal communities. Urban water use may draw
down groundwater below the roots of
desert riparian vegetation. Groundwater resources for desert riparian ecosystems are already at risk, particularly at
the California–Nevada border, where
burgeoning human populations are
draining groundwater resources (Bunn
et al. 2007). To protect investments in
riparian ecosystems, restoration ecologists and water users will need to collaborate to develop policies that ensure
that these systems have adequate river
flows and groundwater (Boulton and
Hancock 2006).
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Utility and benefits of water policy
complementing riparian restoration are exemplified by work on the
Cosumnes River in California. The
ecological integrity of this system
has been compromised by levees that
disrupted hydrological connectivity
and by groundwater overdraft resulting in reduced flows (Fleckenstein
et al. 2004). This restoration project used engineered levee breaches
to restore hydrological connectivity
between the floodplain and river channel, which in turn increased aquatic
primary production (Ahearn et al.
2006), juvenile salmon recruitment
( Jeffres et al. 2008), and geomorphic
heterogeneity necessary for riparian
establishment and succession (Florsheim and Mount 2002, Trowbridge
2007). However, in order to restore
hydrologic connectivity, reduction of
upstream groundwater pumping and
surface water augmentation is also
necessary (Fleckenstein et al. 2004).
In addition to providing ecologically
important flows to the Cosumnes,
this water management approach is
also projected to recharge the regional
aquifer tapped by two growing urban
areas (Fleckenstein et al. 2004).

Riparian Research and
Management Priorities
for Climate Change
Research on riparian and hydrologic
function spans multiple spatial scales,
from the global impacts of climate
change on hydrologic patterns to the
evolutionary responses of plants and
animals to changing climate conditions. We pose several specific research
questions for restoring riparian ecosystems in a time of climate change.
How can historic hydrology inform
future projections? Recent advances in
computing technology allow for new,
more robust analyses of the spatial
and temporal dimensions of climate
change, hydrology, and riparian ecology (Vicuna and Dracup 2007). These
approaches use historic information
to understand natural variability
and the adequacy of climate models
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for projecting future hydrological
conditions. From a nearly 100-year
record of daily average flow from the
Cosumnes River in California, for
example, Booth and colleagues (2006)
identified eight types of water-years
based on the frequency, magnitude,
and duration of hydrological events.
This information provides useful historical context for future hydrological
conditions.
On a broader scale, climate modeling can provide detailed information
about the hydrologic consequences
of climate change. Synthetic rainfallrunoff models can aid in understanding how changes in air temperatures
influence evapotranspiration potential
and surface water runoff. By combining spatial and temporal information,
emerging methods will inform practitioners about potential future conditions to improve the planning, design,
and implementation of restoration.
Effects of climate change on riparian systems will vary dramatically
among river systems (Palmer et al.
2008); thus ecologists, climate modelers, and restoration practitioners need
to anticipate consequences of climate
change within the context of local ecosystems. This process will be similar to
restoring ecosystems in areas where
people have disrupted natural fire
regimes—a one-size-fits-all solution is
impractical. Instead, practitioners will
need to draw upon local knowledge
of ecosystems and guiding ecological principles to develop appropriate
restoration strategies and prescriptions
(Fulé 2008).
How can we enhance recruitment of
wildlife populations into restored areas?
To better respond to rapid environmental shifts accompanying climate
change, research on methods to speed
recruitment of wildlife into new
habitat is needed. Two overarching
questions arise: 1) what factors most
strongly influence the distribution
of a species? and 2) what characteristics promote viable populations in
novel habitats? We will need research
at the local, reach-level scale, as well
as at watershed and multiwatershed

scales. At the reach level, experimental
designs could be developed to determine planting prescriptions or vegetation management that produces
desired vegetation composition and
structure most rapidly. At the largest
scales, research related to effective connectivity (both within the floodplain
corridor and extending to upland
habitats), landscape matrix, and land
use patterns is needed. These smallto-large-scale studies can address the
dynamic and unpredictable nature of
riparian systems caused by hydrologic
regimes and resulting in a dynamic
network of seral stages or “mobile
habitat mosaics” (Hughes et al. 2005).
Research on behavioral mechanisms
driving different species’ dispersal
choices may have an increasingly
important role to play in the restoration of wildlife habitat. For example,
the use of conspecific attraction—the
tendency of individuals of a species to
settle near one another—could facilitate the colonization of suitable habitat (reviewed in Ahlering and Faaborg
2006). Similarly, a better understanding of the dispersal and metapopulation dynamics of target species is
essential for promoting restoration
that improves landscape connectivity
for wildlife (Bélisle and St. Clair 2001,
Collinge et al. 2001).
How will the phenology of riparian
plants and animals respond to climate
change? Another ecological challenge of climate change is the loss
of synchrony between reproductive
phenology and resource availability
or natural disturbances (Both and
Visser 2001, Inouye 2008). Understanding the physiological tolerances
and phenological responses of riparian plants and animals to changes in
climate and hydrology will become
increasingly important to restoration
ecologists. For example, in California’s
Central Valley, Oregon ash (Fraxinus
latifolia) typically breaks bud in midMarch in the northern Sacramento
Valley, while on the lower San Joaquin River its buds break on the first
of May. This six- to eight-week difference in phenology holds true for

seedling germination from both areas
as well. Phenological variation may
be associated with genetic variation.
In European riparian systems, black
poplars (Populus nigra) show significant genetic variation among populations, even within catchments (Smulders et al. 2008). Understanding how
genetic and environmental differences
between the watersheds contribute to
phenological variation will help in
developing new strategies to restore
riparian vegetation in a manner that
is robust to climate change (Hufford
and Mazer 2003).

Conclusion
Responding to climate change at the
appropriate temporal and spatial scales
will require that government agencies,
private land owners, and nongovernmental organizations work together to
improve water policy, land management, urban development, and many
other diverse matters. Governments
will be formative in climate change
adaptation and the organization of
management to transition from adaptation to recovery. However, the speed
with which national governments
respond to climate change may not
match the need for ecological adaptation to climate change. For example,
as recently as 2007, the U.S. Department of the Interior was not yet providing guidance to resource managers about how to respond to actual
or forecasted climate changes (U.S.
General Accountability Office 2007).
In the absence of national leadership,
smaller-scale governments and nongovernmental organizations may have
a large role in guiding management
that prepares riparian ecosystems for
climate change.
The effects of climate change are
already upon us, making it more
important than ever for restoration
practitioners and researchers to share
information effectively and with
diverse audiences. Information networks, such as the Global Restoration Network (www.globalrestoration
network.org) and the National River
September 2009

Restoration Science Synthesis (nrrss.
nbii.gov), will be important to ensure
that the most recent findings and
best management practices are shared
among those monitoring, managing,
and restoring riparian ecosystems. The
challenge includes efficiently converting information into knowledge
(Roux et al. 2006). Sharing information about restoration and climate
change with policymakers and the
public is necessary. In an era of rapid
environmental change, we need to
inform people about the likely threats
that climate change poses to ecosystems and society. It is also important
to empower people with the knowledge that ecological restoration has
the potential to reduce the severity of
these threats.
Basic challenges confronting restoration practitioners today will remain
important in the future. Invasions
of non-native species, facilitated by
climate change and movements by
people, will continue to occur. Altered
hydrological regimes may increase the
risk that restoration strategies that
worked in the past will fail in the
future.
When medical resources are limited, doctors use triage to prioritize
the treatment of patients based on
the urgency for care and the likelihood that treatment will be successful. In a management context, Millar
and colleagues (2007) suggested that
such an approach to preparing ecosystems for climate change could be
used “to sort management situations
into categories according to urgency,
sensitivity, and capacity of available
resources to achieve desired goals.”
Given that many riparian systems are
highly degraded from a long history
of anthropogenic activities (Tockner and Stanford 2002, Zedler and
Kercher 2005), we are now faced with
a decision about whether to continue
investing resources to treat these ecosystems. Functional riparian systems
have tremendous potential to reduce
the adverse effects of climate change
by enhancing ecosystem resilience. To
benefit from this capacity, we urgently
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need riparian restoration and the
science that guides it.
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