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HIGHLIGHTS

Fluvial landscape dynamic along the Magra River is mainly driven by local factors.

Landscape diversity is higher where human impact has been the greatest.

Landscape diversity is a complex attribute difficult to use as an indicator.

Landscape diversity should be considered with other ecological attributes (e.g. conservation status).
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Along the Magra River (Central-Northern Italy), human control at the local-scale appears to be the main
driving factor of morphological changes observed since WWIL. Our results, based on aerial photographs
analysis and field survey, indicate that the reduction in channel width observed between the 1950s and
the 1980s is probably due to local factors rather than to basin-scale factors. With regard to riparian land-
scape pattern, evolution from a braided pattern to a wandering/meandering pattern increases landscape
diversity but some differences exist between reaches because of the different morphological trajectory
and human impact. Moreover, this landscape diversity seems poorly linked to landform age, as we had
expected. Evolution from a bar-braided pattern to a single-thread system generates some paradoxes
from a conservation perspective: disappearance of a braided pattern but riparian woodland expansion
and landscape diversity increase. This research suggests that landscape diversity is a complex attribute
that should be considered with other attributes such as the specificity of habitats.
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1. Introduction

Fluvial landscapes follow complex temporal trajectories
because these landscapes result from the combination of physi-
cal drivers, biological interactions and human influences (Bravard,
Amoros, & Pautou, 1986; Malanson, 1993; Naiman, Décamps, &
McCLain, 2005; Stanford et al., 1996; Ward, Tockner, Arscott, &
Claret, 2002; Whited et al., 2007). These processes operate most
strongly on riverine morphological pattern at the reach scale.
They create a three-dimensional template with a variety of abiotic
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conditions linked to topographical, hydrological and sedimento-
logical gradients (Bendix & Hupp, 2000; Poole, Stanford, Frissell,
& Running, 2002; Ward, 1997). Riparian vegetation structure and
composition are conditioned by this template (Dufour, Barsoum,
Muller, & Piégay, 2007; Hupp & Osterkamp, 1985; Nakamura,
Shin, & Inahara, 2007; Van Coller, Rogers, & Heritage, 1997) and
can be radically reshaped by natural disturbance events such as
large-magnitude floods, ice scour, and fire (Bendix & Cowell, 2010;
Bertoldi, Zanoni, & Tubino, 2010; Friedman & Lee, 2002; Piégay &
Bravard, 1997; Stromberg, Tluczek, Hazelton, & Ajami, 2010).
Because floods are the most common driver of rapid and
profound change to fluvial landscapes, channel mobility is usu-
ally considered an important driver of overall corridor structure
and biological diversity (Kalliola & Puhakka, 1988; Salo et al.,
1986; Tabacchi, Planty-Tabacchi, Salinas, & Décamps, 1996; Ward
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et al., 2002). Following the Intermediate Disturbance Hypothe-
sis, biological diversity should increase from stable (i.e. straight)
to moderately dynamic systems (i.e. free meandering and island
braided) and then it should decrease from moderately to highly
dynamic (i.e. bar braided) (Beechie, Liermann, Pollock, Baker, &
Davies, 2006; Piégay, Grant, Nakamura, & Trustrum, 2006; Tabacchi
et al.,, 1996; Ward, 1997). Because flood frequencies and magni-
tudes are higher in dynamic reaches, the latter are characterised
by young morphological features such as open alluvial bars (vs.
heavily-vegetated floodplains) and pioneer softwood stands (vs.
older, later-successional units) (Beechie et al., 2006; Miller et al.,
1995; Nakamura et al., 2007). Thus the range of landform ages in a
meandering system is greater than in a constantly-disturbed bar-
braided system, and this greater distribution of surface ages leads
to greater landscape heterogeneity.

Lastly, human activity such as flow regulation, floodplain land
conversion or gravel mining modifies fluvial dynamics both directly
and indirectly (Aguiar & Ferreira, 2005; Brierley, Cohen, Fryirs, &
Brooks, 1999; Décamps, Fortuné, Gazelle, & Pautou, 1988; Greco &
Plant, 2003; Gregory, 2006; Walter & Merritts, 2008). For example,
channel narrowing can be a consequence of a reduction in bed-
load supply following dam construction or hillslopes afforestation
(Azami, Suzuki, & Toki, 2004; Gonzalez, Gonzalez-Sanchis, Cabezas,
Comin, & Muller, 2010; Grams & Schmidt, 2002; Johnson, 1994;
Maekawa & Nakagoshi, 1997; Miller et al., 1995; Rollet, Piégay,
Bornette, Dufour, & Persat, 2013; Takahashi & Nakamura, 2011).
Locally, human pressures such as embankment, gravel mining, or
livestock and forestry practices also affect the fluvial landscape pat-
tern (Magilligan & McDowell, 1997; Sidle & Sharma, 1996; Surian
& Rinaldi, 2003; Wyzga, 1993).

Because many drivers interact in space and time, in most cases,
it is difficult to establish a clear link between each of them individ-
ually (i.e. local human pressure, legacy impacts, long-term climatic
or channel changes) and the observed current landscape pattern
or its evolution. The Magra River (Central-Northern Italy) provides
a good opportunity to analyse such complex changes in landscape
structure. It is a formerly braided river which has been affected by
significant and spatially discrete channel modifications over the
last few centuries. Following the previous understanding of the
geomorphic trajectory (Rinaldi, Simoncini, & Piégay, 2009), the aim
of this contribution is to evaluate and discuss changes in fluvial
landscape structure which are related to the modifications in chan-
nel geometry (narrowing, degradation) and human impacts. We
analyse changes of two representative reaches of the river over 70
years as a basis for a comparative approach (Brierley & Fryirs, 2009;
Piégay & Schumm, 2003; Takahashi & Nakamura, 2011; Rollet et al.,
2013; Villarreal, Drake, Marsh, & McCoy, 2012). The two reaches are
similar in terms of hydrological regime but they contrast in terms
of geomorphic and human pressure: the upstream reach is steeper
and less affected by human activity than the downstream one. The
objective is also to discuss the implications in terms of manage-
ment of such dynamic landscape under human control. Our initial
hypotheses concerning fluvial landscape structure and dynamics
are the following:

(1) Channel changes differ amongst reaches because the intensity
of gravel mining is different in each;

(2) This difference in geomorphic trajectory between the two
reaches explains different landscape patterns (Francis,
Corenblit, & Edwards, 2009): (i) in both reaches channel
narrowing associated with the evolution from a bar-braided
to wandering or meandering form should lead to a more
heterogeneous landscape that is linked to the diversity of
landform ages (Beechie et al., 2006); (ii) however a less diverse
mosaic is expected in the reach where channel degradation
and narrowing are the highest due to the lower rate of channel

shifting and drier conditions in the floodplain generated by
river bed degradation (Bravard et al., 1997).

2. Material and methods
2.1. Magra River and studied reaches

The Magra River is situated in Northern Tuscany and Liguria
(Central-North Western Italy). The catchment has an area of about
1700 km? (Fig. 1A), with a physiographic pattern characterised by
aligned ridges with a NW-SE trend, made up of Mesozoic and Ter-
tiary units with folded structures, separated by two main basins
with a similar trend: in the west, the valley of the Vara River, the
main tributary of the Magra (catchment area of 572km?), and in
the east the middle-upper Magra valley. The area falls within a tem-
perate climatic zone with a dry summer season, and a mean annual
rainfall of 1707 mm, with a maximum of approximately 3000 mm
in the upper part of the catchment.

The Magra River in its downstream part is about 43 km long,
alternating unconfined with semi-confined reaches as a conse-
quence of the relevant physiographic and tectonic control of the
catchment. Along the alluvial reach, channel gradient ranges from
about 0.014 (upstream) to 0.0004 mm-~! (near the sea) (Fig. 1B).
Most of the shifting channel sections of the Magra are characterised
by the occurrence of a gravel bed, with median sediment grain size
(D50) ranging from about 17 to 90 mm, excluding the final reach
close to the mouth where sand becomes predominant (Rinaldi,
Teruggi, Simoncini, & Nardi, 2008). The Calamazza gauging station
is located along the middle-lower portion of the river (catchment
area of 932 km?), upstream from the Vara confluence (Fig. 1A). At
this location, daily average discharge is 40.8 m3 s~! (recorded over
a 45-year period), while the mean of maximum annual daily dis-
charges is 683 m3s~! (maximum annual peak discharges are not
available), and the largest recorded flood discharge is 3480 m3 s~!
(instantaneous peak discharge on 15 October 1960).

For this study purposes, we focused our analysis on the time
scale of seven decades along two selected unconfined reaches
(Fig. 1): (a) upstream reach, consisting of the middle-upper Magra
where the river flows in a relatively large alluvial valley (Piana
di Filattiera); (b) downstream reach, close to the Vara confluence.
These two reaches were compared in order to identify the respec-
tive importance of catchment-scale versus reach-scale controls.
The two reaches have contrasting characteristics in terms of loca-
tion within the network, natural morphology and human pressures,
as summarised in Table 1.

2.2. Current landscape structure

The effects of channel shifting on current landscape structure
were measured at the patch-scale from the most recent and highest
quality photographs and from a field vegetation survey (Table 2). In
comparison to older series, the scale of these photographs allowed
us to refine the distinction between units and confirm unit type by
field reconnaissance.

In the field, we determined and surveyed homogeneous veg-
etation units along six cross sections (three per reach) in May
2006 (Fig. 1A). Criteria of homogeneity are the physiognomy of
the vegetation (e.g. grassland, forest) and the floristic composi-
tion. The cross sections are regularly spaced within the reaches
(approximately every 3 km). Along each cross section, we identi-
fied homogeneous vegetation units based on floristic composition,
physiognomic parameters and censed species (presence/absence)
within each unit. Vegetation data were analysed by a Correspon-
dence Analysis performed on 91 species of 11 types of vegetation
units (Table 3).
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Fig. 1. Magra River catchment and study reaches.

Table 1
Characteristics of the two study reaches (see Rinaldi et al., 2009).

Upstream reach Downstream reach

Geomorphic characteristics

Length (m) 9500 10,000
Elevation (m a.s.l.) 190-120 25-5
Mean slope (1989) (mm~') 0.009 0.0024
Distance to source (km) 6.5-16 33-43
Overall bed degradation (m) 2-4 5-8
Mean lateral erosion rate” (1995-2003) (my~1) 4.9 1.8
Human activity

Catchment afforestation and steep tributary End of 19th-early 20th century Same

regulation by check dams
Groynes None
Dam construction 3 small dams (drainage area 19% of the drainage area of the
upstream reach, and 4% of the total catchment area) (2°d
half of the 20th century)
Moderate/1960s-1980s

1920s-1930s
1 large dam (drainage area 43% of the
Vara* catchment area) (1930s)

In-channel sediment mining Intensive/1960s-1980s

" Measuring bank retreat in several section of the reach; fixed artificial banks were excluded.
*Vara River is the main tributary of the Magra River.

Table 2
Characteristics of a series of aerial photographs used for studying the decadal evolution of the fluvial corridor (active channel, riparian features), and describing the current
riparian landscape structure (photographs from a given year used for particular issues are marked by x).

Date Type Scale Source* Decadal evolution Present structure
Active Channel Riparian features Riparian features

1937 B&W 1:18000 IGM X X

1954 B&W 1:33000 IGM-GAI X X

1971 B&W 1:66 000 IGM X X

1981 B&W 1:66 000 IGM X X

1995 C 1:40000 AIMA X

1999 C (ortho) 1:40000 Italia 2000 X X

2003 B&W (ortho) 1:33000 Regione Toscana X

2006 C 1:7000 CGR Parma X X

" B&W: black and white; C: colour.
*IGM: Istituto Geografico Militare, AIMA: Agenzia Interventi Mercato Agricolo, CGR: Compagnia Generale Riprese aeree.
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Table 3
List of units mapped for the current landscape analysis at 2 levels of precision.
Level 1 Description Level 2 Description
HUM1 Human and non ANT Road, houses, villages
vegetated units ANT_BG Bare ground (secondary paths. . .)
HUM2 Human origin and CULT Agriculture (crops. . .)
vegetated VANT.T Dominated by trees (along roads, around houses, etc.)
VANT_S Dominated by shrubs (along roads, between croplands, etc.)
VANT_H Dominated by herbaceous (football pitch, playground, etc.)
FAL Fallow land resulting FAL.S Dominated by shrubs
from deforestation or FAL_H Dominated by herbaceous plants
cropland abandonment
GRA Grassland WP Wet grassland
MP Mesic meadow (possible few isolated trees or shrubs)
DP Dry meadow (possible few isolated trees or shrubs)
SHR Shrub development in DP and MP
AQU Aquatic area PLA Artificial lentic water (former gravel mining)
MC Main channel, secondary channel connected upstream and downstream at low flow
SC.F Lateral channel connected upstream or downstream, active, with gravel erosion and deposition,
SC.W can be temporarily dry
Former channel non connected, or just downstream usually located within the floodplain (e.g.
surrounding by post-pioneer units)
GB Gravel bars, sparsely GB.1° Vegetation cover < 5%, cobbles and pebbles
vegetated GB2 Vegetation cover > 5%, presence of small sandy patches
DSCF’ Secondary channel, dry and vegetated by pioneer species
PIO Pioneer dominated by PIO.D Dense pioneer patch
shrubs (manly Salix sp. PIO.C’ Pioneer patch less dense with some GB_2 mixed
and Populus nigra)
WO0O0 Woodland FF.D’ FF degraded (e.g. lower density)
FF.W FF (probably) wet
FF.WD FF (probably) wet and degraded (e.g. lower density)
FF_SA' FF dominated by Salix alba
FF_.SAD FF dominated by Salix alba, degraded (e.g. lower density)
FF.DD’ FF dry and degraded (e.g. lower density)

" Units have been described by a vegetation survey along the cross sections; other units have been identified in field and on photographs but not along the cross sections.

We then used object-oriented remote sensing (eCognition®)
to detect patches on high resolution photos (1:7000) at corridor
scale. The accuracy in patch planimetric position (2 m) has been
estimated using field reference points (DPGS surveying). Units
described along cross sections were used to identify the nature
of all patches (Table 3). We maintained two levels of precision in
unit description. At Level 1, there are eight different classes: three
directly related to human activity (without vegetation, with veg-
etation and fallow land), grassland (natural and anthropogenic),
aquatic units (including main channel, secondary channel and
former channels), two types of pioneer units (dominated by herba-
ceous species or Salicacea species) and woodland units. At Level 2,
each unit was divided into several sub-types based on field obser-
vation and floristic data.

The characterisation of the structure is based upon several
metrics that describe units by their area (MPS =mean patch size,
density = number of patches by hectare, and NP =total number of
patches), form (MSI=mean shape index, MPAR=mean perime-
ter/area ratio, MFRACT = mean fractal dimension), edges (ED = edge
density, MPE = mean patch edge), and diversity (Shannon’s diver-
sity, Shannon’s evenness and dominance). Landscape indices were
computed by V-LATE plug-in, which is an extension for the ArcGIS
environment (Lang & Tiede, 2003).

2.3. Assessment of channel and corridor planimetric changes

In order to assess channel and landscape evolution along the
Magra River, a diachronic approach was performed on a set of eight
aerial photographs referenced under ArcGIS software (Freeman,
Stanley, & Turner, 2003; Greco & Plant, 2003) (Table 2). Accord-
ing to previous similar analyses using the same methodologies
(e.g. Hughes, MacDowel, & Marcus, 2006; Surian et al., 2009a;
Winterbottom, 2000), a maximum error of approximately 5-6 m
was estimated for our measurements on aerial photographs.

First, for all of the photos, we digitalised the active channel
including the wetted channel and the unvegetated bars. Second, in
order to study fluvial landscape changes, we defined the corridor
analysed along each reach. To do this, we used the corridor result-
ing from the overlay of all active channels since 1937 to map the
area which has been occupied by the active channel at least once
over the studied period, and that represents a floodplain corridor
younger than 1937. Due to differences in aerial photograph reso-
lution and quality, we distinguished only six different units within
this corridor: the active channel (wetted channel and unvegetated
bars), pioneer vegetation (sparse vegetation on gravel bar), units
dominated by shrub species, woodland, meadow, agriculture, and
human activity (roads, gravel mining, houses). Digitisation of these
units was limited to five series of photographs according to their
date and quality (Table 2). Lastly, we divided each reach into 250 m
subreaches in order to obtain some replicates at a finer scale and
assess the variability of changes along the continuum.

From the overlay of all active channel shapes, we determined the
age of formation for all surfaces within the corridor (Greco, Fremier,
Larsen, & Plant, 2007).

2.4. Assessment of channel vertical evolution

Data to assess vertical evolution of the Magra River is very
sparse. From Rinaldi et al. (2009) we used longitudinal profiles
surveyed since 1914. In particular, a time series of channel-bed
longitudinal profiles (from 1914 to 2000) was available only for the
downstream reach, while for the upstream one, field surveys (con-
ducted in the period from 2003 to 2006) allowed for classification
of the overall vertical changes (Rinaldi et al., 2008, 2009).

To compare long-term evolution of the two reaches, we also
evaluated bed degradation along the three cross sections per
reach, by comparing current and past elevation of the active bed.
For this purpose, along each cross section, we surveyed superficial



S. Dufour et al. / Landscape and Urban Planning 134 (2015) 107-118 111

topography and, in riverine units, overbank sediment thickness
over the former active channel. Bed degradation is given by the
relative elevation difference between the current bed and the
former gravel layer, whose age is given by the GIS analysis (see
below) (Piégay, Joly, Foussadier, Mourier, & Pautou, 1997).

3. Results
3.1. Active channel dynamics in space and time

As a result of the various human impacts and pressures within
the system, the two study reaches differ in terms of amounts and
rates of channel adjustment (Table 1). Since WWII, bed degrada-
tion has always been higher along the downstream reach (Fig. 2A).
This degradation is associated with a much greater rate of sediment
mining along this reach, estimated at about 1600,000 m3 year~!
between 1958 and 1973, that is one or two orders of magnitude
higher than annual bedload transport (Cavazza & Pregliasco, 1981;
Rinaldi et al., 2009).

Considerable channel narrowing occurred between 1954 and
2006 (Fig. 2B). Within the 1937-2006 shifting corridor, the propor-
tion of main channel and unvegetated bars dropped from 60-75%
to 20-30%. The magnitude of narrowing is higher downstream,
and channel adjustments stopped later than upstream (1990s vs.
1980s). Lastly, there is no upstream to downstream progression of
channel narrowing, at least between 1954 and 1981, during which
both reaches underwent narrowing with the same temporal pat-
tern.

A noticeable increase in the width (5 to 10%) occurred in both
reaches in the period between 1937 and 1954, during which the
large floods of 1940 and 1951 occurred (respective discharge:
1440m?3s~! and greater than the 1.5 year return period discharge
(i.e. Q15) for 2 days and 1000 m3 s~!, greater than Q; 5 for 7 days)
(Fig. 3). Thus between 1937 and 1954 the area of eroded land was
higher than stabilized land (Fig. 2C). Neither of the hydrological
indicators (maximum annual daily discharge nor the number of
days exceeding the Q;5) seem to be clearly related to the very
considerable narrowing observed after 1954 (Fig. 3) with more sta-
bilised than eroded areas (Fig. 2C). Since 1981, the active channel
width has been decreasing in the downstream reach, whereas it
has remained quite constant in the upstream reach, where eroded
and stabilised areas are closer in value. In both reaches, a small,
but significant, widening occurred (in 1999 upstream; and in 2003
downstream), followed by a new slight decrease until 2006. How-
ever, the magnitude is relatively low compared to the last few
decades’ narrowing rate: less than 10% widening versus 55% and
30% (respectively) narrowing downstream and upstream.

3.2. Land cover and landscape structure changes

Over the past seven decades, the proportion of the corridor occu-
pied by agriculture and grazing areas has remained quite steady,
except for the lower values observed in 1954, with higher values
downstream (20 vs. 10%) (Fig. 4). Other human activity mainly
increased from 0 to 10% between 1954 and 1971 in the down-
stream reach. New woodland areas proliferated in the landscape
in both reaches, appearing primarily on 1971 photographs and
becoming increasingly prevalent (almost 30%) by 1999. Thus, we
clearly observed a progressive shift in landscape composition of
the corridor, from open units to closed, wooded units.

Moreover, the nature of land cover that “replaced” active chan-
nel indicates a difference between the two reaches. Most of the
new vegetation in the upstream reach is unmanaged vegetation
(e.g.woodland). Downstream, unmanaged vegetation was the main
land cover that replaced active channel during the earliest period

(1937-1954) and the most recent period (1981-1999) but artificial
land-covers (e.g. cropland, planted trees and garden) dominated
between 1954 and 1981.

Between 1954 and 1971, changes in the proportion of landscape
units increased the landscape diversity index because of a decrease
in the dominance of the active channel (Fig. 5). In the upstream
reach, the maximum was observed in 1981, whereas in the down-
stream reach, diversity was still increasing between 1981 and 1999.

The median value of the diversity index calculated without the
anthropogenic units shows lower values (because of fewer units
overall), but the increasing trend over the seven decade period is
the same. In the downstream reach, the increase observed between
1954 and 1971 is higher when all units are considered together,
and so partially interpreted as a “human-induced” increase. On
the other hand, the increase observed between 1981 and 1999
is greater when natural units are considered alone and is thus
mainly due to changes in the relative proportions of those units.
In the upstream reach, we observed the same range between the
median values (calculated for all or natural units alone) at each
date, therefore the trend of increasing landscape diversity is most
likely related to differences in the proportion of natural units in the
reaches over time.

3.3. Current corridor structure

The corridor landscape in the upstream reach exhibits a different
overall configuration from that observed in the downstream reach.
In the upstream reach patches are smaller (MPS = 2429 vs. 3240 m?2)
and are present in higher density (4.12 vs. 3.09 patch ha~1) than in
the downstream reach for an equivalent form (Table 4). Moreover
the overall edge density is greater in the upstream reach than in
the downstream reach (+25%).

Landscape metrics calculated upon the current corridor struc-
ture confirm that landscape diversity is higher downstream than
upstream. This result is consistent at both levels of precision within
the unit description (Table 4). At level 1, the exclusion of human
units (i.e. the natural corridor) decreases diversity downstream
more than upstream, but the values remain different between the
tworeaches. The reason for such a difference is that no units are par-
ticularly dominant downstream, whereas two units are dominant
upstream: gravel bars (33.0 vs. 13.6% downstream) and woodland
(35.4 vs. 22.5%) (Table 5).

While gravel bars and woodland prevail in the corridor
upstream (>33% each), grasslands and anthropogenic units are fre-
quent in the downstream corridor, but not significantly dominant
(ca.20% each). The downstream reach exhibits higher proportion of
fallow lands and grasslands, two anthropogenic units, which results
from the presence of both bigger and more numerous patches
(Table 5). Patches of gravel bars, pioneer units and woodlands do
not show any difference in mean size and shape between the two
reaches, but their density is higher upstream. This difference is
also highlighted by the correspondence analysis (Fig. 6). The first
axis (F1) highlighted young units (gravel bars, pioneer vegetation)
characterised by pioneer and ruderal species (Salix sp., Melilotus
alba, Phalaris arundinacea) opposed to more mature/stable units.
The second axis (F2) opposed grasslands from riparian humid for-
est, with dry and degraded forest at an intermediate position. Both
reaches are clearly distinguished along the first axis: the upstream
reach is dominated by pioneer units and the downstream one
by post-pioneer floodplain forests and associated species (Cratae-
gus monogyna, Ligustrum vulgare, Hedera helix). The downstream
reach is also characterised by degraded forest (e.g. lower den-
sity due to wood cutting) and some non-native (e.g. Bamboo sp.,
Robinia pseudo-acacia) and invasive species (Arundo donax) usu-
ally favoured by human disturbance. Along the second axis, three
groups can be observed: (i) dry and mesic grasslands, (ii) dry
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Fig. 2. Evolution of the channel. (A) Bed degradation over the last century, evaluated by long profile comparison (circles) or cross section analysis (squares), arrows indicate
the extension of the period of measurement; (B) Planimetric evolution since 1937, proportion of active channel within the shifting corridor slitted by 250 m subreaches,
mean and 95% confidence interval, n =40 downstream (white circles) and 38 upstream (black circles); (C) eroded and stabilised areas by period (i.e. respectively total area
of the floodplain eroded by the active channel between the 2 dates and total area of active channel at the first date that becomes another type of unit).

floodplain forests, and (iii) wet floodplain forests. Some species
indicated some differences in ecological condition between these
three groups (e.g. Bromus erectus for dry open units, Rosa canina
and Robinia pseudo-acacia for dry forests, Alnus glutinosa and Salix
alba for wet forests). However, there is no clear opposition between
reaches concerning dry and wet forests, as was expected.

3.4. Corridor surface age distribution

The mean age of the corridor surfaces is similar in both reaches
(43 and 41 years), but the distribution is different (Table 4). The

upstream reach presents a higher proportion of surfaces that are
younger than 25 years (28.9 vs. 10.7%) and surfaces that are older
than 69 years (12.2 vs. 4.1%). This can be linked to the relative lower
narrowing intensity over the last seven decades.

The vegetation patch diversity seems moderately correlated to
landforms age diversity (Fig. 7), and the strength of the relationship
is slightly higher downstream than upstream. This result indicates
that various land covers can result from a given age of landform
stabilisation, due to other drivers that generate within-form vari-
ability (e.g. conditions of water availability, sediment grain size);
these drivers play a greater role upstream than downstream.
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Table 4
Current landscape pattern characteristics.
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Index Upstream reach Downstream reach
Area analysis Mean patch size (MPS) (m?) 2429 3240
Density (number of patchha1) 4.1 3.1
Total patches (NP) 1069 1677
Form analysis Mean shape index (MSI) 3.8 3.7
Mean perimeter/area ratio (MPAR) 0.7 0.5
Mean fractal dimension (MFRACT) 1.9 1.8
Edge analysis Edge density (ED) (mha-!) 2424 2037
Mean patch edge (MPE) (m) 589.0 660.0
Diversity analysis Level 1 Shannon’s diversity 1.5 2.0
Shannon’s evenness 0.7 0.9
Dominance 0.5 0.1
Diversity analysis level 2 Shannon'’s diversity 2.4 3.0
Shannon'’s evenness 0.8 0.9
Dominance 0.7 0.4
Diversity analysis without anthropogenic units Shannon'’s diversity 14 1.7
Shannon'’s evenness 0.8 0.9
Dominance 0.4 0.1
Age surfaces distribution 0 to 25 years 28.9% 10.7%
25 to 69 years 58.9% 85.2%
More than 69 years 12.2% 4.1%
Mean (years) 41 43
Table 5
Current landscape characteristics, for unit acronym see Table 3 MPAR: mean perimeter/area ratio; MPS: mean patch size; ED: edge density.
Unit Number of patch Area (ha) Proportion (%) MPAR MPS (m?) ED (mha1)
Up Down Up Down Up Down Up Down Up Down Up Down
HUM1 79 201 3.0 44.2 1.1 8.1 1.2 0.8 377 2212 0.3 0.4
HUM2 77 270 5.8 70.2 2.2 12.9 1.0 0.6 749 2599 0.3 0.5
FAL 5 134 0.9 40.7 0.3 7.5 0.8 0.4 1712 3036 0.0 0.2
GRA 148 337 20.2 107.0 7.8 19.7 0.7 0.5 1368 3176 0.6 0.6
AQU 61 86 23.1 59.3 8.9 109 0.7 0.6 3794 6899 0.2 0.2
GB 232 192 85.7 73.9 33.0 13.6 0.5 0.5 3693 3849 0.9 0.3
PIO 281 216 29.1 254 11.2 4.7 0.7 0.5 1035 1178 1.1 0.4
WOO 186 242 91.9 122.5 354 225 0.6 0.3 4941 5062 0.7 0.4
4. Discussions
4.1. Channel narrowing and vegetation expansion: Causes and
current dynamics
Shannon diversity index
18 The strong impact of human activity upon European gravel-bed
164 | [ [] 1037 rivers has been indicated in numerous studies over the last few
' | i [ ] 1954 decades (Bravard et al., 1997; Brooks, 1988; Petts, Moller, &
14 [ rem Roux, 1989). Among rivers in Central-Northern Italy, channel
1.2 | o [ [N 1est degradation and narrowing can be interpreted as result of a
1.0 - . 1999 complex superimposition of basin-scale and local factors (Surian,
08 | L D90 Ziliani, Cibien, Cisotto, & Baruffi, 2008; Surian et al., 2009a; Surian,
5@ | D75 s for Ziliani, Comiti, Lenzi, & Mao, 2009b). Our results for the Magra
.0 o [ . . . . . . .
° D50 a1t units River indicate that an important reduction in channel width, and
04 | i gfg metamorphosis from a bar-braided to a wandering/meandering
0.2 1 R r D50 values pattern, observed between the 1950s and the 1980s, are probably
0.0 | ° for natural units caused by local factors. Reach-wide or regional changes are not

Downstream reach
n =40 subreaches

Upstream reach
n = 38 subreaches

Fig. 5. Change in landscape diversity within the two studied reaches of the Magra
River between 1937 and 1999. Shannon index is calculated for each of the 250 m
sub-reaches for 5 years integrating the humanised patches. Variability between sub-
reaches is given by the interval between D90 and D10 or D75 and D25 values (i.e.
90th, 10th, 75th and 25th percentiles of the diversity indices for all of the sub-reaches
in each reach). A D50 value calculated for natural units only is also provided to see if
the trend is the same with and without the humanised patches and thus we can find
out if the evolution is generated by changes in all the units or just by one category.

expressed in the patterns observed. For example, there is not a clear
upstream to downstream progression of the narrowing process
(Fig. 2), and hydrologic data do not clearly explain the narrowing
between 1954 and 1981 (Fig. 3). If long-term changes in watershed
land use and the flood regime can explain the general trend in
channel evolution over the last two centuries, local factors appear
to be dominant in explaining the acceleration recorded in channel
narrowing since the 1950s. This result is consistent in terms of
magnitude and timing with other observations made in France
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(Liébault & Piégay, 2002) or in Italy (Surian & Rinaldi, 2003). At
reach-scale, two factors can explain the narrowing process: river
bed degradation, usually linked to intensive gravel mining, as well
as vegetation development due to the abandonment of traditional
agricultural, grazing and forestry practices. It is difficult to know
which of these two causes most affects the narrowing process,
because, between the 1950s and the 1970s they often occurred
concurrently. In Italy, bed degradation has been traditionally
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Fig. 7. Landscape diversity vs. landform age diversity (NU=natural units,
LA =landforms age; equitability is normalised index for diversity calculated for each
of the 250 m subreaches with n=40 downstream and 38 upstream; see Hammer et
al., 2004).

considered as the main cause, for the following reasons: (1)
channel narrowing has been mainly studied by geomorphologists
who focused on morphological parameters and not on biological
ones; (2) little quantitative data is accessible to evaluate changes in
rural societies’ practices; and, (3) the role of vegetation as a driver
for channel geometry changes emerged relatively late. Along the
Magra, channel narrowing in the downstream reach is higher than
in the upstream reach, because, in the former, more intensive sedi-
ment mining occurred along with higher degradation (first hypoth-
esis). This higher channel narrowing downstream is also due to the
superimposition of more factors: general bedload decrease at basin
level, presence of groynes, and the reduced bedload of the Vara due
to the existence of adam (even if the drainage area at the dam is less
than 15% of the drainage area in the lower Magra reach). Groynes
may have played a significant role on the channel narrowing and
incision (Zawiejska & Wyzga, 2010) but they cannot be considered
as the only cause of changes as these adjustments also occurred in
the upstream reach where groynes were absent. The role played by
the evolution in agricultural practices, for example from traditional
pasture and firewood cutting to arable lands in France, such as the
Eygues River (Kondolf, Piégay, & Landon, 2007) or the Ain River
(Liébault & Piégay, 2002), is not demonstrated for the Magra basin.

4.2. Corridor structure and evolution relating to river dynamics

Over a seven decade period, we have observed a progressive
change from a bar-braided to a wandering/meandering river
channel pattern. Quantitatively, this evolution resembles the trend
observed by Piégay, Alber, Slater, and Bourdin (2009) on several
other braided rivers. Channel evolution generates a decrease in
channel and bar habitats and the expansion of woodland units
(Fig. 4) (Perona et al., 2009). Concerning landscape pattern, channel
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narrowing explains most of this evolution, as diversity indices
increase for both reaches, as expected (second hypothesis). This
is mainly due to a reduction in the relative dominance of the
active channel within the corridor to the benefit of woodland
and other riparian features. The proportion of the increase in
landscape diversity due to human activity appears to be relatively
low (Fig. 5). Lastly, landscape diversity has not increased over
the last 25 years in the upstream reach as the narrowing process
seems to have ended in the 1980s. In conclusion, the evolution
of riparian landscape diversity seems primarily linked to channel
processes and secondarily to human activity occurring on flood-
plains and hillslope areas adjacent to the active channel. These
recent morphological dynamics will likely maintain the landscape
diversity at a high level unless and until the relative influence of
strong system drivers shifts (e.g., accelerating hydrologic regime
trends from climate change). The current landscape could thus
be considered as a new metastable biomorphological state (at
management time-scales) partially self-maintained by fluvial
dynamic and riparian vegetation interactions (Tabacchi, Steiger,
Corenblit, Monaghan, & Planty-Tabacchi, 2009).

Currently, the two reaches have slightly different geomorphic
patterns, with a sinuous, more meandering and less mobile chan-
nel downstream (Table 1, Rinaldi et al., 2009). Thus the structure of
the fluvial corridor is also different (Beechie et al., 2006; Nakamura
et al., 2007). Landscape diversity is higher downstream, even if
human-influenced units are excluded from the analysis, because of
a more regular distribution in the areal proportion amongst units.
The current higher channel mobility upstream does not generate
a higher diversity of habitats, as expected (second hypothesis) and
observed for aquatic habitats by Arscott, Tockner, and Ward (2000).
This is due to a higher proportion of bar units dominating the
landscape in the upstream reach, with fewer vegetation units rep-
resented than downstream. In both reaches, landscape diversity is
poorly linked to the diversity of landform age distributions (Fig. 7),
probably because the variability of landform conditions in a given
age category is high enough to generate diverse habitats.

Concerning the species present in both reaches, we hypothesi-
sed that channel degradation downstream favours species adapted
to drier conditions. It is true, in a sense, that dry units are more
frequently present downstream than upstream (see contribution
to the first axis in Fig. 6). But humid forests are also created by
channel shifting in the downstream reach. The higher overbank
sediment thickness in the downstream reach (0.5 to 2m vs. 0.3 to
0.5 m) could partially limit the differentiation between reaches due
to the vertical evolution of the channels.

5. Conclusions

Evolution from a bar-braided pattern to a single-thread system,
such as in the Magra River, generates some paradoxes from a con-
servation perspective. From a historical point of view, we observed
the disappearance of a braided pattern, which was formerly well
developed in the Alpine rivers (Bravard & Peiry, 1993; Gurnell &
Petts, 2002) and thus could be considered as an important heritage
to maintain (Arscott et al., 2000; Gurnell & Petts, 2002; Tockner
et al.,, 2006). But, on the other hand, the new channel morphol-
ogy provides some ecological benefits that can compensate the
loss: riparian woodland expansion (Hughes et al., 2001; Takahashi
& Nakamura, 2011) as well as increasing species and landscape
diversity (Hupp & Rinaldi, 2007; Miku$, Wyzga, Kaczka, Walusiak,
& Zawiejska, 2013; Ward et al., 2002). From a management point
of view, this raises the question of which attributes to preserve or
promote among competing options within a given reach (Woolsey
et al., 2007). These management targets should not focus on a
single attribute, but multiple and complementary ones (DiBari,

2007; Gregel, Turner, Miller, Melack, & Stanley, 2002; Steel et al.,
2010; Tabacchietal.,2009; Woolseyetal.,2007).Indeed, our results
suggest that landscape diversity should not be the only attribute to
be analysed as an indicator of the ecological status of a riparian
corridor (Dufour & Piégay, 2009; Steel et al., 2010). For example,
in the upstream reach, which was less affected by human impacts,
the landscape is mainly dominated by two habitats that result from
a high rate of lateral channel mobility: gravel bars and woodland.
As a result, it currently has a lower landscape diversity than the
downstream reach. However, it exhibits some ecological habitats,
such as pioneer units, which are valuable at the network scale for
maintaining a diversity of ages and species within riparian forests,
supporting wildlife communities, and providing geomorphic func-
tions such as bank stability and large woody debris supply as they
age (Hughes et al., 2001). In addition to these biophysical functions
of riparian landscapes, there are social, cultural, and aesthetic val-
ues of the fluvial landscape, which are typically poorly represented
among management and restoration objectives and which should
be included. Thinking of landscape diversity within a conceptual
framework such as the notion of ecosystem services should help
to enhance the definition of objectives in restoration projects and
management practices going forward (Bullock, Aronson, Newton,
Pywell, & Rey-Benayas, 2011; Dufour, Rollet, Oszwald, & Arnauld
De Sartre, 2011; Wainger, King, Mack, Price, & Maslin, 2010).
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