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Managing river flows to restore ﬂnﬂdplain
forests

Stewart B Rood', Glenda M Samuelson', Jeffrey H Braatne’, Chad R Gourley’, Francine MR Hughes®, and
John M Mahoney'

River damming has dramatic environmental impacts and while changes due to reservoir flooding are imme-
diate, downstream impacts are more spatially extensive. Downstream environments are influenced by the
pattern of flow regulation, which also provides an opportunity for mitigation. We discuss impacts down-
stream from dams and recent case studies where collaborative efforts with dam operators have led to the
recovery of more natural flow regimes. These restoration programs, in Nevada, USA, and Alberta, Canada,
focused on the recovery of flow patterns during high flow years, because these are critical for riparian vege-
tation and sufficient water is available for both economic commitments and environmental needs. The
restoration flows were developed using the “Recruitment Box Model”, which recommends high spring flows
and then gradual flow decline for seedling survival, These flow regimes enabled extensive recruitment of
cottonwoods and willows along previously impoverished reaches, and resnlted in improvements to river
and floodplain environments. Such restoration successes demonstrate how instream flow management can

act as a broadly applicable tool for the restoration of floodplain forests.

Front Ecol Envirem 2005; 3(4): 193=201

iver damming is one of the foremost human impacts on
hwater environments worldwide. Rivers are dammed
i enable agriculoural, domestic, and industrial water use, 10
control flooding, and for the purpose of hydroelectric power
generation. While the environmental changes cased by
reservoir flooding are abrupt and obvious, impaces on down-
stream river and floodplain ecosystems can be more exten-
sive. While downarream impacts are initially subtle, progres-
sive change over years or decades often produces severe
cumulative ecological impacts (Rood and Mahoney 1990,
Ligon et al. 1995; Milsson and Svedmark 2002).

This review considers some of the prominent downstream
impacts and some recent efforts to restore floodplain forest
ecosystens dominated by cottonwoods (Pogndus spp) and
willows {3alix spp). Such cottonwood forests are abandant

In a nutshell:
= Floodplain ecosystems are dependent upon narurally dynamic
river-How patterns and occasional floods
* For some degraded rivers, the recovery of appropriate seasonal
flow pattermns has bead to dramaric improvemenis in floodplain
forests, which provide rch wildlife habiaes
* Each river dam provides an oppormunicy for soudy and con-
rribaires 1o our undersanding of river and foodplain processes,

as well as fostering environmenial conservation
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throughowt the northem hemisphere and are especially
valuable and vulnerable in arid and semi-arid regions,
where trees are penerally restricted to riparian zones (Rood
and Mahoney 1990; Braame et al. 1996; Stromberg 2001).
We focus on western Morth America, but the fundamental
processes and restoration straregies are relevant worldwide
(Hughes and Rood 2003). Our research has concentrated
on riparian or streamside zones, but these reciprocally inter-
act with aquaric (instream) ecosystems (Baxter et al in
press) and such case studies demonstrate a commaon
reliance on the dominant underlying physical processes of
river flow. This discussion extends the con | founda-
tions developed by Poff er al (1997), Stromberg (2001),
Wissmar and Bisson (2003}, and many others.

B Environmental impacts downstream from dams

The downstream impacts of dams can generally be carego-
rized as physical changes and their biological conse-
quences. Physical changes involve river and floodplain
hydrology, sediment movement, and channel structure
(Ligon et al. 1995; Friedman et al. 1998; Grane et al. 2003].
Biological consequences include virtually all aquatic and
flocdplain biota, either through direct physical influence,
or & a resulr of indirect effects on biological interactions
and food-web processes (Power et al. 1995; Nilsson and
Svedmark 2002; Tockner and Stanford 2002).

Hydrologic changes

A common objective of dam operation i2 flood flow
attenuation to reduce damage o human infrastrecture in
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tories that are coordinated with the narural sea-
sonalicy of river flows, so the loss of the natural
pattern impedes growth and reproduction
{Figure 1; Johnson 2000; Kamrenberg et al. 2002;
Lytle and Poff 2004).

Flow interruption
Rivers are linear landscape fearures along which
surface waters flow and transport other mater-
fal, including nutrients, sediments, orgamic
debris, and biota {Vannote et al. 1930; Leopold
1994}, all of which are interrupred by the impo-
sition of dams and reservoirs { Ligon et al. 2004).
Suspended sediments setrle our in reservoirs,

resulting in sediment depletion in til-warer
released from dams, a condition referred 1o as

“hungry water” (Kondolf 1997), This alters sed-
iment dynamics downstream and can lead
channel incision and a static chanmel contigu-
ration or other geomorphic consequences
(Ligon et al. 1995; Friedman et al. 1998; Grant
et al 2003). The alrered sediment regime also
degrades conditions mecessary to aquatic organ-
isms and riparian vepetation (Food and
Mahoney 1990; Scoet et al 1996; Trush et ol
2000). The ecological consequences of sedi-
ment depletion are gpenerally most severe imme-
diarely downstream from dams and condirions
may progressively recover, particularly with
inflows from sediment-laden oriburtaries.
Floodplain trees are undercut a5 a result of
hank erosion, and floated and deposited down-

Figure 1. Two adiscent channels of the Big Lost River, Idaho. (@) One stream. This large woody debns influences
channel in which flow continaes and nerowleaf coeononds and sendbar hydrologic and  peomorphic processes and
willows ave thriving, and (b) a second channel that has been dewatered due to directly creates habitat for a range of organisms
irriparion diversion, leading 1o severe flondblain morealiey. Figure modified from (Abbe and Montpomery 1996). The break-up

Rood et al. (2003a).

of woody debris also provides dispersive clonal

flood-prone zones, While in the past floods were generally
viewed as undesirable events, they are now recognized as
essential natural physical disturbances (Scott et ol 1997;
Richter and Richrer 2000). The “flood pulse" concept
emphasizes the importance of floods as disturbances that
drive peomorphic change and rejuvenate riparian and
aquatic communities (Junk et al. 1989; Bovee and Scont
2002). Flooding of riparian zones may therefore be consid-
ered as somewhat equivalent to fire in upland foreses, since
both are examples of catasorophic dispurbances that renew
assoCiated ecosystems,

Dam-relared changes in seasonal flow patterns can be
severe (Annear et al. 2004). Following the mrapping of flood
flows, water is often released during low-flow periods. This
combination of flocd attenuarion and subsequent augmen-
tation results in artificially stabilized flow and channe] pac-
terns (Hughes and Rood 2001). Mative planis and animals
that occupy floodplain environments typically haee life his-

propagules from branch fragments (Rood et al
2003c). Very little woody debris is passed downstream from
dams, and thus their associated ecological value is lost.

Hydrochory refers to the dispersal of reproductive propag-
ules by warer (Milson and Berggren 2000). Plant seeds and
fragments floar downstream and some are deposited, along
with fine sediments, at elevations suitable for cstablish-
ment. With the mterruption of river flow by reservoirs,
there 5 a corresponding interruption of hydrochory
{Andersson et al, 2000),

Rivers are critical corridors for the downstream and
upstream passage of aquatic and fparian organisms. The
river continuum concept emphasizes this longitudinal
corridor and the sequence of biotic communities and
trophic interactions (Vannore et al. 1980), Dams and
reservoirs impose barriers that hinder movements of
plants and animals, resulting in physical fragmentation
and a disjuncrion of popularions with consequent restric-

tion of pene flow (Cynesius and Milsson 1994).

worw. frontiersinecology.org
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W Ezszential river flow dynamics

An increased understanding of fluvial ecosystems has led to
a shift in conservation and restoration strategies {Ligon et
al. 1995; Stanford et al. 1996; Lytle and Poff 2004). A new
restoration approach, rermed “systemic restorarion”
{Hughes and Rood 2001), addresses the overall ecosystem
rather than individual charismaric or rare species, and rec-
ognizes thar the restoration benefits mransmitted throughout
the river corridor are exrensive and multi-trophic. This sys-
temic approach 5 aimed at restoring appropriace flow
dynamics and contrasts with artificial measures such as veg-
etation plantings, which are wsually only locally effective
and often require periodic replenishment (Alpert er al
1999; Fricdman et al. 1995), Furthermore, these restoration
measures will fail if the underlying hydrogeomorphic
processes remain uncomected (Kauffman et al. 1997). In
contrast, when instream flows are improved, natural
restorative processes are offective across a greater area than
artifictal remediation indtiatives (Road e al 2003k).

Dams are built to modify the timing and distribution of
water; operational rules are generally based on narrow eco-
nomic criteria. In our experience, dam operators are inter-
ested in environmental conservarion, bur are unaware of
the hydrologic needs of floodplain ecosystems, Appropriate
flow regularion should permir flow variation, reflecring the
natural hydrograph (Poff et al. 1997; Richter et al. 1997).

Rivers display seasonal flow variation as a result of meren-
rological patterns, For some rivers in western North
America, peak flows occur regularly in late spring, as rising
temperatures result in mountain snowmelt which combines
with spring rains (Mahoney and Rood 1998). Aquatic and
riparian biota are adapted to this repetitive pattern, so that
their life histories are coordinared with seasonal flows
{Johnson 2000; Lytle and Poff 2004). However, there are a
number of different adaptive srraregies, with no single
appropriate life cycle for river and floodplain organisms,
even among closely relared raxa {Amlin and Rood 2001
Karrenberg et al. 2002).

Rivers penerally display exvensive flow variations across
years, Some statistical patterns allow recurrence analyses of
flow evenrs, for example the 1-in-2 year flow which may be
particularly relevant to channel peometry (Leopold 1994),
and the greater 1-in-10 year flow which is relevanr to some
floodplain processes (Scort et al. 1997; Mahoney and Rood
1998}, Many riverine organisms have multiple-year life
cycles and reproduction may be restricted to years with par-
ricular hiydrologic pamterns (Junk er al. 1989; Shafroth et al.
1998). In view of this esential variation i natural flow
from year to year, different flow regimes and ecological
objectives may be necesary for dry, normal, and wer years
(Bichter eral 1997; Bood and BMaboney 20000,

The initial aim of river restoration was 1o makntain mind-
mum flows, which was especially impartant during low-flow
years (Gillilan and Brown 1997). In pracrice, minimum
flows were often regarded as the low flow that would still
enable survival of desired sport fish and were based on flow-
dependent characteristics of water temperature and dis-

solved oxygen. Specific values were determined for various
river reaches and minimum flow standards were subse-
guently implemented (Annear e all 2004). An unforrunare
consequence of this approach was that minimum flows
somerimes became rarger flows (Rood er al. 1995). The sea-
sonal release of more water than the minimum flow was dis-
courkged, even when the warer supply was abundant.
Although survivable in the shart term, minimal flows were
sill srressful 1o aguaric and riparian crganisms and thus
imposed chromic stress on river and floodplain ecosystems
(Annear et al. 2004).

These minimum flow regimes caused a multitude of prob-
lems, so the concepr of instream flow needs (IFN) was
developed in Morth America and similar environmental
flow regimes were inroduced in Ewrope, Australia, and
South Africa (Postel and Richter 2003; Hughes e all 2004).
[t was recognized thar addirional growth flows were required
to support the long-term health of riverine organisms and
the IFM approach was introduced in order o establish
quantitative relationships between discharpe regimes and
organismal responses. The instream flow incremental
methodology (IFIM) evolved as a quantitative ool that
linked flow sufficiency and habitar provision, and was par-
ticularly beneficial for fish (Annear et al. 2004). IFIM ard
other environmenral flow methods have now been widely
adopted as wools for analyzing environmental impaces, bur
many srill rely on “expert opinion”, which can be subjecrive
and variable,

Minimum flows are particularly important during hot, dry
summers. In contrast, higher “growth flows" may be more
effecrive ar ather rimes, supporting the concept of “biologi-
cally sensitive periods" with different environmental
requirements for growth and development (Annear et al.
2004). In practice, increased seasonal growth flows may
involve higher late spring and carly summer flows, superim-
posed on longer-term minimum flows and delivered in nor-
mal flow years [ Annear et al. 2004},

Minimum and growth flows have been implemented
specifically for the benefir of aquaric ecosystems, bur flood-
plain ecosystems also require occasional over-bank or flood
flows {Junk et al. 1989 Scotr et al. 1996, 1997).
Consequently, the population structures of some aguatic
and many riparian organisms display episodes of reproduc-
tion that are correlated with flood evers. Suitable floods
need to be appropriately timed relative to the organism's life
history and followed by sufficient flows during the valnera-
ble juvenile life phase (Rood et al. 1998; Lytle and Poff
2004; Samuelson and Rood 2004).

Oipportunicies for altering flow operations are particu-
larly important during high-flow vears, because it is these
years that are naturally responsible for pulses of woody
plant recrultment, essential for the perperuation of flood-
plain forests (Braatne et al. 1996; Scotr et al. 1996
Karrenberg er al. 2002). High-flow years also provide suf-
ficient water for the economic demands of power genera-
von and irrigation and warer resource managers may
therefore be more receptive to a commitment for the

i Thee Beological Society of America
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Figure 2. The riparian "Recruitmen: Box Model” that describes
the seasomal  smreamflow  pattem, associated  viver  suage
{elevation), and flow ramping thar will enable ssccessful seedling
establishment of cottonwoods and willows, Fipure modified from
Amlin and Rood (2002).

benefit of the environment. Flow management will differ in
high-flow years as opposed o low-flow years, when mini-
mum flows are especially imporeant, or normal years when
growth flows are applied. We have also investigated oppor-
mmities to promote the reproduction and growrth of riparian
plans during high-Alow years, as a strategy to offset the less
avoidable challenges during low-flow years (Rood er al
1998; Rood and Mahoney 2000),

W Foeodplain restoration case studies

We have been involved in a number of successful initiatives
that involved modifying regulated flows to restore flood-
plain forests. There are many dammed and degraded nvers

in western Morth America, and we have restricted our
efforts to regulated rivers that satisfy three requirements: (1)
the river reaches are sinwated in ecoregions of westemn
Morth America, where fparian woodlands are dominated
by comonwoods and willows; (2) flood flows persist, as these
are required for essential peomorphic disturbance; and (3)
dam operators and river resource mandagers are receptive 1o
changes for environmental purposes. There are many river
reaches thar satisfy these criteria and here we present four
case studies that are discussed in order of increasing level of
intervention.

B Floodplain conservation — Oldman River, Alberta,
Canada

Offstream diversion from the Oldman River in southem
Alberra began in abour 1920 and incressed progressively,
such that a meager flow of only 1 m'/second was commenly
seen in mid- o late summer, & more than 90% of the flow
was diverted for irrigation by the 1980s. The low flows led
to severe degradation of the aquatic ecosystem and cased
drought stress among riparian cottonwoods, thus diminish-
ing population replenishment. To mirigate the environ-
mental effects and to permit irigation expansion, the
Oldman Dam was constrecred by 1993 {Rood e al. 19981,
As a result of controversy during its construction, instream
flow necds were analyzed and the minimum flow was
increased 15 fold.

A second component of the operations regime for the
new dam, “ramping flows", involving gradual flow
decline after the flood peak, was relatively novel. This is
an aspect of the Recruitment Box Model thar describes
the hydrologic requirements for seedling establishment
of cottonwoods, willows, and other riparian plants
(Figure 2; Mahoney and Rood 1998; Amlin and Food
2002). In this model, the recruitment band represents
the elevarion along the riverbank ar which seedlings
would be low enough to maintain contact with the
receding moisture zone, bur high enough 1o avoid subse-
quent scour. The recruitment box represents the overlap
of the recruitment band with the appropriace riming rel-
ative o seed release and viability. If the river stage drops
through the recruitment bos, seedlings should be escab-
lished ar appropriate elevations. The subsequent sur-
vival of these seedlings relies on gradual river recession,
since the adjacent riparian warer table is closely coordi-
nated with the river scage. Along regulated rivers, grad-
ual river recession can be deliberately provided by ramp-
ing flows, which permitr the elongating roots of newly
established seedlings to maintain contact with the
receding moisture zone.

Ramping flows from the Oldman Dam were first imple-
mented in 1994 and resulted in the establishment of a con-
siderable number of comtonwood seedlings, thas confirming
the effectivenes of the flow regime. Ramping flows were
again provided in 1995, following an exceprional 1-in-100
year flood (Figure 3; Rood et ol 1998). Partly as a result of

wemfrontiesslrecology.org
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this flow ramping, billions of cottonwood and
willow seedlings were esrablished downstream
along the Oldman and South Saskarchewan
rivers [Figure 4; Rood et al. 1995; Kalischulk et
al, 2001), and these plants are now reaching
sexugal marurity, In this case study, riparian
woodlands aill remained alomg the Oldman
and South Saskatchewan rivers, but there had
been a severe deficiency of seedling reproduc-
rion in the decades of offstream diversion. The
construction and operation af Oldman Dam led
o the improvement of summer flows and this
combined with flow ramping o reestablish the
seedling recruitment that is essential to rejuve-
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Figure 3

W Floodplain restoration - St Mary River,
Alberta, Canada

. The stage (elevation) hydrograph for the flood vear of 1995 for the

Sooth Saskarchewan Kiver, Alberta, Canada, thar iz dowmscream of both the
Oldman and St Mary dams, for which flow ramping, mradual flow recession,

was oriplemented. Figure modified from Kalischik ex al. (2001).

Albertas 5r Mary River was first dammed in
1900 and the larger St Mary Dam began operation in 1951
{Food et al. 1995). Warer was diverted from the reservoir,
resulting in partial dewarering downstream as summer
flows were frequently held for weeks at abour 1 m'fsecond,
about 5% of the natural flow (Rood e al. 1995). As a
result of insufficient summer flows and abrupt reductions
in spring flows, the riparian woodlands collapsed, with
0% of the cottonwoods dying between 1951 and 2000
(Rood et al. 1995).

Accompanying the controversy of the Oldman Dam, the
minimum flow was tripled and flow amping was imple-
mented along the 5t Mary River (Rood and Mahoney
2000). This led to exrensive seedling recruitment of corton-
woods and willows after flooding in 1995 (Rood and
Mahoney 2000). Many of these new trees and shirubs subse-
quently survived an exceptionally dry year in 2001 and are
now reaching sexual marurity. In this case, floodplain
forests had been severely degraded becawse reproduction
had ceased and established trees had died due 1o drowghe
stress. The implementarion of ramping flows led to seedling

colonizrion and the increased summer flows enabled the
subsequent survival of floodplain vegetation.

B Flows for fish and forests = lower Truckee River,
Mevada, USA

The Truckee River flows from Lake Tahoe through the
Mevada desert to Pyramid Lake, from which evaporation
provides an armospheric outflow. Lacking links to other
watersheds, the cui-ui sucker (Chasmistes cujus) is
endemic to this system and requires the lower Truckee
River for spawning (Scoppettone et al. 2000). As a resulr
of damming and diversion to support irrigated agriculture,
the lower Truckee River ecosystem had collapsed (Figure
5) and cui-ui reproducrion failed through much of the
20th century. Following listing of the cui-ui as an endan-
gered species, restoration flows commenced in the early
19805 and provided increased spring flows to allow cui-ui
spawning. Cui-ui reproduction did occur (Scoppettone
and Rissler 1995) and there was also an unanticipared

FIl'ur.t-i {a} Prolific prafrie cnmmn:[sea:ﬂrngsm the establishmen: aj'l?'?SduﬂgﬂbeEm:h Smkmh:heum Hwer.ﬁ:lﬂmmn
the flow partern displaved in Figure 3, and (h) narrowleaf cottomuwond saplmes m summer 1999 alomg the bower 5t Mary River.
Figure {a) modified from Kalischak et al. {2001}, Figure (b) modified from Rood and Mahoney { 2000).
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Figure 5. (a) Condidions along the Truckee River in 1977
{wimter) versus (B) 1997 {mutwmn). The photos are taken in
adigeent locaons since the river channel has moved. The
comparison shows  the  prolific  establishment of Fremont
eottomonds, sandbar willows, and other wellows followmg flow
naturalizztion. Fipure from Rood et al, (20035),

collareral benefit, the extensive seedling recruitment of
native cottonwoods and willows (Rood 0 al 2003h).
Cotronwood recruitment was particularly high in 1987, a
year in which gradual flow recession marched the ramping
flow pattern for riparian vegetation. The Riparian
Recruitment Box Model was deliberarely implemented in
1995 and has enabled further cottonwood and willow
recruitment (Figure 5). Following the establishmenr of wil-
levws and cottommwoods, the river has responded by forming a
prominent narower and deeper main channel with reduced
channel braiding (multiple side channels). This combines
with vegetation shading to lower warer temperatures and
improve conditions for bath fish and wildlife (Rood et al,
2003k).

B Flows and physical rehabilitation — middle Truckee
River, Hevada, USA

Along some river reaches, physical alrerarions to the chan-
nel impose an additional challenge that cannot be solved
solely by instream flow remediation. The middle reach of
the Truckee River was channelized, resulting in a straighter
channel thar incised deeply into the former floodplain

(Figure &), This section of the river thus became discon-
nected from the fluvial processes essential o maintaining
floodplain forests.

The restorarion of this physically modified reach solely
through flow naturalization would probably have required
decades or even centuries. Consequently, rhe current
restoration strategy includes physical restructuring of the
river channel as well as instream flow management (Figure
&), Physical excavation will re-establish a sequence of sinu-
ous meanders, with riverbank cross-sections based on the
peometry of the prior channel. While there will be some
deliberate riparian vegetation planting, it is anticipared thar
there will also be natural recruitment of willows and cotton-
woods following the physical reconnecrion of the river and
floodplain environmenits,

B Floodplain forest ecosystems

Along these and ather rivers, the restoration of dynamic
flow patterns succeeded in promoring the recruitment of
riparian cottonwoods and willows (Shafroth et al. 1995;
Rood and Mahoney 2000; Rood er al. 2003b). These trees
and shrubs have bath aesthetic and environmental value
and provide a critical foundarion for floodplain forest
ecosystems. As a result, there are close associations between
the stans of riparian tees and the occurrence of binds
{Farley et al. 1994; Dobkin et al. 1998; Twedt et ol 2002;
Rood et al 2003k). Orher organisms, including barts, insecrs,
and other invertebrates, as well as understory plants, also
benefit directly and indirectly from changing flow regimes
and woodland restoration (Holloway and Barclay 2000,
Ellis er al. 2001; Holl and Crone 2004).

B Lessons for implementation

For most dammed rivers, management adjustments to
attain a more natural hydrograph and river channel mor-
phology will benefic river and floodplain ecosystems, and
we therefore support the natural flow paradigm (Ligon et al,
1995; Poff et al. 1997). However, although there is an
increasing understanding of the hydraulic, peomorphic, and
ecological processes of fluvial ecosysrems, this knowledge
base remains incomplete and river managers need to appre-
ciate the inherent variability and individualicy of rivers
{Montgomery and Buffingron 1997; Wissmar and Bisson
2003). Recognizing these complexities, we provide some
strategic recommendations to promote the recovery of river
flow parterns.

* Esrablish broad-hased advisory groups o increase
prospects for comprehensive consideration and political
and financial support. We further suggest the deliberase
recruitment of agencies with widely differing mandares.
For example, the carly parmership between The Mature
Conservancy and the US Army Corps of Engineers pro-
vided an inclusive context for the Truckee River project.

* Formalize explicit objectives and desired outcomes o

r———
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focus planning and communica-
tion. This may reveal knowledge
gaps, potential problems, and
asaist in the cosr—benefic analyses
that are typically required for
financial support. The wse of
graphic representations and phys-
ical models focuses the scientific
planning and helps in communi-
caring current versus anticipared
environmental conditions {Fig-
ures G and T).

Endangered species legislation is a
potent tool thar helped the
Truckee River project (Rood e al.
2003b). However, this can also
challenge ecosystem restoration,

L] e

simce memures intended for indi- Figure 6. (a) Aerial photopraph of the middle Truckee River and (b} an arnst’s

vidual endangered species can fur-  interpretation of the restored svstem after channel mesndering has been re-established by
ther distort flow patrerns. For  pheysical excavarion, and Fremont cottonwoods and other vegetation are established

example, late summer and autumn
flows are deliberately increased for rivers in the Columbia
River Basin to lower water temperatures and promote
downsmream passage of juvenile salmon, yet this inverts
the seasonal flow partern and disadvantages other native
fish and riparian vegerarion (Polzin and Rood 2000).

Dams were initially constructed without comprehensive
enwvironmental impact assessments (ELA ) and many oper-
ating licenses are now expiring. The relicensing proces

and error, but instead should involve learning from mis-
takes. There should be sclentific study and appropriate
reporting in the refereed literature to ensure rigorous
scruting and public accessibiliy. Every dam and river
restoration project presents an opportunity for experi-
mental modificarion and a chance o broaden our knowl-
edge hase about river and floodplain processes.

involves a comprehensive ELA that considers a broad
range of environmental, social, and economic factors
(Gillilan and Brown 1997). Relicensing provides an
impetus for dam operators o be more receptive o revi-
sions in flow management directed rowards floodplain
conservation amd restoration
{Bovee and Scorr 2002). Fewer
dams are now being built in North
America, bur new projects require
comprehensive ElAs that address
downstream impacts and suggest
mitigation strategies. The intro-
duction of a new dam along a pre-
viously dammed river may also
provide an oppormunity ©o revise
the flow regimes of the existing
darms (Rood and Mahoney 2000).
* River restoration projects should
include bath comprehensive pre-
project inventory and post-project
ecological monitoring. Aspects
related to flow regulation should )
include the opportunicy for refine- - .
ment according to the monitoring  Figure 7. Photograph of a small-scale phesical model of the lower Truckee River built by
results. Flexible implementation  Pasd Wagner (Rood et al. 2003b), with (a) mepresenting the apparent pre-develofement
of flow regimes provides a compo-  condition hased on historic records versis (b) the degraded condition in the mid-1980s. The
nent of adaptive management rvestoration project was intended o restore the pre-development condition (a); note the
thar should mot be applied by mrial — comespondence of the restorarion objective and the aceual result shoun in Figure 5.

B What's next?

While the case srudies described shove are promising, the
seience of river restoration is srill in s infancy. Deliberare
efforts to regulare flows for downstream restoration have
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been implemented on only a few rivers, generally for les
than a decade. Some responses have been rapid, bur it will
take many more years to achieve complete recovery, if
ever. It is thus essential to continue with these initial
restoration projects and to expand the numbers and rypes

of rivers involved in restoration efforts (Tockner and
Stanford 2002).

We suggest two current priorities for research and appli-
cation. First, performance measures — empirical, quanrica-
tive measures of ecosystem response - need to be devel-
oped. These measures will provide che confirmarion and
guantification of ecosystem services that may be required
to justify the rescoration programs {(Sweeney et al. 20047,
Second, the concept of resizing rivers has emerged { Trush
et al. 2000). With this approach, rather than secking o
restofe @ river system o it pre-development condition, a
more practical objective might be o establish a smaller
{or larger) river system thar displays the same essential
ecosystem functions as the original river, bur has been
scaled to reflect the new hydrologic situation. As it is
unlikely that pristine, pre-development riverine condi-
tions can ever be recovered, restoring critical ecosystem
functions may be a more feasible objecrive.

N Acknowledgements

The development of this paper was supported by funding
from the Alberta Ingenwity Centre for Water Research. We
thank L Goater for her assistanice.

B Referances

Abbe TB and Monrgomery DR, 1996, Large woody debeis jams,
chanmel hydrulics and habitat formation in large rivers. Regul
River 12: 201=21.

Alpere B Griges FT, and Pererson DR, 1999, Riparian forest
restoratiom along  large rivers: initial results from the
Sacramenio River Project. Restor Ecol 7: 36068,

Amlin MM and Bood 5B, 2002, Comparative toleramces of riparian
willows and cottonwoods to water-table decline. Wedands 22:
5844,

Andersson E, Milsson C, and Johansson ME. 2000, Effects of river
fragmentation on plant dispersal and riparian flora. Regul River
16 B389

Annear T, Chisholm 1, Beecher H, er al. 2004, Instream flows for
riverine resource stewardship (revised edn). Cheyenme, WY
Instream Flow Council.

Baxeer OV, Fausch KD, and Saunders WD, Tangled webs: recipro-
cal flows of invertebrate prey link stream and riparian zones.
Freshwater Biol. In press.

Borvee KDV and Seort BAL. 3002, lmplications of flood pulse restora-
tion for Popehes regeneration in che upper Missourl Rlver, River
Bes and Appl 18: 28798,

Braatne JH, Rood 5B, and Heilman PE. 1996, Life history, ecology
and conservation of riparian cottonwoods in Morth America,
In: Srertler RE Bradshaw HD, Heilman FE, and Hinckley Thi
(Eds). Biology of Populus and its implicarion for management
and conservation. Omawa, OM: WRC Press.

Diobkin DS, Rich AC, and Pyle WH. 1998, Habitar and avifaunal
recovery from livestock grazing in a riparian meadow syatem of
the northwestern Great Basin, Cornsere Biol 1.2; 208-21.

Mymesius M and Milson C. 1994, Frapmentacion ard flow regula-
tiom of rlver systens in the northern thind of the workd, Soience

26 75361

Ellis LA, Crawdord O5, and Molles MO 2001, Influence of annial
flocding on terrestrial arthropod asemblages of a Rio Grande
riparian forest. Regad River 17: 130

Farley GH, Ellis LM, Spuarr JM, and Scor M. 1999, Avian species
richness in di stands of riparian forest along the mid-
dle Rio Cirande, New Mexico. Consere Biol B: 10981108,

Friedman M, Osterkamp WE, Scorr ML, and Auble GT. 1994
Diowrstream effects of dams on channel peomestry and bortom-
land veperarion: regional pamems in the Grear Plams, Weekinds
18: 61913,

Friedman |M, Scorr ML, and Lewis [r W 1995, Bestoration of ripar-
ian fonsst wing irrigation, artificial disturbance and namml seed-
fall. Enairon Manag 19: 547-57.

Gillilan Db and Brown TC, 1997, lnstreamn flow  pratection.
Washingron, [ lskand Press.

Girant G, Schonidr JC, and Lewis 5L 20003, A peological framework
for interpreting downstream effeces of dams on rivers. In:
O'Conmor |E and Girane GE (Eds). A peculiar river: geology, geo-
morphobogy, and hydrology of the Deschutes River. Washington,
D American Geophysical Union, Water Science and
Applicarion 7.

Hawer FR, Lorang M5, 2004, River regulation, decline of ecological
resoirces, and potential for restoration in a sermd-anid lands mver
in ehe wetem USAL Aquar 5o 66: 588401

Haoll KT and Crone EE. 2004, Applicability of landscape and iskand
biogrography theory to restoration of ripanian urdenszorey plants.,
J Appl Ecod 41: 922-33.

Holloway GL and Barclay BEME. 2000, Irporcanos of praire riparian
ooties to bats in southeastern Alberta, Ecoscence 7: 115-12.

Hughes FME and Bood 5B 2001, Floodplains. [n: Wamen A and
French JB {Eds), Habirar conservation: mamaging the phypsical
environment. Mew Yook, MY Wiley.

Hughes FME and Food 5B 2003, Allocaton of river flows for
restoratiom of floodplain forest eccsystems: A review of
approaches and their spplicabilicy in Europe, Enuéron Monage 32:
12-33.

Jehnson W, 2000, Tree recruirmens and survival in rivers: influence
of hpdrological processes, Hydre Processes 14: 3051-74.

Junk W], Bayles PF, and Sparks RE. 1989. The Aood pulse concept in
river-floodplain sysemes. Can Spec Publ Fish Agquar 50 106:
11027,

Kalischuk AR, Rood 5B, and Mahorey [M. 2001, Environmenial
influences on seedling growth of cotonwood species following a
maxjorr flood. Femest Ecol banege 144: 7589,

Karrenberg 5, Edwards PJ, and Kollman [, 2002, The lide hisory of
Salicace: living in the active zone of flocdplains. Fredwveter Biol
47: 13348,

Kauffman |B, Beschea RL, Otting N, and Lytjen. D. 1997. An ecolog-
ical perspective of riparian ard stream resoration in the westerm
United States, Fishevies 22: 12-74.

Komdoll Ghd. 1997, Hungry water: effects of dams and gravel mining
on river channels. Ensvéron Manage 21: 533-51.

Kondolf G 1998, Lessons learned from siver testortion projects in
Califormia. Agqear Consery 8 5957

Leopold LB, 1994, A view of the river, Cambridee, MA: Harvand
Uniwersity Press.

Ligon FE, Diecrich WE, and Trush W[, 1995, Downstrean eoological
effiects of dams a geomorphic pespective. BinSammee 45: 18592,

Lyde DA and Poff NL. 2004. Adapearion to narural flow regimes.
Trenahs Ecol Evod 19: 94-100.

Mahomey M and Bood SR, 1998, Streamtlow requirements for coi-
tonwood seedling recruimment: an integrative model. Wedends
18: 63445,

Molles WM, Crawford O35, Ellis LM, er 2l 1998, Managed flooding for
riparian coosystem pestoranion — managed fooding reonganizes
riparian forest ecospstems along the middle Rio Grands in Mew
Mewico. Binscience 48: 74956

Montgomery DR and Buffington M. 1997, Channel-reach monphol-

wawfroatlersinecologyaorg

it The Ecological Scciery of Amenica



SB Rood et al

Flow pattemns for floodplain restaration

ogy in mountain draimage basins, Geol Soc Am Bull 109 5965611,

Milson C and Benggren K. 2000, Alterstion of riparian ecosystems
caued by river regularion. BioSomee 50: 78392,

Milsson C and Svedmark M. 2002, Basic principles and ecological
comssquences of changing water regimes: riparian plant commaue-
nities. Enavron Manage 30: 46550,

Poff ML, Allan 0, Bain MB, eral. 1997, The matural flow regime: a
pamadigm for river conservation and restoration. BioSdmes 47:
Thhbd,

Poksin ML and Rood SB. 2000, The impacts of damming and flow sta-
hilization on riparian processes and comonwoods along the
Kootenay River, Rivers T: 121-32.

Postel 5 and Richter B, 2003, Rivers for life: managing water for
people and namure. Washington, DC: Island Pres.

Poweer ME, Sun A, Pagker G, et al. 1995, Hydmulic food -chain mnd-
elbs: am approach o the soudy of food-web dynamics i large rivers.
BiaSoterce 45: 159-47.

Richter B, Baumganmer |V, Wigington K, and Braun DP 1997,
How much warer does a river need? Freshuwaer Biol 37- 23149,

Richeer BD and Richier HE. 2000 Prescribing flood regimes o sus-
tain riparian ecosystems along meandering rivers. Consere Biol
L4: 1467-78.

Rood 5B, Brasme JH, and Hughes FME, 200%, Ecophysiology of
riparian cottonwonds: aream flow dependency, water relasons
and restomrion. Tree Phasiol 232 111324,

Food 5B, Gourley C, Ammon EM, e al. 2003k, Flows for floodplain
forests: sucoesshl riparian ressoration. BioScence 533: 647-54.
Food 2B, Kalischuk AR, and Mahorey [, 1598, Inivial cotonmond
seedling mecruitment following the flood of the of the

Cildman River, Alberts, Canada. Wedands 18: 557=70.

Food 5B, Kalischuk AR, Polrin ML and Braame [H, 200%¢, Branch
propagation, not cladopeosis, permits dispersive, clonal reproduc-
rion of riparian cottonwonds. Fovest Ecol Manage 186: 22741,

Rood SB and Mshoeey JM. 1990, Callspse of riparian poplar forests
downstream from dams in westem prairies: probable causes and
prospects for mitigarion. Evmon Sanage 14: 451-64.

Food 2B and Mahoney JM. 2000, Revised instream flow regulasion
enables comonwood recruitment along the S0 Mary River,
Alberta, Conada, Rivers 7 100-125.

Food 5B, Mahoney M, Reid DE, and film L. 1995, Insream flows
and the decline of dparian cotomwoeods along the St bary River,
Alberta. Can | Bot T3: 1250260,

Sarniselson GM and Rood 5B, 2004, Deffering indluences of narural
and artificial disturbances om ripasian cottomwoods from prains to
mokimtain ecoregions in Albera, Canads. | Biogeogr 31: 43-5—50

Seoppertone G5, Risler PH. 1995, cui-umi of
Lake, Mevada. In: LaRoe ET, Famis G5, Puckess OF, er al. {Eds).
Or living resources: & w the narion on the destribucion,
abundance, and health of US plants, animals, and scosystems.
Washingron, [32: US Department of the Interior, Mational
Baobogeeal Service.

Scoppettone Ui, Rissler FH, and Boermer ME. 20000 Reproductive
lomgevity and fecundiny associared with norannual spasning in
cui-ui. Trans Am Fish Sac 129 65869

Scott ML, Auble GT, and Friedman [M, 1998, Fluvial process ard the
establisthment of bomtombland trees. 14: 327-39.

Scott ML, Shafroch FB, Auble GT, and Eggleston ED. 1997, Flood
dependency of comonwood establishment along the bissourt
River, Montana USA, Eood Appl 7: 677-90.

Shafroch PB, Auble GT, Soomberg |, and Pamen DT, 1998
Establishment of woody riparian vegetation in relation o anmual
rarrems of sreamilow, Bill Williams River, Anzona. Werkends 18:
57740,

Stanbord JA, Ward |V, Liss W), e al. 1996, A peneral protocol for
restoration of regulated rivers, Repd River 12 391414,

Serranberg [C. 2001, Restomtion of riparian vegemtion in the south-
western Linired Srates: importance of flow regimes and fluvial
dynamism, | Arud Enwon 49: 17-34,

Sweeney BW, Bott TL, Jackson JK, etal. 2004. Riparian deforestation,
stream namrowing, and loss of stream ecosystem services Proc MNar
Acad 5 USA 101: 1405237,

Tockner K and Scanford |A. 2002, Riverine flood plains: present stae
and future mrends, Ensrron Consery 29: J08-30,

Trash W], McBain 58, and Leopold LB 2000, Avmribures of am allu-
vial river and thedr relarion o water policy and marsgement, Proc
Mad Apad Sei LS4 97 11856643,

Twede [, Wilon BR, Henme-Kerr [L, and Grosshuesch DA, 2002
Awvian tex bottombmed handwood reforestation: the first
10 years. Resor Ecol 10: 645-55,

Wannote BL, Minshall GW, Commins KW, & al. 1980, The river com-
tinuaum concept. Can [ Fish Aguar 56 37 130-37.

Wissmar RC and Bisson P (Eds). 2003, Straregics for restoring river
eorspstems wurces of vasiability and neertainty in notural and
managed systems. Bethesda, MD: American Feheries Sociery.

i The Ecological Society of America




