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Abstract

The distribution of riparian vegetation on river floodplains is strongly impacted by
floods. In this study we use a new setup with high resolution ground-based cameras
in an Alpine gravel bed braided river to quantify the immediate response of riparian
vegetation to flood disturbance with the use of vegetation indices. Five largest floods5

with return periods between 1.4 and 20.1 years in the period 2008–2011 in the Maggia
River were used to evaluate patterns of vegetation response in three distinct floodplain
units (main bar, secondary bar, transitional zone) and to compare seven vegetation in-
dices. The results show both negative (damage) and positive (enhancement) response
of vegetation in a short period following floods, with a selective impact based on the10

hydrogeomorphological setting and the intensity of the flood forcing. The spatial distri-
bution of vegetation damage provides a coherent picture of floodplain response in the
three floodplain units with different flood stress. We show that the tested vegetation
indices generally agree on the direction of predicted change and its spatial distribution.
The average disagreement between indices was in the range 14.4–24.9 % despite the15

complex environment, i.e. highly variable surface wetness, high gravel reflectance, ex-
tensive water–soil–vegetation contact zones. We conclude that immediate vegetation
response to flood disturbance may be effectively monitored by terrestrial photography
with potential for long-term assessment in river management and restoration projects.

1 Introduction20

Riverine environments are considered worldwide to be among the most threatened
ecosystems due to flow regulation, water abstraction, and widespread channelization
of rivers (Nilsson and Berggren, 2000; Tockner and Stanford, 2002). Riparian vegeta-
tion is under natural conditions a dynamic component of the riverine environment pro-
viding a range of important ecosystem services. Its composition and spatial distribution25

is largely determined by floodplain morphology and the hydrological regime of the river
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(e.g. Bendix and Hupp, 2000; Merritt et al., 2010; Gurnell et al., 2012) together with
the plant tolerance and response to flood disturbance (e.g. Auble et al., 1994; Blanch
et al., 1999; Glenz et al., 2006). The reciprocal interactions between hydromorphologi-
cal processes and riparian vegetation lead on the long term to the formation of complex
mosaics of landforms and their respective biological communities and habitat patches5

(e.g. Pringle et al., 1988; Gregory et al., 1991; Decamps, 1996; Latterell et al., 2006;
Gurnell and Petts, 2006; Corenblit et. al., 2007; Gurnell and Petts, 2011).

The flood impact on riparian vegetation in braided gravel and sand bed rivers is
well documented. The most apparent is a direct negative impact when the vegetation
is drowned (Friedman and Auble, 1999), damaged by sediment and debris impacts10

(Ballesteros et al., 2011), scoured by erosion of substrate or the plants themselves
(Bendix, 1999; Edmaier et al., 2011; Crouzy et al., 2013), or experiences long-lasting
change of hydrological conditions caused by changes in floodplain morphology and
channel displacement (Loheide and Booth, 2011). A less evident negative impact is
a general decrease in plant vigor associated with post-stress reaction of plants to ero-15

sion (Toda et al., 2005). On the other hand, floods can also positively influence riparian
vegetation by the generation of new germination sites and the distribution of propag-
ules (Gurnell and Petts, 2006; Gurnell et al., 2012; Bertoldi et al., 2011a), and by en-
abling access to water and nutrients in previously disconnected parts of the floodplain
(Amoros and Bornette, 2002). Understanding the impacts of floods on riparian vegeta-20

tion is particularly important for regulated rivers which have been subject to changes in
flood frequency, and for river restoration where a natural riparian vegetation succession
is sought (e.g., Gurnell and Petts, 2011).

Different approaches have been used for the assessment of flood impact on riparian
vegetation, ranging from laboratory experiments (e.g. Tal and Paola, 2010; Perona25

et al., 2012), field data collection (e.g. Toda et al., 2005; Pasquale et al., 2012; Stoffel
et al., 2013), to numerical modelling (e.g. Perona et al., 2009a, b). At the large-scale,
changes in riparian vegetation cover are commonly quantified with remotely sensed
data, i.e. satellite imagery and aerial photography (e.g. Bertoldi et al., 2011a, b; Mulla,
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2012). While various satellite data products are available on an almost daily basis,
their rather coarse spatial resolution (∼ 101 m) limits their use to reach-based analysis
of larger river systems (Johansen et al., 2010; Bertoldi et al., 2011a; Parsons and
Thoms, 2013). On the other hand, aerial photographs generally provide much better
spatial resolution (∼ 100 m) but a low sampling rate in time mainly due to high data5

acquisition costs (Verrelst et al., 2008; Bertoldi et al., 2011b; Caruso et al., 2013).
An alternative approach for detailed local analysis of riparian vegetation activity at

the scale of individual gravel bars is terrestrial photography. This provides very high
spatial resolution (< 100 m) as well as a high sampling rate in time (daily or less). We
are of the opinion that terrestrial photography is a viable approach for the continuous10

monitoring of riparian vegetation change as attested by emerging recent studies (e.g.,
Bertoldi et al., 2011b; Welber et al., 2012; Pasquale et al., 2014). In this paper we report
the first results from ground-based photographic monitoring of riparian vegetation with
high spatial detail on a gravel bar in the Maggia River in southern Switzerland.

Our system of two digital cameras serves as a broadband sensor for the monitoring15

of riparian vegetation in the visible and near infrared range. The imagery can be fur-
ther processed into vegetation indices (VIs) defined as ratios of reflected radiation in
the visible range related to photosynthetic and accessory pigments to reflected radi-
ation in the near-infrared range associated with scattering processes by the leaf sur-
face and internal structure (Bargain et al., 2013). Several VIs have been developed in20

the literature, each with their own advantages and disadvantages. The ratio vegeta-
tion index (RVI) and green RVI (GRVI) are conventional VIs, the normalized difference
vegetation index (NDVI) and green NDVI (GNDVI) belong to differential indices. Both,
RVI and NDVI are sensitive to optical properties of the soil background (Baret et al.,
1991). Their sensitivity is even more pronounced with increasing sparseness of the25

vegetation cover (Eckert and Engesser, 2013) which is specific for riparian systems.
To reduce the impact of soil reflectance, the soil-adjusted vegetation index (SAVI) and
green SAVI (GSAVI) were developed (Huete, 1988), followed by the transformed SAVI
(TSAVI) (Baret et al., 1991) and the modified SAVI (MSAVI) (Qi et al., 1994). Other
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indices, such as the chlorophyll vegetation index (CVI) focus on the green band re-
flectance of plants (Ortiz et al., 2011). The vegetation indices we used in this study are
listed in Table 1.

A survey of the literature shows that the choice of a vegetation index depends on
the individual studied plants and purpose of analysis. Vegetation indices in agriculture5

are commonly used for mapping biophysical characteristics and plant vigor of single or
few species. The question remains how to apply these methods to riparian vegetation
monitoring in river floodplains with many species and intermittent plant cover on gravel
bars, and are they robust enough to identify changes in vegetation cover and vigor
immediately after floods. These two questions form the basis for this paper.10

The main aims of this study are: (1) to analyze the spatial distribution and intensity of
immediate vegetation response to large floods, where we aim to capture not only se-
vere vegetation damage and erosion, but also the less apparent change of vegetation
vigor; (2) to study the vegetation response in three distinct floodplain units of a gravel
bar (main bar, secondary bar, transitional zone) which are meaningful units with regard15

to the concept of the floodplain mosaic system; and (3) to provide a comparison of veg-
etation indices for their use in the riverine environment. The analysis was performed for
five floods in a four year period (2008–2011) on a gravel bar of an Alpine braided river
(Maggia River, Switzerland). The relatively numerous flood events within the four study
years enabled us to assess the vegetation response of the same species composition20

to different flood stages and longer term weather conditions.

2 Study area

Maggia is an Alpine river located in southeast Switzerland, north of the city of Locarno.
The river originates at an altitude of about 2500 m, flows through Lake Naret (2310 m),
Lake Sambuco (1461 m), and then south through the Maggia Valley into Lake Maggiore25

(193 m). The bedrock of the valley is formed by Penninic Crystalline Nappe predomi-
nantly covered by Holocene alluvial deposits. Within these settings Maggia evolved into
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a braided river system with a gravel cobble bed occasionally covered with fine sediment
deposits on elevated alluvial bars. The average bed slope is about 0.8 %.

The hydrological regime of the river is significantly influenced by hydropower infras-
tructure (dams, intakes, canals) constructed in the upper watershed in the 1950s. Since
then, approximately 75 % of the natural river flow has been diverted to the power sta-5

tion Verbano at Lake Maggiore and only minimum flows are released into the main
valley. At present, the bypassed section has an average daily streamflow of 4.1 m3 s−1,
while it was close to 16 m3 s−1 prior to 1954 (Molnar et al., 2008). The 100 year flood
peak is estimated at 768 m3 s−1 (Bignasco) at the upper end of our study reach. The
hydropower system regulation practically removes the snowmelt spring-summer flow10

peak in the valley, but does not affect the largest floods appreciably, mainly due to
the upstream location of reservoirs and their relatively low storage capacity. As a con-
sequence, floods with a perceptible impact on riparian vegetation still occur on the
average more than once per year in the main valley (Perona et al., 2009a).

In this study we focused on the 500 m long and 300–400 m wide reach of the river15

in the main valley located between the villages Someo and Giumaglio. Three distinct
floodplain units were identified within the study reach, namely main gravel bar (MB),
secondary gravel bar (SB), and a transitional zone (TZ) (Fig. 1). The main bar is the
largest, most elevated unit. It is located in the center of the floodplain in close proximity
to the main channel. The secondary bar is at the edge of the floodplain. Both bars are20

separated by a transitional zone with very active channel dynamics. The secondary
channel in the transitional zone is fully connected with the main channel only during
the largest flood events.

The vegetation composition within the study reach is heterogeneous. The dominant
Salix species are Salix purpurea, Salix alba, Salix eleagnos, often accompanied by25

Populus nigra and Alnus incana, occasionally by Acer pseudoplatanus, Tilia cordata,
Fallopia sachalinensis, and Robinia pseudoacacia. The tree height varies from 1 to
10 m. Sparsely distributed herbaceous cover is located in the inner part of the bars
with sand accumulation. The variability in the vegetation composition within the three
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studied floodplain units is notable. Salix individuals are located at the upstream part of
MB, and towards its inner part are often accompanied by Populus. Unlike on MB, Salix
is predominantly mixed with Fallopia on SB. Although fewer in number, the largest
diversity in species is found in TZ with Alnus, Salix, locally Populus and Acer.

3 Data and methods5

3.1 Meteorological and hydrological data

Hourly records of solar radiation, air temperature, relative humidity, and rainfall used in
this study were obtained from the weather station Locarno-Monti (MeteoSwiss), located
about 15 km downstream from the study reach. Hourly streamflow is gauged on the
Maggia River at Bignasco (FOEN) approximately 7.8 km upstream of the study reach.10

There is an ungauged small tributary (Rovana) between the gauging station and our
study reach, thus the peak flows of the studied floods in our reach are a lower estimate.

We analysed the five largest summer floods in the period 2008–2011 with return
periods between 1.4 and 20.1 years (Table 2). The upstream part of the MB and the
TZ were submerged during all studied floods, the SB and central part of the MB were15

submerged only in 2011.
The meteorological conditions and streamflow before and after each flood are sum-

marized in Fig. 2. The flood in May 2008 was the earliest in the season with the lowest
air temperature (minimum 10 ◦C) and the highest relative humidity prior to the event.
The raingauge at Locarno-Monti did not capture the storm rainfall which occurred20

mostly in the headwaters of the catchment. With the flood peak of 192 m3 s−1, it was the
smallest but at the same time the longest flood analysed. There were two floods with
similar peaks in 2009. The summer of 2009 was very dry and hot, air temperatures prior
to both floods reached or exceeded 30 ◦C, relative humidity was generally very low. The
flood in June had intense rainfall (40 mmh−1) measured in Locarno-Monti and the flood25

peak reached 254 m3 s−1. The subsequent flood in July was preceded by three days of
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moderately intense rainfall (20 mmh−1) and reached a flood peak of 272 m3 s−1. The
flood in June 2010 occurred during a period with average air temperature around 20 ◦C
and high relative humidity. With the flow reaching 301 m3 s−1 it was the second largest
analysed flood. The raingauge in Locarno-Monti captured the storm event only partially,
while heaviest precipitation occurred in the upper basin. The largest flood in June 20115

also occurred during a period with average air temperature slightly above 20 ◦C. Intense
rainfall covered the entire basin and was measured at Locarno-Monti with intensities
about 40 mmh−1 for a short duration. The flood peak reached 598 m3 s−1.

3.2 Image collection and processing

The camera installation in the Maggia River consists of two digital cameras (Canon10

EOS 350D, 24 mm lens and 8 Mpx CCD sensor) positioned 530 m above the flood-
plain. The horizontal distance to the study reach is between 860 and 1460 m. The first
camera is a regular camera recording the R, G, B visual bands. The second camera
is adjusted to be sensitive in the near-infrared range. The UV/IR blocking filter on the
sensor has been replaced with a clear filter and a 850 nm IR filter (heliopan IR850)15

was placed on the lens. The red band gives us the NIR band for vegetation index anal-
ysis. Photographs are taken automatically every day at 11:00 UTC in CRW format from
summer 2008. All camera settings (focus, aperture, etc.) were set manually to the best
average lightning conditions in the valley. More details of the installation can be found
in Molnar et al. (2014).20

Image processing was performed in Matlab. The images were converted to TIFF 48-
bit format and registered using a cross-correlation algorithm. Images with significant
light limitations due to haze or high relative humidity were automatically identified based
on their color histograms and excluded from further analysis. Seven VIs (Table 1) were
computed and the VI images were subsequently orthorectified. The image resolution25

after orthorectification was 0.5 m, thus individual shrubs and trees on the gravel bar are
easily visible.
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Two orthorectification methods were tested. While planar orthorectification defined
by five rectification points of distinct fluvial features resulted in an evenly distributed
image distortion of 1–2 pixels (< 1 m), the orthorectification based on a LiDAR DEM
(2 m resolution) was better in areas with reliable LiDAR points but significantly distorted
(∼ 2.5 m) in zones with decreased LiDAR DEM accuracy. Since our study reach is5

indeed a very flat surface, we decided to apply planar orthorectification in our analysis.
The image distortion is acceptable for studying individual riparian trees and patches
which have footprints much greater than 1 m.

3.3 Vegetation index analysis

The flood impact on riparian vegetation was evaluated by comparison of VIs from a pe-10

riod before and after each flood event. To obtain a statistically robust measure of the
vegetation activity we defined the before-flood VIbf(t) and post-flood VIpf(t) arrays as

VIbf(t) = median(VI(t−k); k = 1, . . . ,7), (1)

VIpf(t) = median(VI(t+k); k = 1, . . . ,7), (2)
15

where VI(t) is the vegetation index value on day t and the median is computed pixel-
wise. We chose the median VI pixel value for a period k before and after each flood
in order to reduce the potential impact of adverse light conditions and shadows on the
images in individual days. We experimented with different k values and found that k = 7
days provided an acceptable smoothing without destroying the signal in the data.20

We then computed the difference between the two arrays to get the vegetation
change array

∆VI(t) = VIpf(t)−VIbf(t). (3)

Negative values of ∆VI indicate a decrease in the vegetation index after the flood, e.g.25

by the erosion and damage of vegetation, while positive values indicate an increase in
the vegetation index after the flood, e.g. rise in photosynthetic activity and growth.
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To compare the indices we took the vegetation change array for each flood for a pair
of indices ∆VI1 and ∆VI2, and we estimated an index of disagreement as

ID(t)1,2 = area(∆VI1(t) ·∆VI2(t) < 0)/total area. (4)

The index of disagreement ID between all floods was averaged and is reported in Ta-5

ble 3 for all VI index pairs. For further analysis we used the index that gives on the
average the lowest disagreement with all the other indices in terms of the direction of
predicted vegetation change, i.e. overall vegetation damage (∆VI < 0) and enhance-
ment (∆VI > 0). The assumption is that all analyzed vegetation indices reliably repre-
sent vegetation activity and that the differences among the indices will occur mainly on10

the water–soil–vegetation contact zones due to their different sensitivity.

4 Results

4.1 Comparison of vegetation indices

To quantify the vegetation response to floods we first report the overall comparison of
the VIs by the index of disagreement in Table 3. The results show that the chosen VIs15

capture the trends of vegetation response (i.e. vegetation damage or enhancement)
coherently, as the pair-wise differences of the indices vary between 0.7 and 32.2 %.
Generally, the indices based on the same visible band tend to show more similar results
in comparison to indices based on different visible bands. The RVI and GRVI differ by
only 0.7 % from their normalized derivatives NDVI and GNDVI, and by 10.1–12.3 %20

from the soil-adjusted derivatives SAVI and GSAVI. On average, GNDVI (14.4 %) and
GRVI (14.5 %) have the lowest disagreement with the other indices, while CVI (24.9 %)
differs the most.
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4.2 Vegetation response in time

Vegetation response measured by ∆VI conditioned on the pre-flood vegetation vigor
and river morphology gives us the most complete picture of the nature of flood-induced
vegetation change. In Fig. 3 we show the boxplots of ∆VI as a function of the pre-flood
VIbf for the three floodplain units and five floods using the GNDVI. Only pixels with5

vegetation cover, i.e. VIbf > 0.15 are considered in the analysis.
The first result comes from the statistical distribution of VIbf for the floodplain units

which shows that most vegetation is growing on the main bar, considerably less on the
secondary bar and in the transitional zone. All three floodplain units exhibit modes at
VIbf = 0.3–0.4, which correspond to healthy and large individual plants. Vegetation with10

VIbf = 0.4–0.5, i.e. the highest computed VI, is present in all three floodplain units, es-
pecially in the transitional zone. Comparing the pre-flood vegetation conditions for the
period 2008–2011, the vegetation composition appears to be reasonably stable, there
is limited evidence for widespread scouring or vegetation growth in all three floodplain
units at this temporal scale. Scouring of a small extent is visible between the flood in15

2008 and 2009.
The second result is the detailed effect of the individual floods. Riparian vegetation

tends to be both damaged and enhanced after each flood at the floodplain unit scale.
Vegetation with lower VIbf responds to flood disturbance with greater absolute change
for the smaller floods. At the same time, while vegetation damage occurs for all VIbf

20

categories, vegetation enhancement is more likely to occur for vegetation with higher
VIbf, i.e. stronger and larger plants. This indicates a selective destructive effect on
smaller or weaker plants and enhancement for stronger individuals.

Perhaps most striking is the difference between the intensity of vegetation response
to the first four smaller floods and to the largest flood in July 2011. The first four floods25

show on average rather small changes, while the flood in 2011 shows considerably
greater impact on vegetation, changes as high as ∆VI = −0.4 indicating complete re-
moval of plants. These erosive effects have however not affected the strongest plants,
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in fact the areas with highest pre-flood VIbf have experienced an enhancement of the
VI index in the week following the flood, especially on the main bar.

4.3 Spatial distribution of vegetation response

The intensity of the vegetation response to floods differs between the floodplain units.
The main bar has moderate response with ∆VI mostly between −0.1 and 0.1 (outliers5

excluded) for the first four floods and between −0.2 and 0.15 for the flood in 2011.
The secondary bar has slightly smaller vegetation response than the main bar. The
exception is the response after the flood in 2011, where significant damage is evident
for low VIbf. Unlike the vegetation response on the bars, the ∆VI range in the transitional
zone fluctuates considerably more, from −0.2 to 0.15 for the first four floods, and from10

−0.4 to 0.2 for the flood in 2011.
The spatial distribution of ∆VI is shown in Fig. 4. The area with the most negatively

affected vegetation appears to be the transitional zone and the contact zone between
the main bar and the river. On the other hand, vegetation enhancement is characteristic
for the central parts of the main bar.15

The flood in May 2008 with its long duration early in the vegetation season caused
a similar intensity but a slightly different spatial distribution of vegetation response com-
pared to the following floods. The different vegetation response might have also been
impacted by the presence of plants in close proximity to the main channel and on the
top of the transitional zone that were scoured in autumn 2008. Particularly interest-20

ing is the impact of the shortest analysed flood in July 2009 that occurred only one
month after the flood in June 2009. It was the only flood with widespread vegetation
enhancement, most likely associated with surface water supply to a floodplain dried
by the hot summer. The largest flood in 2011 is the only analysed flood which caused
severe vegetation damage, local scour, mostly on the upper part of the main alluvial25

bar and in the transitional zone. Despite the predominantly destructive impact of this
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flood, the inner most elevated parts of the main bar also show significant vegetation
enhancement, probably caused by wetting of the inundated surfaces.

5 Discussion

The vegetation indices in this study were estimated for a heterogeneous and highly
dynamic riverine environment characterized by a mixture of gravel and water surfaces,5

and riparian vegetation with different density and reflectance properties. This is a very
challenging environment compared to traditional single-species applications in agricul-
ture (e.g. Mulla, 2012; Vincini et al., 2008). Despite the specifics of the riverine environ-
ment, i.e. variable surface wetness, high gravel reflectance, and extensive water–soil–
vegetation contact zones, the estimation of vegetation response by the different indices10

varied reasonably (14.4–24.9 % on average). Figure 4 shows the level of agreement
between the seven studied indices in detecting vegetation damage ∆VI < 0 in space
for the individual floods. The results show that there is substantial coherence in the
spatial predictions of changes by the VIs, even for the largest flood in 2011, which is
a promising result for applications in riparian environments.15

Differences between indices using the same visible band, e.g. NDVI and SAVI, have
been explained in the literature (e.g. Jackson and Huete, 1991). Particular to our inter-
est is the fact that in our study the indices using the red visible band tended to have
noticeably more similar results than indices based on the green visible band. As the
red visible band is more sensitive to chlorophyll in healthy leaves, while the green vis-20

ible band is more sensitive to chlorophyll in weakened leaves (Gitelson et al., 1996),
we presume that the indices based on different visible bands are differently sensitive
to various plants and their response to floods. We conclude that although all studied
VIs did appear to capture essential information on vegetation change coherently, fu-
ture work should be directed at understanding the nature of the differences between25

them connected to details of vegetation water stress on floodplains (e.g. Parsons and
Thoms, 2013).
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Considering the general trend of vegetation response, prevailing damage of vegeta-
tion with low VIbf and enhancement of vegetation with high VIbf indicate connections
between vegetation stability, growth, and vigour. Smaller plants on surfaces exposed
to more frequent and damaging stress during flood inundation have a harder time to
recover between floods (Perona et al., 2012), while more protected locations on the5

gravel bar and floodplain provide a better environment for plants to germinate and
grow. This supports the spatial distribution of riparian vegetation on floodplain surfaces
(Gurnell et al., 2012). Additional complexity is added to this picture by the sediment
structure. The presence of fine material in the substrate and a coarse gravel layer on
the surface inhibiting evaporation have been shown to be critical for maintaining a high10

soil moisture after inundation (Meier and Hauer, 2010) and will likely impact the degree
of vegetation enhancement following floods.

The floodplain units displayed different vegetation composition and response to
floods. The main bar was the most vegetated area with the most variable spatial pat-
tern of vegetation response to flood disturbances. The vegetation on the secondary15

bar had generally lower index values than the vegetation on the main bar despite the
fact that it is flooded less often than the vegetation on the main bar. The transitional
zone was found to be the zone with the most vigorous and diverse, but at the same
time the most sensitive vegetation within the floodplain. The results are in accord with
the understanding of the floodplain as a mosaic system, where each floodplain unit is20

determined by its specific morhological, hydrological, and biotic site conditions (Bendix
and Hupp, 2000; Jacobson, 2013). Our study suggests that the mosaic-like organi-
zation of vegetation is perhaps not only valid in a long-term perspective as shown in
previous literature, but also on short flood time scales.

6 Conclusions25

This study demonstrated the use of a high resolution ground-based camera moni-
toring of riparian vegetation in an Alpine gravel bed braided river. The focus was on
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quantifying the immediate response of riparian vegetation to flood disturbance by stan-
dard vegetation indices.

The results offer new insights into the complexity of riparian vegetation dynamics
within a floodplain. The main results from a study of 5 largest floods with return pe-
riods between 1.4 and 20.1 years in the period 2008–2011 on a reach in the gravel5

bed braided Maggia River in Switzerland were: (1) Riparian vegetation displays both
negative (damage) and positive (enhancement) response in a short period after floods.
There is evidence for a selective impact based on the hydrogeomorphological setting
and the flood forcing, with destructive effects on smaller or weaker plants and en-
hancement for stronger individuals higher up on the floodplain. (2) The intensity and10

spatial distribution of vegetation damage provides a coherent picture of the floodplain
response in three distinct units (main bar, secondary bar, transitional zone) with differ-
ent inundation potential and flood stress. A threshold effect is apparent, with the largest
flood in 2011 producing by far the greatest change. (3) We demonstrated that standard
vegetation indices provide a means to quantify vegetation response even in this het-15

erogeneous environment characterized by a mixture of gravel and water surfaces and
riparian vegetation with different density and reflectance properties. The seven tested
indices agreed on the direction of change and its spatial distribution despite many site
specifics, e.g. variable surface wetness, high gravel reflectance, and extensive water–
soil–vegetation contact zones, with a disagreement on the average only between 14.420

and 24.9 %.
One of the main aims of this paper was to provide a first analysis of a ground-based

camera monitoring setup which provides high spatial and temporal resolution of ripar-
ian vegetation change at a gravel-bar and river reach scale. The resolution provides
a considerable advantage over remote sensing by satellites with the downside con-25

nected to the broadband nature of the reflectance data. A practical advantage of such
a system are low purchasing and maintenance costs. We are convinced that such sys-
tems are suitable for long-term monitoring of riparian areas and have high potential for
river management, particularly for regulated rivers or rivers with restoration projects.
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Table 1. Overview of the vegetation indices (VIs) used in this study. NIR, R, and G stand for the
spectral reflectance in the near-infrared, visible red and visible green frequencies. L is a scaling
constant, assigned the value 0.5.

Vegetation Index Formula Reference

RVI Red VI NIR/R Birth and Mcvey (1968)
GRVI Green Ratio VI NIR/G Sripada et al. (2008)
NDVI Normalized Difference VI (NIR−R)/(NIR+R) Rouse et al. (1974)
GNDVI Green Normalized Difference VI (NIR−G)/(NIR+G) Gitelson et al. (1996)
SAVI Soil Adjusted VI (1+L)(NIR−R)/(NIR+R+L) Huete (1988)
GSAVI Green Soil Adjusted VI (1+L)(NIR−G)/(NIR+G+L) Sripada et al. (2008)
CVI Chlorophyll VI NIR ·R/G2 Vincini et al. (2008)
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Table 2. Analysed floods in this study in the period 2008–2011. The return period of flood peaks
is estimated from data for the period 1982–2011 at Bignasco (Source: Meteoswiss and FOEN).

Flood Date No. of images Peak Return period
before/after m3 s−1 yrs

28 May 2008 2/4 192 1.4
6 Jun 2009 7/6 254 1.7
17 Jul 2009 6/7 272 1.9

12 Jun 2010 4/2 301 2.2
13 Jul 2011 5/6 598 20.1
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Table 3. Index of Disagreement (ID) in % of the total number of pixels where two VIs disagree
on the direction of vegetation change, i.e. vegetation damage or enhancement.

NDVI GNDVI RVI GRVI SAVI GSAVI CVI Mean

NDVI 17.9 0.7 17.9 10.1 22.1 31.9 16.8
GNDVI 17.9 17.9 0.7 20.4 12.3 17.3 14.4
RVI 0.7 17.9 17.8 10.3 22.2 31.9 16.8
GRVI 17.9 0.7 17.8 20.5 12.5 17.4 14.5
SAVI 10.1 20.4 10.3 20.5 18.3 32.2 18.6
GSAVI 22.1 12.3 22.2 12.5 18.3 18.9 17.7
CVI 31.9 17.3 31.9 17.4 32.2 18.9 24.9
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Fig. 1. (A) Study reach location within Switzerland, (B) Maggia valley view from the cameras
(B1: VIS, B2: IR ), (C) study reach subdivided into three sectors: main alluvial bar (MB), sec-
ondary alluvial bar (SB), transitional zone (TZ).
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Fig. 2. Meteorological and hydrological conditions seven days before and after each flood.
Floods are arranged according to Table 2, from top (2008) to bottom (2011).
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Fig. 3. Box plots for vegetation response ∆VI with respect to the VI recorded before flood.
∆VI < 0 indicates vegetation damage and ∆VI > 0 vegetation enhancement. Points are drawn
as outliers if they are larger than q3 +1.5(q3 −q1) or smaller than q1 −1.5(q3 −q1), where q1
and q3 are the 25th and 75th percentiles, respectively.
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Fig. 4. Left column: spatial distribution of vegetation response ∆VI to each flood. ∆VI < 0 indi-
cates vegetation damage and ∆VI > 0 vegetation enhancement. Right column: number of VIs
indicating vegetation damage for each flood. Base image: swisstopo image from 1 June 2008.
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