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Abstract

One of the major challenges in river restoratiotoiglentify the natural fluvial landscape
in catchments with a long history of river contrbitensive land use on valley floors
often predates the earliest remote sensing: lewd#ess, dams, and other structures alter
valley-floor morphology, river channels and flowgmaes. Consequently, morphological
patterns indicative of the fluvial landscape indhgd multiple channels, extensive
floodplains, wetlands, and fluvial-riparian andbtriary-confluence dynamics can be
obscured, and information to develop appropriatd eost effective river restoration
strategies can be unavailable. This is the caghanPas River catchment in northern
Spain (650 krf), in which land use and development have obsctivechatural fluvial
landscape in many parts of the basin. To addressistue we used computer tools to
examine the spatial patterns of fluvial landscapas are associated with five domains of
hydro-geomorphic processes and landforms. Usingnadigital elevation model, valley-
floor surfaces were mapped according to elevatimova the channel and proximity to
key geomorphic processes. The predicted fluvialddaape is patchily distributed
according to hillslope and valley topography, riveetwork structure, and channel
elevation profiles. The vast majority of the fluMiandscape in the main segments of the
Pas River catchment is presently masked by humi@astructure, with only 15% not
impacted by river control structures and developmérhe reconstructed fluvial
landscape provides a catchment scale context tposupestoration planning, in which
areas of potential ecological productivity and dsiy could be targeted for in-channel,
floodplain and riparian restoration projects.
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1.0 Introduction

There is a growing consensus that a catchment peadpective that considers the
complete fluvial landscape is critical for successiver restoration (Logan and Furze,
2002, Bannister et al., 2005, Kondolf et al., 20Qiflsson et al., 2007). The fluvial
landscape includes all landforms and biologic comities that affect and are affected by
the flow of water, sediment and organic materiathiw the hierarchically branching
network of river corridors. The fluvial landscapecomprised of active and former river
and side channels, off-channel water bodies, cenfla environments, wetlands,
floodplains, terraces, and riparian vegetation g€atet al., 2002, Benda et al. 2004a,
Nakamura, 2006), and subsurface patterns of hypofllog& and associated organisms
(Poole et al. 2006).

The processes and landforms that comprise theafliamdscape vary with
location in a catchment governed by hillslope aalley topography, river network
structure, channel elevation profiles, basin saabe, the stochastic nature of climate
(Frissel and Nawa, 1992, Reeves et al., 1995, Namhal., 1992, Poff et al. 1997, Benda
et al., 1998, Ward et al., 2002). The fluvial laraize is thus a dynamic entity, formed
and altered over time by the storms, erosion ayati that bring water, sediment and
organic material downslope and downstream frorpailts in a catchment.

Regulating discharge with dams and weirs, hardeciagpnel banks with
revetments, constructing dikes and levees, dredgiagnels, and draining wetlands have
furthered human occupation and development of pioek) flood prone lands. However,
these activities individually, and in concert, haoted to eliminate the fluvial landscape
or to obscure evidence of it over the last couplecoturies (Sedell and Luchessa, 1981,
Logan and Furze, 2002). River control activitiegeneeduced in-channel and off-channel
habitats important to many aquatic species, redtldenewal of sediment and organic
material reservoirs important to riparian plantd animals, altered the riparian
groundwater and hyporheic flow systems, and havédespecies declines or
extirpations.

To counteract impacts to riparian and aquatic estesys resulting from centuries
of human development, the discipline of river restion is aimed at reestablishing
natural patterns and processes within the fluaatiscape and thus restoring aquatic and
riparian habitats. River restoration planning, dasand implementation (levee removal,
channel engineering, placement of in stream strasiyplanting riparian vegetation, etc.)
necessarily and typically occur at the scale oividdial channel reaches (100 — 1000 m)
(Rosgen, 1996, Wohl et al., 2005). However, loeataration projects can be more
effective if they are designed using a catchmeéuvidl landscape) context to
strategically place them for the greatest ecolddieaefit (Thoms and Parsons, 2002,
Gilvear and Casas, 2005). A catchment scale coptexides a larger frame of reference
for smaller scale projects, such as how valley farwer network structure and natural
disturbances (floods, fires, landsliding) affectogation projects positively or
negatively. Restoration activities within the framgek of a catchment perspective can
target meso-scale habitats such as large floodpéaid islands (Jahnig et al., 2010) or
confluence environments (Benda et al. 2004a) andncdude measures such as levee
pullback, re-meandering, flood embankment remdwaiifer strip creation, reconnection
of side channels, and wetland development (GilaedrCasas, 2008).
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Design of a river-restoration strategy requires important steps: 1) recognizing
the spatial and temporal characteristics of theidluandscape, unique to some degree
for every river system, that govern geomorphic ecaksystem interactions (referred to as
a ‘guiding ecological image’ [Palmer et al., 20@56]a ‘geomorphic template’ [Brierly et
al. 2008], and 2) recognizing human alterationthéofluvial system and the
consequences for geomorphic and ecological prosea#ibough information from
satellite imagery, aerial photography, field susjeand data on land use and local
biology can inform descriptions of fluvial landseapinformation on a reference
condition may not be available in catchments wikteesive and long-term human
development.

In this paper we outline a new approach for crgatitatchment scale perspective
for river restoration planning. We illustrate howdno-geomorphic principles can be
evaluated with computer analysis tools to charaseffuvial landscapes in catchments
where they have been mostly obscured by extenana lise. We apply our approach to
the Pas River basin (650 Knlocated in the Cantabria Region of Northern Bp#iat
has a long history of land development extendirgklha Neolithic times (4,000 ybp) but
accelerating beginning in the Ml €entury; river control structures include 50 bedg24
weirs and minor dams (<10m), and more than 120neeged works (levees and dikes)
for flood protection and urban development (GESBEB05a).

The steps in our analysis include: 1) defining tla¢ural fluvial landscape in the
Pas River catchment; 2) evaluating how the flulatlscape is created and influenced by
topography, valley morphology, river network sturet, basin scale and other landforms
and processes; 3) comparing the current, regulthtedhl landscape with the natural
fluvial landscape that we infer from our analysied 4) describing how our analysis can
provide a catchment scale context for restoratitanrpng, including identifying a
provisional set of candidate areas for restoration.

2.0 Study Area

The Pas River catchment (650 Rnis located in the province of Cantabria,
northern Spain, and drains northwards to the Atta®cean (Fig. 1). The Pas river is
flanked by the Escudo Mountain Range (1328 m) envtbst, the Castro Valnera Massif
(1718 m) on the south and the Sopefia Mountain Randd_as Enguinzas Massif on the
east (1240 m and 964 m, respectively). The La Dehes Fuentellano Mountain Range
(1238 m) divides the main Pas and Pisueia trilegghiVest and East Forks), while the
Escudo de Cabuérniga Mountain Range constrainsWest and East Forks at about 20
km from the river mouth (Fig. 1). Sandstones, congdrates and shales dominate within
the Escudo the Escudo de Cabuérniga Mountain Rdmmeer cretaceous limestone
mixed with sandstone is also present in the Casitoera Massif, and dominates in the
Las Enguinzas Massif (IGME, 1989).

The Pas river catchment has a humid temperate telimvth an average annual
temperature and precipitation ranging from 14°@%0 and from 1200 mm to 2500 mm
from the coast to mountains. Snow is common frota &utumn to early spring above
1000 m. Rainfall is regularly distributed throughdlie year with maximums in winter
and spring. Mean annual flow in the Pas river basih5.4 ni/s, with the largest spates
concentrated between November and April (mean dmagimum flow is 215 rifs) and
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dry periods from August to November (mean annuaimmim flow is 1.6 n¥s) (GESHA
2005b).

The coastal forest, below 400 m, is mainly compasfemsh Fraxinus excelsior
lime (Tilia sp.), hazelnutGorylus avellan® maple Acersp.), oak Quercussp.), poplar
(Populussp.) and holm oakuercus ilex Currently, eucalyptus plantatiornsucalyptus
globulug and pastures dominate the coastal area. Vegethgtween 400 to 1100 m
includes oaksQuercus roburand Q. petraed dominating on the southern slopes and
beechesKagus sylvaticaand holly treesllex aquifoliun) on the northern slopes. This
vegetation belt has been highly modified by pastanel. Higher in the catchment (1100
to 1800 m) vegetation is dominated by birchigst@lasp.), heathGenistasp.,Erica sp.
andUlex sp.) and mountain grasslands.

The riparian vegetation is dominated by black al@dnus glutinosa from sea
level up to 700 m (Lara et al., 2004). WilloBglix atrocinereareplace alder in areas
where human activities have impacted natural véigataor where soils are not deep
enough, or where there are large flow fluctuatidtigher in altitude, alder is replaced by
ash or by hazelnu avelland. In modified river banks for flood protection where
agriculture and cattle activities are intense, rigra vegetation is usually dominated by
bramble Rubussp.), rose Rosa sp.), hawthorn Grataegus monogyna blackthorn
(Prunus spinosgor even pasture.

The first evidences of human settlements in therRas catchment are from the
upper Paleolithic (40,000-10,000 ybp), indicatedchye paintings from Monte Castillo.
Beginning in the 18 century, population densities increased along witmerous land
use modifications (Delgado, 2003). Human populatiensity rapidly increased during
the 17" and 18 centuries in the main villages of the catchmenthva concurrent
increase in pasture land for cattle (Delgado, 20@8)ring this period forests were
cleared for pasture but also to supply fire woatte smelting industry (Alcala-Zamora,
2004). More recently, Eucalyptus and pine foresaind urban developments have
extensively modified catchment vegetation, whitt protection and the need for water
supply have modified the Pas River channel in maaches, involving more than 55
bridges, 24 weirs and low-dams (<10 m), 124 engetevorks (e.g., levees) and 20
water intakes within the catchment (GESHA, 2003dpst water intakes along the
catchment are for local use, except the major etxtna that pipes water to the city of
Santander, which is located just before the West feins the East Fork.

Human population in the catchment reached 5098&ébiténts in 2010, although
half of the population is concentrated near therrmouth. Population density fluctuates
from 165/knf in the coast to 10/kfrin the upper parts of the catchment.

The Pas River maintains a small population of Attasalmon Salmo salay in
the southern most extent of the species rangeyuththe fish has a threatened status
(Costas et al. 2009). Other species include breawt {Salmo truttd, minnow Phoxinus
bigerri,) with allis shad Alosa Alosa) Ebro barbel Luciobarbus graellsii)
parachondostromd&@rachondrostoma miegifound in the lower parts of the catchment
(Doadrio, 2001). Other estuarine fish species émaer the fluvial freshwater habitat in
the Pas River are European flound@iafichthys flesusand thicklip grey mullet@helon
labrosus) A more in depth description of Pas river biol@jicommunities is described
elsewhere (e.g., Alvarez-Cabria 2011, Baratial. In Press).
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Because of the abundance of river control strustdhat impact riparian and
aguatic habitats, the Pas River system could biefinefin certain types of river restoration
activities (Pas Water Authority). River restoratiglanning in the Pas River catchment is
in its early stages and the analysis presented dwriel be used to help guide planning
efforts.

3.0 The Fluvial Landscape and General Principles dflydro-Geomorphic Processes

We define the fluvial landscape as that part ofviakéey floor that is periodically
inundated by high flows and it can include chanr§sisgle and multiple), floodplains,
wetlands, and low terraces. The fluvial landscapeharacterized by channel-floodplain,
fluvial-riparian and tributary-to-tributary (via nluence) interactions. General principles
of hydro-geomorphic processes, universal in catctispeean inform the analysis of the
fluvial landscape in controlled riverine environnewhere dikes, levees, and in-channel
structures have altered or obscured it. We focusnetwork-scale processes and
landforms, those most likely to be detected usiompmuter tools in conjunction with
remotely sensed information (e.g., digital elevatimodels, aerial photography, and
satellite imagery). The general principles of hydemmorphic processes relevant to the
Pas River cover five domains including: (1) valggometry; (2) river network structure,
including spatially variable supply of sediment amdjanic material; (3) hillslope and
fan/terrace landforms; (4) river elevation profitsd fluvial morphology; and (5)
riverine-estuarine environments. A brief descriptad each of these is provided in turn.

3.1 Valley Geometry

Geologic controls and major slope movements caatergariations in valley
width and shape. Constrained (narrow) valleys slpiclack sediment storage while
unconstrained (wide) valley segments act as ressnaf alluvial sediment, often
creating wide, more complex floodplains within thflevial landscape (Grant and
Swanson, 1995, McDowell, 2001). At the upstreanmditeon from unconstrained to
constrained valley segments, a bottleneck in thaster of sediment can occur, often
enhanced by logjams. Increased sediment storagee dtansition promotes heightened
connectivity between channels and adjacent valleorg. The transition from
unconstrained to constrained segments also enhaypesheic downwelling (Edwards,
1998). At the downstream transition from constrdit@ unconstrained valley segments,
increased sediment deposition, flow divergence, hAppdorheic upwelling can occur
(Edwards, 1998). Thus, there is typically greatemmmel-valley connectivity and hence
larger fluvial landscapes immediately above andowelvalley constrictions, with
increased occurrence of floodplains, side chanmald,riverine wetlands (Baxter, 2001).
Alternating constrained and unconstrained rivems&gs promote patchy heterogeneity
in fluvial processes and riparian environmentsateon often referred to as a “string of
pearls” (Standford and Ward, 1988).

3.2 River Network Structure, Confluences and Materl Flux

Channel confluences juxtapose two separate flow material flux regimes
(sediment, coarse and fine organic material) wifiectes on channel and valley-floor

6
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morphology, water temperature, water chemistry hioda. Inputs of sediment from a
tributary channel can result in locally heighterssliment storage near the confluence
resulting in reduced elevation differences betweleannels and adjacent valley floors,
leading to development of large floodplains, sidarmels, wetlands, and increased
hyporheic flow and therefore an enlarged fluvialdescape (Grant and Swanson, 1995,
Benda et al., 2004a). Other morphological chantsgmwed at channel junctions include
finer channel substrate, higher width-depth ratipsol formation, and increased
meandering and braiding (Best, 1988, Church, 198R)her fluxes and storage of large
organic material are also often located at tributonfluences (Bigelow et al. 2007).
Attendant changes in aquatic biota include incréas@mal and plant productivity and
diversity (Rice et al., 2001, Kiffney et al., 200@)luvial and debris-flow deposition at
confluences is highly episodic, and the morpholalgiG@nd ecological) imprints on
valleys (e.g., floodplains, side channels, lowdees, higher biotic diversity) wax and
wane over time due to the stochastic interactionstorms, floods, fires, and other
perturbations (Benda et al., 2004a).

A large river system contains hundreds of chanoaflaences, involving a wide
range of tributary and receiving channel sizesiatet-tributary spacing. Factors that are
important when examining the role of tributarie® gonfluences, on rivers include the
basin shape and geometric structure of the rivéwar& that govern the size of the
tributary relative to the size of the receiving hal, inter-confluence distances and the
spatial frequency of confluences along channelanfpfrm morphology of intersecting
streams (tributaries running parallel or intersegt right angles), erosion regimes of the
tributary channels, and stochastic aspects of @mognd sediment supply (Benda et al.
2004b, Rice et al., 2008). Spatial patterns of lo@nices strongly influence the upstream
and downstream transfer of abiotic and biotic mal®rand they are an important
determinant to the migration of organisms (Eroalet2011).

The spatial pattern of erosion in a tributary cateht is driven by topography,
lithology, soils, vegetation and climate. The rési supply of sediment to a channel
system is punctuated at confluences and it is azgdrby the spatial structure of a river
network (Benda and Dunne 1997a,b).

3.3 Hillslope-Fan/Terrace Landforms

Where valley are narrow, hillslopes can impinge arannels and influence
gradients, widths and stream orientation. Debrisescand fans created by rockfalls and
landslides can form in numerous locations in a wegaed displacing channels and
creating alternating constrained and unconstrauadldy segments (Ouimet et al., 2007),
and thus contributing to variation in the fluviahdscape. Other fan landforms created by
fluvial and debris flow processes at confluences ceeate spatially punctuated but
repetitive channel morphology (e.g., boulder driverscades and riffles). Terraces can
form in conjunction with landslide, alluvial, ancklatis fan deposits and they can also
influence valley width, further promoting formatioof alternating constrained and
unconstrained fluvial landscapes. Terrace formatiay reflect large erosion and flood
events in the present climate, different erosiod sedimentation regimes during past
climates, or different river base levels due ta gas levels.
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3.4 Channel Elevation Profile - Fluvial Morphology

River channels have a range of distinct morphob@ed habitat types) that are
directly related to the valley elevation profilege gradients) (Schumm 1977) as well as
sediment supply (Montgomery and Buffington, 19%0nfluence zones (Bigelow et al.,
2007) and disturbance regimes (Benda and Dunneall®97Distinct channel types
include braided, meandering pool-riffle, step pawigd cascade.

Large streams and rivers with sediment availabifitiow-gradient valley settings
typically meander and form extensive floodplainschi@nm, 1977). Floodplain
environments often include multiple channels, wetkaand diverse riparian vegetation
and thus they constitute an important componeth®fluvial landscape. Where valleys
are wide with actively meandering channels, hipgidan/terrace landforms and tributary
confluences may have little effect. Meandering ri@ad floodplain environments are
often highly fertile and are usually associatedhwitidespread human resource use,
including development of agriculture, urban centeasd transportation systems.
Typically river control occurs most aggressively wnde valley floors, including the
building of dikes, levees, and in-channel flow weiffrom a river restoration perspective,
a favored target and one that responds to mangradisin techniques is the meandering
pool-riffle morphology with its attendant floodpiesi.

3.5 Mixed riverine-estuarine environments

Near the mouth of mid to large rivers as they emtegans, a mixed fluvial-
estuarine environment typically forms and it mayeex for several kilometers upstream
(from the ocean) depending on river size, localeyaimorphology, and tide ranges. The
meandering-braided river environment with its estea floodplain can overlap with the
brackish, low-gradient and fine-sediment estuaanea leading to highly diverse and
productive fluvial landscapes. In mixed riveringuasine environments, the elevation
differences between channels and adjacent landsbedgw due to frequent inundation
of combined flood-tidal surges. In this environmehe effects of confluences, hillslope-
fan/terrace forcing, and variable valley morphologyl be minimal to non-existent.
Mixed riverine-estuarine environments are oftereseld for human occupation and
development. In addition to dikes and levees, ergging controls can include estuarine
and channel dredging to reduce flooding and tonaftor navigation.

In the analysis that follows, computer tools areduso examine the spatial
patterns of fluvial landscapes that are associatét the five domains of hydro-
geomorphic processes and landforms listed above.

4.0 Methods

We used available topographic data with the amslysiolkit ‘NetMap’
(www.netmaptools.orgBenda et al. 2007, 2009) to examine relationshipsng valley
geometry, river-network structure, landforms, credrelevation profiles and the potential
for channel-floodplain and confluence interactioi¢ée used 2010 satellite imagery to
map the current extent of the fluvial landscapthePas River catchment and to estimate
the degree to which riverine processes are prgsentistrained by human land use.
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The steps in the analysis (explained in greatemilddtelow) included: 1)
developing a synthetic, attributed (attributes ude channel gradient, width, depth,
elevation, and length) and routed stream layergudigital elevation data provided at 5-
m horizontal resolution and 0.1 m vertical resant{the highest resolution available), 2)
estimating the area of flood inundation adjacenth® channel at specified elevations
above the channel in units of bankfull depths (lbalhkiepth refers to the depth of water
in a channel of an elevation similar to the uppeshevoded banks and/or it refers to the
depth of flow associated with a flood of an appnoxie two-year recurrence interval), 3)
predicting the potential for tributaries to geomfugally and ecologically influence
channels, 4) characterizing valley morphology irmtg of degree of confinement, 5)
predicting spatially variable sediment yields thgbaut the river network using a
topographic index of erosion, 6) mapping acrosteyaprofiles to determine valley-
hillslope topography and identify constraints oramhel-valley connectivity, and 7)
mapping the current extent of the active channdl ffoodplain surface area along the
largest channels in the Pas River basin usinglisatehagery (Google Earth).

A synthetic channel network was delineated usiag ftlirections inferred from a
5-m digital elevation model (DEM); algorithms folod direction and channel
delineation are described by Clarke et al. 200& @4dta on channel locations were used
for drainage enforcement in low-relief areas. Thamel network was divided into a
linked set of channel segments (scale 10 — 100mmtrduting area, channel length and
channel gradient were calculated from the DEM fache segment; segment endpoints
were located to minimize attribute variability. Bdml channel width and depth were
estimated using a regional regression of drainaga and mean annual precipitation to
field-measured widths and depths over a range afirmdl sizes encompassing 195 river
sites (selected in areas with little to no engiadeworks) in the region of Cantabria:
bankfull width = 1.683*arés"™*°* precipitatior?**°® bankfull depth = 0.63* ar8a"3'*
precipitation®*°®

To characterize valley-floor surfaces, DEM cellsravelassified according to
elevation above the channel. Each cell within ai$ieel radius (1500 m) of a channel is
associated to the closest channel cell, with dtgtato the channel weighted by
intervening relief. Valley-floor DEM cells are assated with channels that are closest in
Euclidean distance and have the fewest and smaléstvening high points. The
elevation difference between each valley floor eeldl the associated channel location is
normalized by bankfull depth and valley floors ab@racterized in terms of number of
bankfull depths above the channel. This procediirepeated for every channel segment.

Floodplains typically lie at, or somewhat abovenljall stage (Dunne and
Leopold, 1978). In practice, zones of frequent oation are defined by an elevation
above the channel equivalent to two bankfull degiaesgen, 1996, Castro, 1997). To
illustrate a wide range of flow inundation-valleypbgraphy relations in the Pas River,
we delineated surfaces above the DEM-inferred ablansing elevation equivalents of
one, two, and three bankfull depths. Estimated fhdinepths for the Pas River range
from a little over 2 m at the mouth to a little ove m at the upstream extent of this
analysis. We therefore delineate inundation dep#tsveen about 1 and 6 m. Because
elevations above the channel are referenced toaebydocation on the channel, the
extent of the delineated area is dependent on #wed to which local elevation
differences can be resolved with the DEM, rathantbn the absolute accuracy of the
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elevation values. We do not know the accuracy takkhe available 5-m DEM in the
Pas River can resolve these elevation differenwébput field verification our results
must be viewed as a testable hypothesis.

The probability of observing confluence related ries in the morphology of
mainstem channels (confluence effects) dependienite of the tributary relative to the
mainstem (Benda et al. 2004b). In the Pas Rivéogiatic regression equation was used
to predict the probability of confluence effects as

Pe=exp(g(x))/1(1 + exp(g(s))) 1)

Where R s the probability of a confluence effect and gé«jitted to regional data in the
western United States on confluence effects (ind@egt al., 2004b). Confluence effects
are defined as wide floodplains, side channels, ch&hnel bars, meanders, terraces, log
jams, deeper pools and changes in substrate. Bas@d there is an 85% probability that
a tributary with a drainage area one tenth thahefmainstem will create a confluence
effect. The probability decreases to less than I0fstributary basins that have a
drainage area less than about 1/1000 of the mainste

The spatial frequency of tributary istections along the mainstem rivers was
calculated over a moving window equivalent to fobannel segments, ranging between
approximately 0.5 to 2 km (average 0.9 km).

In the Pas River average annual sediment yieldse westimated using a
topographic index of erosion. Erosion in the forfnsballow landslides, gullies and
surface erosion is often driven by slope steepaesssiope convergence (Dietrich and
Dunne, 1978, Sidle, 1987). To estimate a measuezasion potential in the Pas River
catchment, a dimensionless index that employs stppeient and local topographic
convergence was used (Miller and Burnett, 2007):

GEP = (A*S)/b 2)

Where GEP is the ‘generic erosion potential’, baianeasure of local topographic
convergence (the length of an elevation contoussad by flow out of a pixel, values
less than one pixel indicate convergent topography)s a measure of local contributing
area (within one pixel length) and S is slope grat{Miller and Burnett, 2007).

GEP was converted into average annual sedimelat lgyespecifying a catchment
average erosion or sediment yield rate, and thstmilgliting that rate linearly according
to the GEP index. High values of GEP yield averageual erosion rates in excess of the
catchment mean value and low values of GEP yialdien rates less than the catchment
mean value. In the model, the cumulative sum (avemhted) of downstream routed
GEP-based average sediment yields must equal #ignad catchment average at the
mouth of the river. Estimated sediment yield ratesorthern Spain that includes the Pas
River basin range between 500 and 1500 #m(Cerda, 2001, Rodriguez-Blanco, in
press). Thus, we apply an sediment yield rate 6DXknt/yr.

The Pas River system was divided into three sestionour analysis: 1) the East
Fork (Yera River), which is 35 km long, 2) the Wéstrk (Pisuena River), 60 km long,
and 3) the Mainstem, extending downstream of thatWerk-East Fork confluence for
about 20 km to where it enters the Liencres estuary

10
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We compared the extent of the topographically nef@rfluvial landscape to the
current extent of active channel surfaces mappea 2010 satellite imagery available
from Google Earth. The present day fluvial landgcégg., active channel and floodplain
[unvegetated or lightly vegetated fluvial surfadesated adjacent to the channel]) was
mapped in four areas of the Pas catchment (FigMapping was done only in the larger
rivers where valley walls and riparian vegetatiah bt obscure the existing channel and
gravel bars and where the fluvial landscape is dedrby human infrastructure including
roads, agricultural fields and urban centers.

Our analysis is used to identify a provisional eétcandidate channel-valley
segments that would have the greatest potentialifi@roving aquatic and riparian
habitats through restoration. Candidate segmeniishave some combination of the
following characteristics: wide floodplains (as dwpd by valley floor elevations
equivalent to one, two and three bankfull deptegnificant tributary confluences; high
spatial density of confluences; transitions in ellfloor width (constrained to
unconstrained and vice a versa); proximity to sesiraf sediment and organic material;
and closely aligned, parallel running tributary-nsgem channels.

5.0 Results

5.1 Characterizing Fluvial Landscapes in the Pas Rer

Each of the three river sections presents a distimovnstream sequence of
geomorphic attributes. Hence, even though the &astWest Fork study sections contain
a similar range of channel sizes and gradientsflukial landscapes differ between them.
We describe results for each river section beloke predicted fluvial landscapes for all
three bankfull depths are shown on the accompanwymags. For simplicity in our
graphical depiction of the fluvial landscape, wedisalley topography inferred from one
and two bankfull depths elevations only.

Mainstem

Extending downstream of the confluence of the Emsil West Forks, the
Mainstem study section has a drainage area of &6@@ kni. Predicted bankfull widths
from the regional regression range from 21 to 3dna depths from 1.7 to 2 m along its
20 km length. Predicted channel slopes (elevatiange divided by intervening distance
derived from NetMap’s analysis of the 5-m DEM) ihet Mainstem section range
between 0.001 and 0.004 (Fig. 2). In the Mainsteagneent, the widest zone of
inundation at one bankfull depth (600-1200 m) amel feast difference between the
surface areas of the two fluvial landscapes occees the estuary between RK 0 to RK 4
(A in Figs. 3 and 4). This likely reflects the mikeverine-estuarine environment where
the elevation of channel-adjacent land surfacauigles (XS-1, 2, Fig. 5). Wide fluvial
landscapes (200-800 m) are also predicted througheurest of the Mainstem segment
(B in Figs. 3 and 4), but particularly between RB& dnd 18. Variation in the spatial
extent of the fluvial landscape (one and two balhkfepths) indicates variation in valley
floor elevations, likely reflecting the existencé terraces formed by historical river
meandering. The presence of levees, or roads bbaateengineered elevated surfaces
above the channel (that function as levees) catebected on the 5-m DEM (e.g., XS-3,
XS-4, Fig. 5). Channel constraining dikes can lithi¢ extent of the predicted fluvial
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landscape using the 5-m DEM, particularly at onakbal depth. The dikes become
mostly irrelevant to the predicted extent of thevihl landscape at an elevation
equivalent to two and three bankfull depths.

Due to the very narrow basin width (< 5 km) of thiainstem segment, the
confluence effects are predicted to be negligibig.(3). Moreover, because of the lack
of large tributaries the downstream gradient ofrage sediment yields is predicted to be
flat, at about 100 t/kffyr (the catchment average). There is a high frequeof
tributaries (4-8/km) in the middle portion of theaMstem between approximately RK 8
and 14.

West Fork

The West Fork drains 360 Krand has predicted bankfull widths up to 35 m and
depths up to 2.1 m. Estimated channel slopes range 0.005 in the most downstream
reaches to approximately 0.01 through the broatkyalegments between RK 20 and 40,
and up to 0.03 in the upper watershed (Fig. 2).yMearrow fluvial corridors are
predicted in two, several kilometer segments of \West Fork, one bounded by a high
terrace (RK 16-22) and the other in a canyon at2RK6 (C, D in Figs. 3 and 4; XS-3 in
Fig. 5). The high terrace is mapped as a Holockmweaf landform (IGME, 1989) and the
canyon segment is formed within the mechanicallgng Dolomite rock of the Escudo
de Cabuérniga Mountain Range.

Moving upstream, wide fluvial landscapes (200—12@0are predicted to occur
within the broad valley of the West Fork between RE and 40, although with
considerable differences in surface area betweeraod two bankfull depths (E in Figs.
3 and 4; XS-4 and 5, Fig. 5). The differences betweredicted fluvial corridors indicate
variable valley floor elevations, likely reflectinge presence of terraces. The probability
of confluence effects in the wide river valleystbé West Fork are less than 0.02 given
the small size of the tributaries in relation te tirainage area of the mainstem channels
(tributary area/mainstem area < 0.08) (Fig. 3). i@Nethe geomorphic effects of
tributaries on the West Fork appear to be minirklmwever, at least one high energy
tributary intersects the West Fork directly (nebe twestern valley wall) and it is
associated with local widening of the fluvial landpe (Fig. 6). In addition, tributaries
that flow parallel to the mainstem include theirrofluvial landscapes that merge with
the fluvial landscape of the West Fork (not shown).

Upstream in the West Fork there is a large mea¢idegth = 1.5 km) at RK 42
with an associated large fluvial landscape (400—#)0at both one and two bankfull
depths (Fig. 3; F in Fig. 4). The wide fluvial |swépe there may be driven, in part, by
the close proximity of the large tributary (andiaarease in sediment supply) that enters
from the south at RK 44.

Another large fluvial landscape occurs in assoomtvith the confluence at RK
44 (G in Figs. 3 and 4). A 200 m to 300 m wide f&tandscape is predicted to occur
both upstream and downstream on the confluencefl¢emte probability = 0.25), in
association also with the predicted increase imagesediment yield of 1250 t/Kfyr to
1400 t/knf/yr.

Moving upstream in the West Fork along the narroeast-west trending valley,
hillslopes, high terraces and alluvial fans bourathbsides of the channel, thereby
reducing the width of the fluvial landscape to léssn 200 m (H in Figs. 3 and 4). The
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potential importance of tributaries, via confluesicis more apparent along this segment.
For example, there are numerous tributaries thatpaedicted to have the potential to
create confluence effects along the 10 km-longevalincluding the building of fans and
terraces between RK 50 and 60 (Fig. 3). In additiohutaries along this portion of the
West Fork are predicted to have average annuamsediyields in excess of 1500
t/km?yr (Fig. 3), relatively high sediment vyields erer channels of relatively low
gradient (e.qg., 1-3%, Fig. 2). Unconstrained vabegments occur intermittently where
elevation differences between channels and faaftesr are less than about 4 m and
constrained segments are typically bounded bydaaies of about 4 to 9 m in height
(Fig. 7).

Upstream of RK 60, the West Fork valley narrowstHer and the fluvial
landscape diminishes to less than 50 m wide, affhalie pattern of alternating wide and
constrained reaches continues (I in Figs. 3 and 4).

The frequency of confluences along the West Farlyssegment varies between
2 and 20 per kilometer and the higher frequencies/ nientify areas of greater
geomorphological diversity and higher ecologicatgmtial. There are high confluence
frequencies in the wide valley between RK 8 andid3he canyon segment (RK 22 to
28) and in the upper basin upstream of RK 40, angiarticular between RK 42 and 52
(Fig. 3).

An additional factor that is relevant to how netlWwostructure potentially
influences the fluvial landscape is found in thedibudinal patterns of tributaries as they
intersect mainstem channels. For example, theipo2f the West Fork within its valley
between RK 25 and 40 alternates between the middt one side or the other.
Consequently, tributaries that intersect the Weask Fhave different energy gradients.
Tributaries that intersect the West Fork near tlestern valley wall have higher-energy
gradients and thus can transfer water, sedimeganic materials and nutrients at higher
magnitudes directly to the mainstem (# 1 and #Big 6), all other things being equal
such as tributary basin size and erosion potentialontrast, tributaries that intersect the
West Fork after traveling over the valley floorcliding paralleling the main channel,
have lower energy gradients and thus may route rrabteto the mainstem at lower
magnitudes, e.g., more temporary storage alongdhey floor (Fig. 6). Higher energy
tributaries that route larger magnitudes of sedina@l organic material may have more
pronounced and localized geomorphic effects on st@am channels. For example,
tributary #6 (Fig. 6) that directly intersects téest Fork at the western valley wall is
associated with an enlarged fluvial landscape.

East Fork

The East Fork drains about 200 %mnd predicted channel width and depth
extends up to 22 m and 1.8 m respectively. Estichelb@nnel gradients range from a low
of about 0.01 near the confluence with the Wesk md they remain between 0.01 and
0.02 throughout the 35-km study segment (Fig. 2).

The East Fork of the Pas River contains a diffepattern of fluvial corridors
compared to the West Fork. At the downstream erntleEast Fork (RK 0 to 4), there is
an extension of the very narrow fluvial landscapeatnel bounded by a high terrace,
e.g., XS-3, Fig. 5; J in Figs. 4 and 8). Upstredrthat area, a broad valley (1-1.5 km at
RK 5-12) is predicted to have considerably widewitl landscapes (200-800 m), with
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pronounced differences between the two bankfultidefgevation bands (K in Figs. 4 and
8). Immediately upstream of that area, the Eask Fesides within a narrow canyon (the
channel cross cuts through the same east-westirigeblomite ridge that creates the
gorge in the West Fork) with the resultant dimioatof the fluvial landscape (< 50 m)
(M in Figs. 4 and 8). At the upstream end of thenblong canyon, an abrupt increase in
the width of the fluvial corridor (200—-1200 m) ocsun conjunction with an intersecting
tributary and a valley transition from constrairtedunconstrained (N in Figs. 4 and 8).
Upstream of that area, the East Fork resides wahimoad valley (1 km wide) creating
an environment for a wide fluvial corridor (200 8604m) with no significant tributary
confluence influences (O in Figs. 4 and 8). Howeseraller tributaries coincide within
the wider fluvial landscape in this area (and ranaflel to the main channel) indicating
where interaction between tributaries and main chBEnwithin the fluvial landscape
could occur at RK 23. The upper most East Fork themds east-west within a narrow
valley where hillslope-fan/terrace landforms lirttie width of the fluvial landscape to
between 30 and 60 m (P in Fig. 4).

Geomorphically effective tributary confluences gredicted to be limited in the
larger East Fork (drainage areas > 100)krxceptions occur at RK 10 and RK 20-22
where larger tributaries are spatially associatéti wider fluvial landscapes (K, N in
Figs. 4 and 8). Although more geomorphically effectributaries are predicted to occur
in the upper East Fork catchment (>RK 25), narr@aiey floors limit development of
the fluvial landscape, although alternating ardasoastrained and unconstrained reaches
occur due to hillslope-fan/terrace forcing, simtiathe upper West Fork.

There is also considerable spatial variability e tfrequency of intersecting
tributaries in the East Fork. The spatial frequeatgonfluences varies from about 2 to
over ten per kilometer (Fig. 8). There are sevepdtes in the confluence frequency that
arise due to topographic and network controls at4RK 6, 15 to 18 and upstream of RK
28 (within the narrow east west trending valley).

The East Fork is located within its valley at ate positions with respect to the
intersecting tributaries originating from the vallealls. The position of the East Fork
alternates between the east and west side of tleyyvyand thus the energy gradients of
the tributaries as they intersect the mainstem,\&milar to the West Fork (e.g., Figure
6).

5.2 Current (2010) Extent of the Fluvial Landscape

Surface areas of four segments of the currenttiveachannel and floodplain
surface in the catchment were measured using Gyl imagery (August 25, 2010)
(locations shown in Fig. 1) and compared to theodgpaphically inferred fluvial
landscape (Fig. 9). In all four areas, the curyeatltive fluvial landscape is considerably
narrower than the fluvial landscape inferred frofBND topography (Table 1). Mapped
channel and floodplain areas occupy 44% to 78%ré@e55%) of the fluvial landscape
that is delineated at an elevation of one banldafth above the channel, 11% to 25%
(average 17%) of the fluvial landscape that israglted at two bankfull depths above the
channel, and 6% to 19% (average 10%) of the flulaadscape delineated at three
bankfull depths above the channel (Table 1). Fltaidp tend to occur within two to
three bankfull depths above the channel (Dunne laempold 1978, Rosgen 1996)
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suggesting that only 10% to 17% of the natural illvandscape in the Pas River
catchment remains intact (Table 1).

The causes of the diminution of the present fluaadscape include flood control
dikes and levees that isolate the channel frompatentially larger fluvial landscape (e.qg.,
XS-3 and 4 in Fig. 5). In low-lying areas protecteam flooding, urban developments,
farms and road networks have been built (Fig. Stgd)o Reductions in the present day
fluvial landscape appear to be less in narrow yslldbecause of less intensive
development in the form of urban centers, roadsraued control structures (dikes, levees
and weirs). For example, both the east-west trgndatleys of the West and East Forks
appear to have less of a reduction in the fludaadscape but that inference could not be
verified using satellite imagery alone becauseevfsg forest cover in those areas.

6.0 Discussion

6.1 Creating a Catchment Scale Context for Restorain Planning

In North America and Europe, river restoratiompliag has been evolving from
the scale of individual stream reaches (100 — 18P@ a more expansive scale of entire
catchments (Palmer et al., 2005, Bannister e2@05). Although restoration at the reach
scale can be successful, it can also pose limitsitom understanding and on project
design that can lead to unsuccessful outcomess@tiasnid Nawa, 1992, Wohl et al.,
2005). In Europe, the EU Water Framework Direc{iztl 2000) and EU Habitat
Directive (Jahnig et al., 2010) specifically recoends creating a catchment scale
context for river restoration projects. This pexgpe stems from an interest in returning
rivers to a more natural form with improved biolcgi productivity and diversity in those
areas where it is most beneficial and feasiblen avieh the recognition that it will be
impractical to do so in many areas because ofdhstraints imposed by extensive land
use development, including urban centers, agriceiltand transportation systems.

The key to creating a catchment scale contextiver restoration will be
establishing a ‘guiding ecological image’ (Palmeale 2005) also referred to as a
‘geomorphic template’ (Brierly et al., 2008). Thséschallenging because it will require an
analysis of the entire catchment of interest, higttiing the spatial and temporal
characteristics of the fluvial landscape that govggomorphic and ecosystem
interactions (Kondolf, 2000). However, more oftaart not, morphological patterns
indicative of a well functioning fluvial landscapave been obscured or eliminated by
flow regulation by dams and weirs, constructiofil@dd control levees and dikes,
hardening of banks, filling in of side channels avetlands, and building on floodplains.

Reconstructing the fluvial landscape in catchmertisre past land uses have
obscured it has been successful, particularlyeaswhere historical aerial photographs
support mapping of pre-development floodplainse sidannels, beaver dams and log
jams (Collins et al. 2003). However, reconstructimg natural fluvial landscape in
catchments with a multi-century history of land aae be more difficult, particularly in
areas where historical photos and other evidereaatrreadily available.

In large catchments, such as the Pas River (65D \khere extensive land use has
eliminated or partly obscured the natural fluvaidiscape, efficient approaches will be
needed to create the types of maps and databasessagy to underpin catchment scale
planning in river restoration. In this paper, oppeoach takes advantage of recent
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advances in the science of fluvial landscapes antpater based analysis tools.
However, because of its reliance on remote senBeid,surveys would be required to
verify many of the inferences that are drawn ancréate the necessary context for
smaller scale restoration projects.

A guiding ecological image or geomorphic templateriver restoration at the
catchment scale can be considered at differentd®@faletail. In a natural history
context, one can consider the processes and matiethe fluvial landscape with the aim
of better understanding fluvial landform developm&n a more applied level, a
catchment scale perspective can be used to idexatifglidates for restoration.

6.2 Natural History of the Pas River Fluvial Landsape

The spatial patterns inferred from DEM analysighe Pas river system reflect
unique geological and geomorphological catchmentrots on the fluvial landscape. At
a broad scale, the width of the fluvial landscapmeayally increases downstream as
channels, and the valleys they flow through, becdanger and attain lower channel
gradients (Figs. 2, 3 and 8). There is, howevensitierable spatial variability in the
width and geometry of the fluvial landscape duetdpographic and river network
controls.

The largest (in width) and potentially the most pbew fluvial landscapes in the
Pas River catchment likely coincide with specifeobpgic structures. For example, the
N-S trending valley on the West Fork parallels $irgke of an anticline (IGME, 1989),
which may have contributed to its broad geometry kv gradients. A similar broad
valley in the East Fork at the same latitude suggms analogous geological control. The
broad east-west trending valley in the lower EastkFcoincides with several major
faults, suggesting a structural origin for this @vidnd low gradient valley as well. Both
the West and East Forks follow narrow canyons bwbugh an east-west trending
Dolomite ridge. The fluvial landscape through theaayon reaches is very constrained
and narrow, with the exception of one small areth@tdownstream end of the East Fork
canyon.

The various shapes of the catchment subbasinshendsisociated river network
structure dictate the potential role of confluen@esinfluencing the dimensions and
function of the fluvial landscapes. Overall, wittilme larger fluvial landscape of the Pas
River catchment, tributary effects are predictedheéomodest; each of the sub-basins are
relatively narrow and tributary channels have srdadlinage areas relative to the trunk
streams. However, within the larger channels of Wiest and East Forks, there are
several locations where confluences may be assdciwith wider fluvial landscapes (F,
G in Figs. 3 and 4; K, N in Figs. 4 and 8). Althbugplatively large tributaries may be
needed to create large geomorphic effects in rewgiuvers (tributary area/mainstem
area >0.3, Benda et al. 2004b), even small triputanfluences can serve as important
ecological nodes because they can act as migrabomdors, micro habitats, thermal
refugia, and sources of nutrients (Rice et al. 2@08s et al. 2011).

In contrast to wider valleys, the east-west tregdiiest Fork is asymmetrically
located within its basin with numerous large trémgs intersecting the valley from the
south (Fig. 1). This factor, in addition to preddthigh sediment yields and a narrow
valley floor, promotes hillslope-fan/terrace forgiof the fluvial landscape. The terrace-
fan landforms bound the active channel and thdteeguluvial corridor ranges in width
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between 50 and 200 m on one or both sides of taangi throughout the 10-km-long
segment. Through this reach, unconstrained valkyments occur where elevation
differences between channels and terraces ar¢hi@sgt m and constrained segments are
bounded by landforms 4 to 9 m high (Fig. 7). Thedernating constrained and
unconstrained reaches could be considered a “stfipgearls” (Ward et al., 2002) that
likely contributes to physical heterogeneity thrbubis portion of the river corridor.

Although the broad N-S trending valleys in the Wastd East fork contain
relatively minor tributaries, several of them ruarglel to the mainstem. This can
increase the potential for ecological complexitgcéuse the floodplains of the two
fluvial systems can overlap and there is great@odpnity for hyporheic exchange. In
addition, the spatial frequency of confluences fbutaries of any size) is highly
variable along all of the study segments, rangmgf2 to 20 per kilometer (Figs. 3 and
8). The zones of highest confluence frequency tenble localized and areas of higher
numbers of tributary intersections could be congiddo have high ecological potential
in the context of restoration. The patterns of t@rices and tributaries that occur away
from the mainstream also have important ecologmalications (Eros et al., 2010).

Natural disturbances in the form of floods, fireglavindstorms are key factors
that create and rejuvenate the natural fluvial $@age. In particular, large floods form
and maintain floodplains (when floods are not coligd by in-stream structures) and
erosion processes including landslides, gullies andace erosion contribute to the
punctuated supply of sediment that creates numeaispects of the fluvial landscape,
including tributary confluence effects and variabled complex channel morphologies.
Although the mapping of the dynamic componentshef luvial landscape in the Pas
River catchment is beyond the scope of the pagpeds of catchment dynamics can be
inferred from some of the spatial patterns showthéfigures.

6.3 Identifying Candidate Sites for Restoration

Comparing the current extent of active channels #oddplains with the
topographically delineated fluvial landscape resehbat perhaps only 10% to 15% of the
original fluvial landscape remains active in thes Raver catchment. Nevertheless, even
in controlled riverine environments, it may be ibés to reestablish a functioning
channel-floodplain ecosystem, at least incremenialicertain areas (Logan and Furze,
2002, Gilvear and Casas, 2005). A catchment-scatsppctive of the natural fluvial
landscape as described herein can provide an iamgocontext from which to plan,
design, and carry out restoration projects.

Restoration planning could focus on specific zomethe Pas River catchment,
local areas (0.5 to 5 km long, 0.1 to 1 or more’kthat have the qualifying physical
characteristics to create favorable riverine emrments (through restoration) that
include: 1) lower gradient channels with wide flptains, 2) significant tributary
confluences, 3) high density of confluences, 4)eyairansitions, 5) proximity to sources
of sediment and organic material, and 6) closelgnad, parallel running tributary-
mainstem channels. The candidate sites listed belmv grouped into four fluvial
landform domains and they all have three or morthefqualifying characteristics. The
sites described briefly below are at the networklescdue to the remote sensing
dependence of this study. In practical terms, ragtin planning and project design will

17



In press (7/11), Hydrology and Earth System Scisndéeurnal of the European Geosciences Untion

be carried out at smaller reach scales and regtorattivities could involve reconnecting
channels with a more extensive fluvial ecosystem

(1) Narrow valleys — string of pearlk both the upper West and East Forks, hillslope-
fan/terrace forcing has created a sequence ofnatiag wide and narrow fluvial
landscapes (Fig. 7). In the upper basins, humaroadement on the channel-floodplain
complex appears to be limited due to the lower idiessof roads and dwellings, although
a few urban centers exist. Restoration here caulget the wide corridor segments, the
fluvial landscape “pearls” (G through H in Fig.#% in Fig. 10 and E in Fig. 11). Field
surveys could examine the degree to which bankeption (dikes), roads, and other
structures restrict channel-floodplain interactitm®ugh the wide sections, and identify
those sites where restoration activities could eobahe coupling between aquatic and
riparian systems. Restoring areas in close proyitatone another and in areas near
confluences could be an effective restoration egrato restore ecological connectivity.
(2) Broad valleys — complex floodplainghe widest inferred fluvial corridors in the Pas
catchment lie in broad, low gradient valleys betwdeK 25-40 in the West Fork,
between RK 4-12 and RK 18-25 in the East Fork,mtdbeen RK 2-15 in the Mainstem
(A, B, E, K, N O in Figs 3, 4 and 8). In the absermf human alterations, these areas
likely exhibited extensive lateral connectivity amgochannels, floodplains, and riparian
areas. Major tributary confluences do not existhimitmost of the broad valleys (an
exception being Site N in the East Fork at RK 18). However, the frequency of
intersection of tributaries of all sizes is highlgriable (2—20/km, Figs. 3 and 8), and
zones of high frequencies could be viewed in th&ed of the wider fluvial landscapes
in the broad valleys to locate restoration canéslde.g., #2 in Fig. 10 and A in Fig. 11).
Individual, high energy tributaries may also drieally wider fluvial landscapes at
confluence intersections (Fig. 6). Moreover, tréoyt channels that run parallel to
mainstem channels can contribute to floodplaingjands, and hyporheic flow. In such
broad-valley environments, tributary spacing anérdation may be important, because
tributary intersections function as key dispersairidors for aquatic and riparian plant
and animal species (Eros et al., 2011).

Because of the multiple processes active in bréaagradient fluvial zones,
these fluvial landscapes probably constituted tlstndiverse riverine environments in
the Pas catchment prior to pervasive human devedoprand therefore pose the highest
potential for restoring diversity in the riverineosystem. Areas within these zones with
the least human development (e.g, E and O in Figndl see XS-4 photo, Fig. 5) can
therefore pose exceptional targets for restorattdncombined mainstem-tributary
environments (#2 in Fig. 10; A, C in Fig. 11). Taghout most of these areas, the
diminution of the fluvial landscape has been gdhetmiversal and to a similar extent.
However, field studies would be required to vakd#ie provisional findings presented
here and to provide additional smaller scale, speecific information on restoration
opportunities.

Similar geomorphic settings in other broad valléBs K, Fig. 4 and see XS-2
photos, Fig. 5) have more extensive urban developiiat may be less conducive to
restoration activities.

(3) Confluence Related Areas and Valley Transitidieere are numerous tributary
confluence related zones that could be highlighied restoration because of their
potential for creating ecologically diverse and quctive areas (for a comprehensive
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review of the geomorphic and ecologic effects affkences see Benda et al. 2004a,b
and Rice et al. 2008). Four candidate sites atedlibelow and analysts could identify
others by examining the maps and graphical dathisnpaper. Site F in the West Fork at
RK 42 (Fig. 4) is located in a wide fluvial landpealocated downstream and in close
proximity to a large sediment-producing tributasgé¢ XS-5 photo, Fig. 5; #3 in Fig. 10).
Another area in the East Fork at RK 22 (Fig. 4) mhseveral small tributaries that
originate from the eastern side of the valley merg® a wide fluvial landscape and run
parallel to the mainstem channel (#5 in Fig. 10n®ig. 11). Individual large tributaries
can have a significant local impact on the develepimof fluvial landscapes. One is
located where the West Fork turns from north-sdotleast-west (RK 44, Fig. 3). The
large intersecting tributary is associated witloeal increase in the width of the fluvial
corridor (G in Fig. 4; #4 in Fig. 10). Areas whdriutaries intersect valley transitions
could present very unique geomorphological and éewological settings, and could be
highlighted in a catchment scale context for redton. For example, in the East Fork at
RK 18-20 a large tributary intersects the trucleatn at the upstream transition from an
unconstrained to a constrained valley segment (. B and 8; #6 in Fig. 10; A in Fig.
11). Other areas could be identified that focustlba spatial frequency of tributary
confluence intersections (e.g., Figs. 3 and 8, iquamel).

(4) Lower Riverine-Estuarine Environment3he interaction of fluvial and tidal
processes creates a unique, diverse, and highlyuptive environment that includes
fluvial, near shore, subtidal, and estuarine h&bi{&7 in Fig. 10). In the Pas River
system, this zone occupies the widest, lowestfriiligial corridor (A in Figs. 3 and 4).
The mixed fluvial-estuarine environment may repnésene of the most valuable
ecosystems to restore, but also the most challgngimen the presence of urban centers
and transportation systems (XS-1 photo, Fig. 5).

Whether the candidate fluvial landscapes describleove present restoration
opportunities will require a planning process tloatises on desired ecological outcomes
as well as field evaluation of relevant geomorpdunc ecological criteria (Mika et al.,
2010). In addition, analysis of restoration oppoities must consider socio-economic
constraints, a topic beyond the scope of this papiea minimum, restoration activities
would be constrained by land use and ownershig) asairban versus agricultural areas.
A catchment scale context for restoration planniegld enhance existing restoration
programs in the Pas River catchment (Pas Waterohityhh Restoration efforts aimed at
reconnecting channels with their larger fluvial danape should also contain a
monitoring component (Pasquale et al. 2011).

There are undoubtedly other types and locatiomesibration opportunities based
on the landscape interpretation presented in thep limited only by imagination,
training, experience and field work.

7.0 Conclusions

In this paper we present a new and innovative Ggar for creating a catchment
scale perspective for river restoration planninge \8bmbined new computer tools
(NetMap, www.netmaptools.orgBenda et al. 2007, 2009) with high resolutionitdig
elevation data to evaluate the network scale stracof fluvial landscapes in the Pas
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River catchment in northern Spain. Our analysisused on five hydro-geomorphic
landform domains including 1) hillslope and vallégpography, 2) river network
structure involving tributary confluences and mialeffux, 3) channel elevation profiles,
4) hillslope-fan/terrace landforms and 5) mixeduasnhe-fluvial environments. Valley
floor surfaces were mapped according to elevatlmova the channel and proximity to
key hydro-geomorphic landforms. The predicted ratdluvial landscape (containing
channels, floodplains, off channel water bodies]amels and terraces) is spatially patchy
and organized by catchment topography, river ndtwstnucture, basin scale and fan and
terrace landforms.

The present day fluvial landscape is constrained nloynerous engineered
structures (dikes, dams, levees, roads). Comp#mmgxisting fluvial landscape with the
predicted fluvial landscape indicates that aboutl® 15% of the natural fluvial
landscape remains in the Pas River catchment.

Our analysis was used to identify provisional cdath sites for restoration that
would contain some combination of wide floodplaisgnificant tributary confluences,
high density of confluences, valley transitionspxamity to sources of sediment and
organic material, and closely aligned, parallelning tributary-mainstem channels. Our
illustrative set of candidate restoration sites gn@iped into four landform domains: 1)
narrow valley-string of pearls, 2) broad valleysagmdex floodplains, 3) confluence
related areas and valley transitions, and 4) loweerine-estuarine environments.
Because of the remote sensed aspect of this dlustrstudy, field validation is required
to check computer based predictions of the natfluaial landscape as well as the
potential for future restoration activities.
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Table Captions.

Table 1. Surface area frof the present day fluvial landscape in the PasRat four
locations (Fig. 2) is compared to the predictedifillandscape based on one, two and
three bankfull depths. Values in () indicate teegent remaining based on the present
day Google Map images.

Figure Captions:

Figure 1. The study area is the Pas River basid k&%) located the northern part of
Spain in the Cantabria region. The surface areétsedfluvial landscapes in the valleys
outlined in #1 - #4 were measured using 2010 Gokglth imagery.

Figure 2. The channel longitudinal profiles and @éssociated slope gradients (rise/run) in
the ‘Mainstem’, ‘West Fork’ and ‘East Fork’ chanse&lere calculated using a 5-m digital
elevation model.

Figure 3. The predicted fluvial landscape in thest\Feork of the Pas River at an
elevation above the channel equivalent to one wodoankfull depths is highly variable
(1, IN). The predicted tributary confluence effeetsd average sediment yields (using a
catchment wide average of 1000 tfyn) are shown in Ill. The spatial frequency of
tributary intersections along the Mainstem and Wesk study segments shows a
clumped pattern (1V). Site locations A — | are meghiin Fig. 4.

Figure 4. The stream network (channels with gradiss than 10%) and the predicted
fluvial landscape are shown for the Pas River gatnit in association with elevations
above the channel equivalent to one, two and thae&full depths. Sites A — |
correspond to locations indicated in Fig. 3 andssit through P are shown in Fig. 8. The
inset box is an enlargement of the fluvial landscep*A” and “B” and the intervening
area.

Figure 5. Across-valley elevation profiles show kbeation of the predicted fluvial
landscape with associated satellite images (Gdeatth). The narrow, present day extent
of the fluvial landscape (e.g., channel and floadplis denoted by “ C “. Elevated
surfaces that are considered to be levees areatkehgt “ D “. The fluvial landscapes
depicted in the cross sections correspond to etesassociated with two bankfull
depths.
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Figure 6. Elevation (energy) gradients are showrafselect number of tributaries
entering the West Fork in the wide valley (locattom Fig. 4). Tributaries 1 and 6
directly enter the mainstem and have high-energgignts. Tributaries 2, 3, and 5 flow
across the low gradient valley floor and have loemergy gradients where they intersect
the West Fork. Tributaries 4, 7, and 8 are inteliated Tributary #6 is associated with a
locally wider fluvial landscape, as depicted in timage.

Figure 7. The narrow east-west trending valleyhm tpper West Fork (G — H, Fig. 4)
contains terrace and fan deposits that createnatiag wide and narrow fluvial
landscapes (A). In the lower panel (D), the changdevation corresponds to the
elevation difference between the channel and bagndindforms, as illustrated in B and
C; NF and WF indicates “narrow fluvial landscapd awider fluvial landscape,
respectively”. “*” on the upper panel denotes kimas of the cross sections 1 through
14, from right to left.

Figure 8. The predicted fluvial landscape in thetBrk of the Pas River at an elevation
above the channel equivalent to one and two bandégiths is highly variable (1, 11). The
predicted tributary confluence effects and avessgkment yields (using a catchment
wide average of 1000 t/Kyr) are shown in Ill. The spatial frequency obtriary
intersections along the East Fork reveals a clunpagigrn (1V). Site locations J — P are
mapped in Fig. 4.

Figure 9. The present day extent of the fluvialesape along four segments of the Pas
River (Figure 2) was mapped using satellite imag&gogle Earth 2010). The predicted
fluvial landscape using one, two and three bankfefiths above the channel are shown
for comparison. The present day fluvial landscapapiproximately 10% to 17% of the
predicted fluvial landscape using two and threekhdhdepths (Table 1).

Figure 10. The analysis of fluvial landscapes mM®as River network provides a
catchment scale context for restoration plannimogirEypes of fluvial landscapes are
identified: (A) narrow valleys-string of pearls {#{B) broad valleys-complex

floodplains (#2), (C) confluence related areas aibky transitions (#3, 4, 5 and 6), and
(D) lower riverine-estuarine environments (#7). lbtsites that fall into these categories
are shown. The shaded reconstructed riverine lapgsdenotes areas located within one
and two bankfull depths.

Figure 11. A sample of close up images is showth@fpredicted fluvial landscape at
potential restoration areas: (A) an enlarged fluradscape located at the transition from
an unconfined to a confined valley in combinatidathva large tributary confluence (N in
Figs. 4 and 8); (B) individual fluvial landscapést have high potential for lateral
connectivity are located at the site of a largemdeaand at a significant tributary
confluence (F, G, Figs. 3 and 4); (C) an area withe East Fork basin where a channel
interacting with hillslope creates a large meanshecombination with a high density of
parallel running tributaries, could denote a pagdiytproductive and complex fluvial
landscape (#5 in Fig. 10); (D) areas within theewdlley of the West Fork, one of
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which may be influenced by a confluence (E, Figan8 4); and (E) the upper West Fork
segment where hillslope/fan forcing has createstdtting wide and narrow fluvial
landscapes (H in Fig. 4).
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Table 1.
Active channel | Inundated area | Inundated area | Inundated area
surface (nf) at one bankfull | at two bankfull at three
(2010) (m? (m? bankfull (m?)

Northern | 1,781,034 3,727,575 6,897,882 9,399,339
west fork (47%) (25%) (19%)
(#1)
Upper 424,341 541,8171 2,154,313 5,148,263
East Fork (78%) (19%) (8%)
(#4)
Lower 200,288 449,829 1,846,184 3,278,370
East Fork (44%) (11%) (6%)
(#3)
West Fork | 707,464 1,297,463 5,285,891 7,546,984
(#2) (54%) (13%) (9%)
Average (55%) (17%) (10%)
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig.6
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Fig. 7
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Fig. 8
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Fig. 9
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Fig. 10
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Fig. 11
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