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Abstract: The problem addressed in this paper is identifying river reaches from a geomorphic point
of view. Essentially this implies getting a holistic synthesis from multi-dimensional information
gathered through a reductionist approach. While this task is traditionally a subjective, expert based
exercise, here we address the possibility to perform it objectively through a systematic procedure
that virtually does not require expert judgement once criteria are set. The key difficulty that
motivates this investigation is the fact that some of the attributes adopted to describe geomorphic
characters of a river (e.g. sinuosity) depend on the length of reaches, while these latter are not yet
identified; this introduces, at least conceptually, an unpleasant, implicit, subjective, iterative
procedure that we instead skip. The idea here proposed is simply to first build a set of core attributes
independent from reach length (each one defining an appropriate, independent segmentation) and
then finding the reaches by the intersection of their segmentations. Examples from two rivers (the
Magdalena River, Colombia and the Baker River, Chile) are developed and discussed.

Keywords: river reaches; segmentation; automated approach; fluvial geomorphology; River Styles

1. Introduction

The problem addressed in this paper is identifying from a geomorphic point of view river
reaches with which a particular behavior is associated. In principle, one might deal with a river by
describing its characters (through attributes) all along its course with no need for segmenting it into
“reaches”; actually, a river is a composite, often complex, pattern/collection of process transitions
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from source to sink, with variable balance of erc-iUh and depositional processes along the way.
Identifying parts of the river similar one to another, aiid different from others, is however very useful
in order to develop a meaningful description of character and behavior of a river and to conceive and
design interventions. This is where the “reach” concept comes into play. River “reach”, as noted by
Parker et al. [1], is a very much used concept, but with a very loose definition, non-homogenous
amongst authors (Kellerhals et al. [2] is the key starting point or more recently Gurnell et al. [3]). A
geomorphic reach is in the end a length of river that presents a distinctive and recognizable character
and process regime. This implies that each single descriptor (called “attribute” in what follows, like
for instance active channel width) can be given a meaningful, unique, representative value for the
reach, although the underlying variable can vary significantly, but displays a recognizable spatial
pattern, a kind of regularity.

We are here a step ahead of the problem of automatically identifying key elements (i.e. active
channel, islands, bars) as faced for example by Bertrand et al. [4] or De Marchi et al. [5] with the
GEOBIA approach (which recognizes shapes of pieces of land with consistent properties of image
pixels) and many other researchers. We imagine to have already identified and characterized such
elements, while we now need to interpret their assemblage in order to identify segments of the river
(“reaches”) which present a distinctive character (and behavior which provides insights into the
‘range of variability’ and the ‘capacity for adjustment’).

The essence of the problem is to obtain a holistic synthesis from a bunch of reductionist
information (presence and characters of geomorphic units and descriptors of the fluvial elements)
while recognizing those segments where this synthesis provides a meaningful view. This holds for
complex assemblages of features -like those needed to identify planform types- as well as for a
sequence of mono-dimensional data (e.g. along a river) from simple attributes of the type “presence,
absence” (denoted in what follows as “sporadic attributes” and measured by binary variables). For
example, one isolated island along a significantly long reach (depending on the river size) cannot
lead to label that reach as an “island reach” (i.e. populated by islands), because it is just a local
anomaly; but a series of sparse islands, “here and there”, even separated by some distance, tells us
that indeed that is an “island reach”. Essentially, we need to capture a prevailing character seen at an
appropriate scale that depends on the river at hand. In addition, we must capture “things that matter”
as, in particular in biodiversity terms, rare/unique features are often the pivot, and must be viewed
alongside common features. This means that a good part of the exercise relies in choosing the
appropriate descriptors (attributes).

The following discussion is quite general, however, it has been originally developed to deal with
the application of the River Styles Framework of Brierley and Fryirs [6] (denoted “RS” in what
follows) where a “procedural tree” specifies a set of relevant attributes to be adopted for the
characterization and (open-ended) classification of a river, subdividing it in meaningful reaches. In
all what follows “confinement”, unless differently specified, is hence meant as defined by Fryirs et
al. [7] and O’Brien et al. [8], i.e. as a statistical measure of the contact length between the active channel
and either of valley bottom margins.

In all what follows we refer just to “forms” unless time is involved (i.e. looking at changes). This
is not at all to say that processes are not relevant, but rather to stress that, in general terms, as a
starting point, the characterization of a river indeed just looks at forms (including presence of bars,
levees, etc.) and later infers processes. It depends on the choice of attributes, because if attributes like
“stability” or “activity” (i.e. the rate of movement recorded in the past) are included, then processes
are directly called into play. The important point, however, is that here we are just concerned with
defining reaches; an investigation of the historical evolution of each reach is in any case necessary to
fully understand behavior and changes occurred, but can come at a later stage.

2. Approaches to identify reaches
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It is out of the scope of this paper to discuss in an exhaustive fashion the various possibilities
relevant for the problem add| cs: ed; what follows has rather to be viewed as a logical framing of the
discourse. Different options are available (and mixed solutions are possible too) which can be
classified as follows:

a) Manual segmentation based on expert judgement (most applied)

b) Artificial Intelligence and Machine Learning algorithms based on image recognition

c) Statistical algorithms

d) Logical or heuristic algorithms.

The traditional procedure (approach a) to determine reaches (as resumed for instance in the
nEFORM project: Bizzi et al. [9]) is based on a preliminary segmentation (based on changes of slope,
valley bottom width, basin area because of tributaries input), then further refined by considering
confinement, sinuosity, planform and additional aspects which are based on a more or less explicit
holistic recognition by expert judgement (a structural, taxonomic approach for such units is for
instance proposed by Wheaton et al. [10]).

There are a few difficulties associated with this procedure:

- it is expert-based, subjective, not replicable, and work-intensive (although subjectivity implied
by expert judgment also ensures flexibility and the capability to appraise things that really matter)

- itincludes an intrinsic kind of paradox: several attributes depend on the segment length chosen
(e.g. sinuosity, confinement: we call these extensive attributes), a length which, being the reach itself
the sought output, at the beginning is still undefined (see Figure 1). Essentially, the characterization
is impossible without the reaches, but these can only be defined through a characterization process.
The only practical way out from this difficulty is undertake iterations that are, however, traditionally
driven by intuition and remain henee obscure. The result is that different experts may come up in
general with not coinciding segmentations.

Axis of the Active

Active

Channel Valley ::izlr:)el
Bottom % p

margin

Valley
\ Bottom | Islands
Axis of the margin ‘ ‘
Valley

Bottom

|
\ f
\ |
\ \“
\ |
. A’
|

Figure 1. Examples of ambiguity related to extensive attributes: (a) Sinuosity of segment A-B is much
higher than that of segment A’-B’” (almost straight); that of A-A’ is even higher; (b) Example of the
problem implied by the usual procedure for defining reaches: based on confinement, the whole
segment O is identified as “confined” because along more than 85% of its length one of either banks
of the active channel is in contact with the valley bottom (VB) margin; however, based on planform,
two well different sub segments are identified (A, B); but now confinement for segment B gets the
value “partly confined” (because the total contact length is less than 85%, but more than 10%)
(definition of confinement according to Brierley and Fryirs, [6]; Fryirs et al. [11]; O’Brien et al. [8]). A
similar behavior occurs with the other attributes, so each time an attribute (in particular amongst
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those envisaged in the RS procedural tree and concerning presence of geomorphic units) comes into
play, all previously assessed attributes need to be re-assessed possibly obtaining different values.

Notice, by the way, that when the river moves (adjusting without changing character),
“confinement” possibly changes; as it is the head of RS classification procedure, this may imply
dramatic changes in RS classification and requires a lot of work to be re done!

Artificial Intelligence-Al (approach b) develops suitable algorithms (e.g. based on Artificial
Neural Networks: Rutkowski, [12]; Olson and Delen, [13]) that go beyond the pure interpretation of
spatial configuration (by itself very powerful, as shown for instance by Jacquez, [14]), being able to
interpret the whole assemblage of a wide array of elements (spatial configuration, altimetry,
“colors”). Incidentally, it can be observed that more than "intelligent", anyway, they should be
denoted as "powerful, visual-memory, comparers". In any case, there are hindrances:

- Al depends on training, it is not able to face unexperienced situations in fact, as noted by
Bhamare and Suryawanshi, [15], “The general problem of recognizing complex, arbitrary patterns
with arbitrary orientation, location and scale, remains unsolved...”;

- It is computationally heavy.

- Unavoidably, Al algorithms must be informed by a subjective choice of scale, otherwise they
can “get lost” as they could jump into finer and finer scales capturing irrelevant distinctions of forms
assemblages.

- The outputs of Al algorithms heavily depend on the images resolution and are hardly
exportable to other situations.

- Most important, Al would just provide the label assigned to that type of image, but it cannot
explicitly inform on the attributes (although from a kind of signature some related information can
be extracted), while this is vital to the aim of producing reaches accompanied by clear,
understandable, descriptors.

For approaches c) and d) the problem faced is obtaining a holistic synthesis starting from
reductionist, analytical information associated with nearby points (or “segments”) along a river. So,
they need a regular discretization of the whole Valley Bottom (VB) and river in “slices” (polygons
pseudo-perpendicular to the VB axis), associating with each VB slice the value of all relevant
attributes or the information needed to determine them (e.g. the presence/absence of a geomorphic
unit, see Figure 2). We refer to this base as the “skeleton” which is -by the way- what can be set up
by means of the Fluvial Corridor Toolkit (FCT) (Roux et al. [16]).

Pt B 1
/ \
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f \
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Figure 2: Creating the “river skeleton”: Geomorphological units in the active channel (e.g. islands,
bars, pools, riffle) or in the valley bottom (e.g. levees, ridge & swales, paleo channels, wetlands)
translate into a binary attribute of presence (1) or absence (0) in each discretization element (of the
floodplain and active channel) along the river axis (here the example refers to wetlands within the
floodplain; notice that some are external to the Valley Bottom because they lie at a higher elevation).
The right-hand figure represents the final binary information (here related just to the segment within
the circle).
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For mono-dimensional attributes, statistical approaches (c) that automatically and objectively
identify relevant changes have been discussed by Parker et al. [1] who provide an interesting
literature synthesis starting from geological analysis (Harmar and Clifford, [17]), recalling Davis’ [18]
classification in i) “local boundary hunting” and ii) “global zonation”. These latter are best suited for
the identification of river reach boundaries because they statistically minimize within-reach variation
and maximize between-reach differences and are less influenced by local inconsistencies in the data
sequence. Hubert, [19] introduced a test which works in a similar manner and is considered the key
tool within the Fluvial Corridor Toolkit (Roux et al. [16]) in order to define separate reaches. Although
possibly the best performing one, still its outputs are not exempt from questioning (Figure 3).
Martinez-Fernandez et al. [20] applied similar tests by comparing three techniques: the Petitt, the
Mann-Kendall and the MRPP (which is commented afterwards) with three different river attributes
(the VB width, the active channel width and the slope); their conclusion is that the three tests lead to
quite different results, being Petitt and MRPP the less diverse, while the VB width is the most
explaining attribute.

Zkm

Figure 3. (A) Example of segmentation of a continuous, quantitative attribute (the VB width of a
stretch of the Magdalena River) via Hubert statistical test (as implemented in the Fluvial Corridor
Toolkit): the output (stretches of different colors) is questionable as, for instance, the stretch marked
by the two red segments (amongst many others) would certainly be classified by expert judgment as
narrower with respect to the one above it (notice that there is no criterion linked to the length as
Hubert test determined both short and long segments)- (source: Nardini et al. [21]).

Moreover, it must be recognized that all these techniques have been designed thinking of
quantitative, continuous, mono-dimensional variables; when binary (e.g. presence/absence of a
geomorphic unit) or categorical variables (e.g. planform typology) variables are involved instead,
they conceptually and practically fail. We are not aware of working extensions to multivariate data
sequences (as envisaged for instance by Davis, [18]). The non-parametric Multi Response
Permutation Procedure (MRPP) test experimented by Martinez-Fernandez et al. [20] might seem a
suitable candidate in this class, however we better see it as belonging to the category d) (discussed
below) as in its operational version it resembles more to a randomized search than to any statistical
algorithm. In fact, it randomly considers clusters of sequential slices (i.e. setting “cuts” of the river
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axis) measuring each time the dispersion around the mean in each cluster trying to minimize it, while
maximizing the difference amongst clusters. Unfortunately, MRPP too cannot work with categorical
variables like the planform typology.

For the multi-dimensional case, Bizzi and Lerner, [22] present an interesting development based
on the Self Organizing Maps (SOM) technique, which can be classified as a type d) algorithm, as it is
not based on statistical criteria. It groups multivariate data in an exogenously imposed number N of
clusters; such data, once grouped, can be tracked back by their identifier and located along the river
axis so originating reaches.

Notice that to this aim, for our fluvial case, again, an a priori, arbitrary, regularly spaced
discretization (“slices”) has to be carried out and all attributes have to be assessed on each such
“slice”, as shown in Figure 2.

The purpose of SOM is grouping similar data; in addition, it is inherently multidimensional.
Therefore, it would be more reasonable applying it to cluster data by considering all the relevant
attributes at a time, i.e. all their dimensions (Bizzi and Lerner, [22] considered, by the way, a limited
set of attributes not coinciding with those suited for a River Styles analysis). In such a case, however,
it would face a difficulty linked to sporadic or extensive attributes because these, by constitution,
cannot meaningfully be determined over arbitrary segments (and different discretizations would
produce completely differently behaving data sets: imagine a “presence of islands” binary variable
that occurs with a 1 value in a segment and 0 in the following, while both belong physically to a given
longer reach with sporadic islands). Moreover, SOM cannot deal with categorical variables (e.g.
planform typologies) because it exploits as a measure of “similitude” a Euclidean distance which can
only be computed for quantitative variables (or at least variables defined on interval scales, where
difference have a meaning as explained in Volta and Servida, [23]).

Bertrand et al. [4]) present a logical-heuristic approach that, as will be apparent in the next
section, is very similar to the one proposed here. Their aim is to identify reaches with different and
meaningful river typologies (as a result of sediment replenishment interventions). They do not
address explicitly the core circular problem underlined here (reaches = characterization - reaches)
and they somehow bypass it by identifying “homogeneous units” based on active channel width and
valley bottom width only. Then, they define a large number (30) of attributes with associated
quantitative or qualitative (categorical) indicators, for each “slice” of the discretized river. Some of
such attributes are indeed extensive and as such defined and calculated over such homogenous units
(i.e. segments). After a first screening of such attributes via Principal Component Analysis to identify
the most meaningful ones (independent), they carry out a classic cluster analysis which identifies
indeed a few river typologies with their associated reaches. This strictly speaking leads to a certain
degree of inconsistency because the extensive indicators should now be computed over the found
reaches, not over the original homogeneous units giving hence rise to iterations.

3. A “humble” new method for defining “reaches” and their characters

In this section we explore therefere an alternative “logic-heuristic” approach which at first does
not try to identifying clusters of similar data, but rather exactly the opposite, 7 - *he diverse ones in
an exhaustive fashion (with the only restriction to neglect the too short reaches,."Z ae identification of
“similar” reaches is then the focus of a second stage, dedicated to classification where also the
attributes not considered in the first stage of identifying reaches are included, with no forcing linked
to discretization (and hence, no distortions). In what follows we address only the first part of the
problem; an example related to the second part is presented in Nardini et al. [24]).

3.1. Concept
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Our proposal is simply to first build a core set of attributes (all intensive, i.e. not requiring reaches
to be given), which define, each one, a specific, independent segmentation of the river. Then, we find
the reaches essentially by the intersection of their segmentations. Extensive attributes like
confinement and all the attributes describing the presence of geomorphological units within the
active channel or the floodplain are then computed as statistics over the reaches so identified: they
do not contribute hence in defining the reaches, but they still play an important role in distinguishing
different typologies of reaches, together with the main attributes. In such a way, the ambiguity of
current manual practice is avoided.

In practice, the definition of reaches is organized in three steps:
a) Choose and assess core geomorphic attributes.

b) Identify geomorphic reaches as a “least common denominator” (spatial GIS intersection) of such
segmentations.

c) Refine the result found by considering anomalies (like artificial disconnections by civil works)
and possibly (automatically) eliminating very short reaches with respect to the scale of analysis.

This extremely simple procedure does not require any particular algorithm (apart possibly the
last step), does not need any training, nor is restricted to experienced datasets. In addition, it makes
explicit which characters do specify each reach. It can be noted that curiously this solves the multi-
dimensional holistic view problem essentially by a mechanical sequence of mono dimensional
operations.

3.2. Choosing and assessing selected attributes
Concerning point a), criteria to choose the “core attributes” are as follows:

- Avoid extensive attributes, because they cannot be properly determined without a prior
segmentation.

- Consider just few attributes, because there is a certain degree of intrinsic redundancy, so many just
complicate things (this statement has not been proven statistically in a rigorous fashion, but is
supported by experience and, amongst others, the two case studies presented in this paper).

- Avoid those describing the “presence-absence” property of geomorphic units (binary attributes),
because these are irregular, spatially spread spots of “yes or not” hard to interpret. Notice that this
does not imply at all disregarding such attributes (they may be very insightful in process terms, as is
the case for instance of levees or ridges and swales), but just that they are not used to split the stretch
into reaches.

- Prefer those clearly recognizable on a map (imagery).

Relevant attributes hence are for instance Valley Bottom width and Entrenchment (ratio of
Active Channel width over Valley Bottom width), because they are intensive attributes and they are
visible in a map view (or image). Others however can be added, like active channels width, number
of active channels, bed sediment texture, bed morphology. Even some process attribute, i.e.
intrinsically linked to time, like channel activity (recognizable by the presence of bars) can be
adopted. However, the simplest choice (few attributes, easy-to-determine) is probably sufficient and
as such preferable.

In any case, it is assumed that for each of such core attributes it is possible to define a proper
segmentation of the active channel where each of the spatial elements assumes a clearly determined
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value of the indicator measuring the attribute. In other words, we assume they are spatially discrete.
This is clearly an abstraction (e.g. bed material can vary virtually continuously longitudinally —and
laterally/vertically), and all attributes require in general carrying out some kind of spatial averaging,
smoothing out too frequent variations along the river. Actually, often local scale patterns are very
insightful in process interpretations (e.g. reworking), but we are still far from linking this information
to the ‘range of behavior’. Still we assume that this procedure is reasonably acceptable in practice for
the segmentation purpose and can be supported by suitable reductionist-holistic algorithms (e.g. the
Hubert test, as proposed by the FCT, for quantitative, continuous attributes, like VB width; or the
Categorical Holistic algorithm proposed in Nardini et al. [21]).

Attributes like bed slope or specific streampower, apart from not being recognizable from a map,
are here considered of extensive type and hence not suited. In fact, slope (the same holds for
streampower) could be defined virtually in each point, but from a geomorphic point of view the
relevant slope is not that one, but rather the average of a still unknown reach. On top of that, if slope
is computed based on the thalweg elevation severe inconsistencies may be generated as the section
geometry may vary greatly along any stretch (the bankfull channel slope would be preferable, i.e. the
VB slope divided by sinuosity, which again...depends on the still unknown reach length).

If a scheme like the River Styles Procedural tree is adopted, the core attributes have to be selected
just within those included in the procedural tree, because it is with them only that a classification is
obtained. Other attributes (like slope, contributing basin area) either influence the original attributes,
in which case they are redundant, or they don’t, in which case they are transparent to the final
classification (and hence useless). This does not mean that information like the location of tributary
inputs or slope changes be ignored; that will be considered at the level of reach scale analysis (e.g.
the “proformas” envisaged by the River Styles Framework) because with them a change of flowrate,
sediment load and streampower is typically associated.

The specific choice of core attributes in relation to the River Styles framework hence certainly
falls on planform typology, and bed material texture (sediments), as all the others are extensive. The RS
Procedural tree does not involve VB width directly (it does indirectly through confinement), and as
such it would not be essential, provided that planform be accurately defined. Anyway, being VB
width certainly a key control factor, it may be used in replacement of others missing for some reason,
as in the Baker case study presented below.

At this point, it may be objected that we did not solve anything as planform itself rises the same
difficulties we started from: it is multidimensional as it depends on a number of elements, like:
number of active channels with their size and relative location; sinuosity; spatial pattern of
geomorphic units like bars, and so on, requiring a holistic synthesis; and it is not a pure “intensive”
attribute, because all this depends again on the segment length considered (sinuosity in particular).
Of course, expert-based planform-recognition is the traditional way (which has also been applied
here), but here we are wondering whether automation is possible and suited, therefore the
weaknesses of Al algorithms previously briefly pointed out re-emerge here. However, there is a
substantial difference: now, concerning planform, we are just interested in assessing a categorical
attribute within a finite set of possibilities, with no particular need to distinguish the underlying
attributes; therefore, an automatized identification based on image recognition (through Al
algorithms) is sufficient, and other automated approaches are also possible like for instance adopting
a logical-heuristic algorithm (this idea has been developed by Nardini et al., [25]); but this cannot be
applied to the original problem we started from because the characterization —particularly in the RS
Framework- is open-ended so there is no a pre-defined finite set of typologies. A scale of analysis has
to be provided, but a typical criterion of a significant length Ls of about one order of magnitude larger
than the width W (i.e. Ls = 10+20 W) can work, where W is the width of the envelop of completely
connected active channels. This does not mean that segments of a given attribute SHP polyline all
have an Ls length; but rather that differences amongst contiguous segments are searched for with a
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detail of that order (not finer, nor coarser). Segments can result hence longer but not (significantly)
shorter.

Perhaps another doubt arises, doesn’t it make sense to just assess all relevant attributes over pre-
defined segments defined by this significant length criterion? In our opinion the answer is “no”, as
argued in subsection 3.4 “Avoiding inconsistencies”.

3.3. Identifying reaches
Concerning point b), we can systematize and simplify the required procedure as follows:
- Obtain the candidate reaches by intersection of the segmentation of each “core attribute”.

- Possibly consider new cuts where natural singularities (e.g. waterfalls, rocky outcrops, isolated
constrictions or tributary inputs) or anthropogenic interventions (transversal infrastructures like
dams or weirs) are present.

- Refine the output by eliminating too short reaches (always possible because of approximate
definition of single attributes), either manually or by an automatized algorithm like that presented in
Nardini et al. [21]).

The suspicion may arise that two consecutive potential reaches, where the core attributes are
constant (say, same sediments and same planform typology), instead differ by confinement or
sinuosity: the procedure proposed would not distinguish them. But the most likely reality is that...it
isindeed a unique reach with just a local anomaly and as such it is correct that the extensive attributes
(confinement, sinuosity, etc.) be computed over its full length.

Anyway, if objectivity and automation are not a concern, it is always possible to intervene
manually and cut the candidate reach into further parts. Notice, then, that this procedure is likely to
produce different reaches when fed with the information related to different time instants because
some of the attributes may have suffered some changes. Getting hence reaches that vary in time
introduces a serious difficulty in the analysis of time changes. However, it is easy to realize that this
same difficulty arises with the traditional, expert based approach too.

In conclusion, the output, consistent with the River Styles Framework, would eventually be of
the type: “confinement C [unconfined, partly confined, confined], planform P [single channel sinuous, or
island braided, etc.], with bed material M [sand, or cobble and gravel, etc.], and [continuous or discontinuous,
or absent, prevailing, etc.] levees, [continuous or discontinuous, or absent, prevailing,...] islands, etc.”

Interestingly, this whole exercise, by its own structure and contents, can substantially be
automated through PC aided Tools and procedures.

3.4. Avoiding inconsistencies

It is important to notice that this procedure avoids possible inconsistencies that may occur if one
includes within the core set also segmentations built on intrinsically extensive attributes. Think for
instance of sinuosity: one of the new shorter segments (reaches) obtained by intersection of its
segmentation with that from other attributes may possibly present a different ratio of the river axis
over the VB axis lengths. Or think of the attribute “island reach” already introduced above based on
a significant (frequent) presence of islands: a “yes” value for the original stretch may occur while
now, in a shorter reach obtained by intersection, no islands may occur within it. Although this latter
is not, from a logical point of view, a mistake, it clearly is an undesirable output. The proposed
procedure avoids it.
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On the other hand, also a radically, seemingly simpler approach would be just to define reaches
by a regular discretization of segments of, say, a significant length (L=10-W), although clearly simpler,
would lead to inconsistencies. This is because some reaches physically characterized by a certain
value of the continuous attributes -like planform or bed material- would be cut into parts, and all
extensive attributes (in particular confinement and sinuosity) would be computed over segments that
mix such continuous attributes leading to inconsistent outputs (Figure 4).

Type of planform
(colors)

N

Constant length
discretization (L)

Example of case where the resulting segment
would mix 2 types of planform and extensive
attributes would result mixed up

Figure 4. Hypothetical exemplification of why blind discretization is not an appropriate solution.
4. Case studies and discussion

In the two Appendices we present a case study on the Magdalena River (Colombia) and another
on the Baker River (Chile) to investigate the appropriateness of the method proposed. In principle, it
would be advisable to compare in a straightforward manner the final segmentation (reaches)
obtained through our method with that obtained by the traditional, expert-based procedure
(Approach a). As, however, the Magdalena River is a very long one and at the moment no specific
traditional segmentation is available, we here proceeded by focusing on some emblematic stretches
where additional attributes, that would be considered in a traditional procedure, may present
significant novelties and as such would introduce a reach break. We refer particularly to slope, Valley
Bottom width, and contributing basin area, i.e. tributary inputs. If no reasonable additional change
would result with respect to those already identified with our method, the test is considered
successful. This test is however weak because in order to judge whether a new reach break would be
introduced, apart considering the occurrence of instream geomorphic units (bars, islands), we just
look basically at planform type, which is one of the core attributes already adopted in our proposed
methodology to identify reaches. The test would hence try to identify changes missed in the previous
characterization and possible lacks of overall consistency amongst distinct attributes. This is more
meaningful thinking in particular of the River Styles Framework where reaches are identified,
characterized and classified essentially by looking only at attributes recognizable from a map.
Another criterion adopted, possibly stronger, is to analyze the partly confined stretches and discern
whether — based on expert judgement- they would have deserved a further subdivision based exactly
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on the degree of confinement (one of the traditional criteria adopted); if not, the test concludes
satisfactorily.

Of course, here, like in the traditional approach, the possibility holds to introduce new cuts
according to natural or anthropogenic anomalies; but, as this would work the same way in both
approaches, we did not consider it explicitly (and any way it can be easily automatized by counting
on SHP with the appropriate information).

The two cases deal with large flowrate rivers, a long one (the Magdalena) and a relatively short
one (the Baker).

As a general conclusion from this exercise (see Appendix 1 and 2), we can state that the test has
been successful in both cases, i.e. the criteria generally adopted in the traditional approach to identify
reaches would not lead to a segmentation different from the one obtained with our methodology.
The VB width appears to be a key factor (as, by the way, assumed also by Bertrand et al. [4] and found
by Martinez-Fernandez et al. [20]) and the slope changes too (at least for the Baker), however, they
do not add new information to that conveyed by the chosen attributes. All this supports the suggested
criteria for the choice of core attributes as there is an evident correlation amongst attributes,
particularly as far as changes in VB width, slope and planform are concerned. Although these
observations only hold for the two case studies considered, we guess this may be a quite general
result.

In Annex A of the Deliverable D2.1, Part 2 of the REFORM project (Bizzi et al. [9]), an experience
is presented which resembles very much the approach we presented here. However, some important
improvements are introduced here, we believe: our methodology clarifies how sporadic and
extensive attributes (like the presence/absence of geomorphic units and confinement, respectively)
can be incorporated; we provide criteria to select core variables in general and specifically for a River
Styles oriented analysis; our approach explicitly exploits the areal segmentation of the Valley Bottom
(obtainable in particular with the Fluvial Corridor Toolkit) to assess presence-absence binary
indicators, very suited to deal with geomorphic units; it explores a completely different technique
from the statistical, mono-dimensional Pettitt (or Hubert) test, through a new logical-heuristic holistic
algorithm (which applies a significant length restriction concept); last but not least, it simply avoids
redundancies. Finally, the whole procedure to determine reaches is defined.

Concerning Bertrand et al. [4], it has to be noted that they chose their attributes with criteria
rooted in the theoretical understanding of riverine ecosystems joined with engineered thought,
leaving to a logical-heuristic algorithm (clustering) the responsibility to reveal which attributes carry
indeed more information (although introducing an inconsistency related to the length adopted for
extensive attributes). Adhering, however, as done here, to the River Styles scheme has the advantage
to lead to an identification of reaches, and their characterization-, which supports a more
straightforward behavioral interpretation based on an established logical scheme (that of Brierley
and Fryirs, [6]).

The SOM algorithm adopted by Bizzi and Lerner, [22]) and the MRPP algorithm adopted by
Martinez-Fernandez et al. [20]) seem quite promising as they use multidimensional algorithms that,
in principle, might lead to the sought holistic synthesis of the set of selected attributes. However, they
cannot deal with categorical attributes.

5. Conclusions
We believe this paper states the segmentation problem in a clear and original fashion as one of

obtaining a holistic synthesis from reductionist information while focusing on the distinction
between intensive and extensive attributes, distinction which lies at the core of the discourse.
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It presents a methodological - operational improvement to obtain meaningful reaches in a very
simple, systematic and objective fashion. It also solves the paradox “reaches = characterization
“reaches” and clarifies how other important sporadic or extensive attributes like confinement or
presence/absence of geomorphic units can be incorporated.

In addition, the output of the here proposed methodology hence a double value with respect to
the River Style characterization problem: reaches are defined, and intrinsic (by construction)
consistency with the RS framework is ensured. We believe this can make the RS approach much more
applicable by practitioners than it currently is.

In summary, this paper constitutes a step forward for the automation of the whole process of
river analysis, assuming that soon the algorithms for the interpretation of satellite images will allow
to automatically identify the active channel and its geomorphic units in the channel and within the
floodplain (e.g. Bertrand et al. [4]; and Fryirs et al. [7] for a recent review; and for instance the CHAMP
project, https://www.champmonitoring.org/). In particular, the whole River Styles characterization
can basically be automated: assess attributes (mono or multi attribute reductionist-holistic exercise),
identify reaches (this paper), classify them (see Nardini et al. [21]).

In agreement with the Fryirs et al. [7]) “plug in” paper, it is vital to respect diversity and total
automation is quite alarming in some ways. But what is proposed here is just the systematized
information basis for characterization, while the interpretation of behavior is left in the hands of
expert judgment, at least for the moment being, as is the detailed definition and selection of suited
attributes (procedural tree).

Of course, our conclusions need further experimentation and a systematic research aiming at
proving statistically the correlation amongst attributes would certainly be of great support.
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502 Figure Al. Location of the Magdalena River basin (Colombia).
503 The Magdalena is a large river with an average flow rate of 7200 m3/s (Restrepo, [26]) and a

504  length of the axis of its Valley Bottom of approximately 1400 km (the river is longer). This implies
505  that any elaboration is quite time demanding and the typologies displayed very numerous and
506 diverse (Nardini et al. [24]). The core attributes selected in the cited study are: Planform type, Bed
507  material texture, Stream surface (as a substitute of bed morphology, invisible in turbid rivers like the
508  Magdalena). It must be reminded that they have been assessed at a preliminary approximation level,
509  asinformation is scarce and disperse (see the original GeoMagda project report for details: Nardini

510  etal. [27]).

511 The essential results obtained by applying the method proposed are shown in Figure 4. In total,
512 43 reaches have been identified.

513
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Figure A2. Magdalena case study: Definition of reaches for a stretch of the Magdalena River
(Colombia) obtained within the GeoMagda TNC-CREACUA project via the procedure presented
here. From the left: segmentation of the: planform type; bed material texture; stream surface
(“current”). Right: final Reaches. (Approximate scale: 1: 3,000,000). It can be noticed that, after
applying the categorical Reductionist-Holistic algorithm (Nardini et al. [21]), a short reach of current
segmentation exactly on the elbow has been removed because shorter than the chosen significant
length of 5 km.

The first criterion based on slope changes could not be applied because apart the upper,
mountain stretch, quite marginal, the resolution of the adopted DEM (SRTM 30 m) was too rough.
Valley Bottom width shows several minor changes and a few ones quite relevant as shown
schematically in Figure A3.

width [km]
reach ID

VB
W

Distance from upstream [km]

Figure A3. Schematic representation of VB width (blue line) along the Magdalena (upstream is on the
left) and of the different reaches determined with the proposed methodology (orange line, with axis
on the right); they range from the first at left (T43) to last one on the right (T1) (but they do not relate
proportionally to elevation). Reaches T3, T10 and T13 commented in the following are located here.
VB width values greater than 50 km have been cut (max is around 80 km) as they do not change the
general appreciation, while hiding useful details.
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533 From such figure, the first reach where VB begins to be significantly present is T13; from the
534 same figure, visually it would seem to deserve a further subdivision at its right end because of VB
535  variations. The details shown in Figure A4 demonstrate that the general planform character keeps
536  being island braided with subtle variations (larger and more frequent islands and more tiny lateral
537 channels in inset B than in A); a more marked difference is that in A the river is confined, while in B
538 itisonly partly confined and the scale would perhaps support this distinction as the significant length
539 Ls=10+20 W (being W the width of the active channel envelop) is here about 20+40 km. Finally, inset
540 C shows that in the short, narrow stretch in the middle, the planform is rather single channel, straight;
541  its length however is quite short and as such should be considered a local constriction. As a
542  conclusion, this case shows that the VB width is a key attribute to discern different reaches, but also
543 that the significant scale issue plays an important role. In this case, staying on the lower bound of it,
544  would have led to identify additional reaches based on the planform criterion itself, but not when the
545  upper bound were adopted.

546

547 Figure A4. Reach T13 as an example of reach where the VB width criterion might bring in further cuts

548 (main stem scale 1:5,000,000; zoom'’s scale 1:500,000).

549 Another emblematic case, according again to Figure A3, is that of reach T3 that seems insensitive

550  to a couple of VBs narrowing and a central peak. As visible in Figure A5, the narrowing (or the
551  enlargement) actually does not change at all the planform character of T3 (compare insets A and B);
552 and the anomalous, local VB widening has to be attributed to an imprecision in the original DEM
553  (SRTM 30 m) adopted for its determination (by the Fluvial Corridor Toolbox).



554
555

556
557

558
559
560

561
562
563

564
565
566
567
568

569
570

571
572
573
574

575
576
577
578

Water 2020, 12, x FOR PEER REVIEW 16 of 26

1
A
r {,:j' \\\
\#/ ) A
! \ Bl el
/ f \ e Sﬁ‘d
A /4 K -
“.r{ # I( B
\, Fd "'.-‘_ L
o I " S—
: X o .::‘
P
‘*—bj{.’_‘:t‘l
\.';_;_
P )
I {5 |
, .
________ __ 1
R st - f,:_rf._.,.__-,:ef-
e
; 5km
<A
50 km "

Figure A5. Reach T3, an irrelevant anomaly linked to low DEM resolution in the VB determination.

As far as tributary inputs are concerned, Figure A6 shows the situation related to the main ones,
which is here commented:

a) Rio Suaza (reach T38, T39): no news are introduced with respect to the results obtained; there
already is an almost coinciding reach break due to the “Current” attribute which switches from
“corrugated” to “pool & riffle”;

b) Rio Paez (reach T37): a news seems to be introduced as the AC width (light blue) slightly
increases; but this effect is in reality due to the nearby downstream Betania Reservoir that induces a
backwater effect (neglected in the original analysis);

c¢) Rio Cabrera (reach T26, T25): no news are introduced; a planform change had already been
detected downstream (upwards in the figure) switching to reach T25 because of a change in both
planform (from single, straight to anabranching) and sediments (from cobbles to sand & gravel)
which may be due ultimately to the sediment load of the tributary, but is also evidently linked to a
local increase of VB width;

d) Rio Prado (reach T24): no news is introduced; what may seem a local, downstream widening,
occurs in several locations along this very same anabranching, sand & gravel, rippled surface reach;

e) Rio Saldaha (reach T23, T22): a planform change was already identified (from anabranching to
straight sinuosity-constrained), mainly due to the VB width; a confluence bar and further
downstream bank attached bars appear, but even 6 km upstream there already was one. No news is
therefore introduced;

f)  Rio Sumapaz and Bogota: a current change had already been detected which, however, is almost
certainly due to a change of the satellite image observed. The presence of an island right before the
Bogota River input may be linked to a certain degree to the sediment input and backwater effect
induced by the two tributaries, together with a slight local slope change (not detectable with the
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information available). In any case, essentially the tributary inputs do not introduce novelties mostly
because this is a sinuosity-confined, bedrock stretch;

g) Rio Negro (reach T13): this important tributary does not introduce significant novelties in the
planform, nor in the VB width, or in the presence of instream units (bars, islands) which characterize
this whole island braided, sand, rippled reach;

h) Rio Carare and Rio Opon (reach T13): neither these two rivers introduce significant novelties in
this reach;

i) Rio Sogamoso and Rio Cimitarra (reach T13, T12): there is an already detected change of
planform with an evident anabranching character from just before the important Sogamoso River; so
no news are actually introduced;

j)  Rio Lebrija (reach T12, T11, T10): no news are introduced by this relatively small tributary, while
a planform change had already been detected from a still anabranching character in T11, to a
prevailing anastomosed character in Reach T10;

k) Rio Cesar, Cauca and S. Jorge (reach T10, 9, 8, 7, 6, 5, 4): the influence of the important Cesar
River is strongly modulated by the large wetland (“ciénaga La Zapatosa”) at its outlet into the
Magdalena River; its main effect is in terms of water exchanges in both senses strongly driving the
dynamics of fish population analogously to many other wetlands in the area (Granado-Lorencio et
al. [28]; Lopez-Casas S. et al. [29]). In the whole area the Magdalena keeps its anastomosing character
until the exit from the Mojana region (reach T4), with several character variations of the main stem
(“brazo La Loba”). The only apparent effect of these tributaries seems to be a meandering pattern of
the Magdalena just before its confluence with the Cauca (the most important in the basin). Of course,
in terms of water flows and hydrological regime, these tributaries, particularly the Cauca, are key;
but no particular novelty in the segmentation can be detected.

In conclusion, the segmentation obtained appears not to be modified by the tributaries input (see
Figure A6).
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Figure A6. Magdalena case study: stretches (from upstream, top left, to downstream, bottom right)
where a significant change of contributing basin area occurs, i.e. a tributary comes in (figure k scale
1:3.200.000 approx.; all other zooms scale 1:500.000 approx.). The figure reports also the active
channels (blue), Valley Bottom (light green), islands (dark green) and main bars (dotted yellowish)
according to official IGAC information are shown. Colors and numbering (Txy) along the river
identify reaches.

We now consider the partly confined stretches and discern whether they should have been split
further. According to the characterization described in (Nardini et al. [27] and Nardini et al. [24]),
these are as follows (Table Al):

Table Al. Magdalena case study: partly confined reaches of the Magdalena river according to the
River Styles analysis carried out over the segmentation obtained with the proposed methodology in
(Nardini et al. [27] and Nardini et al. [24]).

11 2| 3| 4 5 6/ 7/ 8 9 10| 11| 12| 13| 14| 15| 16| 17| 18| 19| 20| 21
T1 |T3 [T4 |T6 |T13[T23|T24 |T25[T27 |T28|T29 |T30|T32 |T33 [T34 |T35|T37 |T38|T39 |T40 [T43

Starting from the upstream reach T43, Figure A7 shows the pattern of the active channel within
the valley bottom and the type of confinement. Evidently, no further meaningful subdivision would
bring in additional light regarding its character. This situation is emblematic of several others reaches
(T40, 39, 38, 37, 35).
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Figure A7. Magdalena case study: Character of an emblematic partly confined reach (T42-T43): no
further break would shed additional light in the river character (the break between reach T43 and T42
is due to the “current” attribute).

Reach T34 seems analogous, but deserves a further insight. As apparent from Figure A8, taken as a
whole, the reach results as a partly confined one; but if a sub-reach, like A, is considered on its own,
that might be classified as “confined” as most of it seems bounded by the left VB margin (look at the
complete figure on the right). A similar situation holds for other sub-reaches. However, this is not the
case. Indeed, first when carefully analyzed, even reach A shows not to be fully in contact with its VB
margin, as shown in the figure inset; second, and most important, the assessment depends on the
spatial scale chosen and following the general criterion proposed above of a significant reach length
Ls = 10+20 W, with Ls = 5-10 km in this particular case: accordingly, the initial assessment is
confirmed. So, no novelties are to be introduced with respect to the original segmentation. This same
observation holds for all the other partly confined reaches (T13 has already been commented in the
VB section).
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Figure A8. Magdalena case study: Partly confined Reach T35: example of ambiguity: sub-reach A
might seem as confined, but it is not and should not.

As a conclusion from these tests, even if they cannot be considered absolute proofs, the segmentation
obtained by the proposed methodology for the Magdalena River seems sufficiently accurate and
robust as needed. As a lesson learnt, the VB width appears to be a key factor and, as such, should be
in general adopted amongst the core attributes, while the current attributes seems quite weak (it was
considered more as a trial hypothesis).
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Appendix B. Baker River

The Baker (Figure B1) drains a bi-national watershed located in the Chilean and Argentinean
Patagonia between 46° and 48° S. The basin has an extension of ca. 28,000 km?, i.e. approximately one
tenth of the Magdalena. It is flanked to the West by the North Patagonian Icefield (NPI). The upper
part of the Baker basin (ca.15,000 km?, 52% of the entire basin area) drains to the Lake Buenos Aires -
General Carrera (the second largest lake of South America) and the Lake Bertrand (210 m.a.s.l). The
length of Baker River properly said, i.e. from its outlet from the General Carrera Lake is about 180
km. It has the highest mean discharge of all Chilean rivers: Qav = 1100 m3/s (Dussaillant et al. [30]).
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Figure B1. The basin of the Baker River between Argentina and Chile. Numbers on the right figure
identify tributaries.

In this case we only adopted the VB width and the planform type as core attributes as we could
not count on bed material texture data. More precisely, a Wolman sediment sampling had been
carried out but only referring to bars; moreover, despite the notable effort spent, it covered only a
limited number of bars that cannot provide a sufficiently continuous measure. Finally, data do not
show a consistent spatial pattern most probably owing to the considerable, irregular sediment input
provided by short, but aggressive tributaries all occasionally affected by GLOF phenomena (Glacial
Outburst Flow, Dusaillant et al. [30]) which heavily alter a somehow regular sediment pattern. The
very utility of such data lies exactly in studying the GLOF dynamics.

Concerning planform typology, we named a stretch as “sinuosity-confined” when the river axis
mainly follows a narrow valley whose axis -the valley bottom axis- is already sinuous or even
meandering. More precisely, when the absolute sinuosity of the VB axis, measured with respect to
straight segments, is greater than that of the AC axis with respect to the VB axis segment length.

Results are presented in Figure B2. A total of 25 reaches has been obtained.
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Figure B2. Baker case study: Definition of reaches for a stretch of the Baker River (Chile) obtained via
the procedure presented here. From the left, segmentation of the: Valley Bottom width; planform type,
and the reaches obtained. (Approximate scale: 1:1,000,000).

It must be noted that in Ulloa et al. [31]) a segmentation has been produced with 34 reaches that
might seem appropriate for comparison. However, the procedure adopted there was not actually the
“traditional” one, rather a mixed procedure: reaches have been defined by expert judgment, based
mainly on a qualitative appreciation of confinement; then slope, braiding index and sinuosity indices
have been computed and considered. But quantitative indices, as noted before, while being objective
measures, are intrinsically linked to the initial, arbitrary choice (i.e. they have an extensive nature)
and, furthermore, are strongly affected by measurement details (e.g. precision of altimetry
information, sites where elevation is assessed; how many transects are considered to compute the
braiding index). Therefore, the numerical output of indices, because of this fact, inevitably introduces
additional reasons for differentiation of reaches which carry little geomorphic information
particularly when a River Styles Framework is considered.

For this reason, we do not use that segmentation for comparison purposes; rather, we proceed
in a fashion analogous to the previous case study, by investigating whether some further reaches
would be identified with respect to those generated by our proposed methodology when additional
attributes were considered (Figure B3).

We start with slope changes (considering the elevation of the valley bottom along the axis of the
active channel envelop).

Figure B3. Baker case study: approximate elevation of the Valley Bottom along the river axis (from
USGS Earth Explorer, Digital Elevation: GMTED2010, Entity ID: GMTED2010S50W090, November
11, 2010)
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Tl ..

Figure B4. Baker case study: detail of the river at the major slope change (location A in Figure B3).

As apparent from Figure B3, the sharpest elevation drops (and presumably slope change) occurs
at location A, just before and then after km 20. The inset in Figure B4 shows that indeed the river
presents there an anomaly with two isolated very large bars, right downstream the two falls around
km 20. Although certainly deserving attention, this is however not suited to originate new reaches,
being in fact just a local anomaly. The jump at km 36 does not reflect in any of the local visible
planform and geomorphic units. Location B at km 48 in Fig. 15 coincides incidentally with the point
where a change of planform was already established between reach T3 and T4 as shown in the
following Figure B6 (bottom, left) and hence does not introduce any novelty. This situation is
representative of several other jumps of similar magnitude (e.g. that at km 87 between reach T7 and
T8; and that at km 100 approx. between reach T11 and T12, at location C and D, respectively, in Figure
B3) where the change is even more evident (see for instance Figure B5).

N

sharp slope
reduction

1 km

Figure B5. Baker case study: example of typical coincidence of a reach boundary with a slope
change...and a VB narrowing (or widening in other situations): end of segment D at km 100 approx.
(Figure B3). The blue arrow indicates the direction of flow.

Valley Bottom width is one of the core attributes, but was assessed on a qualitative, visual basis.
Here we compare it with a more quantitative assessment carried out through the Fluvial Corridor
Toolkit. Figure B3 shows several minor changes and a few ones quite relevant.
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' 000 v T3 (23)

r 4 T14 (12)

Figure B6. Baker case study: schematic representation of VB width (blue line) along the Baker River
(upstream is on the left) and of the different reaches determined with the proposed methodology
(orange line, with axis on the right); they range from the first at left (T1, denoted as 25 on the right
scale) to last one on the right (T25) (but they do not relate proportionally to elevation). VB width
values greater than 8 km have been cut (max is around 10 km) as they do not change the general
appreciation, while hiding useful details (the numbering of reaches on the right axis is the
complement of the one adopted in the following figures, for ease of representation here).

From such figure, the first reach which may rise some suspicion is T3 (n.23) where the Valley
Bottom ranges from less than 2 up to about 5 km. The details shown in Figure B4 (left) demonstrate
that the general planform character keeps however being the same within that reach. A possibly
distinct character (alternate bars) might be detected in the short reach of the inset, but its length does
not pass the significant length criterion (here about 5+10 km) and would any way not be linked to the
VB width. Another situation perhaps worth of consideration is that of reach T14 (n.12) where the
Valley Bottom ranges from 2.7 up to 9.8 km (see Figure B3). The details shown in Figure B4 (right)
demonstrate again that the VB variations do not support relevant changes in the planform or other
characters at the significant scale; moreover, it has to be noted that the VB width values are somehow
artificially exaggerated by the FCT algorithm adopted that produces in particular situations like this
very irregular polygons, while partitioning the VB, changing dramatically their orientation and, as
such, their width; in addition, the kind of queue on the top right seems very much a legacy of an
ambiguous cut if the Baker VB from that of a local tributary.

L A

=..._ Active
channel

Islands .

Valley Bottom

5km _

Figure B7. Baker case study: details related to reach T3 (figure on the left; denoted as 23 in Figure B3)
and T14 (right): no novelty is introduced by the VB width changes criterion. Flow direction goes with
increasing reach numbers.

Very similar considerations hold for the other situation’s exception made for the last T25 which,
as shown in Figure B8, would have perhaps deserved a further subdivision as the last part is clearly
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a transitional area seemingly significantly influenced by tides. This would however not be linked to
the VB width criterion.

Figure B8. Baker case study: the last reach deserving further splitting.

Concerning tributaries, from Figure B9, it can be appreciated that tributaries 1 and 2 (from
upstream) do not introduce any novelty (perhaps just a slight narrowing of the active channel the
former -associated with a bed fall- and the opposite the latter, both escaping a reasonable range of
differentiation). Tributaries 3 and 4 are seemingly associated with the significant VB widening and
change of planform style, already captured by the segmentation (this widening is however more
probably generated by the accumulated material carried by tributary 5 that —as visible from Google
Earth imagery- has a tremendous sediment load from the western ice field). Tributary 5 demarcates
a significant narrowing, already captured, however, by a planform change. Tributary 6 seems to
contribute to the generation of large bars right upstream its confluence, a fact already captured by a
planform change that after it becomes “transitional, alternate bars”. Tributary 7 seems instead to be
associated to an increment in sediment load that gives rise to a change of bars and islands pattern; a
fact already captured however by a change in planform typology right downstream of its confluence
from a transitional, wandering into an island braided typology. Also, the last tributary seems to
introduce a change that, however, has been already captured by the planform attribute (transitional,
wandering until upstream of its confluence and transitional, alternate bars downstream).

Analogously to the Magdalena case, even here tributaries do not introduce significant novelties
to the segmentation based on map view (they of course may change the water flows, sediment load
and streampower).

Figure B9. Baker case study: investigating the effect of tributaries.
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As far as partly confined reaches are concerned, the first one from upstream is reach T3 which

has already been commented above: no novelties are introduced by the confinement criterion as
visible in Figure B4 (left). Another partly confined reach worth considering is T12 (Figure B5, bottom
left), but it is evident that splitting it into confined and not confined sub reaches would violate the
significant length criterion while not shedding particular light on the planform type. Totally
analogous considerations hold for the following partly confined reaches (T13, T15, T19, T21, T22,

T23).

References

10.

11.

12.
13.
14.

15.

Parker C., N.J. Clifford and C.R. Thorne (2012). Automatic delineation of functional river reaches
boundaries for river research and application. River Research and Applications 28(10). DOI:
10.1002/rra.1568.

Kellerhals R., Church M., Bray D.I. (1976). Classification and analysis of river processes. J. Hydraul.
Div., 102, ASCE (1976), pp. 813-829. (HY7).

Gurnell, A.M.,, D. Corenblit, D. Garcia De Jalén, M. Gonzalez Del Tanago, R. C. Grabowski, M. T. O’hare
& M. Szewczyk (2015). A conceptual model of vegetation-hydrogeomorphology interactions within
river corridors. River Research and Applications. — published online 27 July 2015. DOL
http://dx.doi.org/10.1002/rra.2928.

Bertrand M., H. Piégay, D. Pont, F. Liébault and E. Sauquet (2013). Sensitivity analysis of environmental
changes associated with riverscape evolutions following sediment reintroduction: geomatic approach
on the Drome River network, France. International Journal of River Basin Management,
DOI:10.1080/15715124.2012.754444.

De Marchi L., S. Bizzi, and H. Piégay (2016). Hierarchical Object-Based Mapping of Riverscape Units
and in-Stream Mesohabitats Using LIDAR and VHR Imagery. Remote Sens., vol. 8, n 2, p. 97.

Brierley, G.J. and Fryirs, K.A. (2005). Geomorphology and river management. Applications of the river
styles framework. Blackwell Publishing, Carlton —Australia.

Fryirs, K., Wheaton, J., Bizzi, S. and Williams, R. (2019). To plug-in or not to plug-in? Geomorphic
analysis of rivers using the River Styles Framework in an era of big data acquisition and automation.
WIREs Water, 522.R1. John Wiley & Sons.

O'Brien, G. R.,, Wheaton, J. M., Fryirs, K., Macfarlane, W. W., Brierley, G., Whitehead, K,, ... & Volk, C.
(2019). Mapping valley bottom confinement at the network scale. Earth Surface Processes and
Landforms, 44(9), 1828-1845.

Bizzi S., B. Blamauer, G. Braca, M. Bussettini, B. Camenen, F. Comiti, L. Demarchi, D. Garcia De Jalon,
M. Gonzalez Del Tanago, R.C. Grabowski, A.M. Gurnell, H. Habersack, B. Lastoria, A. Latapie, V.
Martinez-Fernandez, J.O. Mountford, L. Nardi, M.T. O'Hare, C. Percopo, M. Rinaldi, N. Surian, C.
Weissteiner and L. Ziliani (2014). Thematic Annexes of the Multi-scale Hierarchical Framework.
Deliverable 2.1, Part 2, of REFORM (REstoring rivers FOR effective catchment Management), a
Collaborative project (large-scale integrating project) funded by the European Commission within the
7 Framework Programme under Grant Agreement 282656. https://reformrivers.eu/ system/files/D2.1%
20Part%202%20Thematic%20Annexes%20FINAL.pdf.

Wheaton, J. M., Fryirs, K. A, Brierley, G., Bangen, S. G., Bouwes, N., & O'Brien, G. (2015). Geomorphic
mapping and taxonomy of fluvial landforms. Geomorphology, 248, 273-295.

Fryirs, K. A., Wheaton, J. M., & Brierley, G. J. (2016). An approach for measuring confinement and
assessing the influence of valley setting on river forms and processes. Earth Surface Processes and
Landforms, 41(5), 701-710.

Rutkowski L. (2008). Computational Intelligence: Methods and Techniques. Springer, Berlin.

Olson D. and D. Delen (2008). Advanced Data Mining Techniques. Springer, Berlin.

Jacquez G.M.,, D. Greiling, A. Kaufmann (2014). Spatial Pattern Recognition in the Environmental and
Health Sciences: A Perspective. BioMedware and TerraSeer, Inc. 516 North State Street Ann Arbor, MI
48104.

Bhamare D. and P. Suryawanshi (2018). Review on Reliable Pattern Recognition with Machine Learning
Techniques. Fuzzy Information and Engineering, 10:3, 362-377, DOI: 10.1080/16168658.2019.1611030.



822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867

868

Water 2020, 12, x FOR PEER REVIEW 26 of 26

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Roux, C., Alber, A., Bertrand, M., Vaudor, L. and Piégay, H. (2015). “Fluvial Corridor”: A new ArcGIS
toolbox package for multiscale riverscape exploration. Geomorphology, 242, pp.29-37.

Clifford, N. J., Harmar, O. P., Harvey, G., & Petts, G. E. (2006). Physical habitat, eco-hydraulics and
river design: a review and re-evaluation of some popular concepts and methods. Aquatic conservation:
marine and freshwater ecosystems, 16(4), 389-408.

Davis, J.C. (2002). Statistics and Data Analysis in Geology. John Wiley & Sons, New York, 638 pp.
Hubert, P. (2000). The segmentation procedure as a tool for discrete modeling of hydro-meteorological
regimes. Stochastic Environmental Research and Risk Assessment, 14 (4-5), 297-304.
Martinez-Fernandez V., Solana-Gutiérrez J., Gonzalez del Tanago M. Garcia de Jalén D. (2016).
Automatic procedures for river reach delineation: Univariate and multivariate approaches in a fluvial
context. Geomorphology 253: 38-47.

Nardini A., S. Yépez, M.D. Bejarano (2020b). Improvements in Computer-Aided Tools to Support
Geomorphic River Styles Analysis. Submitted for publication on Journal GEOSCIENCES, Special Issue.
Bizzi, S., & Lerner, D. N. (2012). Characterizing physical habitats in rivers using map-derived drivers
of fluvial geomorphic processes. Geomorphology, 169, 64-73.

Volta, G. and A. Servida (1992). “Environmental indicators and measurement scales”. In A. Colombo
(ed.), Environmental Impact Assessment (ECSC, EEC, EAEC, Brussels and Luxembourg). Author 1, A ;
Author 2, B. Title of the chapter. In Book Title, 2nd ed.; Editor 1, A., Editor 2, B., Eds.; Publisher: Publisher
Location, Country, 2007; Volume 3, pp. 154-196.

Nardini A., S. Yépez, L. Ztiiga, C. Gualtieri and M.D. Bejarano (2020a). A Computer Aided Approach
for River Styles-Inspired Characterization of Large Basins: The Magdalena River (Colombia). Water
2020, V.12, Issue 4, 1147, Special Issue: Advances in Environmental Hydraulics. DOI:
10.3390/w12041147. PDF version: https://www.mdpi.com/2073-4441/12/4/1147 /pdf.

Nardini A. (2020). River planform identification through an automatic logical-heuristic algorithm.
Paper under submission for publication.

Restrepo J.D.A (2005). Los sedimentos del rio Magdalena: reflejo de la crisis ambiental. Fondo Editorial
Universidad EAFIT (Medellin, Colombia). ISBN: 958-8173-90-6.

Nardini A., S. Yepez and C. Rogeliz (2019). Caracterizaciéon geomorfoldgica River Styles en la Cuenca
del rio Magdalena: Caso estudio Magdalena y caja de herramientas para la aplicacién automatizada a
la escala de cuenca. Etapa I y II. (Geomorphic River Styles characterization in the Magdalena River
basin: Magdalena case study and ToolBOX for the automated application to the basin scale. Stages I
and II). Contrato TNC-CREACUA NASCA 00162/2018, TNC Internal Report (in Spanish), Mayo 2019
(Bogotd, Colombia).

Granado-Lorencio C., A. Hernandez Serna, J.D. Carvajal, L.F. Jiménez-Segura, A. Gulfo and F. Alvarez
(2012). Regionally nested patterns of fish assemblages in floodplain lakes of the Magdalena river
(Colombia). Ecology and Evolution 2012; 2(6): 1296-1303. doi: 10.1002/ece3.238.

Lopez-Casas S., L. F. Jiménez-Segura, A. A. Agostinho and C. M. Pérez (2016). Potamodromous
migrations in the Magdalena River basin: bimodal reproductive patterns in neotropical rivers. Journal
of Fish Biology (2016) 89, 157-171. DOI:10.1111/jfb.12941, available online at wileyonlinelibrary.com
Dussaillant, A., Benito, G., Buytaert, W., Carling, P., Meier, C. and Espinoza, F. (2009). Repeated glacial-
lake outburst floods in Patagonia: an increasing hazard? Nat Hazards 54: 469-481. doi: 10.1007/s11069-
009-9479-8.

Ulloa H., B. Mazzorana, R.J. Batalla, C. Jullian, P. Iribarren-Anacona, G. Barrientos, B. Reid, C. Oyarzun,
M. Schaefer, and A. Iroumé (2018). Morphological characterization of a highly dynamic fluvial
landscape: The River Baker (Chilean Patagonia). Journal of South American Earth Sciences 86 (2018) 1-

14.
© 2020 by the authors. Submitted for possible open access publication under the terms
‘@ @ and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).





