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Abstract. Flood disturbance is one of the major factors im-

pacting riparian vegetation on river floodplains. In this study

we use a high-resolution ground-based camera system with

near-infrared sensitivity to quantify the immediate response

of riparian vegetation in an Alpine, gravel bed, braided river

to flood disturbance with the use of vegetation indices. Five

large floods with return periods between 1.4 and 20.1 years

in the period 2008–2011 in the Maggia River were analysed

to evaluate patterns of vegetation response in three distinct

floodplain units (main bar, secondary bar, transitional zone)

and to compare the sensitivity of seven broadband vegeta-

tion indices. The results show both a negative (damage) and

positive (enhancement) response of vegetation within 1 week

following the floods, with a selective impact determined by

pre-flood vegetation vigour, geomorphological setting and

intensity of the flood forcing. The spatial distribution of veg-

etation damage provides a coherent picture of floodplain re-

sponse in the three floodplain units. The vegetation indices

tested in a riverine environment with highly variable surface

wetness, high gravel reflectance, and extensive water–soil–

vegetation contact zones differ in the direction of predicted

change and its spatial distribution in the range 0.7–35.8 %.

We conclude that vegetation response to flood disturbance

may be effectively monitored by terrestrial photography with

near-infrared sensitivity, with potential for long-term assess-

ment in river management and restoration projects.

1 Introduction

Riparian vegetation is under natural conditions a dynamic

component of the riverine environment, which together

with floodplains and river marginal wetlands provides a

range of important ecosystem services such as biodiversity,

flood retention, nutrient sink, pollution control, groundwa-

ter recharge, timber production, and recreation (e.g. Tockner

et al., 2008). The species composition and spatial distribu-

tion of riparian vegetation is largely determined by flood-

plain morphology and river flow regime (e.g. Bendix and

Hupp, 2000; Merritt et al., 2010; Gurnell et al., 2012) as

well as by plant tolerance and response to flood disturbance

and water stress (e.g. Auble et al., 1994; Blanch et al., 1999;

Glenz et al., 2006; Pasquale et al., 2012). The reciprocal

interactions between hydromorphological processes and ri-

parian vegetation lead on the long term to the formation of

complex mosaics of landforms and their respective biologi-

cal communities and habitat patches (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 impact of floods on riparian vegetation is well docu-

mented in the literature. The most apparent is a direct neg-

ative impact when the vegetation is scoured (Bendix, 1999;

Edmaier et al., 2011; Crouzy et al., 2013), covered by sedi-

ment and debris (Ballesteros et al., 2011), drowned (Fried-

man and Auble, 1999), or where it looses its connection

to the water table due to channel displacement (Loheide

and Booth, 2011). A less evident negative impact of floods

is a general decrease in vegetation vigour associated with

the post-stress reaction of plants. Plants under flood-induced

stress have both short-term and long-term physiological and
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morphological responses (Kozlowski and Pallardy, 2002),

such as root mortality or reduced photosynthetic activity,

plant growth, dry matter production, and reproduction (e.g.

Hatfield, 1997; Toda et al., 2005). However, floods can posi-

tively influence riparian vegetation by generation of new ger-

mination sites, by distribution of propagules and woody de-

bris (Gurnell and Petts, 2006; Bertoldi et al., 2011a; Gurnell

et al., 2012), and by enabling access to water and nutrients

in usually disconnected parts of the floodplain (Amoros and

Bornette, 2002). Some of these relationships have been repli-

cated in flume experiments (e.g. Tal and Paola, 2010; Perona

et al., 2012) and used in numerical modelling (e.g. Perona

et al., 2009a, b).

The monitoring of riparian vegetation in floodplains can

be achieved by a range of sensors and methods (see review in

Carbonneau and Piégay, 2012). Changes in riparian vegeta-

tion cover at the large scale are commonly quantified with re-

motely sensed data, such as satellite imagery (Verrelst et al.,

2008; Johansen et al., 2010; Bertoldi et al., 2011a, b; Caruso

et al., 2013; Parsons and Thoms, 2013) and aerial photog-

raphy (e.g. Bertoldi et al., 2011a, b; Mulla, 2012). These

are usually suitable for applications to large rivers at irreg-

ular time sampling. More recently, unmanned aerial vehicles

(UAVs) have been used for monitoring with high resolution

and large coverage, at a sampling rate determined by user

(Berni et al., 2009; Dunford et al., 2009; Zhang and Kovacs,

2012).

Another approach for detailed local analysis of riparian

vegetation is terrestrial photography. Consumer grade cam-

eras have recently been successfully used for monitoring

plant conditions and phenology (e.g. Sakamoto et al., 2012;

Sonnentag et al., 2012; Petach et al., 2014; Nijland et al.,

2014). Similarly to UAV systems, terrestrial photography has

the advantage of a high spatial resolution and a user-defined

regular high sampling rate. In addition, terrestrial photogra-

phy by fully automatic systems has minimal running costs af-

ter installation. Disadvantages are a restricted areal coverage

and limits of oblique photography (e.g. Morgan et al., 2010;

Crouzy et al., 2013). Since we study short-term floodplain

response to floods we have opted for terrestrial monitoring

by cameras, where we can obtain images shortly before and

immediately after large flood events. Our photographic mon-

itoring system records the imagery of a gravel bar in the vis-

ible and near-infrared range that is processed into broadband

vegetation indices.

Broadband and narrowband vegetation indices (VIs) are

standard methods used in remote sensing to identify vegeta-

tion and quantify properties such as leaf surface pigmenta-

tion, photosynthetic activity, and canopy structure. The de-

tailed overview of VIs and their applications is well ex-

plained in the literature (e.g. Jones and Vaughan, 2010). The

choice of a suitable vegetation index depends on target plant

attributes (Sims and Gamon, 2003; Ortiz et al., 2011; Bargain

et al., 2013), environment settings (Barati et al., 2011), and

available spectral bands (Adam et al., 2010). In this study we

have used a selection of the most common broadband indices

(Table 1).

The main aims of this study are (1) to analyse the spatial

distribution and intensity of the vegetation response to large

floods, where we aim to capture not only severe vegetation

damage and scouring, but also less apparent change of veg-

etation vigour; (2) to study the differences in vegetation re-

sponse to floods in three distinct floodplain units (main bar,

secondary bar, transitional zone), which are meaningful units

with regard to the concept of the floodplain mosaic system;

and (3) to study differences in the performance of several

vegetation indices in identifying the direction and magnitude

of floodplain change. The analysis was performed for five

floods in a 4-year period (2008–2011) on a gravel bar of an

Alpine braided river (Maggia River, Switzerland). The rela-

tively numerous flood events within the 4 study years enabled

us to assess the vegetation response of the same species com-

position to different flood stages and longer-term weather

conditions.

The novelty of this work lies in (a) the use of near-infrared

(NIR) sensitive camera monitoring of a complex alluvial sys-

tem consisting of water, sediment and vegetated surfaces; (b)

high spatial resolution of the images which allows identify-

ing individual plants; and (c) continuous (daily) monitoring

which allows for the spatial analysis of the short-term re-

sponse before and after individual large floods in terms of

both vegetation enhancement and damage.

2 Study area

Maggia is an Alpine river located in southeastern Switzer-

land, north of the city of Locarno. The river originates at an

altitude of about 2500 m and flows south through the Maggia

Valley into Lake Maggiore (193 m). The bedrock of the val-

ley is formed by Penninic crystalline nappe predominantly

covered by Holocene alluvial deposits. Within these settings

Maggia evolved into a braided river system with a gravel

cobble bed occasionally covered with fine sand sediment de-

posits on elevated alluvial bars. The average bed slope in the

main valley is about 0.8 %.

The hydrological regime of the river is significantly influ-

enced by hydropower infrastructure (dams, intakes, canals)

constructed in the upper watershed in the 1950s. Since then,

approximately 75 % of the natural river flow has been di-

verted to the power station 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 flow peak in the valley, but does

not affect the largest floods appreciably, mainly due to the

upstream location of reservoirs and their relatively low stor-
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Table 1. Overview of the 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 (here L= 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)

age capacity. As a consequence, floods with a perceptible im-

pact on riparian vegetation still occur on 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 river in the main valley located between

the villages Someo and Giumaglio. Three distinct floodplain

units within the study reach were identified, namely main

gravel bar (MB), secondary gravel bar (SB), and transitional

zone (TZ) (Fig. 1). The units were delineated based on the

floodplain morphology identification of river banks using a

LiDAR (light detection and ranging) DEM (digital elevation

model) of 2004 and image quality (the marginal zones of the

floodplain were excluded due to the interference of surround-

ing forest). The main bar is the largest, most elevated unit. It

is located in the centre of the floodplain in close proximity

to the main channel. The secondary bar is at the edge of the

floodplain. Both bars are separated by the transitional zone

with very active channel dynamics. The secondary channel in

the transitional zone is fully connected with the main channel

only during flood events.

The vegetation composition within the study reach is het-

erogeneous (Fig. 2). The dominant willows (Salix species)

are Salix purpurea, Salix alba, Salix eleagnos, often accom-

panied by poplars (Populus nigra) and alders (Alnus incana),

occasionally by maples (Acer pseudoplatanus), lindens (Tilia

cordata), knotweeds (Fallopia sachalinensis), and locusts

(Robinia pseudoacacia). The tree height varies from 1 to

10 m. Sparse herbaceous cover grows sporadically on the in-

ner part of the bars with sand accumulation. The variabil-

ity in the vegetation composition within the three 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 predomi-

nantly mixed with Fallopia on SB. Although fewer in num-

ber, the largest diversity in species is found in TZ with Alnus,

Salix, locally Populus and Acer.

3 Data and methods

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 – Fed-

eral Office of Meteorology and Climatology), located about

15 km downstream from the study reach. Hourly streamflow

is gauged on the Maggia River at Bignasco, Ponte Nuovo

station (FOEN – Federal Office for the Environment), ap-

proximately 7.8 km upstream of the study reach. There is an

ungauged small tributary (Rovana) between the gauging sta-

tion and our study reach; thus, the reported peak flows of the

studied floods in our reach are a lower estimate.

We analysed the five largest summer floods occurring be-

tween 2008 and 2011 with return periods between 1.4 and

20.1 years (Table 2). The flood in 2008 submerged the up-

stream and middle part of the MB and the whole TZ; more

voluminous floods in 2009 and 2010 progressed further and

submerged the TZ and the majority of the bars. The most

elevated areas of the MB and SB were submerged only in

2011. We defined the duration of the floods based on the dis-

charge when the river inundates the predominantly unveg-

etated floodplain (180 m3 s−1). The flood peaks of the first

four floods exceeded a discharge of 180 m3 s−1 once for sev-

eral hours; thus, they are considered to be single-peak floods.

The flood in 2011 consisted of two flood peaks greater than

180 m3 s−1 over a period of 5 days.

The meteorological conditions and streamflow before and

after each flood are summarized in Fig. 3. The flood in May

2008 was the earliest in the season with the lowest air tem-

perature (minimum 10 ◦C) and the highest relative humidity

prior to the event. The rain gauge at Locarno-Monti did not

capture the storm rainfall which occurred mostly in the head-

waters of the catchment. With the flood peak of 192 m3 s−1,

it was the smallest but at the same time the longest flood anal-

ysed. 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 mm h−1) measured in Locarno-Monti and the flood peak
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Figure 1. (a) Study reach location within Switzerland. (b) Maggia Valley view from the cameras (VIS left, and IR right). (c) Study reach

subdivided into three units: main alluvial bar (MB), secondary alluvial bar (SB), transitional zone (TZ); flow is from top left to bottom right.

Figure 2. Typical vegetation composition of the Maggia floodplain. From left: gravel bar detail with (a) small herbaceous plants (inner zone

of the main bar); (b) taller 1–3-year-old Salix saplings (upstream part of the main bar); (c) 2–3 m tall Salix trees which range up to 5–6 years

in age (middle of the main bar); (d) tall Salix, Populus and Alnus trees which have been found to be up to 20 years in age (middle/downstream

of the main bar close to the main channel, zone with the highest vegetation density). Flood debris is visible at the stems of larger trees.

Table 2. Analysed floods in this study in the period 2008–2011. The

return period of the 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 m3s−1 years

28 May 2008 2/3 192 1.4

6 June 2009 7/5 254 1.7

17 July 2009 6/5 272 1.9

12 June 2010 3/3 301 2.2

13 July 2011 4/6 598 20.1

reached 254 m3 s−1. The subsequent flood in July was pre-

ceded by 3 days of moderately intense rainfall (20 mm h−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 reach-

ing 301 m3 s−1 it was the second largest analysed flood. The

rain gauge in Locarno-Monti captured the storm event only

partially, while the heaviest precipitation occurred in the up-

per catchment. The largest flood in June 2011 also occurred

during a period with average air temperature slightly above

20 ◦C. Intense rainfall covered the entire basin and was mea-

sured at Locarno-Monti with intensities of about 40 mm h−1.

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 (Canon EOS 350D, 24 mm lens and 8 MP

CCD sensor). The two cameras are placed next to each other

in a weatherproof box. The box is placed on a steep rocky

ridge above the river to give an unobstructed view of the

floodplain at the highest angle we could safely get to. The

depression angle to the centre of the image on the floodplain

is 25◦, the horizontal distance to the study reach is between
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Figure 3. Meteorological and hydrological conditions 7 days before and after each flood. Floods are arranged according to Table 2, from top

(2008) to bottom (2011). The first four floods were considered as single-peak events, and the flood in 2011 as a 5-day event with two peaks

(delineated by box).

860 and 1460 m, the vertical distance is 537 m. The camera

box is accessible only by foot, along a steep mountain path.

Photographs have been triggered with a timer remote control

every 24 h at 11:00 UTC (universal time coordinated) since

summer 2008. The images are stored locally in the cameras

on CF (CompactFlash) memory cards. The cameras are pow-

ered by Canon lithium-ion 700 mAh batteries. We visit the

camera location three times a year to replace batteries, down-

load the images, and perform basic maintenance.

The first camera is a regular camera recording the RGB

visual bands. The second camera is adjusted to be sensitive

in the near-infrared range by replacing the UV/IR blocking

filter on the sensor with a clear filter and a 780 nm IR fil-

ter on the lens (Nijland et al., 2014). Sample images can be

seen in Fig. 1b. Unlike studies which use cameras with au-

tomatic settings or webcams (e.g. Richardson et al., 2007,

2009; Mizunuma et al., 2011), we fixed all adjustable set-

tings manually (except white balance) so that we could di-

rectly compare the digital numbers (DNs, brightness at sen-

sor) in the RGB bands and the NIR band in all images with-

out transformations. The white balance was adjusted to an

uniform setting in post-processing for all images.

To fix the key camera settings (focus, aperture, exposure)

to the best average lightning conditions in the valley we

looked at the image DNs of the floodplain in the R–NIR

space for a range of typical light conditions. We explored

the aperture and time setting ranges to make sure that even

for the brightest days we had only limited saturation of pixels

in both bands (overexposure). This analysis led us to fix the

aperture on both cameras to f = 11 and the exposure time to

1/160 s for the RGB camera and 1/40 s for the NIR camera.

The images were converted to TIFF 48 bit format and reg-

istered using a cross-correlation algorithm which searches

for the shift in horizontal and vertical directions. The im-

ages with significantly lower visibility due to rain, high rela-

tive humidity, or haze/mist were excluded from further anal-

ysis based on their colour histograms. Seven VIs (Table 1)

were computed on the registered images and subsequently

orthorectified. The orthorectification was performed in order

to link the DEM and field observations. The grid resolution

after orthorectification was 0.5 m; hence, individual shrubs

and trees on the gravel bar are detectable. The herbaceous

cover is captured in limited extent due to its sparse distribu-

tion.

Two orthorectification methods were tested. While planar

orthorectification defined by five rectification points of dis-

tinct fluvial features resulted in an evenly distributed image

distortion of 1–2 pixels (< 1 m), the orthorectification based

on a LiDAR (2 m resolution) was better in areas with reliable

LiDAR points but significantly distorted (∼ 2.5 m) in zones

with decreased LiDAR accuracy. Since our study reach is a

flat surface especially in areas with vegetation present, we

decided to apply planar orthorectification. The image distor-

tion is acceptable for studying individual riparian trees and

patches which have footprints greater than 1 m.

3.3 Vegetation index analysis

We evaluated the flood impact on riparian vegetation by com-

paring VIs from a period before and after each flood event.
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We were particularly interested in the direction of VI change

indicating vegetation enhancement or damage. The normal-

ized difference vegetation index (NDVI) is used as a refer-

ence index due to its common use for vegetation monitoring.

To obtain a statistically robust measure of vegetation

change, 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)

where VI(t) is the vegetation index on day t and the median

is computed pixel-wise. We chose the pixel-wise computa-

tion of the median for a period k before and after each flood

in order to reduce the potential impact of adverse light condi-

tions and shadows on the images in individual days. We ex-

perimented with different k values and found that k = 7 days

provided an acceptable smoothing without destroying the

signal in the data. Although the images after a flood peak

may be affected by the flood recession, most studied floods

had recessions of less than 24 h, so this effect is not likely to

persist for more than 1–2 days (images) and will not affect

the pixel-based median of the estimated vegetation change.

Next we computed the difference between the two arrays

to get the vegetation change array:

1VI(t)= VIpf(t)−VIbf(t). (3)

Negative values of 1VI indicate a decrease in the vegetation

index after the flood, e.g. by the erosion and damage of vege-

tation, while positive values indicate an increase in the vege-

tation index after the flood, e.g. rise in photosynthetic activity

and growth. To analyse vegetation change only pixels repre-

senting vegetation cover prior to the flood (i.e. VIbf > 0.5).

We compared the indices using the vegetation change ar-

ray for each flood for a pair of indices, 1VIm and 1VIn (m,n

are indexes from Table 1), and we estimated an index of dis-

agreement as

ID(t)m,n = area(1VIm(t) ·1VIn(t) < 0)/total area. (4)

The index of disagreement between all floods gives us a rel-

ative assessment of the different information content con-

tained in each VI. It should however be noted that with this

analysis we do not intend to identify the single best vegeta-

tion index; rather, we want to compare the differences in the

performance of selected vegetation indices, all of which have

been used and validated in the literature.

3.4 Validation

We conducted a site-specific validation of our approach in

two steps. First we conducted a ground validation of the

NDVI index by comparing the NDVI computed from the

images with an estimate derived from direct field measure-

ment of reflectance of different surfaces on the main gravel

bar with a spectroradiometer (ASD FieldSpec). Altogether,

18 sites (2 water, 5 gravel and sand covered floodplain sur-

faces, and 11 different vegetation types and fractions) were

measured on a single day and average reflectance in RGB

and NIR ranges was computed. The field measurement sites

were localized on images taken at the same time (maximal

deviation of 7 min), and a 3× 3 pixel window was used to

extract the RGB and NIR digital numbers in the images. A

window was selected to avoid possible location errors on a

pixel basis. Figure 4 shows a good fit of the spectral and im-

age NDVIs with a linear correlation coefficient above 0.9.

Note that the image colour scales lead to lower NDVIs than

local-scale spectrometer measurements, but the relationship

is linear (e.g. Petach et al., 2014). The footprint of the image

is about 2–3 times the footprint of the spectral measurements,

so the location error contributes to the noise in Fig. 4.

In a second step, we quantified the expected range of vari-

ability in 1VI for vegetation change in periods with and

without overbank floods. We selected 41 periods of 14 days

during which flows did not exceed discharge with a 1 year

return period (Q1) and so are low flow periods with no over-

bank inundation. For each period we computed VIbf, VIpf,

and their corresponding 1VI (index applied: NDVI), and we

compared the spatial standard deviation of 1VI on vegetated

surfaces (NDVI > 0.5 in 2008) for these low flows with those

of our selected five largest floods. The results in Fig. 5 show

that indeed the largest floods do exhibit a higher variabil-

ity in 1VI than ordinary flows in the individual years. The

most significant response is visible for the 2011 flood. Fur-

thermore, the standard deviation in 1VI for small floods is on

the order of a 0.01–0.04, which gives us a reference beyond

which we can expect VI change to be capturing significant

vegetation change induced by floods.

4 Results

4.1 Comparison of vegetation indices

To quantify the vegetation response (i.e. vegetation damage

or enhancement) to floods we report the overall compari-

son of the VIs by the index of disagreement in Table 3. The

results show that the selected indices overall agree well in

the prediction of vegetation change; the pair-wise differences

between the indices are between 0.7 and 35.8 %. The ratio

and normalized indices based on the same visible band(s)

tend to have more similar results. For example, the RVI and

GRVI differ by only less than 1 % from their normalized

derivatives NDVI and GNDVI, but by 28.0–35.8 % from the

soil-adjusted derivatives SAVI and GSAVI. Because of its

widespread use, further detailed evaluation of vegetation re-

sponse to floods was conducted using NDVI as a reference.
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Figure 4. Comparison of NDVI computed from spectroradiometer field measurements and from terrestrial photographs for 18 control points

in September 2014.

Figure 5. Comparison of the spatial standard deviation of 1VI change in response to floods and to normal hydrological conditions without

occurrence of overbank flow (displayed VI values correspond to NDVI). 1VI was computed for periods of 14 days with discharge less than

Q1 and for the five major floods studied. Only pixels representing vegetation were considered (NDVI > 0.5).

4.2 Vegetation response in time

The complex nature of flood-induced vegetation change con-

ditioned on the pre-flood vegetation vigour and river mor-

phology is shown in Fig. 6. Here we plot the histograms (box-

plots) of vegetation change 1VI as a function of the pre-flood

vegetation vigour VIbf for the five studied floods and three

floodplain units. In all of these analyses we considered only

the pixels representing vegetation, which we selected based

on the pre-flood vegetation vigour (VIbf > 0.5). The thresh-

old value was set visually to maximize the number of pixels

representing vegetation and minimize the number of pixels

representing soil.

The vegetation composition for the floodplain units, ex-

pressed as histograms of VIbf in the insets in Fig. 6, shows

that most of the vegetation is growing on the main bar,

and considerably less on the secondary bar and in the tran-

sitional zone. All three floodplain units exhibit modes at

VIbf
= 0.6−0.75, which correspond to healthy and large in-

dividual plants. Vegetation with VIbf
= 0.75− 0.85, i.e. the
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Table 3. Index of disagreement ID in percentage (%) 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

NDVI 14.8 0.7 14.8 29.2 35.4 26.8

GNDVI 14.8 15.0 0.5 27.8 30.1 15.0

RVI 0.7 15.0 14.8 29.6 35.8 27.0

GRVI 14.8 0.5 14.8 28.0 30.4 15.1

SAVI 29.2 27.8 29.6 28.0 10.5 30.4

GSAVI 35.4 30.1 35.8 30.4 10.5 28.6

CVI 26.8 15.0 27.0 15.1 30.4 28.6

highest computed VI, is present in all three floodplain units,

especially in the transitional zone. The area covered by vege-

tation is relatively stable in all floodplain units from 2008 to

2011, and there is limited evidence for widespread scouring

or abundant vegetation growth. Scouring of a small extent is

visible between the flood in 2008 and 2009.

Based on the results in Fig. 6 we can conclude that the

intensity of vegetation response to the first four floods is

considerably smaller than to the largest flood in July 2011.

Changes of up to 1VI=−0.8 were found after the flood

in 2011, which indicates complete removal of vegetation lo-

cally. The transitional zone experienced the greatest average

vegetation erosion, followed by the secondary bar. Interest-

ingly, the erosive effects of the 2011 flood are more concen-

trated on vegetation with lower pre-flood VIbf. This suggests

a greater sensitivity of younger or less vigorous plants to

flood erosion in comparison to well-established individuals.

The changes in 1VI in the 2011 flood are well beyond the

ranges of normal variability shown in Fig. 5.

The smaller floods also exhibit vegetation change locally,

both damage and enhancement; however, on average the

change in 1VI is small. Overall, the transitional zone is the

most dynamic, with damage prevalent on plants with lower

pre-flood VIbf. Larger and stronger vegetation with higher

VIbf is generally less affected by flood disturbance. However,

despite the fact that damage by flood erosion is the prevalent

process, it is important that vegetation enhancement also ap-

pears locally after floods.

4.3 Spatial distribution of vegetation response

The spatial distribution of vegetation response 1VI for each

flood is shown together with the coherence among indices in

identifying vegetation damage in Fig. 7. The intensity of the

vegetation response differs between the floodplain units. The

main bar has a moderate response with 1VI mostly between

−0.2 and 0.2 (outliers excluded) for the first four floods and

between −0.8 and 0.2 for the flood in 2011.Vegetation en-

hancement is characteristic of the central parts of the main

bar. The secondary bar has a slightly smaller vegetation re-

sponse than the vegetation on the main bar. The exception is

the response after the flood in 2011, where significant dam-

age is evident for low VIbf. Unlike the vegetation response

on the bars, the 1VI range in the transitional zone fluctuates

considerably more, from −0.4 to 0.2 for the first four floods,

and from −0.8 to 0.2 for the flood in 2011. The transitional

zone is an area of flow divergence and channel shifting dur-

ing large floods.

The flood in May 2008 with its long duration early in the

vegetation season caused a similar intensity but a slightly dif-

ferent spatial distribution of vegetation response compared to

the following floods. The different vegetation response might

have been impacted by the presence of plants in close prox-

imity to the main channel and on the top of the transitional

zone that were scoured in autumn 2008. Particularly inter-

esting is the impact of the shortest flood analysed (in July

2009), which occurred only 1 month after the flood in June

2009. It was the only flood with widespread vegetation en-

hancement, most likely associated with an increased water

supply (precipitation, groundwater rise). The largest flood in

2011 is the only analysed flood which caused severe vege-

tation damage, local scour, mostly on the upper part of the

main alluvial bar and in the transitional zone. A detail of the

scour and deposition of sediment is evident in Fig. 8. Despite

the predominantly destructive impact of this flood by scour,

the innermost elevated parts of the main bar also show signif-

icant vegetation enhancement, most likely caused by wetting

of the inundated surfaces.

5 Discussion

Terrestrial photography is a viable approach for the continu-

ous monitoring of riparian vegetation as attested by emerg-

ing recent studies (e.g. Richardson et al., 2009; Bertoldi

et al., 2011b; Mizunuma et al., 2011; Welber et al., 2012;

Crouzy et al., 2013; Sakamoto et al., 2012; Sonnentag et al.,

2012; Petach et al., 2014; Nijland et al., 2014; Pasquale

et al., 2014). We consider such monitoring to be a valuable

low-cost alternative for the continuous repeated measure-

ment and analysis of change in riverine environments which

are considered worldwide to be among the most threatened

ecosystems (Nilsson and Berggren, 2000; Tockner and Stan-

ford, 2002). The application of vegetation indices to analyse
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Figure 6. Boxplots for vegetation response 1VI conditioned on the VI before the flood VIbf (displayed VI values correspond to NDVI).

1VI < 0 indicates vegetation damage and 1VI > 0 vegetation enhancement. The boxplots are displayed for VIbf values of 0.5–0.85. 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. Subplots display the distribution of VI before flood VIbf for the corresponding flood and floodplain unit. Insets

show the histograms of VIbf.
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Figure 7. Left-column panels: spatial distribution of vegetation

response 1VI to each flood (displayed VI values correspond to

the NDVI). 1VI < 0 (red colour) indicates vegetation damage and

1VI > 0 (blue colour) vegetation enhancement. Right-column pan-

els: spatial distribution of number of studied vegetation indices pre-

dicting vegetation damage after each flood. Threshold for vegetation

delineation: NDVI > 0.5. Floods are listed according to the time of

their occurrence. Base image: camera image from 1 June 2009; the

reference pre-flood and post-flood images are added in the Supple-

ment. The black lines delineate floodplain units from left: main bar,

transitional zone, secondary bar.

change of vegetation vigour after floods in our study raised

some questions connected to the particularities of the riverine

environment.

The vegetation indices were estimated for a heterogeneous

and highly dynamic riverine environment characterized by

a variable surface wetness, high gravel reflectance, exten-

sive water–soil–vegetation contact zones, and riparian veg-

etation with different density and reflectance properties. This

is a very challenging environment compared to the usual set-

tings in the literature on camera monitoring of vegetation,

where a particular species or canopies are being studied in

isolation (e.g. Ahrends et al., 2008; Richardson et al., 2009;

Mizunuma et al., 2011; Nagai et al., 2012) or in homoge-

neous soil substrate with relatively low reflectance (e.g. Viña

et al., 2011; Mulla, 2012). The complexity of the environ-

ment is reflected in the variability of the estimated vegetation

response by the different indices (disagreement between 0.7

and 35.8 %). However, the spatial prediction of change shows

substantial coherence (see Fig. 7), including the largest flood

in 2011, which is a promising result for applications in ripar-

ian environments.

Considering the general trend of vegetation response, the

prevailing damage of vegetation with low VIbf and some en-

hancement of vegetation with high VIbf by floods indicate

connections between vegetation stability, growth, and vigour.

Smaller plants, predominantly Salix individuals, on surfaces

exposed to more frequent and damaging stress during floods

find it more difficult to recover between floods (Perona et al.,

2012), while more protected locations on the gravel bar and

floodplain provide a better environment for plants to germi-

nate and grow (zones generally populated by Salix, Populus,

occasionally by Alnus, Tilia, or Acer). This work supports

the understanding of spatial distribution of riparian vegeta-

tion within the floodplain (e.g. Gurnell et al., 2012).

The floodplain units displayed different vegetation com-

position and response to floods. The main bar, populated by

Salix and Populus individuals, was the most vegetated area

with the most variable spatial pattern of vegetation response

to flood disturbances. The Salix and Fallopia individuals on

the secondary 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 transi-

tional zone was found to be the zone with the most diverse

composition (Salix, Alnus, Populus, and others), but at the

same time the most sensitive vegetation to floods, especially

due to lateral erosion of the secondary channel (observed dur-

ing the field campaign). The results are in accord with the

understanding of the floodplain as a mosaic system, where

each floodplain unit is determined by its specific morpho-

logical, hydrological, and biotic site conditions (Bendix and

Hupp, 2000; Jacobson, 2013). More importantly, our study

suggests that the mosaic system perspective on vegetation re-

sponse is perhaps not only valid in a long-term perspective as

shown in previous literature, but also on short flood-response

timescales.
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Figure 8. Spatial detail of the upstream section of the study reach with predicted vegetation scour (non-transparent/transparent red colour)

after the flood in July 2011 shown together with the actual distribution of vegetation on the surface: (a) full view of the study reach with

estimated vegetation scour, (b) detail of pre-flood distribution of vegetation, image from 11 July 2011, (c) detail of post-flood distribution of

vegetation, image from 22 July 2011.

Next to the flood’s mechanical forcing, there are additional

factors impacting vegetation vigour. Since the floodplain of

the Maggia River is built by coarse alluvial deposits, floods

are accompanied by increased groundwater levels and lateral

river–aquifer flows. We expect this additional subsurface wa-

ter supply to have a considerable influence on the vegetation

activity following floods, also in non-submerged areas of the

floodplain. We think that an indication of river–aquifer flows

is a more diverse vegetation composition in the transitional

zone, especially in close proximity to the secondary channel.

Another probable reason for differences in vegetation activ-

ity is different plant traits (e.g. plant structure, size, ability

to adapt) determining vegetation capacity to withstand flood

forcing. Additional complexity is added to this picture by

the sediment. The presence of fine material in the substrate

and a coarse gravel layer on the surface inhibiting evapora-

tion have been shown to be critical for maintaining a high

floodplain wetness after inundation (Meier and Hauer, 2010)

and will likely impact the degree of vegetation enhancement

following floods. In addition to increased substrate mois-

ture, favourable pre- and post-flood weather conditions, i.e. a

sunny dry period, may distinctly support vegetation enhance-

ment (e.g. flood in July 2009). The relation between these

two effects is highly complex and will be evaluated in the fu-

ture by including local soil moisture and groundwater level

observations.

6 Conclusions

This study demonstrated the use of a high-resolution ground-

based infrared-sensitive camera monitoring of riparian vege-

tation in an Alpine, gravel bed, braided river. The focus was

on quantifying the response of riparian vegetation to flood

disturbance by standard broadband vegetation indices.

The results offer new insight into the complexity of ripar-

ian vegetation dynamics within a floodplain. The main re-

sults from the study of the five largest floods with return pe-

riods between 1.4 and 20.1 years in the period 2008–2011 in

a reach of the Maggia River in Switzerland are the following.

1. Riparian vegetation displays both a negative (damage)

and positive (enhancement) response within a short pe-

riod after floods. There is evidence for a selective im-

pact based on the morphological setting and flood forc-

ing, with destructive effects on smaller or weaker plants

and enhancement for stronger individuals higher up on

the floodplain. In general, the most impacted plants

are young Salix individuals on the upstream part of

the floodplain, as well as considerably older vegetation

(Salix, Populus, and Alnus) in close proximity to the sec-

ondary channel where lateral erosion takes place.

2. The intensity and spatial distribution of vegetation dam-

age provides a coherent picture of the floodplain re-

sponse in three distinct units (main bar, secondary bar,

transitional zone), each with a different inundation po-

tential and flood stress. A significant scouring effect is

apparent only for the largest flood in 2011.

3. We demonstrated that standard vegetation indices pro-

vide means to quantify the vegetation response even in

this heterogeneous environment characterized by a mix-

ture of gravel and water surfaces and riparian vegeta-

tion with different density and reflectance properties.

Overall, we conclude that although all studied vegeta-

tion indices appear to capture essential information on

vegetation change, the choice of a representative veg-

etation index is a decision dependent on the composi-

tion of the riparian surface, vegetation types, and ul-

timately the purpose of the monitoring. Future work

should be directed at the validation of such an index

performance in the riverine environment where local ef-

fects of wet/dry sediment reflectance, vegetation type

and composition, height and sparseness, light condi-

tions, and others should be better understood (e.g. Par-

sons and Thoms, 2013; Nijland et al., 2014).

One of the main aims of this paper was to present an

analysis of a ground-based infrared-sensitive camera moni-

toring set-up which provides high spatial and temporal reso-

lution of riparian vegetation change at gravel-bar and river-
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reach scales. The resolution provides a considerable advan-

tage over remote sensing by satellites, with the downside

connected to the broadband nature of the photographic data.

A practical advantage of such a system is a comparatively

low purchasing and maintenance cost. We are convinced that

such systems are suitable for long-term monitoring of ri-

parian areas and have high potential for river management,

particularly for regulated rivers or rivers with restoration

projects.

The Supplement related to this article is available online

at doi:10.5194/hess-12-195-2015-supplement.
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