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Abstract. The changes of landscape (1927-2003), dischargd Introduction

regime and anthropic activities with the river-floodplain of

one reach at the Middle Ebro River (NE Spain) were inves-Linking landscape patterns and ecological processes is a
tigated with the objective to identify the factors that best ex-common goal of landscape ecology (Forman and Godron,
plain the natural ecotope succession and propose a realistit986). Landscape ecology holds the potential for develop-
restoration option with consideration of the landscape dy-ing a truly holistic perspective of river corridors by integrat-
namics during the last century and the socio-economic coning structure, dynamics and function (Ward et al., 2002).
text. Our results indicate that hydrological and landscape patThe diversity of landscape units and their spatial distribu-
terns have been dramatically changed during the last centurfjons in pristine riverine landscapes are the result of geo-
as a consequence of human alteration of the fluvial dynammorphological and biological processes and interactions op-
ics within the studied reach. The magnitude and variabilityerating across a wide range of spatio-temporal scales. As
of river discharge events have decreased at the end of th@ consequence, it was through the interpretation of sequen-
last century, and flood protection structures have disruptedial landscape patterns that the primary drivers of the riverine
the river floodplain connectivity. As a result, the succesionallandscape dynamics have been inferred in different studies
pathways of riparian ecotopes have been heavily modifiedMiller et al., 1995; Hohensinner et al., 2004; Geerling et
because natural rejuvenation no longer takes place, resultingl-, 2006; Whited et al., 2007). A full range of phenom-
in decreased landscape diversity. It is apparent from thes€na, ranging from catastrophic events to predictable mean
data that floodplain restoration must be incorporated as a sigflow, generate the fluvial dynamics and fluctuating hydro-
nificant factor into river management plans if a more natu-logical connectivity that characterizes intact river-floodplain
ral functioning wants to be retrieved. The ecotope structureSystems (Jungwirth et al., 2002). Riparian succession tends
and dynamics of the 1927-1957 period should be adopted drive aguatic environments toward terrestrial landscapes,
as the guiding image, whereas current hydrologic and landbut erosion and deposition during low-frequency floods trun-
scape (dykes, raised surfaces) patterns should be considereifite those successional pathways. As a result, in a diverse
Under the current socio-economic context, the more realistidandscape which contains landscape units at every stage of
option seems to create a dynamic river corridor reallocatingsuccession, irregular and anticipated, events drive hydrogeo-
dykes and lowering floodplain heights. The extent of this morphological functions and, in general, allow the system to
river corridor should adapt to the restored flow regime, al-remain stable (Amoros and Wade, 1996).

though periodic economic investments could be an option if Anthropogenic alterations of floodplains often disrupt the
the desired self-sustained dynamism is not reached. intensity, frequency and timing of the natural disturbance
regime that is key to the ecological integrity of riverine envi-
ronments (Ward and Stanford, 1995). The need and/or desire
for new space to develop, occupy and/or farm has greatly
disturbed floodplains of small and large rivers alike. As

Correspondence toA. Cabezas a consequence, floodplains are among the most threatened
BY (acabezas@ipe.csic.es) ecosystems in the world despite their biological importance
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(Tockner and Stanford, 2002). At the Ebro River, in north- 2.2 Hydrological analysis
east Spain, the promotion of dam construction for irrigation
purposes during the last century (Pinilla, 2006), resulted inDue to its main role in river-floodplain systems (Junk et al.,
the accelerated occupation of river margins and massive cort989; Tockner et al., 2000), the pulsing of the river dis-
struction of flood protection structures. In the middle stretchcharge, i.e. flood pulse, was used to characterize the hydro-
of the Ebro, only about 4% of the floodplain is covered by logical patterns. It served as a basis to interpret landscape
natural vegetation (Ollero, 1992). Regato (1988) reportedchanges, although further analyses are required to interpret
that natural vegetation had been strongly modified within thethe direct effect of the components of the flow regime (mag-
Ebro River study reach by alteration of the fluvial dynam- nitude, frequency, duration, timing, rate of change) over eco-
ics; this was later confirmed by Castro et al. (2001). Flood-tope dynamics (see Poff et al., 1997). Daily average dis-
plain habitats, therefore, must be a critical component ofcharge, from 1927 to 2003 at Zaragoza city gauging station
river management for the Water Framework Directive to be(A011), was provided by the Ebro River Basin Administra-
successfully applied on the Ebro River. tion (www.chebro.ep This gauging station is located 12 km
To achieve the restoration of threatened river systems, aipstream of the study area and there are no major water
complete understanding of geomorphological and ecologicatliversions between the station and the study area; the dis-
processes is required (Kondolf, 1998). Such an understandsharge values, therefore, should be representative of condi-
ing will serve as a basis to predict the potential effects oftions within the study area. River discharge is inferred from
performing site-specific restoration either alone or in combi-water level measures using trough a rating curve. Water
nation with flow allocation on a basin-wide scale. In this pa- level is measured using shaft encoder meter (OTT®), be-
per, the landscape dynamics of one study reach in the Middléng 8 m the maximum measureable height. Every month,
Ebro River are investigated, as well as changes in the naturalirect discharge measures are performed using a river sur-
flow regime and anthropic activities, in order to achieve theveyor (RIVERCAT®) to calculate a rating curvea<300),
next tasks: (a) examine changes in hydrological and landwhich is modified if level and discharge do not fit conve-
scape patterns (b) identify the factors that best explain theniently. The rating curve is built by fitting linear regressions
natural ecotope succession and (c) propose a realistic restorbetween nearby points. Maximum discharge value used in
tion option with consideration of the landscape dynamicsthe rating curve is 2000#s, and the confidence level is
during the last century and the socio-economic context. about 5% (CHE, personal communication). A times series
of flood events was generated from the original daily aver-
age discharge. A flood event was defined as a series of one

2 Methods or more consecutive days with average daily discharge equal
or higher than 600 /is. For each flood event the duration
2.1 Study area and peak discharge were recorded. A magnitude-frequency

analysis of flood events was conducted using the partial du-
The study reach was located in the Middle Ebro River,ration series approach, with the purpose of determining the
NE Spain (Fig. 1). This is the largest river in Spain recurrence time of characteristic flood events. The partial
(watershed area=85 362 knriver length=910km, average duration series approach was preferred over the annual max-
annual discharge to the Mediterranean Sea=1444%Hm imum series, which is the most widespread technique, due its
1927-2003) and is still geomorphologically active. Within superior mathematical properties and robustness (Beguer
this section, the average floodplain width is about 5km.2005). The series of flood events were fitted to a Generalised
The main channel has a wandering morphology (sin-Pareto distribution, which is the limit distribution for a series
uosity=1.39, mean channel slope=0.050%, mean chanef events over a fixed threshold (Cunnane, 1973). In order
nel width=110.3%36.3m), with elongated meanders and to interpret ecotope dynamics through the hydrological pat-
scarcity of in-channel islands. Within the study reach, theterns, data were separated and analyzed for three different pe-
daily average discharge is 227.48/m(1927—-2003) and the riods (1927-1957; 1957—-1981; 1981—-2003), which coincide
elevation ranges between 175 ma.s.l. in the river channel tovith the time-spans between aerial pictures and represent
185ma.s.l. at the base of the scarp. The estimated areehanges in hydrology during the study period (Fig. 2). Fur-
that would be inundated by the 10-y flood event (3080sn  ther research is necessary to evaluate the importance of the
1927-2003) is 2230 ha, although only about 14% of thatlast-flood effect on landscape dynamic at each year, although
area would be inundated during a 100&/snflood event we assume for this paper that landscape patterns are the result
(0.37 years return period, 1927-2003), and only 4% wouldof the hydrological patterns along an extended period rather
be flooded by a river discharge of 50845 Upstream of the  than individual floods. Bankfull discharge, an important pa-
city of Zaragoza, the catchment area is 40434 kand the  rameter controlling channel and floodplain morphology, was
dam-equivalent capacity is 1637.19 BimThe flow regime  defined as the flood event with an estimated recurrence time
has changed along the last century at the study reach, as ref 1.58y (see Dury, 1981). Similarly, recurrence times for
flected by the annual average discharge (Fig. 2). other river discharge values were also estimated for further
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Fig. 1. Ecotope maps for a representative part of the study reach, including each of the six years considered in the study. River flow is from
the upper left to lower right. There has been essentially no main channel migration between 1981 and 2003. No significant changes were
detected between 1998 and 2003.

inter-period comparisons. Finally, the mean annual discharg@nalysis using GIS techniques. The 1946, 1957 and 1981

at the Zaragoza gauging station was also calculated. photographs were black-and-white at different resolution
scales (1:40000, 1:33000 and 1:18 000, respectively). They
2.3 Landscape analysis were rectified and georeferenced using LPS® 9.1 (ERDAS

Imagine 9.1®). The 1927 images were supplied by the Ebro

Ecotope maps (F|g 1) were generated from a set Of aeriaRiVer BaSin Administration .aS I’ectified ael’ia| phptogl’aphs
photographs (1927, 1946, 1957, 1981, 1998 and 2003, ali1:10000) and georeferencing was performed with ArcGis
taken at low water levels) to perform a landscape transition?-2®. Both maps and aerial pictures had been previously
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Table 1. Ecotope types used to define landscape units.

Ecotope Successional Stage  Description

Main Channel  — Area occupied by main channel

Gravel Initial Covered by gravel, adjacent to the main channel

Fines Initial Covered by fine substrate, adjacent to the main channel
Open water Initial Flooded areas with no emergent vegetation

Young Island Initial Located in-shore, covered by gravels

Intermediate Intermediate Closed canopy’6%), young individuals

Buried trees Intermediate Coarse substrate, clustered young trees

Macrophytes Intermediate Covered by emergent vegetation

Herbaceous Intermediate Absence of trees, not adjacent to the main channel
Inter. Island Intermediate Located in shore, not covered by gravels or mature trees
Scattered Trees  Mature Fine substrate, clustered mature trees.

Mature Mature Closed tree canopy{5%), mature individuals

Mature Island Mature Located in shore, covered by mature trees

Anthropic - Agricultural fields or poplar groves
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To explore the relationship between landscape structure
and river-floodplain interactions, ecotope maps were pro-
gressively truncated by increasing the distance to the main

Fig. 2. Yearly average discharge for the study period (1927—2003)Ch"’“"nel (considering the thalweg of each year) by 100 m,
at the Zaragoza City gauging station. Dash lines indicate the peri4P to 1000m, and every 500 m from 1000 to 2500 m. This
ods when hydrological data was separated for the analysis of floo@500 m buffer comprises the 10y floodplain, which has been
events. considered the reference area for the landscape metrics. De-
lineation of this reference area was defined by the Ebro River
Basin Administration using remote sensing data and ground-

scanned at 600 dpi, yielding raster images with a pixel resoluiruthing during the February 2003 flood, which peaked at
tion from 1 to 2m. Positional accuracy%20) in the studied 2988 /s at the Zaragoza gauging station (Losada et al.,
nally, 1998 and 2003 aerial pictures were supplied by the(McGarigal and Marks, 1995) was used to calculate the area

Aragon Regional Government as georeferenced images witAnd percentage of land occupied by each ecotope category,
a 1.0 and 0.5 m pixel resolution, respectively. as well as ecotope diversity using the Shannon Index. The

. . . Shannon Index ) is commonly used to measure biolog-
Three years of field campaigns served as a basis for the . L . o .
. 2 .. Ical diversity in categorical data. This index considers the
identification of ecotope types (Table 1). Landscape units

o SN . . number of species the evenness of each specie, calculated as
were delimited on the aerial pictures. This method is only _ - i . )
applicable if pictures have been taken at comparable watelows H==3 p}In p; (p;: ecotope proportion of typd).

t has been widely applied in landscape studies (McGarigal

levels. Landscape patches were digitized using ArcGis 9.2 and Marks, 1995). Cumulative diversity spectra, consider-

with a fixed scale of 1:3000. At recent aerial pictures (1927—in buffers proaressively further from the main channel. were
2003), the ecotope type was assigned to the different units 9 brog y '

directly on ecotope maps during field campaigns. Since aIIplotted. The shape of the spectra is expected to indicate spa-

the study area was surveyed, any ground-truthing statisticatllal distribution of ecotope diversity, and so the effect of a

test was performed. For the older aerial pictures (1927, 1946,19"¢ active ﬂgwal dynamic or anthrop|c ogcupaﬂon of the
i o . . _“outer floodplain. On the other hand, diversity at the 2500 m

1957, 1981), landscape units were classified following a sim- L . :
. . ; . buffer indicates the total landscape diversity.
ple interpretation-key made from the observed relationships

between field ecotopes and map units in the former photos. To examine ecotope change, transition matrices and
The key was created using texture, colour, tree density, vermaps were produced for each time span using IDRISI

Yearly average discharge (m3/s)

<

1930 1940 1950 1960 1970 1980 1990 2000
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Fig. 3. Ecotope succession scheme. See explanations in the text (Methods section).

G000

Kilimanjaro® (CrossTab). A general ecotope succession
model (Fig. 3) was then created from the interpretation of
transition matrices and previous research on vegetation dy- .
namics (Braun Blanquet and de Bs| 1987; Regato, 1988). E
In this scheme (Fig. 3) arrows between natural ecotopes g
(all ecotopes less “anthropic”) indicate the linear trend to-
wards more mature ecotopes of riparian succession. Ev-w
ery ecotope transition was classified either as Natural transi-%
tions or as Human-affected transition. Natural transitions are £ 2% 1 l
those between natural ecotopes (e.g. “main channel” towards=
“gravel”), which were classified as succession (SUC), reju- ~
venation (REJ) or stability (STA) according to the succes-
sion model: transitions between ecotopes at the same stag
(initial, intermediate or mature in Fig. 3) were considered
as STA; those transitions between ecotopes at different stagc
were considered as SUC or REJ depending on the direction _ _ ]
(Fig. 3), also reflecting the possibility of direct transitions F_|g.4._Magn|tude-frequ_ency plots illustrating reduced frequency of
by any ecotope at mature and initial stages. Finally, human-r"g‘]k"d'sch"’1rge events in more recent years.
affected transitions were those from a natural ecotopes to-
wards the “anthropic” ecotope type. Using the cartographic

) . 3 Results
ecotope data from the previous year, we determined how eco-
tope types developed from the initial patchwork. For this
analysis, the importance (%) of SUC, REJ and STA (Natural

f[ran.smons) during the analysed snap-shots was represe.ntqgur analysis revealed a clear decrease in the mean annual dis-
in triangular ternary plots as recently gonstructed by GeerllngCharge at the Zaragoza gauging station. Although discharge
et al. (2006). Human-affected transitions were consequentl howed a slight increase in the first two periods (1927-57
discarded for this analysis. For an easier interpretation of, 1957-1981), rising from 7930 to 8720 Bl then felt

t_he resu!ts, th_e transitions were later grouped.into the th_re?o 5834 Hnily dur’ing the last twenty years. The frequency of
tlmelgg;lof§5|;l accor_d .ance1W|th dtge T)ydlrg??'i%l 8a1naIyS|s_.ﬂ00dS also decreased for the last period considered (Fig. 4).
,E.a) 3 a 1(:9&?”235[(')%”? a’?t_ : 51) 45 - : tranSI'Similar-mrclgnitude discharges were estimated to occur with
ion 3 and (c) a » transitions & and 5. similar frequencies from 1927 to 1981, after which their
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3.1 Hydrological analysis
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Table 2. Number, frequency and duration of flood events at

the Zaragoza gauging station. Data were analyzed separately fol
the three temporal periods. Flood events were considered if ex-
ceeds 600 rifs and categorized according to the estimated bankfull

discharge (1927-1957=198Gfs; 1957-1981=1957s; 1981— =
2003=14101#/s). Q,=Flood magnitude. g
5
Period Q (m3/s) Events Duration (d) g
total peryear total perevent 9
L
1927-1957 608Q,<1980 206 7.1 811 3.94
Qp>1980 21 0.72 335 15.95
1957-1981 608Q,<1957 146 5.84 669 4.58
Qp>1957 20 0.8 310 155
1981-2003 608Q,<1410 90 4.09 303 3.37
Qp>1410 16 0.73 161  10.06

Distance to the river channel (m)

periodicity declined. For example, a 3008/mevent, which Fig. 5. Ecotope diversity as a function of dista_nce to the river chan-
served to delimit the floodplain area, had a recurrence timé"€!- Note that 1998 and 2003 plots are superimposed.

of 8y and 10y in the periods 1927-1957 and 1957-1981,

respectively. From 1981 and 2003, however, the frequency

of an event of that magnitude decreased, with a recurrencéata show maximum ecotope diversity at just 100 m from the
time of 60 years. Similarly, the bankfull discharge dropped main channel, followed by a rapid and steep drop.

slightly from 1980 to 1917 rfis between the first and the sec-  Elongated meanders were present in the 1927 maps, but
ond time periods, but diminished substantially to 14F0sm  these oxbow channels were cut-off before 1946 (Fig. 1). Lat-
in the 1981 to 2003 period. The number of flood eventseral accretion caused the main channel to migrate between
in which the peak exceeded the bankfull discharge has de1946 and 1981, and established its current location. The
creased since 1981 (Table 2) although no real drop was visarea of the main channel decreased over the study period
ible in the per year occurrence. Also the duration of these(8.24% in 1927 to 5.33% in 2003, Table 3), whereas human-
flood events were higher before 1981. With regards to theoccupation of the river space has markedly increased in im-
floods that peaked below bankfull discharge, the number anghortance, especially between 1946 and 1981. This change
frequency have progressively dropped during the study peappears true not only for the outer margins of the floodplain,
riod, going from 206 sub-peak events in the 1927-1957 pewhere incremental impacts would be expected and domi-
riod (7.10 events per year), to only 90 such events in thenated by intermediate and mature ecotopes (Fig. 1), but also
1981-2003 period (4.09 events per year). However, durafor the natural riparian corridor, adjacent to the main chan-
tion of sub-peak events have oscillated, reaching a maximunmel, which has narrowed considerably (Fig. 1). On the con-
(4.58d per event) in the 1957-1981 period, and a minimumtrary, the percentage occupied by natural ecotopes has de-
(3.37d per event) in the most recent period, showing no cleatreased from 49.5% to 26.4% during the study period (Ta-

trends. ble 3). Mature ecotopes maintain their importance despite
such decreased, although it was lower between 1946 and
3.2 Landscape analysis 1981. On the other hand, the portion covered by initial and

intermediate ecotopes drastically drop during the examined

Ecotope maps show how drastically the landscape structurgeriod.

has changed from 1927 to 2003 (Fig. 1). Ecotope diversity Natural patches at different successional stages (Table 1)
has decreased over that same period. The Shannon Diversigvolved in a distinctive manner during the examined tran-
index (H) of the entire floodplain area, which corresponds sitions (Fig. 6). Between 1927 and 1957, either rejuvena-
to the 2500 m buffer, dropped from 1.78 in 1927 and 1946tion (REJ) or stability (STA) were in balance with succes-
to 1.08 in 1998 and 2003 (Fig. 5). In 1981, this index was sion (SUC) for initial ecotopes, which was even impeded for
slightly lower than in 1998. In addition, there has been athe “gravel” and “fines” patches in the 1927-1946 transition.
spatial change in ecotope diversity within the floodplain rel- For the intermediate stages, distinct successional pathways
ative to proximity of the main river channel. Prior to 1981, (Fig. 3) resulted in a different dynamics. “Intermediate” and
ecotope diversity peaked at a distance of 200-300 m fronfburied trees”, normally located adjacent to the main chan-
the river bank and then decreased with increasing distanceel, showed high REJ percentages. However, succession was
from the river; the 1946 spectra shows a secondary, thoughalanced with stability during the same period for “macro-
slight, peak at 900 m. However, the 1981, 1998 and 2003hytes”. No clear trends were detected for “herbaceous”
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and “intermedilate i_sland”. . Finally, about ”the“ 30% OT, the Table 3. Area (%) covered by each ecotope in each year. Percent-
patches occupied either by “scattered trees” or “mature” Were,ges are calculated for the total floodplain area (2230 Ha). Sub-

renewed progressively between 1927 and 1957, while STAotals by succesional stage (see Table 1) are also displayed.
dominated for the remainder patches. From 1957 to 1981,

trends were similar to those in previous period for “open wa- 1927 1946 1957 1981 1998 2003
ter” and “gravel”, but SUC became dominant for “fines” and

. . . . . Main Channel 8.2 9.1 6.8 6.6 5.3 5.3
young island”. For intermediate stages, SUC also emerged . _ | 80 101 68 26 13 12
as the dominant process, although REJ was also important. gipes 26 31 0.4 0.4 06 06
Referring to mature ecotopes, rejuvenation at areas adja- Open Water 0.5 1.6 0.8 1.0 0.7 0.7
cent to the main channel (around 50%) and anthropization Young Island 0.6 17 0.2 05 0.2 0.2
in the outer floodplain (Table 3) restricted the establishment |jtiq 200 255 150 11.1 8.0 8.0
of “scattereq trees” and “mature”. Finally, all ecotope types ntermediate - £1 16 24 12 13
showed a sllght_ trend Fowards STA between. 1981. and _1998, Buried Trees 6.2 30 27 12 03 04
with the exception of “island” ecotopes. During this period, pacrophyteso 7.0 41 46 1.8 22 23
REJ became nearly nonexistent (Fig. 6). Moreover, all eco- Herbaceous 0.1 0.1 0.7 0.2 0.5 0.5
topes showed increasing signs of stability after 1998, despite Inter. Island 0.4 0.0 0.0 01 0.0 0.0
the potential erosive effect of a 10y flood (1927-2003 data) |ntermediate 191 123 126 57 43 4.4

in February 2003.
Scattered Trees 4.4 10.8 4.3 2.9 7.9 7.9

Mature 6.1 3.7 2.4 4.0 6.0 5.9
Mature Island 0.0 0.0 0.0 0.1 0.2 0.2
4 Discussion Mature 105 145 67 69 141 140
4.1 Changes in hydrological and landscape patterns Natural 495 523 343 237 264 264
Anthropic 505 47.7 657 763 736 736
Total 1000 100.0 100.0 100.0 100.0 100.0

Over the last century, the natural flow regime in the Mid-
dle Ebro River has been modified by progressive river flow
regulation and anthropization of the catchment area. During

the last part of the century, discharge magnitude and varinumber of floods is dampened using the existing flood con-
ability have markedly decreased (Figs. 2 and 4). Accord-trol infrastructure in order to store water for summer, when
ing to our analysis, the mean annual discharge within therrigation demand is high. Given the winter storage goals,
study reach has declined approximately 30% since 1981, cothe capacity of flood-control systems to mitigate large floods
inciding with the decrease of bankfull discharge. Variousin early spring, when the snowmelt occurs, is minimal. This
researchers have suggested that this phenomenon has bdes been previously described for dams located in the Pyre-
caused by the progressive increase of evapotranspiration dugees, which are often at or near capacity at the onset of spring
to higher temperatures, reforestation of abandoned agriculfloods (Lopez-Moreno et al., 2002).

tural fields in mountainous areas, increase in reservoir wa- Landscape structure seemed to adapt to changes in the
ter storage (volume and surface area) and the expansion dow regime, although such adjustment was altered by hu-
irrigated farmlands (lbi@ez et al., 1996; Ollero, 2007). In man disruptions of river-floodplain interactions. Both hu-
basin areas upstream of the study reach, a sharp increase iiman occupation of the river space and dyke construction have
the total equivalent capacity of reservoirs occurred betweeraccelerated the evolution towards a less diverse landscape
1950 and 1980, in parallel with the expansion of irrigated (Fig. 5). Natural ecotopes were replaced in the outer flood-
land. However, the emphasis on agricultural production sinceplain mainly by agricultural fields (Fig. 1), whereas natural
the 1980’s was driven to a large degree by the cultivation ofareas close to the main channel became dominated by ma-
water-hungry crops such as rice, fruits or vegetables (Frutosure stages of riparian landforms (Table 3). The highest eco-
et al., 2004). In addition to this increased demand, precipitatope diversity (ED) was observed prior to the 1960s, when
tion peaked during the 1970s in nearly all of the Ebro Basina peak of ED at 200—300 m from the main channel was also
(Abaurrea et al., 2002), which may have helped to damperobserved (Fig. 5). It seems that flood events maintained a di-
the effect of human impacts on the system. Flood eventsyerse array of landforms in areas adjacent to the main chan-
flow and flood pulses (see Tockner et al., 2000) have showmel. Beyond this area, the progressive dominance of “an-
distinct patterns of change in their frequency and durationthropic”, intermediate and mature ecotopes forced a decline
(Table 2). Our analysis detected that events above the bankn diversity at that time. Prior to 1957, large natural patches
full discharge decreased in duration but not in number sincen the outer floodplain (Fig. 1) caused diversity to be simi-
1981, while those below bankfull discharge decreased onlyar in 1927 and, 20 years later, in 1946. However, agricul-
in number. The management of the largest reservoirs for irtural expansion in the floodplain substantially lowered diver-
rigation purposes might explain those trends. In winter, thesity only 10 years later in 1956. Conversion from natural
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Fig. 6. Ternary plots for ecotope succession, rejuvenation or stability, considering the fraction of the ecotope not converted to “Anthropic”.
“Intermediate Island” did not exist in 1957 while “Mature Island” appeared in 1981.
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to anthropic ecotopes proceed almost entirely from 1946 tacretion rates. Steiger et al. (2001) described this trend for a
1981, resulting in a two fold increase of the area coveredriparian area over a 30-y period in the Garonne river.

by human managed ecotopes (Table 3). After abandonment, During the last period (1981-2003), the synergic effect of
some of those human-manages patches have been coveradmodified flow regime and flood protection impeded eco-
by natural vegetation, what explains the slight increase oftope rejuvenation, with the exception of in-channel ecotopes
ecotope diversity since 1981 (Fig. 5). Since magnitude of(Fig. 6). Between 1981 and 1998, the effect of non-erosive
river flow and fluctuations in river discharge between 1957floods caused succession to proceed for the initial and in-
and 1981 did not greatly differ from the previous period of termediate ecotopes, resulting in the dominance of mature
1927 to 1957 (Fig. 4), it was the extensive implementationecotopes at the end of the period (Table 3). The last exam-
of flood protection structures along the river banks that wasined transition period (1998—-2003) revealed strong system
the most likely factor disrupting river-floodplain interactions, stability (Fig. 6), despite the potential effects of a 30G0sm
accelerating succession towards mature stages (Fig. 1). Ak60y; 1981-2003) in February 2003. According to Amoros
though defences have been constructed along the Ebro Riveind Wade (1996), tremendous quantities of external energy
for centuries (Ollero, 2007), within the study reach almost all are required to revert succession because in mature ecotopes
modern and effective flood protection structures were builtsuccession is driven by autogenic processes. Indeed, only
between 1960 and 1980 (Ollero, 1992), and they are reinbank erosion at localized points was detected between 1998
forced after every large flood. and 2003.

4.2 Natural ecotope succession 4.3 Restoration options for the study reach

Human alteration of river-floodplain interactions, which oc- Prior to suggest feasible restoration guidelines, it is nec-
curred sequentially, prevailed over the natural drivers ofessary to consider the current socio-economic context both
floodplain dynamics since 1957. This promoted a differentat basin and reach scale. At basin scale, alternative strate-
ecotope dynamics, as well as distinct initial conditions, for gies would need a more integrated use of natural resources,
each time period considered in this study: (a) Channel Mi-consisting primarily of soil and water (Cam 1999). Be-
gration (1927-1957): unmodified flow regime and absenceyond that, however, the current land uses within the Ebro
of flood protection, high conversion to anthropic landcov- Basin territory must also be integrated into a management
ers took place at least since 1946, (b) Vertical Accretionplan, as performed for other threatened floodplains (Hale and
(1957-1981): unmodified flow regime but establishment of Adams, 2007). At present, 80% of the Ebro water demand
flood protection (Ollero, 1992), high rates of conversion tois diverted for agriculture and farming (Frutos, 2004), ac-
anthropic landcovers and (c) Homogenization (1981-2003)counting for about 40% of the mean annual discharge. This
modified flood regime and dyke construction, conversion totrend is not likely to be changed because of further irrigation
anthropic ecotopes with a great reduction in natural ecotopesievelopment is plannedvivw.chebro.es At reach scale,
During the first phase (1927-1957), the river-floodplain public reclamation of agricultural lands for restoration pur-
interactions during flow pulses not only stabilized part of the poses seems possible. The average age of landholders has
area occupied by initial and intermediate ecotopes, but alsincreased through time, and a high percentage of the crops
compromised the ongoing succession through main chanare only profitable due to agricultural subsidies. With regards
nel migration. Flood scouring forced larger patches of ma-to flood protection structures, decisions concerning on dyke
ture ecotopes to be located at the outer floodplain (Fig. 1)reallocation rely entirely on the Ebro Basin administration.
whereas flood events were sufficiently robust to rejuvenate Under this scenario, the more realistic option is to create
mature patches located adjacent to the main channel (Fig. 6j river corridor (100-300 m) in the study reach. Within this
Between 1946 and 1957, the elevated river-floodplain con-corridor, floodplain elements should tend to persist over time
nectivity allowed for rapid readjustments to disturbancesalthough their spatial distribution shifts, as pointed to occur
within the watershed, which explains the differences be-in natural systems by Stanford et al. (2005). At the study
tween initial and intermediate ecotope areas between 194feach this was observed until 1957, as shown by the propor-
and 1957 (Table 3). tion of natural ecotopes at different successional stages (Ta-
During the second phase (1957-1981), river-floodplain in-ble 4). Peaks at the diversity spectra until 1957 (Fig. 5), be-
teractions were strong enough to allow channel migrationfore dykes started to be set, indicate that erosion during low-
before the main channel adjusted to its “straitjacket” (sensurequency floods truncate successional pathways occurred at
Lamers et al., 2006), and therefore, rejuvenation occurredreas closed to the main channel. Consequently, the au-
at every successional stage (Fig. 6). The intense conversiotihors consider that the proportion of natural ecotopes either
to human-managed ecotopes restricted natural patches to the 1957 or 1981 (Table 4) is a valid reference situation to be
river corridor (Fig. 1), while lateral accretion was progres- achieved within such dynamic corridor. Similarly, diversity
sively constrained by dyke construction. As a consequencespectra should peak within this corridor as observed prior to
succession was probably accelerated by higher vertical act957 (Fig. 5) while successional pathways after restoration
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Table 4. Area (%) covered by each natural ecotope for the array of5 Conclusions

natural landforms. Percentages are calculated for the area occupied . . .
by natural ecotopes (all less “anthropic”). Sub-totals by succesional |OW régulation, human occupation and construction of flood
stage (see Table 1) are also displayed. protection structures have modified landscape structure and

dynamics in the study reach. At present, the fluvial landscape
1927 1946 1957 1981 1998 2003 IS less diverse and dominated by mature stages and anthopic
ecotopes, river-floodplain interactions are counteracted by
dykes, and hydrological patterns are different, in terms of

Main Channel 16.3 17.4 19.9 28.0 19.8 20.2
Gravel 16.1 19.2 20.0 11.0 4.9 4.5

Fines 53 60 12 16 23 23 pulses of the river discharge, to those observed prior to river
Open Water 1.0 3.1 2.4 4.3 2.6 2.8 regulation (1927-1957). It seems, therefore, that a more
Young Island 1.7 3.2 05 1.9 0.7 0.7 natural functioning of the river-floodplain system should be
Initial 403 488 439 468 303 303 achieved through ecological restoration. To accomplish this
- goal, ecotope diversity and dynamics observed between 1927
g&figzeﬁ:i E:g 2:; 13_';1 15(,)_5 f_‘f f_'38 and 1957 is a valid reference situation. When implementing
Macrophytes0 142 79 134 77 85 g5 restoration, managers should consider the current hydrolog-
Herbaceous 0.1 0.2 2.1 0.8 2.0 1.9 ical and landscape constraints (dykes, vegetation encroach-
Inter. Island 0.8 0.0 0.0 0.2 0.1 0.1 ment, and raised surfaces) and the socio-economic context
Intermediate 385 235 367 241 163 167 atbasin and reach scale. The more realistic option is cre-
ating a dynamic river corridor whose extent should adapt to
,\SA(;?EfErEd Trees 12%8 72.01'6 612'5 161.27'2 2598'9 2595'8 the restored flow regime. An initial economic inversion is
Mature Island 00 00 00 02 07 o7 hecessarytoreallocate dykes and lowering floodplain height;
however, it might be required periodically if self-sustained
Mature 21.2 27.7 194 29.1 53.4 53.0 L . o . . .
Total 100.0 1000 1000 1000 1000 1000 restorationisnot achieved within this dynamic river corridor.
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