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Summary

Background and Introduction to Deliverable 2.1.

Work Package 2 of REFORM focuses on hydromorphological and ecological processes and
interactions within river systems with a particular emphasis on naturally functioning
systems. It provides a context for research on the impacts of hydromorphological
changes in Work Package 3 and for assessments of the effects of river restoration in
Work Package 4.

Deliverable 2.1 of Work Package 2 proposes a hierarchical framework to support river
managers in exploring the causes of hydromorphological management problems and
devising sustainable solutions. The deliverable has four parts. Part 1 provides a full
description of the hierarchical framework and describes ways in which each element of it
can be applied to European rivers and their catchments. Part 2 (this volume) includes
thematic annexes which provide more detailed information on some specific aspects of
the framework described in Part 1. Part 3 includes catchment case studies which present
the application of the entire framework described in Part 1 to a set of European
catchments located in different biogeographical zones. Part 4 includes catchment case
studies which present a partial application of the framework described in Part 1 to a
further set of European catchments.

Summary of Deliverable 2.1 Part 2.

Part 2 of Deliverable 2.1 provides fuller details concerning some specific topics outlined in
Part 1.

A method for automating delineation of river reaches is described and tested (Annex A).
Information on the natural riparian and aquatic plant communities of Europe is tabulated
(Annex B). Flow regime analysis (Annex C) is explored in far greater detail than in part 1,
with indicators fully defined and several different methods described. Quantifying the
calibre and structure of river sediments is a challenging task, so Annex D goes into this
topic in depth, providing the information required for sampling regimes to be designed.
In Annex E, some additional information on the classification of rivers and floodplains is
provided.

Following a brief description of sediment budgets (Annex F), a more extended description
of empirically defined threshold conditions between rivers of different type (Annex G),
and a description of a range of sediment transport formulae (Annex H), Annex | presents
a series of modelling applications that have been developed for network, reach and
habitat scale applications. These are presented in the form of applications of particular
models to individual European rivers, many of which are the focus of catchment case
studies in Parts 3 and 4 of Deliverable 2.1.

Deliverable 2.1 Part 2 concludes with a review of how remote sensing can contribute to
assessment of particular features, processes and characteristics that are required during
the application of the hierarchical framework.

Acknowledgements: The work leading to this report has received funding from the
EU’s 7™ FP under Grant Agreement No. 282656 (REFORM). We gratefully acknowledge
the following for their constructive reviews: Gary Brierley, Judy England, Angel Garcia
Canton, Fernando Magdaleno Mas, Maria Isabel Berga Cano.
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Annex A
Automated Delineation of River Reaches
(Case Study: Upper Esla River, North West Spain)

Vanesa Martinez-Fernandez, Marta Gonzalez del Tanago, Diego Garcia de Jalon
E.T.S. Ingenieros de Montes, Universidad Politécnica de Madrid (UPM), Spain

Summary

This work aims to explain the general procedure for developing automated delineation of
river reaches and to provide an alternative to the traditional delineation approach based
on expert criteria. This methodology has been applied to three Spanish rivers to illustrate
the procedure. The use of automated delineation to identify spatial discontinuities has
recently become very common due to the increase in the availability of GIS and remote
sensing information. The principles indicate that the automated delineation approach
seems to be more objective and statistically reliable than expert criteria. Among the large
number of algorithms that could be considered to identify spatial discontinuities of river
reaches, the Pettit” s test was used. The limitations and advantages of this algorithm are
briefly discussed.

A.1 Introduction

Identification of spatial discontinuities along the continuum of the fluvial systems is
necessary for many purposes. Physical characterization, sampling design, monitoring, or
reference assignment are examples of current procedures that have to be based on
specific river reaches or segments, which need to be delineated in advance.

To date, expert criteria and graphical methods have been the main procedures to detect
different types of discontinuities and delineate nested spatial units for characterizing
stream networks (Schumm et al., 1994; Seelbach et al., 2006). Nevertheless, the
automated segmentation of a river using different types of algorithm is a procedure that
is becoming more frequently applied, because it is efficient and objective. The
segmentation of the Mississippi River made by Shumm et al. (1994) based on expert
criteria was improved by Orlowski et al. (1995), who applied multi-response permutation
procedures proposed previously by Mielke (1991). Brenden et al. (2008) proposed a
spatially constrained clustering program for river valley segmentation from GIS digital
river networks. They applied it to the Michigan and Wisconsin River networks based on
seven physicochemical stream attributes. The results were compared with previous
classifications based on expert criteria (Seelbach et al., 2006), and showed a greater
number of segments with the automated method. More recently, spatial disaggregation
and aggregation procedures for characterizing fluvial features at the network-scale have
been applied to the Rhone basin in France by Alber and Piégay (2011). Their innovative
procedure for obtaining homogeneous spatial units was carried out by applying Pettitt”s
test (Pettitt, 1979) to a set of data measured on the streamline, the valley bottom and
the active channel. More recently, this spatial aggregation method has been applied in

Page 5 of 230



REFDRM D2.1 HyMo Hierarchical Multi-scale Framework Il. Thematic Annexes
]

REstoring rivers FOR effective catchment Management

other research as a necessary step for achieving different objectives (Toone et al., 2014;
Notebaert & Piégay, 2013), including being used as a tool for management aquatic
resources and fishing (Wang et al., 2012). New and improved methods are being
developed for identifying appropriate spatial units for sampling design, data interpolation,
formulation of management actions (Wang et al., 2006) and for application of
morphological (Rinaldi et al.; 2013) and biological indices, where automated
segmentation procedures have enormous potential for objectively and efficiently
detecting homogeneous units within complex fluvial systems.

In this report an example of automated delineation of homogeneous spatial units is
presented. The objective has been to present a potential tool for discretizing the spatial
heterogeneity in stream networks from spatially continuous data related to the
hierarchical framework described in Deliverable 2.1 Part 1. To illustrate application of this
tool, we have applied the methodology to the Upper Esla River (Duero Basin, North West
Spain). In this example application, only geomorphic variables related to fluvial
processes have been used (Kondolf et al, 2003; Brierley and Fryirs, 2000), but other
hydrologic or biologic variables could be used for the same purpose.

A.2 Methodology

We have applied a method for automatically delineating river reaches to the Upper Esla
Basin, Duero Basin, North West Spain (Figure A.1), including the Upper Esla river and the
Porma and Curuerio rivers. This methodology is based on that of Alber and Piégay (2011)
with some modifications which are explained below.

We used two types of raw data available at the scale of the catchment: (i) a DEM with a
5 m spatial resolution (IGN, 2011); and (ii) orthophotograph cover with a 0.25 — 0.5 m
spatial resolution, dated 2007. From these we extracted relevant variables using ESRI
Arcmap version 9.3, with the ArcHydrotools, 3DAnalysis, Spatial analyst and Xtoolspro
extensions.

In this example application, we selected three geographic elements commonly used for
spatial analysis of stream networks: the channel planform, the valley bottom zone and
the active channel, from which we extracted measurements of three variables: the
channel slope, the valley bottom width and the active channel width, respectively. To
achieve this, we followed four steps: (1) Delineation of the three geographic elements;
(2) Delineation of the reference axis of each element; (3) Systematic measurement of
the three variables and creation of a database; (4) Application of an algorithm for
detecting significant discontinuities along each analyzed geographical element, according
to the values of the three variables. Having completed these four stages, segments need
to be delineated manually according to specific objectives, including the potential to
consider additional criteria such as a minimum segment length or a maximum number of
segments. Although this final delineation may be based on practical or relatively
subjective constraints, the characterization of the segments is always supported by
statistical data.

Page 6 of 230
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Figure A.1 Location of the study area (Upper Basin of the Esla River, Duero Basin).

A.2.1 Delineation of geographic elements in which segmentation
procedures are to be applied

Once the geographic elements are selected, their delineation by means of polylines
(channel planform) or polygons (valley bottom zone and active channel) represents the
first stage in the procedure (Figure A.2).

The polyline to schematize the river channel planform was manually extracted from DEM
and orthophotograph information. The polygon to delineate the valley bottom defines the
alluvial zone inside which geographical objects required for subsequent analysis are
located (e.g. active channel, erodible corridor, riparian forest, geomorphic units...). The
polygon was extracted manually, combining information from a DEM and
orthophotographs, and the layout of cross sections. Some semi-automated methods are
available for extracting a valley bottom polygon from a DEM (Williams et al., 2000;
Gallant and Dowling, 2003; Hall et al., 2007) but the results require careful examination
after processing. Finally, the polygon delineating the active channel was manually
extracted from orthophotographs. In this study we considered the single or multiple
channel(s) and adjacent unvegetated gravel bars as the active channel, following
recommendations by Gurnell (1997).

Page 7 of 230
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Figure A.2 Polygons (valley bottom in black and active channel in red) and polylines
(valley axis in yellow, channel planform in blue) delineated in the study area.
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A.2.2 Delineation of the referencing axis

Systematic measurement along the selected geographic objects requires, first, the
creation of a referencing axis on which all the measurements are based. For the channel
planform the reference axis coincides with its polyline. For the valley bottom, the
reference axis is defined using the valley bottom polygon. A semi-automatic procedure
was used, following Alber and Piégay (2011), which is based on Thiessen
polygonalization, and extracts the skeleton of every polygonal and ramified polygon
(Figure A.3). Lastly, the reference axis for the active channel was the same polyline that
schematized the channel planform.

Figure A.3 Thiessen polygonalization procedure to define the axis of the valley bottom
(in red).

A.2.3 Data gathering: Systematic measurements of selected variables in
the geographic elements

Once the respective reference axes have been defined, systematic measurements of the
relevant variables are undertaken at a specific spatial resolution, which is limited by the
resolution of the available data. In the present case a resolution of 200 m was selected,
which is more than 10 times the spatial resolution of the DEM and orthophotographs.

Many different variables could be measured to support the automated delineation
procedure. In the present case we measured the elevation along the polyline
schematizing the channel planform to derive the channel slope and longitudinal profile,
and the width of the valley bottom and the active channel polygons.

Channel slope and longitudinal profile.

First, we measured the elevation along the river channel polyline with a uniform spacing
of 200 m, generating a GIS layer of channel elevations. With the elevation and distance
data we created the longitudinal profile. We corrected this long profile following a method
described in Jain et al. (2006). For example, from the obtained long profiles, we located
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elevation values exceeding upstream elevation values, and then corrected them based on
extrapolation from upstream and downstream “correct” values. Then, we calculated the
channel slope value by dividing the difference between upstream and downstream
elevation corrected values by the measurement interval, which is 200 m.

Valley bottom width and active channel width.

Valley bottom width (Figure A.4) and active channel width (Figure A.5) were
systematically measured every 200 m along the respective polygons. The measurements
were taken orthogonally to the respective reference axis. In the case of the dams, both
variables were recorded as the width of the water surface.

Figure A.4 Valley bottom width measurements.
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Figure A.5 Active channel width measurements.

A.2.4 Application of an algorithm for detecting significant discontinuities

The procedure continues by applying spatial aggregation algorithms to the data created
for the variables measured in the preceding stages, to delineate homogeneous segments
or reaches. Many different algorithms and statistical techniques can be applied to
delineate river reaches. Leviander et al. (2012), compared seven algorithms belonging to
four families: tests of homogeneity methods (Pettitt, 1979; Hubert, 2000; Kehagias et
al., 2005); contrast enhancing methods (Leviandier et al., 2000), spatially constrained
classification methods (Brenden et al., 2008), and hidden Markov models (Kehagias,
2004). They concluded that all methods produced similar segmentations. Notebaert and
Piégay (2013) used a test of homogeneity method employing the Pettitt test to achieve
segmentation of a fluvial system from a geomorphic variable, the floodplain width.

The Pettitt test (a = 0.05) was also used in the present application. This non-parametric,
univariate test detects a unique change point in data series that are non stationary,
following iterative runs of the algorithm. We chose this method because of its low
complexity and easy implementation of the software. A full description of the test can be
found in Pettitt (1979) and Leiviandier et al. (2012). In the present research the
algorithm was implemented using a script by Pascal Haenggi written in R (version
2.15.1).

We identified segments as the portions between two discontinuity and consecutive points
detected by the Pettitt test. The number of segments obtained using each of the three
variables and the average values of segment length were then compared.
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A.3 Results

Figures A.6, A.7 and A.8 show the spatial variability of the measured variables along the
three geographical elements of the rivers, together with the points where significant
changes in this variability were identified according to the Pettit”s test. It is apparent
that each variable produces different results, with the channel slope detecting only four
breaks in the series while the other variables detect many more. The valley-bottom width
showed much greater variability than the active channel width, contrary to what might be
expected, and as a result, analysis of this variable yielded a larger number of smaller
length segments than the other variables.

Table A.1 summarizes the number of discontinuities obtained for each variable, and the
average values of the segment lengths between consecutive discontinuities. Analysis of
channel slope detected four discontinuities in the three rivers resulting in quite different
segment lengths (91 km for the Esla river, 80 km for the Porma river and 48 km for the
Curuenio river). This result reflects the relatively homogenous topography within the
study area, and could be the basis for delineating landscape units or river segments at a
relatively coarse scale. Analysis of the valley-bottom width identified a number of
discontinuities in proportion to the river length (the greater the length, the greater the
number of segments). Finally, analysis of the active channel width detected a larger
number of discontinuities along the Curuefio River than the Porma river, which could be
related to flow regulation by the Porma dam that decreases the heterogeneity of the
channel downstream. Both variables (valley width and channel width) detect a higher
spatial variability than the channel slope, and could contribute to delineating river
reaches or sectors at a relatively fine scale.

The geographical location of variable discontinuities along the studied rivers is shown in
figures A.9 and A.10. In the case of the channel slope (Figure A.9) the results are very
well correlated with topography and with tributary confluences, indicating that the
segments correspond with different landscape units.

Regarding the valley bottom width (Figure A.10 left), the number of discontinuities is
very large, indicating that a post-analysis aggregation stage is needed to produce a
practical segmentation. On the contrary, analysis of the active channel width (Figure
A.10 right) produced a reasonable number of river discontinuities that could be used for
delineating reaches, although once again, some post-analysis aggregation is needed to
yield a practical number of reaches.

Table A.1: Number of discontinuities (N) and values (mean and standard deviation) of
the length of the resulting segments (L)

Channel slope Valley bottom width Active channel width
N | L (km) #+SD N L (km) #+ SD N L (km) #+ SD
Esla 4 10.5 + 6.46 37 2.82 +1.87 10 26.45 + 22.45
Porma 4 13.0 + 14.9 20 3.1+ 2.04 5 18.0 + 8.55
Curuefio 4 5.7+ 3.36 15 2.81 + 1.76 8 11.3 + 10.68
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Figure A.6 Automated delineation of discontinuities along the river Esla based on spatial
variability in three variables.
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Figure A.7 Automated delineation of variable discontinuities along the river Porma,
based on spatial variability in three variables.
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Figure A.8 Automated delineation of variable discontinuities along the river Curuefio,
based on spatial variability in three variables.
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Figure A.9 Location of the channel slope discontinuities along the studied rivers, which
are closely related to the different landscape units (based on topography) and river
segments (based on tributary confluences).

Figure A.10 Location of the valley-bottom width discontinuities (left) and active channel
width discontinuities (right) along the studied rivers.
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A.4 Discussion

A.4.1 Applicability of the automated delineation procedure

The purpose of this example was to show the applicability of the automated delineation
procedure for segmenting the river network into statistically homogeneous reaches, in
the present case based on three geomorphic variables. This methodology could be
applied with other types of variables, and not only for a downscaling discretization of the
river into small portions, but also for upscaling by aggregating previously identified
reaches into larger segments or river sectors.

Following the hierarchical framework proposed within Deliverable 2.1 Part 1, the
procedure could be applied at different spatial scales and according to different criteria.
At the landscape unit scale it might be feasible to segment the catchment area according
to the dominant land use; whereas at segment, reach or smaller scales, segmentation
according to different hydrologic or geomorphic variables could be investigated according
to the purpose of the segmentation. Also physiochemical variables like water
temperature and the grading of the bed, or biotic attributes like the existence of specific
macroinvertebrates or fishes could be used (Rice et al., 2001; Knispel and Castella,
2003; Hitt and Angermeier, 2008, Parker et al 2012). The use of these water quality or
biotic variables would need field work and so would be much more expensive than
geomorphic variables, which can be extracted from DEMs and orthophotographs.

In our work we introduced some variations to the Alber and Piégay (2011) proposal.
These variations included, measuring the variable every 200 m instead of calculating an
average value for the variable every 200 m, allow us to consider the measurement as a
point on the system or a transversal transect of the river (valley bottom width, active
channel width, valley confinement or land use in the watershed), without referencing
each measurements to an area (the disaggregated geographic object) as proposed by
Alber and Piégay. This methodological variation makes the method easier and simpler to
apply, by considering the measurements as systematic samples taken at a defined
interval along the fluvial system.

The spatial data base of variable measurements along the rivers that is generated by our
approach provides geographical information defined at a specific spatial resolution, in our
case every 200 m. This geomorphic database can be enlarged or improved with an
increase of spatial resolution progressing in the disaggregation procedure, or used at
coarse scale by means of aggregating values of the series. Also the database created
with this approach has the potential to be very useful for monitoring long-term changes
of geomorphic variables.

A.4.2 Limitations of Pettit™ s test

The Pettitt (1979) test, which was used in this research, has some advantages in relation
to other algorithms, particularly its simplicity and the fact that it does not require
normally-ditributed data. However, it also has some limitations. First, this test is
univariate, which means that it is not possible to obtain one statistically significant
segmentation across several variables simultaneously as with others tests (Bizzi &
Lerner, 2012). In this case, the results from the application of the test could be combined
using the expert criteria to take account of additional variables. Secondly, the Pettitt test
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detects a single point of discontinuity in the data series and the two resultant subseries
have to be subjected to the test iteratively, until the discontinuities are no longer
significant depending of the a risk that was chosen (in the present case a=0.05). A final
limitation of the Pettitt test, pointed out by Alber and Piégay (2011), is its strong
dependence on the amount of data. In an attempt to address this question in our case
study, all the variables were sampled with the same intensity, every 200 m. In this way,
the effect of the amount of data on the number of segments identified with respect to
each variable, is reduced.

With the widespread availability of GIS and increasingly large quantities of remote
information, the use of algorithms, like the Pettitt test, provide objective alternatives to
delineating and characterizing geographic features. The procedure acquires special
significance when fuzzy boundaries exist along the continuous gradients of natural fluvial
forms and processes at any scale.
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Annex B Riparian and Aquatic Plant Communities of Europe

J.O. Mountford and M.T. O’Hare, Centre for Ecology and Hydrology, UK

This annex contains tables of aquatic (B1) and riparian (B2) vegetation types which are considered natural and may therefore indicate
natural hydrological and fluvial geomorphological conditions. The vegetation communities are taken from EUNIS / PHYSIS and the Natura
2000 (N2K) coding systems.

Table B1: Aquatic Vegetation Types

A first attempt at a Pan-European classification of aquatic vegetation likely to occur in rivers under natural geomorphic conditions. The classification is
based on EUBIS/PHYSIS or a Natura 2000 description.

EUNIS 7/ | EUNIS / N2K EUNIS /7 PHYSIS or N2K description Geographic extent
PHYSIS | PHYSIS Sub- | code

code code

n/a 3210 Fennoscandian natural rivers [N2K manual page 44]. Defined as “Boreal | boreal

and hemiboreal natural and near-natural river systems or parts of such
systems containing nutrient-poor water. The water level shows great
amplitude, up to 6 m during the year. Especially during the spring, the
water level is high. The water-dynamics can vary and contain waterfalls,
rapid streams, calm water, and small lakes adjacent to the river. The water
erosion causes a higher amount of nutrients towards the river-mouth, where
sedimentation starts. In higher levels the rivers are characterised by great,
very cold water flows, coming from glaciers, deep snow-beds and large
snow-covered areas in mire- and woodlands. In addition the water surface
in placid river sections is frozen to ice every winter. These circumstances
create ecosystems unique to this part of Europe. [Mainly Scandinavian and
Russian taiga eco—region
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EUNIS 7/ | EUNIS / N2K EUNIS /7 PHYSIS or N2K description Geographic extent
PHYSIS | PHYSIS Sub- | code
code code
c2.2 Permanent non-tidal, fast, turbulent watercourses
ca.2/ Epirhithral and metarhithral streams (mountain streams)
P-24.12
ca.2/ Hyporhithral streams (lower reaches of mountain sections)
P-24.13
3220 Alpine rivers and the herbaceous vegetation along their banks [N2K manual | Alpine Bio-geographic region
page 44 — equivalent to PHYSIS 24.221 and 24.222].

P-24.221 Open assemblages of herbaceous or suffrutescent pioneering plants, formed in northern boreal
rich in alpine species, colonising gravel beds of streams with an alpine, | and lower Arctic mountains, hills
summer-high, flow regime, (Epilobion fleischeri p.) and sometimes lowlands, as well

as in the alpine and subalpine
zones of higher, glaciated,
mountains of more southern
regions, sometimes