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Abstract

In deltas, rivers are often embanked and have a limited discharge capacity. In case these rivers also have a
fixed riverbed for navigation, vegetation succession in the floodplains will reach climax stages. This leads to
increasing hydraulic roughness that lowers the discharge capacity and prompts the river manager to intervene
in the floodplain vegetation. The Dutch river manager depended on a 6-year map cycle of manually digitized
aerial photographs for assessment of the state of hydraulic resistance. As the amount of agriculture in
floodplains is receding in favor of nature rehabilitation projects, the vegetation dynamics increase. At the
same time, the bigger floods were anticipated in the future. Therefore, more up-to-date floodplain vegetation
maps with a short processing time were needed for about 500 kms of river in the Netherlands. We present an
operational web-based monitoring tool that analyses sentinel-2 data on the fly though Google Earth Engine
to provide an overview of the current state of the vegetation in the entire floodplain area of the Dutch
river systems Rhine and Meuse. It is the first satellite-based application in an operational setting for the
Dutch National River Manager (Rijkswaterstaat). The tool compares a map of allowable vegetation with
the remotely sensed current situation for a quick scan of hotspots and can create reports on the cadastral
(landowner) level. We describe the results of the image classifications and the role of this tool in the full
process of the Dutch flood risk management process.
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Introduction

Floodplain vegetation is intrinsically dynamic due to the nature of the rivers hydrology and resulting mor-
phological changes in interaction with vegetation during high flows. When rivers can freely move along
with their dynamic discharge patterns, also patterns of vegetation dynamics can be observed . During high
flow vegetation patches may be removed by the water and new bare sandbars may appear where vegetation
growth recommences . However, in trained rivers where levees and groynes limit the movement of the river
and dams regulate the discharge, vegetation is normally not set back in a natural manner, resulting in a
steady increase in the amount of vegetation, mainly floodplain forests .

In embanked rivers with a limited discharge capacity, the overall hydraulic roughness of vegetation in the
floodplains determines flood levels . Over the last fifty years two observed developments have increased the
need for a good understanding of the developments of floodplain vegetation: (1) A shift from agriculture
as the dominant land-use in the floodplain to a synergy between increase in discharge capacity and a trend
for nature rehabilitation that has led to more dynamic floodplain vegetation patterns in space and time.
An example is the change shown in Figure 1. (2) Higher flood forecasts have led to the need for a stricter
management of margins of cultivated areas and unmanaged natural government properties. As a result of
these two developments the floodplain vegetation has become more dynamic and increased the nature vs
floods dilemma. This has led to proposed strategies like room for the river (Klijn et al 2018) and cyclic
rejuvenation (Baptist et al 2004).

Figure 1: Vegetation development in embanked floodplains. Embankments indicated in orange. The em-
bankment continues up- and downstream. On excavated soils pioneer forest settles and affects the discharge
capacity along the Waal River (NL), one of the Dutch Rhine Branches. Coordinates 51.88° N, 5.74° E (Photo
source: RWS, 2003; Geerling et al., 2008).
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The Dutch Rhine and Meuse rivers are such examples and are strictly managed to ensure that the hydraulic
roughness in the embanked floodplains will not increase water levels during a flooding . The Dutch floodplains
consist roughly of 30% intense agricultural use, 26% natural grassland, 23% open water, 5% bare or built,
6% forest & bush . Vegetation management consists of small-scale management such as mowing, grazing
or harvesting of woody vegetation. Natural parts of the floodplains are often extensively grazed by cattle
and wild horses to slow ecological succession, while agricultural areas are managed more intensively through
harvesting and mowing. Quickly developing pioneer floodplain forests characterized by fast growing willows
or maythorn shrubs will often be removed by tree felling in specific plots of this types of vegetation.

There are approximately 12.000 landowners in these floodplain areas, ranging from farmers (both crops
and cattle grazing) to NGOs and private entities owning property in the floodplains. The challenge for the
National Water Authority ‘Rijkswaterstaat’ is to focus efforts in the management of this vegetation in good
dialogue with all these different owners, as they are responsible for timely management of vegetation on the
land they own in line with legal requirements.

Present day monitoring of the floodplain vegetation is done via aerial photointerpretation and these maps are
generated once per six years. These maps are translated into hydraulic roughness classes and used as input
to the official hydraulic models for water level calculations to check on flood safety standards . The manual
once per six-year update of the ecotope maps is costly and time consuming. There is a need for cost efficient
up-to-date monitoring of vegetation. Remote sensing is a proven technology for large scale monitoring and
has been tested in the past on Dutch floodplains but had not moved to an operational platform

Aim of the research

In this paper we present a new tool to monitor the floodplain vegetation in the Dutch part of the trained
rivers Rhine and Meuse. The aim of this tool is to provide an easy screening method that helps focusing this
effort, using classification of readily available satellite images in dominant vegetation types. The tool is the
first-time satellite data is used for rivers in daily operations of the river manager. To develop a reliable tool,
the following questions were asked:

How can the floodplain vegetation management process be aided by a monitoring tool?

What type of information and visualization will present results in a simple and effective way?

How to achieve robust and accurate classifications using up-to-date remote sensing data?

Methods

At the Dutch National Water Authority ‘Rijkswaterstaat’ (RWS) a dedicated workflow is followed to map
and monitor the vegetation in the floodplains. Every 6 years the river system including the vegetation is
mapped using aerial photographs and classified manually using a GIS-based approach . The manual photo-
interpretation map was further combined with information on the flood frequency and inundation depths,
hydrodynamic forcing categories and information on the grazing intensity of specific parcels of land to yield
an ‘ecotope’ map. An ecotope is a spatial unit relatively homogeneous in vegetation structure, succession
stage and the main abiotic site factors that are relevant for plant growth . The ecotope map contains
different classes of vegetation each assigned a dedicated hydraulic roughness value and is used in river flood
management and associated hydraulic model calculations including the planning of vegetation management
.

To further aid vegetation management, communication and enforcement, a dedicated legal map of the allo-
wable vegetation (“Legger”) was created containing aggregated photointerpretation-based vegetation classes
. This map is used to communicate with the approx. 12.000 landowners in the floodplain area (Figure 2)
and depicts the legal limit for allowable vegetation (as a proxy for the allowable hydraulic roughness). The
river authority’s internal regulations stipulate that the floodplain vegetation should be in line with the legal
vegetation map every October . The authority must report the status to the government before the winter,

3
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i.e. flood season, starts. Up to 2018 no good operational tool was available to objectively monitor the state of
the vegetation in the floodplains on a more frequent basis than every 6 years. It was then when the need for
an appropriate monitoring tool was defined that would allow a dedicated team at RWS to prioritize where
in the floodplains field visits were needed to check if the current state of the vegetation is still in line with
the legal vegetation map.

Figure 2: Rivers monitored and managed for vegetation shown in blue. Roughly 500 kms of floodplains
along the rivers Meuse and Dutch Rhine branches.

The terms of reference for a monitoring tool were defined in close cooperation with the end-users which in
first instance consisted of the team responsible for floodplain vegetation management and the state forestry
agency, one of the bigger landowners in the floodplains. We had ample discussion on the requirements of
the end-users, such as ‘the tool must be usable in the field e.g. using a tablet with GPS functioning’, ‘the
tool must allow for quick analysis per cadastral plot’ and ‘information must be downloadable for further
processing in GIS if needed’. The basic terms of reference were:

• Produce a floodplain vegetation map and show the difference to the legal permitted “state of the
vegetation” of the whole river system;

• The map should be up to date, providing on the fly user selectable single-date maps;
• As a reference map for all users, a year-map should also be available;
• Use Sentinel-2 data and classify as robust and accurate as achievable;
• Use the legal vegetation map classes;
• Data and interface should be open and accessible for all stakeholders;
• Added in second instance: differentiate between field use (including GPS location) and desktop use;

export of maps to GIS;
• Added in second instance: timeseries to visualize longer term trends.

The added value of year-maps was only later recognized as there was a need for a map with the highest

4
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possible accuracy that could be used in communication with all stakeholders, and would be less affected by
inaccuracies in single image classifications as a result of e.g. atmospheric disturbances. The on-the-fly single
date-maps gave a good up-to-date insight, but different stakeholders could confront each other with different
day-maps. Also, for reference in communication, a more stable year-map was thus preferred. Also, time
series were added to allow for a better understanding of the development of vegetation through the years
and have a better approach for areas where changes in vegetation type fluctuated through the years, due to
the management of the area.

The overall technical classification workflow is visualized in Figure 3. For data-retrieval, pre-processing and
classification is carried out on the Google Earth Engine (GEE; Basic remotely sensed data consisted of
Sentinel-2 MSI (Level-1C) data and the Dutch LiDAR based AHN (0.5m raw samples), both are available
through GEE. Including Lidar-based data in the classification improves results for floodplain vegetation

Figure 3: Workflow and end products. The basic data consists of Sentinel-2 images and LiDAR data, with
two additional phenology-based bands in the year-map workflow. Ground truth is used for training and
testing sets for the Random Forest classifier.

For ground truth the River Authority’s photo-interpretation maps based on 2017 aerial images (false colour,
25cm pixel resolution) were used which were remapped into the Legger-classes, see Table 1. Training and
test pixels were selected from patches (polygons) of the photo-interpretation maps . We excluded dynamic
patches by comparing earlier photo-interpretation maps (2017, 2012, 2006, 1997) and selecting patches that
remained stable over these years.

Table 1 Description and characteristic species (if applicable) of the used landcover classes (adapted from
Harezlak et al., 2020; van Velzen et al., 2003).

Landcover class Description/characteristic species

Water Several types of water bodies: river, side gullies, lakes

5
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Landcover class Description/characteristic species

Built & Bare Buildings and roads Bare soil and soil with sparse vegetation (coverage by vegetation < 25%)
Fields and grass Arable land Grazed grass, characteristic species: Perennial ryegrass (Lolium perenne) and Meadow grass (Poa trivialis) Open grassland, characteristic species: Bentgrass (Agrostis stolonifera), Couch grass (Elytrigia repens), Creeping cinquefoil (Potentilla reptans), Silver weed (Potentilla anserine), British fleabane (Inula Britannica), and Curled dock (Rumex crispus)
Herbaceous Characteristic species: Field eryngo (Eryngium campestre), Red fescue (Festuca rubra); Yarrow (Achillea millefolium), Greater plantain (Plantago lancealata), Jewel weed (Impatiens glandulifera), Stinging nettle (Urtica dioica), Spotted dead-nettle (Lamium maculatum), Creeping thistle (Cirsium arvense), Common tansy (Tanacetum vulgare), Black mustard (Brassica nigra)
Shrubs Characteristic species: Hawthorn (Crataegus monogyna and Crataegus laevigata), and young specimens of White willow (Salix alba); Crack willow (Salix fragilis); Black poplar (Populus nigra), Wild Cherry (Prunus avium (Wild cherry) and several species of Oak (Quercus) and Elm (Ulmus)
Forest Softwood forest, characteristic species: White willow (Salix alba), Crack willow (Salix fragilis); Black poplar (Populus nigra) Hardwood forest, characteristic species Wild Cherry (Prunus avium (Wild cherry) and several species of Oak (Quercus) and Elm (Ulmus) Orchards.

For the single-date maps we use a single Sentinel-2 image (bands: blue, green, red, NIR and SWIR) and add
the raw LiDAR data as an additional input to the classifier. The year-maps are based on the same bands
but include a stack computed from all the images in one year with a low cloud coverage. A classification on
multi-temporal images of Sentinel-2 data is deemed more robust as this also captures changes over time .

Classified year maps are presently available for 2000-2019 in the viewer. For 2000-2011 Landsat-5 data are
used, from 2013-2014 Landsat-8 data, and 2015-2019 Sentinel-2 data. We do not include classification for
2012, as the data from Landsat-7 is affected by sensor failure . The full year image stack was created by
building quarterly median images for the Landsat data, and monthly median images for Sentinel-2 data.
This decision is based on image frequency for the region. Details on the Landsat classification method can
be found at Harezlak et al. (2020). For each year in the Sentinel mission, the monthly medians yield an
image with 12 times 5 bands (medians of blue, green, red, NIR and SWIR).

For classification we use the Random Forest classifier which is a robust classifier that (1) handles noisy and
dissimilar data well and (2) discriminates reliably with mixed classes . As the day-maps were meant to be
classified on-the-fly after user selection of a certain single Sentinel image, we optimised the classification
time by the number pixels in the training and testing set and the number of trees in the random forest
classifier (data not shown). Finally, we set the number of randomly selected pixels for each class to 200 (70%
training, 30% testing) and limited the number of trees to 6. We tested classifying the Photo-Interpretation
classes first and then aggregate to the Legger-classes versus classifying the Legger-classes directly, there was
no difference in accuracy (data not shown). We opted for classifying the Legger-classes directly in the final
product.

The post processing steps consisted of creating a change map and ranking and color-coding the changes to
their relative change in hydraulic roughness. We used a green-yellow-red colour ramp. The largest decrease
in hydraulic roughness (bush to water) was coded green, no change yellow, and highest increase in hydraulic
roughness (water to bush) was coloured red.

The results are presented in an easy to use web-based map interface based Netlify and MapBox (Netlify,
2020; Mapbox, 2020) with a connection to GEE for data and computations. In this tool data layers are
presented, and metrics are computed on-the-fly for relative vegetation cover per land ownership polygon.
Classification results can also be downloaded for further analysis in a dedicated GIS.

Results

The tool and main features

The operational version of the vegetation monitoring tool can be found on
https://vegetatiemonitor.netlify.com/#/verken (in Dutch), best used in the Chromium or Google
Chrome browsers. The main screen shows the satellite image layer, the legal vegetation map, the classified
satellite image, and the comparison map, see Figure 4 and Table 2. The time-slider allows selecting
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pre-classified year maps or dates of sentinel-2 images that can be classified on the fly of any area of interest.
Classifications can be downloaded in geotiff for GIS analysis.

After classification (day or year), a land cover pie chart of clicked upon individual cadastral polygons can
be made and compared to the ‘allowed’ distribution. The sentinel-2 images available in the daily analysis-
mode are updated every night with the most recently available images and allow for the inspection of the
current situation (provided clouds do not cover the area of interest). In the top bar, users can switch to a
lightweight field (‘veld’ in Dutch) version of the tool showing GPS location from smartphone or tablet to aid
field visits.

Figure 4: Front-end of the web-based vegetation monitor tool. Left to right: Layers, Metrics (pie-chart
icon) and download menus. The main view is the map-layer menu (’kaartlagen’) showing the layers (right),
mapview and time-slider (bottom).

The layers of importance for the vegetation monitoring are summarized in Table 2. The cadastral map allows
to identify the owners on whose land excessive vegetation is identified (for privacy reasons only the cadastral
reference code is shown). The monitoring tool is meant to be a tool for quick identification and a start of the
communication with landowners. The monitoring tool is open, so everyone with an interest in the floodplain
vegetation can access and download the data.

Table 2 Overview of layers used

Map layers Description

Cadastral map Allows for analysis per cadastral plot to inform individual landowners on the current status of their properties.
Flow path at flood levels (‘Stroombanen’ in Dutch) Divides floodplains in flow paths and flowless areas. Hydraulic roughness in flow paths is prioritized by the river manager.

7
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Map layers Description

Classification vs. legal map Gives color-coded information on the deviations from the legal map – green colors represent classes with a lower hydraulic roughness, yellow – no difference, orange and red -undesired deviation from the legal map with increased vegetation roughness.
Classification Shows the classification of the selected satellite image (both for daily and annual images).
Legal vegetation map Shows the reference legal map (‘Legger’ in Dutch).
Satellite image Allows for visual inspection in RGB of the selected satellite image for detection of anomalies due to e.g. nebula or small clouds.
Aerial photograph Allows for detailed visual comparison with the most recent available aerial photograph (RGB 10*10 cm; automatically updated after every annual flight).

Classification and accuracies

The tool has been tested in the field (using mobile phones and tablet) by end-users and found to be a suitable
help in the assessment of the status of the vegetation. Accuracy of the year classification is currently in the
order of 80% while overall accuracy of single image classifications vary between 60 and 70%. A confusion
matrix of the annual classification in the same year as the ground truth is shown in Table 3. The confusion
occurs especially between classes in which vegetation is very much alike, such as the confusion between willow
shrub and willow forest, and between rough natural grass lands and production grasslands.

Table 3 Confusion matrix for the year-map (2017). The diagonal (bold values) show the number of accurately
classified pixels. Rows depict the pixels assigned by classifier; columns are the distributions of the validation
pixels over the classes. The value in the lower right cell is the overall accuracy.

Water Built & Bare Fields and grass Herbaceous & reed Forest Shrubs

Water 18 3 5 7 0
Built & Bare 0 201 5 6 6
Fields and grass 0 6 188 9 3
Herbaceous & reed 0 9 7 177 1
Forest 0 2 3 6 195
Shrubs 0 9 2 10 20
100% 87% 90% 82% 87% 79%

A special case is confusion of water pixels with other land cover classes. As river water tables vary in time
and the reference ground truth data does not, most water class errors seemed attributable to this. Figure 5
shows a day-classification result based on a single image. Clearly around some floodplain water bodies (in
red circle) bare soil can be observed, when comparing these to the fixed legal map (Figure 6) this base soil
comes out as change (red) because is it seen as water to ‘build and bare’ change.

8
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Figure 5: Example classification result of a single date on the fly classification (26-8-2019).
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Figure 6: Example of difference map, comparing the classification with the legal map (’Legger’). The legend
is color coded according the increase (red) or decrease (green) of hydraulic roughness of classified land cover
in reference to the legal map (‘Legger’). Around water bodies often ’false’ changes related to fluctuating
water tables can be observed, see water bodies in red circle (also previous figure).

Monitoring changes

Figure 7 shows an example of detected change on the cadastral level (surface area 2.3 ha.), a strong difference
between the legal vegetation map and the current classification is shown by the red colors. In the legal map
this plot is supposed to consist mainly of water, with some rough vegetation around the edges. Due to the
natural process of vegetation development and a recent series of dry summers the pond has dried up and is
overgrown with rough vegetation, consisting of a multitude of classes. The easy recognition of the red colors
on the map, joint with the time series analysis and the information on the cadastral plot aids the dialogue
with the landowner to clear the area.
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Figure 7: Two comparisons with the legal map with a cadastral polygon selected (2.3 ha., black line). Left
situation in 2006 in compliance with the legal map. In 2019 a change to a more hydraulically rough state is
observed (shades of red).

Discussion

Operationalised advantages of satellite images

Satellites have been used for many years to monitor changes, since the launch of the first LandSat satellite
in 1984 developments have continued and now make available a vast amount of useable information . Many
websites cater for quick access to processed data for various purposes, such as the aquamonitor, the forest
watch on global scale (refs? Including the websites). However, the tool presented here is the first to
be actually implemented for the Dutch River Authority (RWS) and to be used in the regulatory daily
operational working process of river management. As far as we know this is also the first open access tool
to present daily and automatically updating (Sentinel-2) satellite image analysis for floodplain management
to a large group of end-users.

Performance and implementation

The accuracy of the tool is in line with earlier attempts for classifying floodplain vegetation in a similar
number of classes and of the ‘traditional’ ecotope maps . The random forest classifier handles mixed classes
such as ‘fields & grass’ unexpectedly well proving its robustness . Incorporating more images in the classifi-
cation improved the result as seen in the overall accuracy of year-maps and day-maps. Clearly, classes that
are separable on difference trough time benefit from a temporal data. For example, fields are the type of
class that has a specific seasonal signature being bare at the start of the growing season and harvested as
dissimilar stages and dates.

We see some opportunities to improve the classification for year-maps and single-date maps. Separation
of classes in year-maps showing a seasonal signal could be improved when incorporating pixel-level fitted
parameters on sinusoidal function of yearly NDVI as bands . For single date (image) maps and year-maps,
the inclusion of SAR data could provide some extra resolution . However, experiments with ‘raw’ Sentinel-1
data (hh, hv; data not shown) did not show significant improvement (order of about 1-2% to total accuracy).
Another approach could be a combination of segmentation in super-pixels and the use of texture within
those super-pixels . This can also be a way to incorporate SAR data into the classification . However, for
single date maps the classification speed determines the user-experience greatly. Therefore, there is a speed

11
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trade-off for incorporating new procedures and data in on-the-fly classification. The pre-classified year-maps
do not have that disadvantage.

The accuracy was one of the most important topics in the discussion with the end-users. Beforehand we
could estimate the accuracy based on quick scans and existing knowledge, but these numbers did not mean
much to the end-users. During the first development year results were quickly shared and maps were used
in the field. This experience helped translate the statistical accuracy in a form of trust in the produced
maps. The vegetation-monitoring team could use the map in discussions with stakeholders and have no
doubt about the map contents.

Development process

Developing a new monitoring tool for operational floodplain management is a process that is highly interactive
and a strong dialogue with end-users is needed to create a useable tool. Features like GPS location indication
for field use and downloadable images were implemented in a second iteration of the tool. Also, as the end-
users started to download small AOIs (as in on-screen views) and mosaicking these in GIS, the download
option evolved from downloads of single user selected classifications of the AOI in the viewer to downloads
for total covered area. We further added the year-maps after different users asked for a “standard year map”
to be able to refer to in reports and other stakeholders in order to standardize the yearly assessment of the
vegetation state. It is foreseen that there will be additional changes to the tool out of the continued use and
experience in the coming period. Also, a new or updated fixed map-layers will need to be included when
made available. For instance, a new legal vegetation map will become available in 2020.

The process of creating this tool has taken several years of intense discussions between researchers and man-
agers at the national water board. The interplay between scientific and technical advances, and management
requirements was helped by labelling this project as an innovative project within the framework of coopera-
tion. The end-user interaction to come to the here presented tool must not be underestimated in the creation
of an accepted and useful tool. The availability of Google Earth Engine with its continued up-to-date image
library greatly speeded up and facilitated the prototyping and operationalizing of the project.

Reflection on use and other applications

The vegetation monitor is primarily designed as a quick and easy screening tool to identify those areas in the
Dutch floodplains that in need of maintenance and is always used as a starting point for the dialogue with
the responsible land owners and must be complimented with field visits for the final check on the correctness
of the initial assessment. Next to this there are many potential possibilities to use the tool also in a wider
context, for example to assess the impact of the changing lay-outs of vegetation distribution on flood water
levels when these maps are directly used as input for the flood risk models. Also, the tool can easily be
adapted to be useful in other river systems, providing that some ground truth data is available as test and
training data. Several other initiatives are currently undergoing to classify the vegetation of the floodplains,
but most often this is done in a GIS environment, making it less accessible to the general audience. Especially
in large scale data-poor areas the technique may give a first order estimation of the current status and allow
also for analysis on changes over time.

Recommendations

During the creation of the vegetation monitor there was discussion regarding the absolute accuracy of the
individual classification results and which percentage of accuracy was deemed acceptable for the evaluation
of the status of the vegetation. It took time to acknowledge that reaching 95% accuracy was not only
technically not feasible, but also not necessary to give an overall judgement of the status of the vegetation.
The annual maps with an average accuracy of between 80 % and 86 % are now being used and give a
sufficient first indication of the situation. The communication that this tool is a first screening and that field
visits will remain necessary in the final judgement has helped to accept that a certain level of inaccuracy is
unavoidable.

12
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During the stakeholder process to define the terms of reference, it was clear that different types of users have
different requirements. The stakeholder process is therefore very important in defining the final features of
such tool.

The time series analysis feature has added benefit in judging a single classification, as it aids in checking for
the consistency of the classification and potential fluctuations and dynamics through time, e.g. in relation
to interannual fluctuations in river discharge and weather patterns and the response of vegetation to this.

Conclusions

Sentinel-2 (10m) based mapping aids small scale (>1 ha) vegetation monitoring and management, even
Landsat (30m) is useful in small scale mapping of vegetation and changes herein. By using off the shelf
images and methods 60-70% accuracy was achieved for single images, while stacking year-round images
yielded 86% accuracy. Accuracies of 60-70% are already good enough to inform, prioritize and decide in
vegetation management. End-users need time to adjust and trust a new data-source, it’s not only about
the accuracy numbers. Inclusion of Google Earth Engine simplified building prototypes and an operational
platform. Developing the tool in close cooperation with end-users helped to quickly identify unanticipated
uses, useful features and facilitated trust in the tool.

Data Availability Statement

All used geodata from the river manager (aerial photographs and ground truth ecotope maps) is available
for download and use .

The Google Earth Engine provided the remote sensing data, and all analysis tools and can be accessed at
no cost for research .
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